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INTRODUCTION

Although great effort has been expended on the elucidation 

of the underlying cause of coronary artery disease, the basic 

mechanisms are still elusive. At present, treatment is aimed 

at the amelioration of symptoms and at the salvage of what 

remains of functional myocardium following complete or almost complet 

cessation of bloodflow in the affected coronary artery. 'Rational 

therapy should obviously be directed towards the prevention of 

obstructive lesions before irreversible daiiiage to the myocardium 

occurs, but at the present stage of medical 'knowledge this is, 

of course, not possible. The reality of the situation is that 

by the time most patients are presented for evaluation, the 

myocardium is to a greater or lesser extent irreversibly damaged 

and that subsequent management depends very much on the expertise 

of the medical cardiologist and to a smaller degree on the skill 

of his surgical colleagues.

Historically the treatment of coronary arterial disease
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and its sequelae has been in the hands of the physician and 

therefore attitudes of treatment have customarily been of a 

medical rather than of a surgical nature. In recent years 

drug treatment has reached new levels of sophistication and 

effectiveness revolutionising the approach to the management of 

the patient with coronary arterial insufficiency. Complete 

evaluation of the long term effect of any recent medical treatment 

of coronary artery disease however, has not been carried out and 

despite optimistic reports a number of patients do have pain 

which is difficult to control by drugs, a percentage still die 

and a residual morbidity remains.

Over the past twenty-five years a number of surgical 

procedures have been designed to relieve pain of occlusive 

vascular disease of the heart of to improve cardiac efficiency. 

These operations fall into four'categories :-

(a) interruption of nervous pathways to and from the heart;

(b) removal or bypassing a single discrete localised

obstructive lesion witlrin a coronary artery;

(c) the removal of redundant soar tissue from the ventricle

to increase cardiac efficiency; and

■(d) the introduction of a new blood supply to the myocardium.
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Interruption of nervous pathways is effected by bilateral 

upper thoracic sympathectomy in which the attempt is* made to 

remove the efferent sympathetic fibres which help 'drive' the 

heart and also to interrupt the afferent sensory fibres carrying 

pain sensibility from the heart. This relatively simple procedure 

was reserved for those with severe angina but fell into disfavour 

mainly because of the doubtful logic upon which it was based.

The development of selective coronary cine-angiography has 

greatly stimulated progress in the application of surgical 

techniques directed to the removal or to bypassing discrete 

localised lesions of the coronary arteries (Sones and Shirey, I962). 

Each of these operations was a logical extension of the operative 

approach to peripheral vascular disease. Endarterectomy when 

performed alone was found to be effective in removing the 

obstructive lesion but produced a 'ploughshare' effect obstructing 

the orifices of small branches from the main artery. It is now 

customary to remove only the protruding portion of the obstructive 

lesion and to patch the artery with a piece of vein, thus avoiding 

stenosis of the vessel and obstruction of small efferent tributaries 

This operation however is also going out of fashion having been 

largely replaced by the bypass vein graft. The bypass vein graft 

technique involves attaching the upper end of the reversed



saphenous vein to the ascending aorta and the lower end to the 

coronary artery below the occluded segment, thus avoiding 

disturbance of the obstruction which miglit lead to new thrombus 

formation and re-occlusion. It has the great advantage of 

supplying immediately a new source of blood through an undamaged 

conduit and is therefore highly effective in bringing early post

operative relief of symptoms provided that the artery below the 

distal anastomosis is free from obstructive disease and can give 

an adequate 'run-off' from the graft. It should be emphasised 

however, that the obstruction must be solitary or localised to 

a short segment of. artery or arteries. Recently, attempts have 

been made to use this technique to bypass lesions in two coronary 

arteries in the same patient (Johnson and Lepley, 1970). 

Obstructions of both main coronary arteries, and the two principal 

branches of the left, the anterior descending and the circumflex 

branches, have been relieved by this method.

Unfortunately, only about 20% of patients with coronary artery 

disease have solitary lesions or short obstructed segments 

involving one or two main arteries (Diethrich, Liddicoat, Kinard 

and De Balcey, 1969). The remaining 80^ of patients have 

multifocal, diffuse disease in the right coronary artery and in
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the principal branches of the left coronary artery* These 

patients are at present beyond help with either endarterectomy 

or grafting techniques*

For the patient with a residual left ventricular aneurysm 

following myocardial infarction, there is evidence that removal 

of the aneurysm leads to greater cardiac efficiency imd some 

abatement of symptoms (Lillehei, Levy, DeWsll and Warden, 19&2)* 

LxteïidiUi the logic of this therapy, attempts have also been made 

to remove infarcted (non-aneurysmal) areas of ventricular wall in 

the immediate post«infarction period with largely, poor results 

(Heimbecker, 19^9)•

For the vast majority of patients (over 8Q\) with multiple 

lesions which involve all main coronary arteries, the techniques of 

thrombo-endsjL'terectomy and bypass grafting are for tlie main part not 

practicable* For tliese patients the only methods available at 

present for the em-gical relief of severe ischaemia lie in the 

introduction of new blood vessels to the myocardium* These can be 

divided into two groups:«

(a) Indirect methods - in which adhesions are produced between the 
heart surface and another vascular structure (pectoral muscle, 

omentum, lingula), in the hope that new vessels will grow into the 

heart*
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(b) Direct methods - In certain lower animcils the myocardium 

receives its blood directly from the chambers of the-heart by 

sucking blood into a sponge-like system of sinusoids. In higher 

animals this has been largely replaced by the coronary circulation^ 

but the sponge myocardium of the lower animals is thought to be 

represented by a network of sinusoidal spaces lying between the 

muscle fibres in direct communication with the coronary circulation,

Making use of this Imowledge^ Vineberg, in 1946, implanted the 

distal cut end of the internal raaminary artery into a tunnel made 

in the myocardium of the ischaemic left ventricle to increase its 

supply of blood. At first this operation was met m th scepticism, 

but in the last few years more and more surgeons have been making 

use of this operation or variations of it, to help revascularise 

the myocardium of the patient with multifocal and diffuse coronary 

artery disease.



OBJECTS Qg THE STUDY.
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THE OBJECTS OF THIS STUDY

Despite a fairly extensive literature on the subject of 

revascularisation of the myocardium by means of internal mammary 

artery implantation, few critical studies have in fact been made 

into the measurement of bloodflow in these grafts, the evolving 

changes in the microscopic structure of the implant, and'the 

nature and extent of the connections which develop with the 

coronary arterial circulation. This relative lack of basic 

information has led to many misunderstandings about the place 

of this operation in the surgical management of the patient vri.th 

widespread coronary artery disease.

The procedure itself does not fit into the usual categories 

of surgical therapy, i.e. no attempt is made to remove obstructing 

material from the coronary vessels, to reconstruct conduits or to 

bypass lesions by surgical anastomosis with other arteries. The 

operation of implanting an artery into a tunnel in the myocardium
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without any attempt to surgically connect it to the coronary 

circulation has no direct surgical therapeutic precedent, and 

because of tiiis it is difficult to understand how it could possibly 

V7ork.

The first purpose of this study was in fact to satisfy a 

curiosity about whether an artery implanted into the myocardium 

could malce useful connections m th the coronary circulation. 

Confirmation of this phenomenon prompted a search of the 

literature to discover what amount of blood could be carried by 

these implants to an ischaemic myocardium and by what mechanism 

was the anastomosis between - the implant and the intrairyocardial 

vessels effected. A paucity of bloodflow data and the almost 

total lack of coherent description of the development of the new 

pathways between the systemic and coronary circulation, prompted 

this study. The objects of this study were:-

1. To find out whether there was a flow of blood in the 

internal mammary artery, immediately after implantation.

2. To measure bloodflow in long-term implants.

3. To discover whether the bloodflow in long-term implants could 

increase v/ith time to the level of bloodflow present in the anterior 

descending branch of the left coronary artery.
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4. To determine, by microscopy, the nature of the changes within 

the implant and of the coimections between implant and the 

coronary circulation.

5. To visualise, by angiography, the extent of the connections 

between implant and the coronary vasculature.
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f®THODS AND PROCEDURES
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EXPERIMEiriAL METIODS AND PROCEDURES

In all the experiments described in this study, the same 

basic procedure was adopted for operative technique and measurements 

of bloodflow. A standard method for the production of high 

quality single film angiograms of the implants and coronary 

vessels was evolved.

Material

All operations and experiments were carried out on mongrel dogs 

weighing 15 to 20 Kg. Tie dogs were unselected except for the 

exclusion of unhealthy, aged or those of obvious nervous 

disposition.

Anaesthesia

Anaesthesia was induced with intravenous thiopentone (20 nig./Ng 

body weight). A cuffed endotracheal tube was inserted and connecte* 

to the outflow pipe of a standard Starling respiratory pump set at
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twenty-four cycles per minute. A Boyle's anaesthetic apparatus 

was connected to the inflow pipe of the Starling pump. Tliroughout 

the operation a 4:1 mixture of nitrous oxide and oxygen, together 

with O'5)6 halothane was administered to the dog. It was rarely 

found necessary to alter the anaesthetic regime during the 

operation, but if a temporary increase in depth of anaesthesia were 

required the halothane was increased to 1% for a few minutes until 

stability vjas achieved and then decreased to 0*5f̂  again. During 

all bloodflow measurements, the halothane was kept at 0-50  ̂ since 

doses above this level tended to depress blood pressure. At the 

end of each survival operation, the animal was disconnected from the 

anaesthetic gases and allowed to breathe spontaneously without 

assistance prior to extubation. Secretions were removed from 

the trachea and oro-pharynx by suction and the endotracheal tube 

removed. Small doses of pethidine (Lmg. per Kg. body weight) were 

administered intramuscularly if required during the first twenty- 

four hours post-operatively. In addition each animal received 

at the end of each survival operation, 1 Mega unit of long-acting 

penicillin.
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Tie Anatomy of the Intomal Mammary Artery

This artery arises from the first part of the subclavian 

artery and inclines medially and then distally for a short distance 

beneath the posterior parietal pleura, before running anteriorly 

in a fold of pleura, lateral'to the thymus gland, to the lateral 

edge of the sternum where it descends to the level of the seventh 

interspace and terminates in two or three vessels, one of which 

anastomoses with the superficial epigastric artery, the others with 

branches of the phrenic artery. Througliout its sub sternocostal 

course, the artery gives off branches on its antero-medial side at 

the level of each intercostal space. These side branches connect 

with the intercostal arteries and also send small branches through 

to the structures lying on the superficial aspect of the rib cage.
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The laiatomy of the Anterior Descending Branch of the Left Coronary 
Artery

The left coronary artery in the dog divides after about 1 to 2 cs 

into the circumflex branch and the anterior descending branch.

This latter branch supplies almost the whole of the anterior wall 

as well as most of the inferior surface of the left ventricle, (Fig. I 

In of dogs the anterior septal artery has its origin from the 

anterior descending branch (Miller, Christensen and Evans, 1964). 

Therefore in these dogs the anterior descending branch of the left 

coronary artery supplies 75% the interventricular septum of the 

dog heart.

The anterior descending branch marks the position externally of 

the inter-ventricular septum, separating the surface of the left 

ventricle from that of the right ventricle. The artery is 

characterised in the dog heart by the numerous branches vhich spring 

from it on its left side and run down diagonally across the surface 

of the anterior wall of the left ventricle. The terminal branches 

fan out and arborise freely at the apex of the left ventricle with 

the terminal branches of the circumflex branch of the left 

coronary artery. In some dogs the anterior descending branch ends 

high up oh the ventricular surface about 1 cm. from its origin.
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terminating in numerous long branches which fan out over the 

anterior surface of the left ventricle, the phrase 'horse's tail' 

has been used to describe this arrangement.

The Optimal Level for Libation of the Anterior Descending Branch 
of the Left Coronary A?rtery to produce T.schaerr.ia of the Anterior 
Hall of the Left Ventricle without Heart-Block

In this study the anatomy of the anterior descending branch 

of the left coronary artery is important in two respects, from 

its relationship to the position of the intramyocardial tunnel to 

be described later, and also from the optimal place to ligate the 

artery in order to produce azi ischaemic lesion of the anterior surfac 

of the left ventricle without causing ischaemia (and therefore 

heart-block) of the interventricular septum.

From a detailed study of the anterior descending artery and its 

branches it was found that if the artery were ligated 2 cm. from 

its origin, then this produced the required ischaemic lesion of the 

anterior wall but did not cause heart-block. Using this 'rule 

of thumb', heart-block never occurred in any of the dogs operated 

upon, and no ischaemic lesions were observed in the interventricular 

septum in any heart at post-mortem examination. It is thus 

inferred that the anterior septal artery has its origin (if at all)
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from the proximal 2 cm. of the anterior descending artery in the dog 

Operative Procedure

In the survival experiments, sterile precautions were strictly 

adliered to, the operations carried out in a clean theatre, with 

sterile instruments, govns and gloves. Immediately after 

anaesthesia was commenced, the dog's chest was shaved and prepared 

with a pHisohex wash, followed by an application of surgical spirit 

and finally of tincture of iodine. Sterile towels were draped 

over the animal except for the chest area.

The chest was opened througlr the fifth left intercostal space, 

from the left sternal edge to the anterior axillary fold. Tne 

skin incision was never more than four inches long even in the 

largest dogs. This provided an excellent exposure of the 

pericardium and the left pleural cavity. Bleeding was minimal in 

all animals and was easily controlled with electrocoagulation.

The ribs were spread with a Priee-Thomas retractor which gave full 

visualisation of the left subclavian artery, and its inteivial 

mammary artery branch. The artery was then mobilised from the 

. subclavian artery to its terminal division at the level of the 

seventh intercostal space. All side branches were coagulated well
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away from the parent artery to avoid thrombosis in the latter.

The artery was left undivided at the distal end at this stage and 

checked at regular intervals for pulsation, Tne pericardium was 

opened, 0*5 cm. anterior to the left phrenic nerve from the left 

superior pulmonary vein to the apex of the left ventricle and the 

heart lifted forward out of the sac.

Production of an Ischaemic Lesion of uhe Left Ventricle

In those animals which were to receive a concomitant, ischaemic 

lesion of the left ventricle, this was accomplished by ligation of the 

anterior descending branch of the left coronary artery, 2 cm. from 

its origin. The anatomy of this artery and the reasons for 

choosing this particular site for ligation are discussed above.

The anterior descending artery was dissected free from the 

overlying epicardium and fat and separated from the vein running 

alongside, over a distance of about 0*5 cm., centred on the site 

chosen for ligation. A Mersilene suture was placed round the 

artery at this point and tied securely. In every dog in which 

this procedure was carried out, an ischaemic area appeared 

immediately on the anterior surface of the left ventricle. This 

area first showed as a bluish area which then quickly blanched.
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The absolute dimensions of the ischaemic patch varied of course 

with the size of the heart but in comparable hearts, the ischaemic 

lesions were of similar extent. Each lesion began immediately 

distal to the site of the ligation and extended down to just above 

the apex of the left ventricle which itself v/as rarely found to 

be infarcted, probably because of its supply from the circumflex 

branch of the left coronary artery. Tiie medial boundary of the 

devitalised area was at the junction of the anterior walls of the 

two ventricles; the right ventricular wall was never observed to 

be involved in the lesion. Laterally, the ischaemic area extended 

to include most of the anterior wall of the left ventricle. After 

about fifteen minutes, the original ischaemic area seemed to shrink 

a little in size, probably due to collateral vessels from the other 

coronary arteries opening up. Thus using this simple technique, 

an ischaemic lesion was produced, severe enough to show a histological 

picture observed weeks or months later of infarction of ventricular 

muscle, yet which did not result in a single incident of heart-block 

or intra-operative death.

Implantation of the Internal Mammary Artery within the Left 
Ventricular Myocardium

The internal mammary artery was transected at the level of the



Figure 2
The two types of tunnel constructed within the myocardium 

in this study.
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seventh intercostal space and a small rubber-shod bulldog clamp 

applied to it. A long 3-0 Mersilene suture was passed throu^ 

a lip of the cut distal end of the artery and left untied.

A tunnel was then fashioned within the myocardium of the 

anterior wall of the left ventricle. This is shown diagramatically 

in Figure 2. The epicardium was incised transversely to a 

length of 0*5 cm., 2 cm. from the apex of the left ventricle and 1 cm. 

from the interventricular groove. A second similar epicardial 

incision was made p-4 cm. (depending on the size of the heart) 

proximally on the left ventricle, again 1 cm. from the interventricular 

groove. The apex of the heart v/as tipped forward and a pair of 

straight mosquito forceps introduced through the distal incision 

into the mid-thiclmess of the anterior wall of the left ventricle 

and passed proximally to emerge through the upper incision.

The forceps were now opened and the long ends of the Mersilene 

suture attached to the internal mammary artery grasped, pulled 

through the tunnel and out of the distal end.

The bulldog clamp on the artery was then released to ensure 

that blood was flowing freely and at pressure from its distal 

cut end. If there were any obstruction to flow at the end of the 

artery due to the adventitia having been pulled into the opening.
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this was dissected free. Hie artery was now gently pulled into 

the tunnel by the thread protruding from the distal end, until 

2*3 cm. of its length (p*5 cm. in the larger hearts) were within.

During the implantation procedure, the artery was left bleeding 

from its lower end, so that once it was within the myocardium, 

blood issued from uhe distal end of the tunnel. If this did not 

occur, the artery vras withdrawn to ensure continuing patency. The 

distal end of the tunnel was closed with two fine sutures, one of 

which was also tied securely to the protruding thread, to anchor the 

implant within the tunnel. This was usually enough to haemostatically 

seal this distal end. Attention was nov7 paid to the proximal end of 

the tunnel which occasionally required a single fine stitch placed 

laterally to effect haemostasis, great care being taken not to 

prejudice the artery as it passed into the mouth of the tunnel.

At the end of this procedure the implant passed directly down from

the left subclavian artery to the heart without tension, and

without being tethered in any way to surrounding structures (Figure A).

The tunnel itself was seen to lie within the area of ischaemia 

and the implant palpated to ensure a strong and continuing pulse. 

Inspection of the surface of the left ventricle did not reveal the 

presence of bruising in any of the animals. Haemostasis was



Figure 3

The electromagnetic flowmeter (arrowed) connected to 
the Grass recorder assembly.



Figure 4
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A drawing showing the position of the internal mammary 
artery in relation to the anterior descending branch of the 
left coronary artery as the foimer vessel passes down to the 
Intramyocardial tunnel.



secured and measurements of bloodflov/ made on the implant and 

pulmonary artery as described below. Tlie heart was replaced withii 

the pericardial sac, the edges of which were now lightly approximate 

with interrupted sutures. Prior to closing the chest, the lungs 

were inflated and attention paid to the position of the upper 

lobe in relation to the implant which had been placed anterior to th 

lobe. All air was expelled from the chest cavity by full forced 

inspiration and the chest closed in layers without drainage. Only 

one dog in uhe entire series developed a loculated pleural effusion 

which had to be aspirated. Sutures were removed after two weeks. 

One dog developed a v/ound infection vdrich healed after wound toilet 

was carried out and antibiotics given. All dogs in the entire 

series were ambulant and drinking within twenty-four hours of the 

ope ration.
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lateral side, and in the mid-thiehness of the myocardii :: , a tunnel 

v.as made 2 cm. long, vrirn a blind ending. 'This was rnn-.ned cn r.
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Stage resembled the letter 'd' (Figure 2). Cv.'c further blind end: 

xunnels each 2 cm. long wore constructed fro::! the main t:,ucnel, 

cut in the opposite directions, so that the system finnlAy rese:.bl: 

a cross with a long centre stem (ligure 2).

The internal mammary artery was then introduced into the 'stu. 

of the system in the manner described above and secured. Flood 

from the implanted artery would theoretically not only ih ow Into 

.1 oart
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Ele c tro g ardio graphi c Re c o rclin g

The electrocardiograph was obtained by using very small needles 

as electrodes. Sterile needles were chosen and placed subcutaneously 

in each of the fore limbs and the right hind limb, the E.C.G. wires 

were then plugged into the ends of the needles. Tne leads were 

connected to the E.C.G. preamplifier in the Grass recorder (Figure p). 

The electrocardiograph was continuously displayed on paper during 

the whole procedure.

Measurement of Blood Pressure

A small purse string suture was placed on the anterior surface 

of the thoracic aorta and a thin polythene catheter introduced through 

a small stab-wound in the middle of the suture and pushed up to the 

aortic arch. The catheter was connected via a two feet polythene 

manometer line to a Statham transducer. Tlie system was intermittently 

perfused with heparinised-saline (0*9/o) from a reservoir connected 

to the manometry line through a three-way tap. The transducer was 

calibrated from a mercury sphygmomanometer and connected to the 

multichannel Grass recorder for continuous display. At the end of 

the procedure, the catheter was removed and the purse string suture 

tightened to effect haemostasis.
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dsuocrcd an induced electro, .ctivc fercc. in n river due ta nnw :.xtion 

of tne water through the earth's magnetic fi^lu. Ine fdroo 

electromagnetic measurements of velocity however were :i._do by 

hilliams in l^pO in solutions of copper sulphate, but ne dh 

include the measurement of flow in his experiments

application of the electromagnetic induction phenomenon to 

bloodflow was first mooted by ?abro in Ippf but was in 

fact carried out bĵ  nolin (l9po). Xolin's work represents the reel 

beginninj-of the era of measurement of bloodflow by the electromc teti

ÂÀ VAM J

Wetterer in 3-997 • initially the procedure 

magnetic field within t._e vessel using either an j_cctrcmagnet ci-

' L̂ M A « • V_ >a1 A Va. a a 'kJ a • « ̂A». A A • M» A A • • > M̂W A A ^ 'A»» J. A >A'3 C onS’U ’Ü6CL cG "vlldl

the outside of the vessel wall snugly and at ta.:. sa:..e tin:e -̂eatrate,

en.;̂. U..L .-icr Jsü jua /.no_Lu
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Signals of severe millivolts can bo obtained from the aorta and 

pulrnonfiry artery uaing the method. Since the diameter of the vessel 

is îoioivn by choosing the electromagnetic probe (the magnet) which 

will just fit without producing distortion^ the velocity measurement 

cim be translated to a flow rate by application of relationship

TT' 2Instantaneous Flow » Velocity x m r

The main drawback to the use of direct current to energise the 

electromagnetic field lies in its ability to disadvfmtageously cause 

electrode polarisation. To circumvent this, alternating current was 
used to produce an alternating electromagnetic field and this 
problem receded. (Binhorn, 1940, Thurleraann, 1941). Different shapes 

of alternating waves have been used including the sine wave, squoro 
wave, and trapesoid wave, but only the first two mentioned have been 
used extensively.

The use of the alternating current to produce an alternating 

magnetic field within the vessel means that the flow signal picked up 

by the probe is an a-c voltage in phase with the a^c magnetic field 

strength. The amplitude of this signal voltage can be shown 

mathematically to be proportional to the average instantaneous flow 

velocity and thus to flow rate. Since a signal is delivered which 
is amplitude modulated it can bo used to great advantage with the use



of a-c amplifier’s which allow greater gain and are much more stable 

than d-G amplifiers. One great advantage of this is that very 

low flow signals can be recorded and so with appropriately designed 

probes, flow rates can be measured in very small blood vessels.

Tne main disadvantage with the sine-wave method is that a specious 

voltage is induced by the alternating magnetic field which forms a 

'transformer loop' between the electrodes, the electrode leads and the 

blood vessel. This transformer S.M.P. unless cancelled, augments 

the signal from the induced voltage and gives exaggerated estimates 

of velocity and flow. The spurious signal can be cancelled electroni

cally but only with difficulty and with extra equipment built into 

the flowmeter. For this and other less important reasons the a-c 

sine-wave electromagnetic system has been largely abandoned for the 

present, although some models are still available commercially.

The Square Wave Electromagnetic Flowmieter

This type of flowmeter was introduced by Denison, Spencer and 

Green (1955) &ud further developed by the first two authors (I96O).
The square wave.alternating current has the great advantage that 

during the 'horizontal' components of the wave form, the field 

strength is constant and thus no transformer loop is formed with
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resulting spurious signal. Thus the a-c square wave system behaves 

in its horizontal phases like a direct current flovjmeter but also 

functions as an alternating current flovmieter with the advantages, 

mentioned above, of that type.

During each cycle therefore, two signals of opposite polarity 

are picked up from the blood stream by the probe surrounding the 

vessel, amplified and passed through a discriminating demodulator. 

The problem of eliminating electrocardiograph interference from the 

flow signal is overcome by using a high carrier frequency. During 

the short phase of reversal of the magnetic field, there is a 

tendency as in a-c sine wave systemsfor a transformer E.M.P, to 

develop, but this can be eliminated by switching off the amplifier 

during this short period. The signal from the flowmeter can be 

easily recorded by a direct writing device. The apparatus used in 

this study was the Carolina Square-wave Electromagnetic Flowmeter 

connected to the Grass Multichannel Recorder (Figure 3)*

Calibration of the Flowmeter and Probes

Tlie electromagnetic flowineter no matter which principle is 

used, constant or alternating magnetic fields, delivers linear 

calibration curves and equal sensitivities with opposite signal
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directions both to forward and reverse flow. Using flow models 

many groups of workers have shown this linear relationship between 

bloodflow and the electrical signal as well as the liigii 

reproducibility of the results (Kolin, 1936; Wetterer, 1937 and 

1943; V/estersten, Herrold and Assali, I96O; Tliuran and Cohen, 1963; 

Scher, Weigert and Young, 1953; Engell and Lauridsen, I966;

Cappelen and Hall, I967).

Tile flow probes used in this study (Figure 5) were calibrated by 

the manufacturer (Carolina Medical Electronics) but it was 

recognised that the use of such standard calibration factors might 

lead to inaccuracies of measurement. Each probe used was therefore 

again calibrated in the laboratory using excised arteries of the 

appropriate diameter interposed between two lengths of rubber tubing 

of similar dieimeter and connected to a pump of known flow rates.

Each probe in turn, wns placed on the middle of the arterial 

segment and connected to the flowmeter. Blood was pumped through 

the system at different flow rates and a calibration factor 

calculated for each probe. The flow rate was checked by measuring 

the quantity of effluent blood from the system. The Carolina 

flowmeter, itself, has a calibration accuracy of j: 5^j claimed by

the manufacturers.
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Measurement of Bloodflow

To measure bloodflow through a vessel, a flow probe was 

chosen which fitted snugly around it. For pulsatile flow the 

lumen circumference of the probe should be a little less than 

the circumference of the blood vessel, but no more than 20fj less.

The probe, was applied to the vessel and connected to the flowmeter. 

For good electrical conductivity the vessel wall was kept wet 

with frequent applications of physiological saline. The.flowmeter

which had been previously balanced (and the recorder sensitivity 

adjusted to obtain a convenient deflection) was then 'zeroed'.

In establishing zero flow in the implant and,coronary artery, these 

vessels were temporarily occluded above and below the probe. In 

the case of large vessels such as the pulmonary artery this method 

was not physiologically practicable, and for these, zero flow was 

achieved by placing the large probe in a beal-eer filled with saline, 

turning the electromagnet off and resetting.the output control to 

zero. Frequent zero readings were obtained during each experiment. 

It was found on checking the apparatus that zero’drift was not a 

major problem, the a'nount of drift was found to be 1 mrn. every ten 

minutes when the recorder sensitivity was 50 mm. per volt (i.e.20). 

Since recordings were made in most cases for only one minute at a 

time, this source of error which can be difficult to deal with in
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many electromagnetic flowmeter systems was minimal with the 

apparatus used.

The bloodflow in mis per minute could be read off directly from 

a meter on the equipment used in this study. In addition, however, 

the bloodflow during a single flow pulse in either the implant, 

coronary artery or in the pulmonary artery could be measured from 

the flow patterns made by the Grass recorder. In the experiments 

involving the calculation of resistance to flow during the diastolic 

period of the cardiac cycle, the mean flow and the mean aortic pres

sure during diastole were measured. Since flow in diastole could 

not be measured directly by the flowmeter and the mean pressure 

during diastole varied a little at successive pulses, the only way 

in which the most accurate assessment of resistance to flow could 

be made, was to measure mean bloodflow in diastole during a single 

cardiac cycle, and the mean blood pressure during diastole in the 

same cardiac cycle. . Mean diastolic flow wns therefore measured 

from its recorded height above the base-line, m t h  the recorder 

calibrated to a given mean flow per centimetre deflection of the pen,
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Calculation of Volume Bloodflow from a Single Plow Pulse Wave

To calculate how much blood has passed the flow probe during a 

given single cardiac cycle and express it in terms of mis per 

minute, an equation has been formulated by the manufacturers of the 

flowmeter. By the use of this method, a rough check could be 

made from the recorded patterns of flow, during periods of stable 

flow conditions, on whether the flowmeter was giving accurate 

integration readings. The method could also be used to calculate 

flow during any cardiac cycle if tkds volume flow had to be related 

to some other parameter during the same period of time* The volume 

flow during a single cardiac cycle is given by the formula:-

V = F X A X M X Pa 
O'1 X S X G

(there V = volume flow; F = actual probe factor; A = area under 

the recorded flow curve in square mm.; M = multiplier control setting 

Fa = arbitrary setting of probe factor control on flowmeter;

S - paper speed in mm. per minute; G - recorder sensitivity in mm. 

per volt).

To convert tliis to a flow per minute it is multiplied by the heart 

rate per minute or in other words the paper speed per minute divided 

by the R-R interval (from E.C.G.) in mm.
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Substituting into the first equation, the fiml equation reads

Volume flow per minute = 10 x F x A x x Pa
G X (R-R)

Example : -

If F = 120

A = 200 sq. mm.

M = 1 

Fa = 1

G “ 25 mm. per volt 

R-R interval = 10 mun.

Then volume flow per minute = 10 x 123 x 200 x 1 x 1
25 X 10

1,000 ml.



SECTION II.

BLOODFLOW THROUGH THE NEVuY

IMPLANTED INTERNAL MAiWiARY ARTERY,
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INTRODUCTION

Tne concept that blood can flow inmediately through a vessel 
whose cut distal end has been implanted within the myocardium 
without any attempt to anastomose it to the coronary circulation, 
is a difficult one. It is contrary, it seems, to normal surgical 
experience and indeed to commonsense. And yet, that this could 
occur was seriously put forward by Vineberg (1958) who proposed 

 ̂that immediate bloodflow through internal marmmary implants was 
acliieved because of the sinusoidal structure of the myocardium.
This network of endothelium-lined spaces between the muscle fibres 
in the heart v/as first discussed by Wearn, Mettier, Klumpp and 
Zschiessche (1933) and is crucial to the hypothesis that blood can 
flow through the graft and myocardium from the moment of implantation,

Doubts have been cast on the presence of immediate flow in 
these implants by several studies in recent years. Using a right- 

heart preparation, Alshamma, Criollos and Roe (1968) failed to
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establish the presence of flow in internal rnarrrnary grafts
85immediately after implantation. Myocardial clearance of Kr

133and Xe was used by Seem an (I968) viho showed that immediately 

follovdng implantation, the bloodflow recoixied in the surrounding 

area, while the arterial graft was open, did not differ significantly 

from the value obtained during clamping of the vessel. Several 

angiographic studies have been made on the newly implanted vessel 

(Bellman and Prank, 1953; Pearl, G-oseph, Citret and Kallemeyn, 1959; 
Maruyaim, Warren, McCombs, Vickery and Brener, I966). All of 

these wnrkers failed to demonstrate filling of the intramyocardial 

part of the vessel immediately after implantation.

Despite this mass of evidence for immediate cessation of flow 

in the implant, other careful studies have indicated that flow 

continues, but at a reduced level, following implantation. A small 

mean forward flow was observed by Provan, Hammond and Austen (i960). 

Using a non-cannulating electromagnetic flowmeter. Aranow,

Covelli and Norman (196?) found a significant increase in myocardial 
blood immediately after implantation using the radioactive gas 

clearance method. Direct measurement of the coronary sinus 

return was made by Suma, Hnnmond, Buckley and Austen (1959) who 

also confirmed an increase in myocardial bloodflow occurring
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imiTiediately after implantation of the internal mammary artery.

As has been discussed, grv-at care must be taken to ensure 

that the internal mammary artery does not become occluded by 

thrombus, following prolonged clamping prior to implantation; 

or that the adventitial covering does not block the distal cut 

end of the vessel. If one of these events should occur then, of 

course, there will be no flow after implantation. In all the papers 

discussed above, no mention was made of whether tie vessel was 

definitely patent throughout its length. Small differences in 

surgical technique at this initial stage can make all the 

difference to the subsequent findings, no matter what method of 

bloodflow measurement is used. It is possible that some of the 

workers reporting no flow in the grafts obtained these results because 

of lack of sufficient attention to surgical detail.

The purpose of the investigations described in this section 

was to attempt to clarify the picture presented by this contradictory 

evidence on whether or not blood flows in these grafts immediately 

following implantation.

In addition, a further study was undertaken in wliich four side 

channels connected with the main intramyocardial tunnel were
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fashioned. This was done on the assumption that the 'run-off' 

of blood from the implant through the myocardium would be augmented 

by providing access to a greater number of sinusoids.

Methods

A full description of the anaesthetic principles employed, 

plus the technique of implantation of the internal majmmary artery 

into the myocardium together with the method of producing acute 

myocardial ischaemia by ligation of the anterior descending branch 

of the left coronary artery, is given in the Procedures and Methods 

section. A total of twenty-four dogs were studied, and divided into 

tvjo groups of twelve each. In the first group, each dog received 

an internal mammary implant into the anterior wall of the left 

ventricle utilising a single intramyocardial tunnel in the myocardium, 

together with ligation of the anterior descending coronary artery.

In the second group, the implant was introduced into a main tunnel 

from which four short extensions were made (Figure 2). Coronary 

artery ligation was carried out as in the first group.

The bloodflow through the implanted mammary artery was 

measured in both groups with the electromagnetic flowmeter technique 

as previously described. A snugly fitting probe was placed on the



Figure 6

internal mammary implant passing down to the 
left ventricle.
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artery 5 cm* from the point of implantation (Figure 5)' Repeated 

volume flow and mean flow measurements were then made with frequent 

zero readings. Cardiac output measurements were obtained with . 

the electromagnetic flowmeter in both groups of dogs by placing a 

suitably sized probe round the pulmonary artery close to the 

pulmonary valve (Figure 6). Pu.Lmonary artery bloodflow (Figure 7) 
was measured in preference to aortic bloodflow for two reasons.

Firstj since coronary artery flow removes approximately five per cent 

of the bloodflow from the aorta during diastole, aoific flow is not 

a true indication of cardiac output. Secondly, the pulmonary artery 

is much more accessible and requires less dissection posteriorly 

for the accurate positioning of the flow probe, than the aorta. 

Details of establishing true baselines during measurement are 

discussed in Section I. , Since the flowmeter apparatus allowed 

measurement of only one flow at any given time (single channel) 

it was not possible to achieve simultaneous bloodflow in both the 

implant and in the pulmonary artery. The practice adopted was to 

position the probes round the implant and pulmonary artery and leave 

these in place attached to their respective extension cables.

Vdien the implant flow had been measured the extension cable from 

that probe was disconnected from the flowmeter and the other cable 

immediately plugged in place. In this way the cardiac output could



Figure 7a
Flow probe 6n the internal majanary artery,



Figure 7b
Plow probe on the pulmonary artery.



be measured v/ithcut delay.

During all flow experiments the electrocardiograph end blood 

pressure were monitored continuously. Pulsatile and mean bloodflow 

in both tlie implant and pulmonary artery together with blood pressure 

and the electrocardiograph, w-ere recorded on the Grass Polygraph 

Multichannel Recorder (Figure b)- Blood pressure was monitored by 

introducing one end of a length of fine polythene tubing into the 

arch of the aorta and attaching the other end to a Statham strain- 

gauge transducer; the tubing was flushed at regular intervals with 

heparinised physiological saline solution from a gravity reservoir. 

The electrocardiograph was recorded from needle electrodes placed 

subcutaneously in the limbs. In addition, measurements of arterial 

pH, pOg and pCO^ were carried out at intervals to ensure metabolic 

and respiratory stability.

Results

Flow Patterns in the Newly Implanted Internal Mammary Artery

The flow curves obtained from the new implant are shorn in 

Figure 8. The observed pattern was pulsatile in all experiments.

In all twenty-four implants the main component was a forward one.

In several dogs there was also a small but definite reverse flow wave



BP

EGG

IMA
Flow

100

50

' 1! 1
;

- - —  :

'

1

-

1 1
\ L _ \ Aj _ \

n

■
Flggure 8

The flow pattern from the Internal mammary artery 
Immediately after implantation, showing the systolic (s) 
and diastolic (d) components of forward flow with a reverse 
flow wave (r).



-  5 9  -

Systolic and diastolic components could be distinguished in the 

forward wave; these corresponded to the onset and duration of these 

tvro phases of the electrocardiograph. Those two parts of forward 

flow in the implant were close together and indeed were often 

conjoined (Figure 9)* This contrasted with the flow pattern in 

the intact internal mammary artery before dissection from the chest 

wall, in which the systolic and diastolic components were always 

distinct and separate (Figure 10). In the first group of twelve 

dogs (the single-tunnel group) in addition to the total forward and 

reverse flows wiiich will be discussed later (Table 1) the volume 

flow in systole and diastole 'were each calculated separately from the 

flow recordings. Table 2 shows the results obtained for each of 

these two phases of the cardiac cycle in mis per minute and also as 

a percentage of total forward voluiiie flow. In five implants, 

the systolic flow was less than of the total forward volume flow, 

in three others it was between 40 and 60fo vdiilst in the remaining 

four it was greater than 60fj. The average figures for systole and 

diastole were 47*5 and 52'7p respectively. Thus, taking 'tlie twelve 

implants in this group as a whole, the tvfo components of flow were 

of about equal volumes.
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Figure 10
Flow pattern from the Internal mammary artery before 

Its dissection from the chest wall. The systolic and 
diastolic components of forward flow are well separated 
and distinct.
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rlov: cure ment s in  the S ln i^ le -T u i^ e l Oroup

For-vraixl Volume Flow

All grafts in rhis group had a measurable flow of blood from 

the moment of implantation which varied in the twelve dogs from p'lO 

to 18'71 ml. per minute with an average of O '̂ 7 ml. per minute 

(Table 1). Three implants had a forward flow of less than 5 ml. 

per minutej three were between 5 and 10 ml. per minute, four 

between 10 and Ip ml. per minute, whilst the remaining tv;o were 

above 15 ml. per minute.

Reverse Volume Flow

A reverse flow was also observed in five of the twelve implants 

This varied from 0*21 to 2*p0 mis per minute. Expressed as 

percentages of forward volute flow, the reversed flow ranged from 

1*6 to in the five implants m t h  an average of 52 •9̂ * In

the twelve dogs, the average reverse flow was 0-5 ml. per minute, 

which was 5/̂  of the average forward volume flow.

The Proportion of the Cardiac Output carried forward through the 
Newly Implanted Internal Fammary Artery to the Myocardiuri

The cardiac output was measured in all twelve dogs in this 

first group, but three of these values had to be eliminated because 

of an artefact which was evident on the flow tracings from these



oc:

g sOO rH « (Hg
gOp;

o
H
S
oa
co

o 'Oc: -P
g gH a
O ■H
>

o
r-î

S
"O is
u <Vh o
i

A
g (0
o rH
fh S

g
Q

O  O  O  O  vo o  .‘'W o  O  O  M  :n o  o  o  rW nw o  o  o  o  (M co
O O O O J r H O i H O O O O O

in h W ^ O i t \ M O O C A O O  rH CJ (H hW t-- Lm Vû co VD GO OJ
tn O o- hS co vo VD O Cvi le

I— I r—1 I— 1 I— i t— 1 1— i

rH O J  ir\VO O-CO C A O r H C V lI—Il—Il—I

o
m

ô

c--zr
G\

m
s(D

C)| 
r ~ .  i-O!
iSi

o
n4̂
O_u
h■H
g
O
•H
4-"
Ci
P
d
d
<H
c
•H
CD
d
f-
0
r4
1-1
0
fH

H
Û>-P
Cu
•H
Xj
C)

•H
r'-ad
0jJ
d
d
>s
u
d

in
g hO
d 0
e mi
r-i 0
d >
d rP
Pi CD
0 :sp> -p
d
•H d

•H
0M
•P

•P
d m:
•H y,

d
P 0
0 0r-i 't>3Ch B
'd
0 0
0 •H
r-(pn S

n"Üw
•H

- 41 -



0o f t
1—! O
o „p

G
P i •r-i
d A
gPio

o

q -io
0
I f
v 'j

.p 0
d r~!
G Oo
d
0 f tfd CO

^  0 0 fH■P O
d 0 • H  Cti

P0ft
0 
I—Is

o
u
■“CS 0 
P» 1—!
d  OS h
O  >5m

0 0s G
ft pio> 2 goft dpi ft 0d ft
d 0o (—!A g

CO
g

CO ai L ft GO O  CO OG f t  a ’ CO L ft

O  VO e ft  VO -zC r f t v o  r-4 G v -z i' CO VO 
f t  VO f t *  L '-  h f t  L—  VO LO  1 ft h ft VO L ft

f t  0 3  VÛ L ft r - !  o  f t  f t  CO CO f t  L ft

0 3  r f t  V 3  , 'f t  L ft 1 ft h ft  CO Ô  L ft  A  L ft 
( f t  l f t  L ft  f t  VO f t  L f t  f t  V 3  VO L ft ft

C ft O  f t  VO VO VO 0 3  CO ! f t  O  O  ( f t  
r - i l f t  rP  L ft  M  VO 0 3  l f t  f t  O  CO l f t

r - l VO L ft  f t  f t  L ft  f t  CO f t  L f t C O f tr-*!

CÜ Lft O  -z L'A —O i—! ÎL' ft- Lft ft ft CJ O  o  -zr 
f t O V O O V O V O O C O

- f t  rft ft Oft Lft ft CO VO 03 ft ft

lft rft ft o  rft ft o  o  CA o  o  :ft
f t  f t  f t  f t  L f t  [ f t  f t  VO CO VO CO f t

l f t  Ô  [ f t  L f t  L f t  CO VO VO 6  f t  f t  f t -
! i  f t  1 ! f t  f t  f t

f t  f t  l f t l f t  VO [ f t  CO C A O  r - i  ftI— I i— ! I— 1

ft

C-i

■H
ft
cd
0rd
d•H
q

f t

0
S
d

1—1
0
R

f t
P i

d
d
o

f t

0

■:o
_p

0
r ;
b
Oh
r :
O
o

o
•H
r f t 'C
O VO

o
q f t

• f t 0ft >
r—1

f t 0
d o
0 f t

o d
• f t •H
r - i
O ftft
0 0

11 P(
0

0ft l f t
Pi

-  4 2



'A

dogs, due to a fo.uluy pulmonary artery flow probe. In the remaining 

nine dogs the cardiac output varied from 957 to 2,800 mis per minute. 

\7hen the proportion of the cardiac output flowing through *r..e

implant was expressed as mis per minute per litre of cardiac output,

the values varied from 1-2 to 15*6 (Table p) with an average of

6*2 mis per minute per litre cardiac output.
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Initial dlcv; measurements in the multi-lunnsl Group 

Forward Flew

Tne twelve grafts had a measurable blood fomeard volume flow 
immediately after implantation. Tlsis varied from 4-45 to 21-85 
mis per minute with an average value of 12-2p mis per minute 
(Table 4). Tiuis was an increase of 2'7o mis per minute (29*1>) 
over the average immediate flow in the single-tunnel group.
The average implant flow in this group per litre of cardiac outp'ut 

was 8*5 mis per minute, an increase of p7■iq over that of the 

single-tunnel group. The increase in forward volvjp.e flow in the 

multi-tunnel group over those in the single-tunnel group did not 

reach statistical significance. Nor was there any significant 

difference between the pix)portion of the cardiac output carried by 

the implant in the single and multiple tunnel groups of dogs.
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Discussion

This study demonstrated that blood does flow through the newly 

implanted internal mammary artery into the myocardium and that it 

continued for at least one hour following implantation. With 

careful calibration of tire flowmeter and frequent zero readings 

taken during the experiments, the possibility that these values were 

due to artefact w'as indeed remote. The flow wave patterns were 

smooth and reproducible, and did not have, the contour ‘of any ivnown 

artefact. Tne mean value obtained for forward volume flow in the 

single-tunnel group of 9*^7 mis per minute (for tv;elve implants) 

was Mgher than that of Pro van, Hammond and Austen (i960) who 

observed an average mean flow of 5*2 mis per minute (range 1 to 

15 mis per minute) in their ten dogs using a similar electromagnetic 
flow probe method, and the 2*0 mis per minute mean flow found by 

Di G-iglia, Tazzara and Osclmer (I969).

The flow pattern fo'und in the internal mammary arteries 

immediately after implantation was pulsatile, confirming the 

observation of Provan, Hammond and Austen (I966). These workers 

also stated that their impression was (although they did not make 

actual measurements) that the diastolic component- of forward flow
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was larger than the systolic component. Th_is was not borne out 

when these were individually measured in this study; five of the 

twelve implants had a dominant diastolic component, four a dominant 

systolic component, whilst in the remaining three implants, the two 

components were about equal. 'A larger forward flow is expected 

during diastole since it is during the relaxed phase that blood 

moves througli the coronary arteries into the heart, but in systole, 

forLvard bloodflow through the coronary arteries ceases because 

of the extremely high extravascular pressure and may in fact reverse 

temporarily. It is surprising therefore, that in some newly 

implanted arteries, the systolic component is the larger. This 

may occur because blood during systole flows into the space around 

the implant, which might not be completely compressed by surrounding 

traumatised myocardium. During systole in these dogs, blood may 

accumulate in a small pool within the myocardium and move into the 

spaces between the columns of muscle cells during diastole.

Tire drainage pathway of blood from the newly implanted 

internal mammary artery could not be expected to be from the implant 

directly to the coronary arterial system, at least not until 

vascular channels are formed between them. Since these vascular 

connections malve their appearance only after several weeks have



_ I'C; _

elapsed since implantation (see Section IV), another pathway must 

be postulated for blood entering the myocardium from the early 

implant. There seems to be no alternative at present, to the 

view that blood from the implant enters the endothelivmn-lined 

spaces between the columns of myocardial cells and hence to the 

venous system. This view is held by many workers in the field 

(Vineberg, 1967; Smith, Mobin-Uddin, Lombardo and Jude, I967;

Suma,.Hammond, Buckley and Austen, 1969)3 and is supported by 

observations made in tiois study (Section IV), Since tiiis initial 

flow of blood into the myocardium most probably enters the venous 

system vhthout traversing the arterial circulation, it is doubtful 

whether it can be of any real value in teiuis 'of gaseous transport 

and nutrition to myocardial cells.

Tiie mean volume implant flow of 9'^ mis per minute observed 

in the present study immediately after implantation was close to 

the mean value of 10*1 mis per minute found during the first ten 

weeks after implantation. During tlcis ten week period there must be 

a gradual change-over from a passive circulation -from implant through 

the myocardium to a more active circulation as anastomoses develop 

between the implant and the branches of the coronary arteries. 

Histological and angiograpiiic evidence will be presented later 

in support of the view that the period before ten weeks is a most
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active one in the development of vascular channels between implant 

and the coronary arterial circulation (Sections IV and V). How 

long the 'passive' component of the circulation through the 

myocardium remains is not Imown, but presuiJiably it decreases with 

time.

Tie addition of a number of side channels to the main 

intramyocardial tunnel did not significantly increase the flow in 

the newly implanted artery or the proportion of cardiac output 

carried by the implant. There was therefore no advantage in 

constructing additional tunnels connected to the main one.
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Surmary of Section xl

Tne principle aim of Section II was to study bloodflow through 

the internal mammary artery into the ischaemic left ventricular 

myocardium, when implanted into a single conventional tunnel and

also into a tunnel with four side branches. The following

conclusions were reached:-

1. There was an immediate fonward flow in all grafts in both 

groups (total of twenty-four dogs), wlaich averaged 9*^7 mis

per minute in the single-tunnel group and 12*2p mis per minute

in the multi-tunnel group. Flow was present in all implants 

throughout the operation.

2. The proportion of cardiac output carried througii the 

newly implanted artery to the myocardium averaged 6*2 mis per 

minute per litre of cardiac output in the single-tunnel group 

and 8" 5 î Is per minute per litre of cardiac output in the 

multi-tunnel group.

p. There was no evidence of a statistical difference between 

the mean forward flow and also the proportion of cardiac output 

carried througii the implants in mhe two groups. The 

construction of extra tunnels wdtliin the ischaemic myocardium 

therefore did not increase 'run-off' significantly.
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4. All analysis of the flow patterns obtained from newly 

implanted arteries, showed that the flow was pulsatile, there 

was a dominent forward flow wave followed in some cases by a 

small reverse flow wave. The forward wave had two components, 

systolic and diastolic which were close together ecid often 

conjoined. The pattern of forward flow therefore differed 

from that seen in the internal mammary aitery before its 

dissection from the chest wall. Measurement of flow in each 

of the two components of the forward wave did not reveal a 

consistently dominant diastolic flow phase.

Possible reasons for these observations are discussed and 

comparisons made with the findings of other workers.
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INTRODUCTION

It has been ajrplj" demonstrated that when an internal mammary 

artery has been implanted into a tunnel in the ischaemic myocardium, 

connections develop between it and the adjacent intramyocardial 

branches of coronary arteries. Tills concept was first introduced 

by Vineberg in 1946 who suggested that this operation might bring 

relief of syrptoms of occlusive arterial disease of the heart.

Although anastomoses between the implant and coronary arterial system 

can be clearly demonstrated by selective internal mammary artery 

angiography (Effler, Sones, Groves and Suarez, I965), their functional, 

effectiveness in restoring an adequate blood supply to the ischaemic 

area remained open to doubt. Radiographic appearance, however, has 

not been shown to be a good index of the bloodflow througii the implant 

(Dart, Kato, Scott, Fish, Nelson and Talcaro, 1970)* Despite the 

lack of evidence of effective flow througii these implants, large 

numbers of such procedures have been carried out in human patients 

with extensive multifocal occlusive disease of the coronary arterial
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circulation^ (Pavaloro, Eifler, Groves, Sones and Ferrusson, I967).

In /eray centres it has been thourhit that a single implant vould not 

adequately revascular!se the uhole of the left ventricle, and so 

both internal mammary arteries have been implanted in many patients 

(favaloro, I967)* Again variations on the theme have been performed 

using a whole spectrnn of other implants such as a pedicle containing 

internal mairimary artery, vein and surrounding muscle and fascia 

(Sewell, 1966), intercostal artery (Pearce, Ĥ mian, Brewer, Smith and 

Creech, 1966), saphenous vein (Perlic, Quattlebaum and Lillehei,

1966).

The demonstration that many patients whose implants were 

shown radiologically to be occluded but were, in spite of this, 

symptomatically improved has led to the now widely held Relief that 

the improvement in these patients was due mainly (if not all) to 

the placebo effect of surgery. In the minds of many people, 

■especially in tliis country, arterial implantation into the 

myocardium ŵ as relegated to the ranhs of other dubious 

revascularisation procedures such as internal mammary artery ligation, 

pericardial abrasion and talc dissemination. In the face of this 

criticism, the operation of internal mammary artery impla.nta.tion has 

been persisted with in many centres v/ith stricter control in the



selection of patients, the me the do logy of operation aied the 
assessment of results. It has become recognised that no patient 
should be subjected to any type of revascularisation procedure 
unless a full .angiographic assessment has been made of the severity 
and e:ctent of his coronary artery disease, and where possible at 
some interval after operation, a similar procedure be carried out 
together with a full measurement of cardiac performance.

Direct coronary artery surgery at the present time can be 
offered only to those patients with discrete single lesions of main 
coronary vessels. Such patients form only a small proportion of 
the ootal population of people with this disease, probably amounting 
to about 10 to 2C)j of the entire number. Tne operations offered 
to these people include local endarterectomy, with or without 
concomitant vein patch (Bailey, May and Lemmon, 1957) and bypass 
vein graft procedures. Bypass vein graft procedures have been 
carried out from the aorta to coronary artery branches dovm to 2 
in diameter thus increasing the number of patients who might benefit 
from this direct approach (Johnson and Lepley, 1970) • Tire great 
majority of sufferers from ischaemic heart disease (about 80p) are 
still, however, beyond the scope of direcx coronary artery 
reconstruction, and therefore at present, the only surgical therapy 
which can be used in this type of patient with diffuse multifocal
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disease of the coronary arteries is rhe implantation procedure.

The two main problems in connection with this operation are first, 

the amelioration of symptoms in a small percentage of patients 

with radiological evidence of graft occlusion, and second, whether 

a patent graft is capable of delivering a sufficient quantity of 

blood to the myocardiumi to make up for the loss of perfusion through 

the occluded coronary artery. The first of these problems is 

discussed in Section V where, some evidence is presented which suggest: 

that there might be an alternative explanation to that of the so 

called placebo effect. The second question is deal: with in this 

section and involves direct measurement of the flow of blood through 

the implants to the myocardium by means of the electromagnetic 

flowmeter techni que.

Using this method of bloodflow measurement. Provan, Hammond 

and Austen (I966) demonstrated in implants inserted into the dog 

myocardium wlrich v;as gradually made ischaemic by arterial constrictors 

placed round the origin of the anterior descending artery, (Vineberg, 

Kairanti and Litvak, I96O), that-one to six weeks later the average 

mean flow was 5*2 mis per minute but at thirty weeks, the 

average mean flow reached a maximimi of 28 mis per minute. In 

addition, they found that all implants studied were patent. Internal 

'mairmary implant bloodflow to the ischaemic myocardium (using arterial 

constrictors) has also been studied indirectly by measurement of
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coronary sinus blood by Alsrm̂ rma, Criollos and Roe (i960), following 

the removal of the coronary arterial contribution by clamping in 

tiie isolated heart preparation. These workers found that flow 

from the implant averaged 1*2 ml. per 100 Qm, of whole heart per 

minute at five weeks and increased gradually to 12*0 ml. per 100 gm. 

of whole heart per minute at six months. Clearance of implant 

blood from the myocardium has been estimated by Seernan (I96S) 

using radio-isotopes (Krypton - 89 and Xenon - I99) injected into 

the implant and measuring radio-activity over the left ventricle.

He found that the implant contribution to the myoc ardium made 

ischaemic by ligation of the anterior descending coronary artery 

was 5*2 mis per minute per 100 gm. of left ventricular weight at 

three w-eeks after implantation. Tliis represented an increase of 

56^ in bloodflow to the ischaemic myocardium. Three weeks later 

this increase in bloodflow had risen through the myocardium by 2pO;t. 

Hie re is therefore much experimental evidence to show that blood 

does flow through the internal mammary implant into the ischaemic 

myocardium, this flow is small initially but increases significantly 

after six weeks to reach a peak at about twenty-four weeks. It has 

also been shown by Vineberg (1946 and I962) that ischaemia 

of the rayocardiU7i increases the likelihood of graft
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patency from 20 to 8W# Gorlin and Taylor (1966) have demonstrated 
in the human ischaemic myocardium a conversion from m. anaerobic 

to an aerobic metabolism following implantation of the internal 

mafnmary artery*
The three studies mentioned above on measurement of blood 

flow in long-term implants using different preparations and techniques 

of measurementt produced data which could not be compared with each 

other* In the first study. Provan, Hammond and Austen (1966) gave 

absolute moan flow values obtained per minute- Alshamma, Criollos 

and Roe (1968) expressed the coronary sinus effluent (with the 

coronary arteries clamped) per 100 gm. of whole heart, whilst Soeman, 

using the radio-isotope clearance method, gave his values per 100 gra* 
of left ventricle* These workers all agreed however, that there was 

a measurable blood flow in the internal mammary implants at six weeks 
end that this flow increased with time.

In the studies mentioned above of Provan, Hammond and Austen 

(1966) and of Alshamma et al# (1oc. cit.) the method used to 
effect ischaemia of the left ventricle was to place an Ameroid 

constrictor round the anterior descending branch of the left coronary 
artery and then at the same operation, implant the internal mammary 

artery into the left ventricular myocardium# The main reason for 

employing this method 01 producing ischaemia was to cause a gradual
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diminution in the blood supply to the left ventricle# But using 

this method it was impossible to demonstrate at the time of the 

operation what area of the ventricle would become ischaemic, 

since the anatomy of the coronary arterial supply to the ventricles 
is 60 variable# Fui’thermore, there was no way of determining 
exactly when the ischaemia occurred* It therefore follows that in 

the two studies in question, the mammary vessels were placed in areas 
which may or may not have been ischaemic and also that the vessels 
were implanted before ischaemia actually occurred#

In the studies described in this section, ischaemia was 

produced by acute ligation of the anterior descending branch of the left 

coronary artery# The same port of the left ventricle (the anterior 
wall) was inf ere ted in each case* The internal mammary artery was 

then implanted into the edge of the ischaemic area nearest the 

inter-ventricular septum (Section I)# In this way it was certain 

at the outset that the implant was positioned in an ischaemic area, 

the actual moment when ischaemia occurred was known, and finally 

that any effect of ischaemia on the subsequent development of the 

graft would be present from the beginning and not after some 
indeterminate period of time# In the sections which follow, the 
word •ischaemic’ is used to denote that an ischaemic lesion of the 

myocardium had been produced at the original operation#
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ôpixe 01 tne many puo±ica*cions in tno ilene o: nyecanaiox 

revaecularination by implantation xit-h the interne i man: .any ante.’; 

fev; ntudies have involved the actual mceounomcnt oh
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human subjects. This reluctance to assess blocdflon in i:nplcntc 

in the clinical field is probably a reflection of the difficulties 

involved in the techniques of measuring bloodflow in this situation. 

It will be obvious from the survey of the most important contribu

tions in this area, as discussed earlier, that present hnowledge in 

the experimental field is limited to flow patteins in the implants, 

that bloodflow through long-term implants lies within the range 3 to 

2o rnls per minute, and that flow in the implants may increase with 

time. No real details have been given in any of the previous 

studies on implant flow - me ely ranges of flow and mean fipures, 

without statistical support.

In this present study, four main aspects of implant flow have 

been studies : for.vard voluir.e flow, the proportion of the cardiac

output carried thrcugli the implant, the perfusion of a given weight 

of left ventricle by the implant and the resistance to bloodflow 

in the implant. Tnese same aspects of bloodflow have also been 

studied in the anterior descending branch of the loft coronary artery
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at the point of its subsequent ligation. Statistical analysis 

has been carried out on the degree of relationship between each of 

those four aspects of flow in the internal mammary artery and the 

duration of implantation, by measurement of the coefficient of 

correlation between the values, and calculation of the regression 

equations. In view of the histological evidence (Section IV) 

of an increase in the number and the degree of maturity of blood 

vessels in the immediate vicinity of the implant within the 

myocardium at about ten weeks, plus the observation that all arteries 

(except those radiologically occluded) implanted for ten weeks or 

more exhibited full anastomosis with both branches of the left 

coronary artery on angiographic examination (Section V), a 

statistical comparison was made of forward volume flow, the 

'proportional' flow, myocardial perfusion and resistance to flow, 

before and after ten weeks following implantation to ascertain 

whether a change had occurred at tliis time. In addition, the 

values obtained in each of those periods were compared with those of 

the anterior descending branch of the left coronary artery. These 

statistical analyses were made first by the Variance Ratio test 

(Snedecor, 1946) to ensure that the saîr.ples were from populations 

identical in variance, and then by Student's t-test to compare the 

difference between the means in the groups. In'view of the small



- 62

numbers in each sample, Bessel's correction was applied, to take 

account of the bias inherent in such situations.
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ImplsLntation of the Internal Mammary Artery into the Mon-ischaerniQ 
My oc£ir diurn

Twelve dogs were studied after periods ranging from nine to 

thirty-two weeks (Table 5)• All of the implants were patent in 

their extraoardiac course but only three of the implants had a 

forward bloodflow (25̂ ) and only one of these had a flow of any 

magnitude (2p*2 mis per minute); the remaining two dogs had a minute 

flow of 1*0 and 2*0 per minute respectively (confirmed by direct 

measurement after the implant was cut across). There was no 

foim-rard bloodflow in the other nine grafts. When the grafts were 

transected, the proximal end of each of the two grafts with the small 

forward flows was found to bleed not only from the luir.en but also 

from the walls of the implants, that is the periarterial vessels 

seemed to be enlarged and contributed to the forward bloodflow.

All three of the implants with forward bloodflow had a reverse 

flow from the cut end of the implqnt still connected with the heart. 

In addition, three of the grafts vâth no detectable forward flow 

showed the same phenomenon. These six reverse flows which were 

very small, were measured over several minutes and varied from 0*5 

to 1*0 mis per minute (Table 5)* This back flow could only have 

come from the myocardial or epicardial vessels and was therefore
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evidence of a connection between tie graft and the coronary vessels 

even in the absence of ischaemia of tie myocardium. Tiiio blood 

was then subjects! mo blood gas analysis and shown to have the earns • 

oxygen tension end carbon dioxide te.ision ae blood from the thoracic 

aorta and was therefore arterial in cri :in.
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Bloodflow through Grsfts implanted into the ischaemic Myocardium

From a total of twenty long-term internal mammary implants 

introduced into the ischaemic myocardiLun, two were found to be 

occluded in the intramyocardial course. This represented a patency 

rate of 90p. One further dog had a patent graft with a small 

bloodflow (4-4 rnls per minute) wliich was found to be closely 

adherent to the upper lobe of the left lung. Subsequent 

angiography showed the presence of vascul'ar ponnections between the 

graft and this lobs of lung (Figure 12); data from this dog were 

therefore not included in the study.

The remaining seventeen dogs were studied up to twenty-seven 

weeks after the original operation. Tiie average mean arterial blood 

pressure was found to be much lower in these animals during 

thoracotomy than in normal intact dogs. In the normal conscious 

intact dog the mean blood pressure is usually about 150 mm. Hg but 

in the animals in this study with severe ischaemic lesions of the 

left ventricle, the combination of anaesthesia plus thoracotomy vhth 

the inevitable dissection in the immediate environment of the heart 

the average mean pressure for all dogs was 97 mm. Kg.

Tiie results are given in Tables 6 to 14. Although the mean 

arterial pressure varied in different dogs, in each dog it was



Figure 12

The blood vessels of the upper lobe of the left lung 
outlined after the Injection of radio-opaque contrast Into 
the Internal mammary artery Implanted Into the myocardium 
of the left ventricle. The implant was adherent in Its 
middle third to the surface of the lung.
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fairly constant. The blood gases were kept wi'tiiin normal limits 

throughout all experiments by adjustment of the oxygen intake and 

the volume delivered by the ventilation pump. Tne pO^ of arterial 

blood varied from 100 to 120 mrn. Kg and the pCO^ from pO to 40 rrmi.

Hg, The pH of arterial blood was fairly constant (7*9 to 7' 5) during 

the flow measurements.
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Forward Bloodflcw in bony-term implants

The forward volume bloodflow varied -in all seventeen implants 

from 5*7 to 33*8 mis per minute. The smallest flow was observed 

at four weeks and the largest at fourteen weeks. Since it was not 

possible to keep the mean arterial blood pressure at'the same level 

in all dogs, comparisons between forward bloodflow values in 

different dogs was not expected to yield a meaningful correlation.

The mean arterial pressure in the seventeen dogs was 97 mm. Hg with 

a range of 58 to I36 mum. Hg and yet in spite of 'this wide range 

in blood pressure, there was a correlation coefficient of 0*024 

between forward flow and the number of weeks after implantation 

during the first sixteen weeks (fourteen out of the total seventeen 

values). Tills coefficient was significant at the 5p level 

(Snedecor, 1946). The equation for the curve representing these 

values was calculated at y = 3*946 4- l'208x. When however, the 

coefficient was calculated over the twenty-seven week period, it was 

not found to be significant (r = 0*301). This would suggest that 

initially there was an increase in flow with duration of implantation, 

but after a time, a plateau was reached during wliich no further 

increases in flow occurred. When the values for forward flow were 

plotted against time, the slope suggested a curvilinear relationship 

with the plateau beginning nearer ten weeks thaai sixteen weeks 

(Figu.re 13a).
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Comparison of forward volume flow values before ten weeks 

following implantation with those between ten and twenty weeks 

demonstrated a significant increase in the latter group (t = 2-01,

p < 0*05). No difference could be shovai betw-een the ten to

twenty weeks group and those implanted more then twenty weeks.

When values before ten weeks following implantation were compared 

with all values over this period (up to twenty-seven weeks) there 

was an increase in the mean value from 10-1 to 17*9 mis per minute, 

representing an increment of 76^. This increase was statistically

significant (t = 2-09, p< 0*05). These results are shown in

Table 7-
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The Proportion of the Total Body F].ov; carried, by the Internal 
Mammary Artery Implants

The cardiac output was measured in all of the seventeen dogs 

in this group and varied from Sep to 2,9̂ *1 mis per minute (Table o). 

This variation mainly reflected the haomodynamic efficiency of the 

ischaemic heart during anaesthesia and thoracotomy but also of 

importance in this variation may have been heart size. Although 

the body weights of the dogs were between 15 and 20 %g., the left 
ventricular weiglit ranged between 67 and I6A gm. This surprising 

range in left ventricular weight over such a small difference in 

body weight might be explained in terms of nutrition (the proportion 

of body fat) and the breed of dog (the 'running' dog probably has 

a greater heart/body mass ratio). The proportion of the cardiac 

output brought to the ischaemic left ventricular myocardium by the 

graft was calculated by expressing the graft flow in terms of mis 

per minute per litre of cardiac output.

Tliis 'proportional' flow varied from 4-6 to 19-8 mis per minute 

per litre of cardiac output (Table 8). The smallest proportional 

flow ŵ as observed in tv/o dogs at four and eight weeks respectively 

and the largest at twenty-six weeks after implantation. V/hen the 

proportion of the cardiac output carried by the internal mammary 

artery was plotted against duration of implantation, there was a 

suggestion of a linear relationship throughout the range of values
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(?ijure 15b). The oociTicien'o Qf correlation between hnese values

was calculated an 0-557, hiich was significant at the 5p level 

( Snedecor J 19'“6). The regression line was represented by the 

equation y - 7*^1 -z O-lQhx.

When the group inplanted for less than ten weeks was compared 

with that implanted between ten and tv.'enty weeks^ there was a 

significant increase in the mean value of the latter group 

(t = 2*79, P ̂  0-05). Wo difference could be demonstrated between 

the mean values of the group between ten and twenty weeks and that 

over twenty weeks. Comparing values obtained before ten weeks with 

all values after that time (ten to tv/enty-seven weeks), it was found 

that the mean 'proportional' flow' increased from 7*9 to Ip'l rnls 

per minute per litre of cardiac output, representing an increment 

of 66fo, Analysis (Table 9) showed this Increase to be significant 

(t = 2-87, p < O'Ol),
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‘The Relationship of I:np].ant Flovj to Cardiac Output

The values for absolute forward. volvdP.e flow in the iiuolants 

when plotted against their respective cardiac output measurements^ 

irrespective of duration of implantation^ showed what seemed to be 

a straig^it line relationship (Figure Ipc). This linear relationship 

v?as confirmed by analysis (r = 0-772, P < O-OOl). This highly 

significant correlation between forward implant flow ærd the 

cardiac output level showed that the value obtained for the latter 

V7as at least partly dependent on the cardiac output level, or on one 

or both of its two main determinants, left ventricular systolic 

pressure and peripheral vascular resistance. (Althougii the cardiac 

output in these studies was measured in the main pulmonary artery, 

it was assuir.ed that the output from the left ventricle per minute 

would be identical to that of the right ventricle).
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i%G&3u.re.:;cnt of A:-71tional i-‘yocardial B].Goci7lQv; fro::: the 
tur̂ planted. Internal i-:T.T..-32ry Artery

The forv.'ard volurr.e bleodflov: was expressed per 100 gx. of 

left ventricular weighty thus giving a aoasure of the additional 

voluire of blood perfusing the nyooardiiain Tliis varied from mis 

per minute per 100 grn. left venrricle at four weeks to the maz-sLinar. 

figure of 2p»7 "̂-ls per minute per 100 gm. left ventricle at sixteen 

weeks (Table 10), Then these perfusion values were plotted against 

time (Figure Ipd) a linear relationship was suggested for the first 

sixteen weeks. This was confirmed statistically when the 

coefficient of correlation was observed to be 0*5p5 which was 

significant at the level (Snedecouj 1946). The regression line 

was calculated at y - 5*145 O'SfOx. Over the whole twenty-seven 

weeks, however, the correlation was not significant (r 0-p8l).

The scatter of results over tliis period suggested a possible 

curvilinear relationsliip (when the curve was drawn by hand). Tiiis 

exponential relationship was confirmed when with the use of the 

Hewlett Packard programmable calculator and programme 70SII for 

curvilinear correlation, from the Hewlett Packard Library, a 

coefficient of correlation of 4-0*65 was found for all results from 

0 to twenty-seven weeks. Tliis correlation was significant at the 

5fj level. The best curve fit was expressed by the equation

- 0‘Ofxy - - l4e -r 18, and is drawn on Figure Ipd. From the
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equation the exponential is reached at about eigliteen weeks.

Comparison of perfusion values before ten weeks with those 

between ten and twenty vreeks after implantation demonstrated a 

significant increase in the latter group (t = 2.10, p <  O-Op).

No difference could be demonstrated between the perfusion values 

between ten and twenty weeks wnth those after tills period. Vdien 

the group before ten weeks was compared with all values from ten 

to twenty-seven weeks after implantation, the mean value rose from 

8*9p mis ot 16*10 mis per minute per 100 gm. of left ventricle, 

representing an increase of 79̂ -̂ in perfusion from the implant (Table 

11). This increase was found to be statistically significant 

(t = 2*61, p < 0*01).
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Estimation of the Resistance to Plow experienced by the plood 
vdthln the I mol ant

The resistance to the forward flow of blood througl'i the 

Implanted internal rnanoary artery is compounded from several 

different sources. These include the resistance within the 

Irnplantj the anastomotic vessels between implant and coronary 

circulation, and the coronary circulation Itself. In addition, 

the compressing forces of the left ventricular wall which vary 

in degree at different parts of the cardiac cycle, plus the 

right atrial pressure all must have affected the flow of blood 

through the implant.

Despite this daunting complexity an estimate of the overall 

resistance to implanr flow in,diastole can be obtained by 

subtracting the right arrial pressure from the mean diastolic 

pressure in the central aorta (close to the left subclavian 

artery), and dividing by the mean implant flow in diastole.

P - ? i.e. R = 1 2

Qi

(Vliere = mean diastolic aortic pressure; ~ right atrial

pressure; Qi = mean diastolic implant flow; R = total resistance 

in diastole).
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The right atrial pressure itself was rot measured in each of these 

dogs but was assumed to have a value between 0 and p nun. Hg.

Trls assumed range in values was based on other experiments on 

anaesthetised dogs where the mean right atrial pressure was found 

to be within this range, and also on the w'ork of Gregg and Fisher, 

(1963) who shoŵ ed that the anaesthetised dog has a right atrial 

pressure in the range 0 - 8  mm. Ilg. Tire right atrial pressure 

could have been left out of the calculation for resistance but the 

latter ŵ as estimated at a right atrial pressure of 0 mm, and 5 rnm,

Hg for completeness. Resistance was measured in mrn. Kg per ml. of 

forward blood flow but is referred in the tables to 'resistance units" 

The mean diastolic aortic pressure wa.s calculated from the pressure 

waveform which had been carefully calibrated as previously described. 

It was taken as one third of the difference between the mac'lmum 

pressure after the closure of the aortic valve and the minimum 

diastolic pressure (the diastolic blood pressure) plus the value of 

the minimum diastolic pressure.

l/p (Maximum D.P, - Minimum D.P.) i Minimum D.P.

The mean diastolic implant flow was calculated from the mean flow 

waveform during the same cycle as the aortic pressure waveform 

mentioned above. Two sets of resistances were calculated, one 

corresponding to a right atrial pressure of 0 mm, Kgg the other
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to 5 mm. Kg. 'Tie results are shown.in Table 12.

On plotting the values for resistance against duration of 

implantation, a linear relationship was suggested (Figure Ipe).

Tills was confirmed by calculation of the coefficient of correlation 

(r = - 0*498 and - 0*p02 at 0 and p mm. Hg right atrial pressure 

respectively) wliich was found to be significant at the 5b level 

(Snedecor, 1946). The regression equation of this relationship 

was expressed by the equation y - 51*3'̂  - O-^Bx.

From the plot of values for resistance and duration of 

implantion, it seemed that an exponential curve could also have 

fitted the relationship. Such a relationship was confirmed by 

use of the Hewlett Packard programmable calculator. The correlation 

coefficient was found to be - 0-62 for all values from 0 to twenty- 

seven weeks after implantation; this coefficient was significant 

at the 5^ level. The best curve fit was expressed by the equation

y = l6'5e -r p. The relationship between the resistance

to flow and the duration of implantation could therefore be 

expressed both as a linear and curvilinear relationship, but the 

time relationship is probably,the latter. Tie regression line for 

the straight function is shown on Figure Ipe.

Comparison of the mean resistance before ten weeks and between
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ten and tv;enty weeks after implantation^ demonstrated a significant 

decrease in the latter group (t = 2-ddj p / O-Op). Between 

the ten and tvventy week group and those implanted more than twenty 

weeks, no difference between tlieir means could be shown.

when those implanted for less than ten weeks were compared 

with those over ten wneks (up to twenty-seven weeks), there was 

still a significant difference (fable Ip) between the means at both 

levels of right atrial pressure (t = 2'S?h Pi 0*01 at 0 inri. Kg 

right atrial pressure and t ^ 2*82, p 0*01 at 5 mmn Hg right atrial 

pressure).
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The .OopendeuQO ot the Left Ventt’jcle on the Implant for its
Functional Int ercrity 

In ten of the dop;s in which an Internal maînmary artery had 
been implanted into on ischaemic left ventricle and studied at 
lnterva].8 up to fourteen weeks following operation | heart rate, cardiac 
output and stroke volume were measured before and after clamping the 
graft* The graft was occluded for exactly one minute and at this time 
the cardiac output and heart rate were measured; from these, the 
stroke volume was calculated. The observed values for heart rate and 
stroke volume were compared with those obtained immediately before the 
graft was clamped. The results are shown in Table 14,

The average stroke volume for the ten hearts with the implant 
open was found to be 11*56 mis, and that with the implant clamped,
11.35* This represented a decrease of only 1.8% which of course 
was riot statistically significant* The average heart rate remained 
unchanged at 137 beats per minute, Scrutiny of the electrocardiograph 
patterns did not reveal any changes in rîïythra or in the 8-T segment end 
T wave, nor were any extrasystoles, arterial or ventricular, recorded 
during this time*

It must be concluded that although It had been demonstrated that
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these grafts were patent and carried a measurable bloodflov/ to . 

the myooardi'ojin the cessation of this extra supply of blood for 

one minuteJ did not produce any detectable ill effects in cardiac 

function as far as the measurement of stroke volume and cardiac 

output were concerned.
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Bloodflov; through the Anterior De sc ending Branch of the reft 
Coronary Artery

Bloodflow through this artery was measured 2 cm. from its 

origin from the left coronary artery. The technique employed 

was exactly as for the internal mammary artery bloodflov: using 

the electromagnetic flowmeter method. Zero base-line readings 

were obtained by clamping the vessel temporarily above and below 

the flow probe.

The forward volume flovg measured 2 cm. below the origin 

of the anterior descending branch from the left coronary artery, 

varied from 12*9 to p2-0 mis per minute in ten dogs, vdth an 

average value of 19*6 mis per minute (Table 19). Tnis wide range 

in values was probably in part a reflection of the relative size 

of the artery and its area of supply, and also to the presence 

or absence of early branching.

blien the forward volume flow through the left anterior 

descending branch wous compared with the forward volume flow 

through the internal mammary implant it v;as found (Table l6) 

that the flow in the former was significantly greater than in the 

implant before the tenth post-operative week (t = p*68, p O'Ol) 

but that there was no significant difference between the flows 

from the ten week onwards (t = 0*48, p >  0*p0).
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The Proportion Qf the Total Body Flow Parried by the Anterior 

Peaci^diiiK Branch of The Left Coyonery Artery 2cm, from itB

OriKin
The cardiac output waa measured by the electromagnetic flow

meter in the same ten dogs, within one minute after the measurement of 
the forward volume blood flows through the anterior descending branch 
of the left corottèury artery* During the measurement of the cardiac 
output in one dog, the heart rhythm altered from sinus to ventricular 
tachycardia, the data from this dog were omitted from the analysis*
The flow in this coronary branch 2 cm* below its origin was expressed 
per litre of cardiac output (Table 17). In the nine remaining dogs 
the proportion of the cardiac output carried by the artery ranged from 
9*0 to 21 mis# per minute per litre of cardiac output with a mean 
value of 13.8 and a standard deviation of 3*9^#

When the •proportional* flow in the anterior descending 
branch of the left coronary artery was compared to that through the 
implant (Table 18) it was found that there was a statistically 
significant difference between them before the tenth post-operative week, 
(t K 2*49, p <0*023) but no difference after the tenth week 
(t « 1.66, p > 0.499). Thus after the tenth week, the implant carried 
about the same proportion of the cardiac output to the left 
ventricle as did the anterior descending branch of the
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left coronary" artery prior to its ligation at a point 2 cn. belov.’ 

its origin.

T'icasurencnt of the nyooeroial Bloodflov/ iron oho Anterior Descending 
Branch of the Lefn Coronary Artery 2 cnn frci- its Origin

The left ventricle was weighel in each of six dogs in which 

the forward volrnie bloodflow in the anterior descending artery 

had been measured (Table Ig). Tiie forward volume flow was 

expressed per 100 gm. of left ventricular weight, and was found 

■ : vary from 9-6 to ^0-5 ir.ls per minute per 100 gm. of left 

ventricular weight, the four other values were fairly close 

together, however, and ranged from 14'4 to 17*5- Tire average 

flow for the six dogs was calculated, at 17'O mis per minute per 

100 gm. left ventricular weight.

Vrnen compared with the data observed for the implanted 

internal mammary artery (Table 20), the quantity of myocardial 

perfusion from the anterior aescending branch of the left coronary 

artery was statistically greater than that from the implant before 

the tenth week post-operatively (t = 2.pi, p < 0*025). But when 

compared with the perfusion from the implant after the tenth week, 

the values could not be separated statistically (u - 0*05,

? >  0*475)* Thus only after the tenth week did the implant 

provide about the same level of perfusion as the anterior descending 

branch at the level of subsequent ligation.
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Measurement of the Resistance to Bloodflov? within the Anterior 
Descending Branch of the Left Coronary Art eras 2 cm. from its 
Origin

Resistance to bloodflow within the anterior descending branch 

of the left coronary artery was calculated from the formula:*-

R = - ^2

Qe

(Miere = mean diastolic aortic pressure in mm. Hg; =

right atrial pressure in mm. Hg; Qc = Volume flow in the anterior 

descending branch of the left coronary artery in mis per minute).

The right atrial pressure was not measured in each of these dogs 

but was assumed to have a value in the range of 0 to 5 rmn. Hg, Tills

range of right atrial pressure was based on other experiments 

performed by the author on anaesthetised dogs where the right atrial 

pressure was found to be within this range. This agrees closely 

with the observations made by Gregg and Fisher (1967), who found 

a range in right atrial pressure, in anaesthetised dogs, between 

0 and 8 mm,.Hg. From the resistance equation, it can be seen that 

the right atrial pressure could in fact be neglected altogether, 

but is taken into account in this study for completeness. The 

resistance was calculated at a right atrial pressure of 0 mm. and 

5 mm. Hg respectively. Resistance was measured in mm. Hg per ml. of
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forward flow and abreviatod in the tables to 'resistance units'.

Hie mean resistance to flow through the anterior descending branch 

of the left coronary artery (at rhe point of its subsequent 

ligation) in seven dogs was found to be 5'20 unixs v/ith a standard 
deviation of 1*55 (Table 22). When compared with the resistance 

to bloodflow through the internal mammary artery before ten weeks 

from implantation, a significantly smaller value was found in the 

coronary artery (t = 5'2, p < O-OOOp at right atrial pressure 

of 0 mm. Hg and p Am. Hg), but when compared wnth the arteries 

implanted for more than ten weeks, no significant difference could 

be demonstrated (t ~ l*49.i P 0*05 at right atrial pressure of 

0 mm. Hgj t = 1*12, p )> 0*1 at right atrial pressure of 5 mm, Hg). 

H e  resistance to bloodflow through the graft had presumably fallen 

to about the same level as that through the coronary artery after 

ten weeks from implantation due to an increase in the number and 

maturity of the anastomotic vessels connecting the implant to the 

branches of the left coronary artery within the myocardium which 

was observed histologically (Section IV).
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Bloodflow in Internal Mammary Arteries Imolanted Into tb2 
Non-i.ooiiaernio Myocardfr:c

The observation that only throe arteries implanted into the 

myocardium which had not been rendered ischaemic, had a fom/ard 

bloodflow and that two of these were minute, indicates that the 

presence of ischaernia was in some way necessary for the extensive 

development of channels between the implant and the coronary 

circulation. The proportion of implants v.fth a forward bloodflow 

(2p/j) in this study agrees well with that observed by Vineberg 

(1946) who found that only approximately 20/i of vessels implanted 

into tho non-ischaemic myocardium wore patent throughout their 

entire length. The presence of a back flow of arterial blood 

from 500 of these implants also showed that connecting vessels 

can arise without the presence of ischaernia of the myocardium.
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Flow Paxtems in the Long-term I:zplant

The flow of blood in the long-term implant was pulsaxile 

In character (Figure 11) as it was immediately after implantation 

(Section II). Tho main component was a large forward wave which 

was followed by a small but definite reverse wave in some 

implants. Examination of the forward flow component demonstrated 

two subdivisions, a sysxolic and a diastolic. These tv;o phases 

of forward flow were also seen in the intact mamcnary artery before 

its dissection from tire chest wall bux in this latter situation 

they were well defined and discrete (Figure 10). In the long-ten- 

implant these components of forward flow were close together and 

often merged. The general shape of the flow waveform had not 

chairged therefore from that of the immediately implanted artery.

It wns reported by Provan, Hammond and Austen (i960) that the 

diastolic component of forward flow increased in magnixude wixh 

time. This was nox the finding in tliis study where the diastolic 

component, v/as on some occasions, larger than the systolic 

component but by no means always.
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Bloodflow in Long-term Implants

This study demonstrated that not only were 90fo of those arteries 

which were implanted into the ischaemic myocardium for prolonged 

periods of time patent, but each had a measurable forward bloodflow. 

Disregarding the particular implant which had not only carried blood 

to the myocardium but also had made vascular connections with the lef 

lung, the remainder of the grafts delivered from 5*7 to pp*8 mis 

of blood per minute to the ischaemic myocardium (Table 6). This 

range of values was of the same order as that quoted by Vineberg, 

Munro, Cohen and Buller (1955) who observed a flow of p to 21 mis 

per minute 'up to several months' after operation, by collecting 

the blood in a graduated burette. A much smaller range (l to 8 mis 

per minute) was found by Banner, Harada, Jellinck, Mudd and Kaiser 

(1967), over approximately the same period of time, using the 

electromagnetic flowmeter technique. Suma, Hammond, Buckley and 

Austen (I969), measured internal mammary implant and coronary artery 

flows in dogs, using the drop-counting method in the non-working 

heart perfused with a pump oxygenator and constant-pressure blood 

reservoir, and observed an average flow of 12 mis per minute in one 

year implants. Since the non-working heart preparation is so 

physiologically different from that of the intact heart, valid
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comparisons cannot be made with results obtained in the present 

study. The only comparable study of implant bloodflow in the 

literature, where flow values were quoted, was that of Provan,

Hammond and Austen (I966), using the electromagnetic flowmeter 
method, but unfortunately no individual values were given in their 

paper; the quoted range varied from 1 to 28 mis per minute (mean 

flow), measured one to thirty weeks following implantation. The 

range of values observed in the present study was therefore of about 

similar magnitude. The same workers showed that when the implant 

flovz was graphed against time the resting flow increased in a linear 

manner in implants older than six weeks, but they did not give 

the numbers of dogs used in this part of the study and the flow 

values in their implants. The evidence from the present study 

would suggest that at least for the first sixteen weeks after 

implantation there was an increase in fonward volume flow with time, 

but after sixteen weeks the relationship was not clear; the vade 

scatter of values after ten weeks made it impossible to obtain 

a fit for an exponential curve. Tlie main reason for this inability 

was that beyond sixteen weeks, there were values from only three dogs
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available, and those were at twenty-five, twenty-six and twenty- 

seven weeks. Two of these dogs had a low mean blood pressure 

and therefore their forward flow values were probably low for this 

reason. It was therefore impossible to predict from these figures 

the height of the plateau above the x-axis.

The significant increase in forvzard bloodflow in the period 

after ten weeks confirmed the histological and angiographic evidence 

of a greater number and maturity of anastomotic connections 

between the implant and the coronary circulation during this period.
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The Proportion of the Cardiac Output carried by Long-term Implants

Measurement of absolute forward flow in the internal mammary 

implants took no account of differences, between individual dogs, 

in total bloodflow from the heart due to body size, breed and 

cardiac efficiency in the presence of a left ventricular infarct.

Tlie few published studies on bloodflow in these implants not only 

gave very little data but made no mention of these factors listed 

above which might have affected the absolute forward flow. For 

example, a 15 Kg. dog of inactive habit and with an ischaemic area 

occupying 50f̂ of the anterior wall of its left ventricle might be 

expected to have a lower cardiac optput than a 20 Kg, running dog 

with an ischaemic area occupying say 25p of its anterior left 

ventricular wall.

It has been shovn in this study that forward volume flow in the 

implant varies in a linear fashion with the cardiac output 

(r = 0*772, p <( 0*001). Unless the cardiac output in each dog 

in the study were kept at the same level, then a comparison of 

forward flow with duration of implantation would be very difficult 

to malœ. Since the cardiac outputs in this study varied widely 

(845 to 2,984 mis per minute), at the time the implant flows were 

measured, for reasons of anaesthesia, thoracotomy, ischaernia of 

the left ventricle, variations in size, etc., it might be expected
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that forward implant flow would also vary widely, for reasons of 

cardiac output level as well as, possibly, wdth duration of 

implantation. It seemed logical therefore, that the proportion 

of the cardiac output carried through the graft might provide a 

better index of forward flow through the implant when comparisons 

had to be made between individual dogs.

The relationship between this Proportional' flow (mis per 

litre of cardiac output) and the duration of implantation was found 

in this study to be in fact a linear one, with a coefficient of 

correlation (r ~ 0*591):» significant at the 50 level for all values 

up to twenty-seven weeks after implantation. This demonstrates 

that forward flow in the implants increases with time to at least 

about six months. It would seem therefore, that the curve for abso

lute forward flow when plotted against duration of implantation 

probably reached a plateau too early, for reasons attributable to 

tiie level of cardiac output at the time when flow was measured, 

rather than to effects associated with the duration of implantation. 

The significant increase in mean value for the proportion of cardiac 

output carried by the implant after ten weeks confirmed the 

relationship shorn by the coefficient of correlation during this 

time.
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Additional Myocardial Perfusion from the Implant

Another surprising finding in tiiis study was that althougii the 

total body weights of the seventeen dogs were in the range of 15 

to 20 Kg,, the left ventricular weights varied from o7 to l64 gm. 

Since an identical forward implant -flow would be of greater 

benefit to a small ventricle than to a large one, the flow values 

had to be expressed per 100 gm. of left ventricular weight in order 

to make real comparisons of the value of the additional perfusion 

from the implants to the myocardium. This 'additional perfusion' 

from the implants varied from 4*2 to 25*7 mis per minute per 100 gm. 

of left ventricle, measured from two to twenty-seven weeks after 

implantation. The mean value obtained in the group implanted 

less than ten weeks previously vzas 8*99 mis per minute çer 100 gm. 

left ventricle, which is considerably less than that quoted by 

■Seeman (1968), who observed an additional flow from the implant to 

the myocardiu'n of 15*0 mis per minute per 100 gm. left ventricle 

at six weeks following implantation. No figures are available 

from the literature for comparison v/ith those from the group 

implanted longer than ten weeks.

The relationship between the quantity of blood perfusing the 

myocardiuîn from the implant was shown to be exponential, and from the
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plot in Figure l^d the 'plateau' was reached at about twelve weeks. 

This corresponded to a value of l8 mis per minute per 100 gm. of 

left ventricle, which represents the mean maximuir value for 

myocardial perfusion. This value is remarkably close to the mean 

value of 17*6 mis per minute per 100 gm. of left ventricle found for 

perfusion from the anterior descending branch of the left coronary 

artery at the point of its subsequent ligation (Tables 19 and 20).

It would seem from this study that the original mean level of 

myocardial perfusion from the anterior descending branch of the 

left coronary artery is reached by the implant at about tv/elve weeks 

and the perfusion from the implant remains at about this level 

thereafter. This might suggest that the maximum perfusion level 

from the implant is related to that of the anterior descending 

branch of the left coronary artery which it has 'replaced*. It 

also means that implantation of the internal mammary artery is an 

adequate method of perfusing the ischaemic left ventricle in dogs.
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Resistance to Bloodflow within the Implants

Tne high level of resistance to flow througii the internal 

mammary artery in the first few weeks after implantation v/as most 

probably due to the small degree of anastomosis with the coronary 

circulation at this time. As the -connections between them became 

more extensive and mature, so the resistance to flow witliin the 

implant decreased until it reached the level of the resistance to 

flow normally encountered in the intramyocardial branches of the 

coronary arteries. The values for resistance (mm. Hg per ml flow) 

plotted before the first ten weeks after implantation, suggested 

that the resistance was at a maximum in the first four weeks and 

then fell abruptly to a much lower level at five weeks, to decrease 

slowly thereafter. There was, however, a significant linear 

correlation between resistance and duration of implantation at 

both levels of right atrial pressure tiiroughout the v;hole twenty- 

seven weeks (r = - 0*498 and - 0*502). Tne values could also be 

expressed as a reducing exponential function with a significant 

correlation coefficient of - 0*62. This curve, when dram, was 

very close to the regression line for the linear equation.

The difference in the mean values in the group before and after ten 

weeH confirmed that this was a real decrease in resistance with time
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The resistance to flow in the anterior descending branch of the 

left coronary artery in this study was found to have mean values 

of 5*2 and 5*5 at right atrial pressure of 0 and 5 mm. Hg 

respectively (Table 22). Tliis means that theoretically, the 

resistance to flow in the implant should fall to thds level or 

slightly above. Prom the regression line in Figure 13e, it car be 

seen that this resistance would be reached at about twenty-six 

to twenty-seven weeks.
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Comparison between Flow Values in the Iriplanted Internal Mamme.ry 
Arteries and tho se in the Anterior Descending Branch of the Left 
Coronary Artery

Before the tenth week following implantation of the internal 

mammary artery into the myocardium, the absolute forward flow, 

vrith the proportion of the cardiac output, the perfusion of the 

myocardium by addition blood from the implant, were all 

statistically significantly less than the values obtained from the 

anterior descending branch at the point of its subsequent ligation 

2 cm. from its origin from the left coronary artery. In addition 

the resistance to the flow of.blood through the implant at this time 

was significantly greater than that experienced by blood in the 

anterior descending artery. After the tenth week, however, 

none of these parameters could be separated statistically between 

the implant and the anterior descending artery.

Thus after tlie tenth week following implantation the volume 

of blood carried by the implant was comparable with that carried by 

the anterior descending artery at its point of subsequent ligation, 

and therefore it took over ten weeks before the implant could restore 

to the left ventricle the amounts of blood by which it was deprived 

after ligation of the anterior descending branch of the left coronary 

artery. In addition, the proportion of the cardiac output removed 

by this ligation, was carried by the implant after this time. The 

only part of the circulatory pathway which differed between implant
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and the coronary artery was the presence of new channels within 

the implants and the new connections between the latter and the 

coronary circulation. It again took over ten weeks for the 

resistance in these new vessels to decrease to the level of 

resis tance offered to coronary blood in the normal situation.

Thus after ten v/eeks, the implant in about 850 of dogs 

(seventeen out of tvjenty implants) became as effective in delivering 

blood to the 'ischaemic* myocardium as the'normal artery of supply 

2 cm. below its origin. These observations seem to demonstrate 

that implanting the internal mammary artery was an excellent method 

of revascularising the ischaemic left ventricle.
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Summary of Section III

The main purpose of this section was to study the bloodflow 

througli the internal rnainmary artery implanted into the ischaemic 

and non-ischaemic myocardium for prolonged periods. The 

proportion of the cardiac output carried by the implant, the extra 

myocardial perfusion from the implant and the resistance to flow 

in the implant were also studied. The bloodflow througli the 

anterior descending branch of the left coronary artery at the 

point of subsequent ligation to produce ischaernia of the left 

ventricle (2 cm. below the origin of the branch from the left 

coronary artery) was measured, together with the proportion of the 

cardiac output carried, in addition to the myocardial perfusion 

from the branch and the resistance to bloodflow through it.

The values obtained were compared with those from the implanted 

internal mammary arteries. The following conclusions were reached:

1. 900 of internal mammary arteries implanted into the 

ischaemic myocardium for periods up to twenty-seven weeks 

had a measurable bloodflow.

2. Only three of tvrelve internal mammary arteries implanted 

into the non-ischaemic myocardium for periods up to thirty-two 

weeks, had a measurable bloodflow, although the flow was
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minute in tv/o of them, Six of these implants had a small 

backflow from their cardiac end when cut transversely; this 

blood was shovn by gas analysis to be arterial, demonstrating 

minute connections vrith the coronary arterial syste;n.

3. In dogs with an ischaemic lesion of the left ventricle, 

the volume flow varied from 5*7 to 39*8 mis per minute. Tire re 

was an increase in forward volume flow in the implants at least 

until the sixteenth v/eek, thereafter there was no apparent 

increase in flow. The possible reasons for this are discussed. 

VJhen the volume flow in the anterior descending branch of the 

left coronary artery measured at the point of its subsequent 

ligation was compared statistically with bloodflow in tire 

implants, it was shovm 'that prior to ten weeks after 

implantation the flow in the implants did not reach 'the level 

in the anterior descending artery, but after ten weeks no 

significant differences could be found between the flow in the 

tvzo vessels.

4. Tne proportion of -the cardiac output carried by the implant 

increased linearly with duration of implantation.

5. The level of forward flow in the implant increased with the 

cardiac output in a significant linear relationship.

6. A linear relationship could be demonstrated between 'the
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proportion of cardiac output in the implant, the myocardial 

perfusion from the implant and resistance to flow in the implant 

and compare these with values obtained for the anterior descending 

branch of the left coronary artery, Tiis is also the first time 

the forward flow measurements in the implant have been analysed 

statistically and compared with those of the anterior branch of the 

left coronary artery.



SECTION IV.

MICROSCOPIC OBSERVATIONS IN THE

IMPLANT AND THE MYOCARDIUivR



„ 1

Iiâ?RODüCTION

The demonstration that blood tlovrs in the inten'ial mammary 
artery implant from the moment of its insertion to at least one 
hour later, and also the observation that in the majority of those 
grafts bloodflow' is present at intervals up to about thirty vreeks, 
is surprising. llie mioroscopio chenges occurring uithin both the 
implant and myocardium in the immediate post-operative period leave 
received scant attention, viiiist those occurring some weeks or months 
later have been more documented (Vineberg, 1946; Bellman and 
Branle, 1958; Pearl, Joseph, Citret and Kallemeyn, 1959; haruyama, 
Warren, McCombs, Vickery and Brener, 1966; hlilberg, Seeman and 
Ahren, Ipho). Despite this existing documentation, the sequence 
of events following implantation up to thirty weeks is not clear.
In this section a detailed account is made of changes occurring
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within the implant and myocardium together with a description of the 
pattern of small vessel anastomosis between the two. In addition 
the importance of the adventitial vessels of the implant is 
stressed; these vessels until now, have received little or no 
attention in the development of anastomosis between the systemic 
and coronary circulations after internal mammary artery implantation, 
The histological features of acute myocardial iechaemia alone have 
been studied in a small number of hearts, for comparison with the 
changes observed after the production of ischaemia and subsequent 
implantation of the internal mammary artery.



Thickness of the blctracoi’diac Portion of tho Internal '̂!amn%̂ ry i>rt;or:/ tall 

One of the obaervationo niado in this woî-k (page 135) io that 

in. internal mammary arteries implanted into the myocardium for prolonged 

periods of time, there is an increase in the thicknoes of the tunica 

intima in the distal part of the fU'ter;/; those intimai change© wore seen 

to a rnino]:' extent in the Xaat distal centimetre of the extracardiac 

portion of the artery and often to a major extent in the impl^mted part 

CÎ the artery. Crucial to the validity of the blood flow measurements 

made on the artery, is the demonstration that the lumen of the artery 

h.ad not been encroached upon by a thickened arterial wall.

The meaauremerit of arterial wall thickness has received only 

scant attention in the literature, but in particular the internal mammary 

artery has not boon studied, irom the tables published by boordergrauf 

imd ilorcm̂ m (1938) of a variety of human arteries, from the aorta down to 

veosels 3 rma. In diameter studied histologically, the mean wall thickness 

of those l̂.iS£î than pmm, in dimnoter was 11;. of the external diameter. In 
the branches of mesenteric arteries lero than 1 mm, i.n external diameter. 

Van Ci t tor a, vangner £md idishmer (1962), found & mean wtil.1 thickness of 

3»5>- of oxtemal diameter, uaing a quick freezing histological method# 

McDonald (1960) pointed out t;iat shortening occurs in excised arteries 
and a resulting increase in wall thickness could then be expected. To 

date there han been no publislicd evidence to support or refute this 

suggestion, but If thifs does occur then measurements made on histological 

sections will on these grounds tend to overestimate wall thickness, bn 

the other hand, since fixation of the artery in formalin and other 

fixatives might be expected to produce some shrinkage, an happens in



other tissues, this will further complicate accurate predictions of 

true wall thickness, especially since uneven shrinkage of longitudinal 

and transverse components might occur within the arterial wall. The 

value of of external diameter for wall thickness was obtained for 

arteries from the aorta to the saphenous cwtery in the dog was observed 

by McDonald. H;6o), calculated from measurements of length from intact 

arteries followed by determination of wall density. In a series of 

carotid and ic-moral arteries in dogs, Petersen, Jensen mid rarnell (I96O) 

estimated mean wall thickness in vessels less thaii 3 mm, in diameter at 

11,3/̂  of external diameter, calculated from pressure wave velocity 

measurements.

In this present study, wall thickness both in the normal 

internal mammary artery and also in the extracardiac portion of the 

artery wliose distal end was implanted into the myocardium, was measured 

from histological sections, and ox ressed as a percentage of tee external 

diameter in order that comparisons be made of vessels within the same 

range of external diameter*
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MibTHODS

V/ithin ten minutes of cardiac arrest, four blocks of 
tissue were taken from each of forty dog hearts ranging from twenty- 
four hours to thirty weeks following implantation of the internal 
mammary artery into the left ventricular myocardium (Table 23)#
There were two groups of dogs, the first received an implant only, 
whilst the second had, in addition, ligation of the anterior 
descending branch of the loft coronary ai'tery# Details of these 
dogs and the methods employed have already been given in Section I#

The four blocks of tissue taken from each heart were from the 
following sites. The first was from the implant in the last centimetre 
of its extramural course. The remaining three blocks wore from 
the left ventricular myocardium and included the tunnel and its 
contained implant plus surrounding myocardium# Each of the 
myocardial blocks was cut 1 cm* broad by 1 cm# long, through the 
whole thickness of the myocardium# The proximal and distal ends of 
each block were identified by different markings* The first of 
the myocardial blocks was taken from the first centiiuetre of the 
tunnel, that is, that most proximal part of the intra-myocnrdial 
course of the implant* The second myocardial block was cut from
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the nsid-timnel region whllat the loot block wbo tfi3?.en from the enc3 
cf the tunnel cmd included a piece of: myocardium beyond the end of 
the implant#

The blocks of tissue were immediately iKmoraod in 10)̂3 

neutral formai.in end later proGoaoed for hiotological examination. 
Sections from tho blocks were cut and stained with hsomatoxylin and 

Gooin# In addition» certain sectiona were also stained with reaorein 

fuchsia for clastic fibres.

Acute myocardial iechaemia of the mterior wall of the left 

ventricle was cwried out in seven dogs by ligation of the anterior 

descending branch of tho loft coronary ai'tory» 2 eras* below its 

origin» bb described previously (page 16), without implantation of tho 
internal marrimary artery. Tho dogs were allowed to survive from one to 

twenty weeks. Three blocks of tissue wore cut from tho infarcted 
area» one at the level of the ligature round the artery, the oocond 

in the mid part of the ischaemic w e a  and the third at tho apex close 
to the edge of the devitalised orea. Sections were prepared from 
these blocks as described above» and stained with haomatoxylin and 

aosin.
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.̂Qf XjsüX o f,. ln tp r i[ia l fWn)%pr%. A rte rio i^

Measurement of wall thioknoss vaa made on tho internal mammary 

artery in ton normel dogs m û  u l m  on internal mmmary arteries implmted 

into tho myooardinm in twenty dogs» for periocio up to twenty seven weeks# 

Tho segment of ^wtory examined in the letter group was at a distanoe of 
4 to 5 centimo tree proximal to the point of entry of tho artery into the 

myocardial, tunnel $ this wan the point (5 centimetres) tdiero blood flow 

Mm measured in these arteries# The histological sections were jpreipared 

m  described above» anti stained with haematoxylin and eosin# Hoasuremento 

of wall thiokneca and external diwicter were mmln using a binocular 

microscope with a fitted mioromoter eyepiece, at one hundred times 

magn'ifioatiotu At this magtiification the meaeuremonta were msdo to within 

1 m#» which represented G#01 mm# in terms of umaagaified dimonaion# 

iUnco the t m m  thickaeso and external diameter in a ll m t̂eriea in both 

groups wer-o G#2g mu and 2# 26 »# roapectlvoly* the accuracy was „4# for
/o I'.'*.' .'/

thickness measurement and.lees thon 0#% for that of external diameter# 

gix measurements were made of caoh artery.
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RESULTS

These are sujr̂ uarised in Table 24.

1. Histological changes in the first seventy-two hours

The changes seen in the first seventy-two hours following 

implantation of the internal mammary artery into the acutely 

ischaemic myocardium could be divided into three groups;-

(i) those occurring in the internal mammary artery both 

in its extraimral and izitramural course;

(ii) those in the immediate vicinity of the implant;

(iii) those occurring at a short distance (up to 1 cm.) from 

the implant.

Changes within the implanted artery

These were observed at four levels:-

(a) extramuralj

(b) at 0'5 - 1 cm. of the Intramural course of the implant,

(c) at 1-5 - 2 cm. of the intramural portion,

(d) at 2*5 - 5 cm. of the intramural portion.
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nven'G I'rom imolanta-nion

1. Implant invaded by polymorphs

2. Swelling of myocardial cells 

p. Hyperaeniia of rnyocardium

4. Recanalisation of thrombus- in
implant

5. Disappearance of myocardial cells

6. Red blood cells in new chaimels
within implant thrombus

7. New channels at end of implant

8. Proliferation of intima of implant

9. Nevf vessels in intima

10. Increase in adventitial capillaries

11. Breakdown of elastic tissue in media

12. New blood vessels in media

Ip. Maturity reached in blood vessels 
around implant

14. Arteriole-like vessels in implant 
thrombus

24 hours. Over in l4 days 

24 hours

24 hours. Over in 14 days

7 days 

2 - 4  weeks

2 - 4 weeks 

2 - 4  v/eeks 

2 - 4 weeks 

2 — 4 weens 

2 - 4  weeks 

10 - 14 weeks 

10 - 14 weeks

16 - 20 weeks 

20 — 27 weeks

Table 24

The time sequence in the histological events after implantation 
of the internal maummaiy artery.
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The features observed in the extramural course of the implant 

in the first seventy-tvra hours could be divided into those 

occurring in the peri-arterial-area and those vdthin the lumen.

The peri-arterial changes were those of an increasing invasion 

of polymorphonuclear leucocytes into the soft connective tissue 

surrounding 'bhe artery and into the adventitia, although there 

was no sign of infiltration of the media or intima by those cells 

during tills time. In all sections up to seventy-two hours 

there was unclotted blood within the lumen of each vessel although 

there was evidence of mural clotting at twenty-four hours at some 

part of each luuiien. At forty-eight and seventy-two hours only 

a small proportion of the blood within the lumen remained unclotted.

In its intramural course the implant at twenty-four hours 

showed similar changes at the different levels. The adventitial 

coat contained only a few polymorphonuclear cells although they 

could also be seen in the intimai or medial layers. Tire lumen showed 

in addition to the changes mentioned above in the extramural part 

of the implant, many more polymorphs grouped around the edge of 

the lumen. At other places v.ùtliin the lumen very fine, pale 

stained thrombus was discernible, adherent to the endothelium, and 

probably of platelet origin. There was no evidence, however, of
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generalised thrombus formation.

At forty-eight and seventy-two hours the only nev; change 

in the implants vras the greater numbers of polymorphs in the 

adventitial coat and to a lesser degree in the media and intima.

Crimping of the implant within the myocardium was seen in 

one heart. From Figure 14 it can be seen that when this occurs 

it must predispose to a reduction of flow througli the implant and 

also to its early thrombosis. In the immediate vicinity of the 

implant at all levels, a small fresh haematoma could be seen 

surrounding the vessel (Figure 15). This haematoma at its 

maximum in all of the sections was about 10 mm. in diameter.
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Figure 14
Crimping of the IntemsLl mammary artery within the 

myocardium.
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Figure 15a

Fresh haematoma surrounding the internal mamnary 
artery implanted seventy-two hours previously (x56).



M

Figure 15b
Higher magnification of the haematoma (xl40).
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Changes in the vicinity of the iiapî nt

The extravasation of blood was partly compartmentalised by 

fibrin at twenty-four hours, althougii at seventy-two, the pool of 

red blood cells was not completely enmeshed by fibrin straiods 

(pipure 16). By the end of seventy-two hours, the extravasated

blood was not totally invaded by polyrorphs which were present 

only in places. This suggested that the pool of blood might not 

in fact be entirely static, but that the constituent cells were in 

motion.

Radiating from the haematoma were streams of blood cells from 

ten to about 50 microns in width situated between the myocardial 
cells (Figure 17). Tire se spaces between cells were on close 

inspection seen to be lined with endothelial cells and were therefore 

enlarged capillaries and venules. The capillaries and venules 

could be seen in places to join each other in a plexus formation 

(Figure I8) and occasionally to empty into small thin-walled veins 

(PigLire 19) • At twenty-four hours, these streams of cells showed 

no signs of thrombus formation within them but at seventy-two hours, 

some cells were enmeshed in fibrin. Swelling of myocardial cells 

surrounding the implant and widening of the spaces between the 

columns of cells was evident from twenty-four hours and intensified 

to seventy-two hours. Tire muscle fibres were in addition, less



Figure 16

Red cells from the pool of blood surrounding fiie implant enmeshed in 
fibrin in area A  but not B. (X 130)



Figure 17
Streams of red oells within enlarged capillaries and 

venules In the myocardium, seventy-two hours after 
Implantation of the Internal mairmary artery (x70).
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Figure 18
Capillaries and small venules within the myocardium, 

seventy-two hours after implantation of the Intenial 
mammary artery (x280).
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Figure 19

Small thin-walled vein connecting with venule Eind 
caplllefi as, in the myocardium (xlAO).
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eosinophilic than noiTjal. ‘hie whole ir.yocardiuir. in the immediate 

vicinity of the implant was already infiltrated with neutrophil 

polymorphs at twenty-four hours and quits densely so by seventy- 

two hours (Figu.re 20). No mitosis was seen in soiy cell type in the 

implant or myocardium from all hearts exajnined up to seventy-two 

hours.

Changes at a Distance from the Implant '

Exainination of the areas of myocardium at some distance from the 

implant and the haematoma revealed the presence of widened 

capillaries and small thin-walled vessels betv/een the cords of 

myocardial cells. There were also engorged veins, arterioles 

and arteries in the area. The presence of engorged arterioles 

and arteries suggested that at least part of the increased 

vascularity of the myocardium was due to reactive hyperaemia. The 

uniform invasion of the whole area with neutrophil polymorphs was 

also evident even in the more distant areas of myocardium, and 

increased in quantity with time.



Figure 20

Infiltration of the myocardium by polymorphonuclear cells, mainly 
neutrophils, seventy-two hours after implantation of the internal 
mammary artery. (X 280)



II# Picturo Between the Fifat and Mecoud Weeka
By tho end of two weeks the oxtramural portion of tho implant 

ntill remained patent (Figure 21) no did tho intramural portions 
except for tho distal port of one implant which was tliromhosed but 
which however, had begun to recanaliso (Figure 22), This 
particular implant had been carried out only seven days previously,
BO that reaanalieation can apparently occur in this short time# 
fhe walls of these early channels were thin and lined by flattened 
endothelial#*lIke colls (Figure 23)# No blood colls however could be 
scon within these vessola at this stage which although hollow might 
not have communicated with the systemic circulation# At the end of 
the first week, the capillaries and larger blood voasels of the 
surrounding myocardium were still observed to be widely open and 
filled with blood cells; this was taken as evidence of continuing 
hyperaemia in the vicinity of the implant, although this was no longer 
observed by tho end of the second weok,

The leucocyte infiltration which was Sj)paront in tho earlier 
stages was still :intonae at one week but had abated considerably by 
the end of the second week* Intact extravasated red blood corpuscles 
wore still in evidence around the implant at the end of tho first 
week but were no longer soon beyond that time#
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Figure 21

Patent extra cord lac part of the internal mammary artery implanted 
two weeks previously. (X 32)
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Fl^re 22
Recanalisatlon of the distal thrombosed portion of the 

internal mammary artery implanted one week previously (xl40).
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area of infarction and necrosis of myocardial cells v/ae more 
obvious by the end of the first week when the myocardial cells were 
seen to be pale stained, with loss of cross-striation m d  swollen, 
disrupted nuclei# By the end of the second week, the necrotic 
tissue had almost all been removed, leaving a very loose, pelo 
staining fabric# Amongst this tissue, arterioles, venules and 
capilliiricB could be seen, cuffs of normal myocardial cells 
occasionally surrounding them. Polymorphonuclear leucocytes were 
still to be found fairly evenly dispersed throughout this area.
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III. Histological changes at four weeko
At four weoko the iïitra-îayocBrdinl portion of the implanta 

could bo divided into two groupsa•
(«) TkOBù remaining patent.
(b) Thoae which had tlirombosed but had recanalised.
% e  intrcwîayocardial portion of the implants which had 

remained patent had a much reduced luminal alBo# In many oases this 
had been dccreaaod to almost one^half of the original calibre (Figure 24).

reduction in luminal ci»© was observed to bo due to a great 
increase in the width of tho inner coat whicli in the normal internal 
mammary artery ie oxcccdingly narrow, consisting usually of a few fine 
collagen fibres together with other elements of loose connective tissue 
and tho endothelium lining. However, in the patent implant, there was 
great thickening of this coat due to an increase in the amount of 
connective tissue. The internal elastic lamina with tho elastic and 
muscular components of the tunica media still remained intact at this 
otage.

/

In those implante which had thrombosed but recanaliscd, the 
now channels numbered from one to four were present in greater numbers 
and total crosa^acctional area tho more distal the observation was 
made. They were present normally in tho middle of the organised 
thrombosed area (Figure 25) but occasionally they were close to tho
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Figure 23
New channels within the thrombosed Implant at four 

weeks (xlOO).
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original endothelium, in a little ’bay* formed by tho undulations 
of the internal elaatic lamina and crimped endothelium. This type 
of channel seemed to utilise the original endothelium as a side wall.
At this stage (four weeks) the now channels were still thin-walled but 
contained red blood cells, and thus evidence of communication with the 
circulation.

In the intra-rayocardial part of all implants whether patent 
or thrombosed and recanalised, careful scrutiny of the tunica intima 
revealed in some sections the presence of capillaries and less 
frequently larger thin-walled vessels up to about 80 microns in 
diameter (Figure 26), which were not observed in earlier implants. In 
addition, a well developed plexus of capillaries and thin-walled vessels 
was evident in the adventitia and immediate peri-implont area, much 
more developed and extensive than in implants at an earlier stage. In 
sections of myocardium examined immediately beyond the distal end of this
implant, many thin-walled vessels containing rod blood cells could be
observed (Figure 27), These vessels were grouped together as though 
they: had emerged from the distal end of the implant and from their
immature appearance could be differentiated from the intrinsic
vessels of the myocardium.

The infarcted area and the haematoma surrounding the implant



Figure 26
New capillaries (arrowed) and a thln-wadled vessel (b) 

In the tunica Intima of the Implant at four weeks (x280).
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were a t four weeks w e ll organ ised, the m yocard ia l ce lls  having disappeared 

except fo r occasiona l islands o f muscle tissue around blood vessels. The 

w ho le  area was composed m ostly o f connective  tissue in w h ich  b lood vessels 

were present in large numbers (Figure 28). The blood vessels o f  the 

immediate area around the im p lan t in what was probably the  form er 

haematoma a re a , were m a in ly  th in -w a lle d  and from c a p illa ry  size ( i .e .  

about 6 m icrons) to  about 20 microns in d iam ete r, and w e ll f i l le d  w ith  red 

blood ce lls . O uts ide  th is area was the area o f in fa rc tio n  (and possibly 

surg ica l trauma incurred during the fash ioning o f the tu n n e l). In th is 

region the blood vessels were m a in ly  c a p illa ry  in typ e , but also present 

w ere the normal a rte rio le s  and venules, small a rteries and veins o f the 

coronary c irc u la t io n , grouped toge ther in the classical d e sc rip tive  manner. 

These vessels a ll seemed to be more numerous than normal p robab ly  because 

the y  were more n o ticea b le  amongst the connective  tissue o f the  in fa rc t 

area than amongst normal m yocard ia l ce lls .

I



Figure 28

Areo of infarction of the left ventricle, close to the internal mammary 
artery ^ot seen) showing large numbers of blood vessels. (X 80)
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Figure 29

Very much reduced lumen of the intrcmyocardial portion of the 
implant at ten weeks. (X 100)
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IV. Histological appearances at tea weeke

By ten weeks there were no striking differences within the 
implants from those observed at four weeks except that in the patent 
(non-throrabosed) implants the internal thickening was yet more 
pronounced in the intra-myocardiel portion reducing the lumen in some 
cases to a mere chink. In addition, the new channels within the 
thrombosed implants were observed to be more numerous and in some 
cases obviously branching within the thrombus. In close proximity to 
the implant tho blood vessels which at earlier periods were thin- 
wa3.1ed and small, were now thicker walled and much larger (Figure 29)* 
There was also evidence of more mature fibrous tissue within the 
infarct area.
V. Morphology at fourteen to sixteen weeke

The changes from those at ten weeks were two in number*
First, tho elastic fibres in the tunica media in the intra-myoccrdial 
part were observed to be in various stages of dissolution, varying 
from simple breaks in these fibres to colour changes and indistinct 
outlines (Figure 30)* Second, accompanying these changes in elastic 
tissue was distinct evidence of an increase in the numbër of capillaries 
and larger thin-walled vessels within the media (Figure 31)* This can 
only be regarded as evidence of an increasing communication between the



luminalchatmolB mû the blood vessolo an the adventitial area*
The iBchaemic area was by thia time well demarcated and the 

blood voaaolo within still numerous* prominent and yet more mature 
thmx at ten rfoelto (Figure 32)*
VI Mprphelofg at twenty weeko

By the twentieth week, thé new medial veoaelo were still 
mre  obvious but the moat striking ch^mge found at this time was in 
the raatux'ity of the vessels around the Implant, which was by this time 
surrounded by vessels of various calibres, tho largest of which wore 
certainly larger than arterioles (Figure 33)*
VII, Microscopic appeartmoes at twenty**seyen weeke

tho twenty-seventh week tho only change was in the 
morphology of the new blood vessels within the implant# Whereas 
previously these wore thin-walled and often, of non-circular outline, 
they were now largely of arteriolar appom^anco with a well rounded 
contour and a thick wall (Figure 34), Close inspection of tho wollc 
of those vessels showed that they were composed of concentric celle 
which had the appeax'snco of smooth muscle# Tho nuclei of the endothelial 
lining wore flattened and small, but those of tho wall wore spindle 

shaped and had prominent nucleoli* The origin of those new mural cells 
was obscure, but they could have originated from cells within the 
matured thrombus which have boon shown in thrombosed veins to bo 
virtually identical with smooth muscle cells (Cliff, 1g63 and 1965)*



Figure 30

Elastic fibres disintegrating In the tunica media of the 
Implant at sixteen weeks (x520).
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Figure 31

Blood vessels in the tunica media of the implant at 14 weeks. (X 240)
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Figure 33

Blood vessels In the Immediate vicinity of the Implant 
at twenty weeks (xlOO).
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lîiatoloigical Ghangos Obsorved in the Ischaomic Aroa in Doge 
without Implantât lpt1 of the Internal Mammory Art(>ry

Tho Isohaemio from the heorte of sevon dogs in
whom ligation of tho anterior deaconding branch of tho loft 
coronary artoi'y had boon carried out* ao described previously* 
but without implantation of the Internal mammary artery* were 
examined.

Observations made of the infarcted area of the left 
’/entriclc one week following ligation of the anterior descending 
l̂ rmich of tho left coronary artery* showed that tho main 
histological featuro was one of coagulatlve necrosis of the 
myocardium* The whole area wm pale and stood out in contrast to 
tîic darker stained normal surrounding tissue* The whole necrotic 
area was infiltrated with polymorphonuclear leucocytes* whilst at 
the edge of tho infĉ rot* these cells were in greater numbers* Hmall 
areas of intact muscle cells could bo discerned but only with 
difficulty within the necrotic area* Arterioles axd venules* some 
empty* were observed usually close to tho islands of intact cardiac 
muscle.

At the end of tho ,second week* the picture had changed
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droiaatically* tho nocrotio roascXo had diaappoai-'ed oKoopt in 
very small oroan, leaving behind a very loose pale staining 
tisBue* which px*obably represented the fibboias skeleton of the 
myoooirdinm, within which nmy capillnx^ies oonld be seen# lax'gor 
blood voBselo* of arteriole m d  venule sisse could be more clearly 
seen against this palo background# The edge of the infarct area 
was clearly defined at this time#

By tho fourth week, tho whole area looked more deuB<?, 
due to an increase in connective tissue element a# Vm^y few 
polymorphonuclear oella and macxoph&gm could be seen, although 
capillaries scomcd to bo prooeut in larger quantity# The larger 
blood veaoi^la did not aoenî to bo increased in number#

At tho end of the sixth week, tho histological picture 
had changed only in two respectât firat the connective tioauo 
within the area was much more dense, giving the whole area a much 
more solid appearance, m d  second, tîm’o eoomed to bo an increase in 
the numbers of small nrtex^iolm# By tho tenth week, tho Infarct had 
bam converted into a sheet of dense collagen tioBUo in which largex" 
nwbora of capillaxûoB and smull blood venae!# otood out against a 
very palo background* The picture was unchanged in tho two other 
dogB at Bixtoen mû twenty weokts#



.of ,fhi.cknea.s pnû. External Diameter 
These were made m% twcmty Implmted internal mamary isrtorien 

in their extracartUac cours©, 4 to 5 ocntiwetrea proximal to the |>oi»t 
of entry into the myooardiJO. twwel, and also on ton normal internal 
mammary arteries# The results for the individual vessels oro given in 
Table 24a* In the implanted grŝ %p, the extomol diameter varied from 
1*8 to 3*0 mm#$ with a m o m  of 2*15 Km*, the thickness of r̂ rterisl wall 
had a rmge of 0*15 to 0*3 mm*, with a mean of 0*24 ?srs* The thickness 
expressed as a percontage of external diameter varied from 7*5 to 16*0K>, 
with a moan of 11.04# (standard deviation 2*20)* In tho normal internal 
mamiary arteries, the external diameter range was from 2.0 to 3*0 w *
(mean 2*48 mm*) $ tho thickness of the material wall varied from 0*16 to 
0*38 mm# (mean 0*27 mm*)* fhe mural thickness expressed m  a percentage 
of external diameter varied from 8*0 to 15*5#̂  With a moan value of 10*85# 

(standard deviation 2.39)* Hslng the student t-tost with Boesel*# 
correction for small numbers of values, the difference between the two 
groups was found to be not significant ( p> 0*40; t # 0*214).



Cross section through the wall of the normal unimplanted internal 
mammary artery. (X 120)



Cross section through the wall of the extracardioc portion of the 
internal mommory implant, 5 cms from the heart. (X 120)



High power view of the wall of the extra card ioc portion of the 
internal mammary implant, 5 cms from the heart, showing very thin 
intima. (X 240)

1
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Figure 34

Arteriolar appearance of the new blood vessels within the thrombosed 
lumen of the implant, at twenty-seven weeks. (X 240)



Figure 35

Higher magnification of the blood vessel seen in Figure 34 showing 
the endothelial nuclei. (X 500)
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Figure 36a

The edge of the infarcted area showing the loose tissue from which 
the muscle cells have been removed; more normal myocardium con 
be seen above. (X 80)
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Figure 36b

Islands of cardiac muscle containing prominent blood vessels within  
a sea of infarcted tissue. (X 80)
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DISCUSSION

Absence of Complete Occlusion of xhe Graft by Thror.bus

In the first twenty-four hours following the implantation 

of the internal mammary artery^ the most surprising feature of 

this study was the absence of complete occlusion of the implant 

by thrombus formation. In certain sections^ evidence of thrombus 

formation was observed but was limited to small areas of the lumen 

adjacent to endothelium. By forty-eight and seventy-two hours this 

'partial* clotting process had increased to include most of the 

cross-sectional area of the lui':ien. At no time, however, was 

it observed that the whole lumen was entirely thrombosed, there 

was always a small area even at seventy-two hours which was free 

of fibrin and in which the blood cells were of normal appearance.

Tire absence of total thrombus occlusion of the implant in the 

first twenty-four hours indicates that either the flow of blood 

through the implant had ceased but that there was inhibition of 

the clotting mechanism by some anti-coagulant process, or that 

there was some flow of blood througli the graft. Although it has 

been shown experimentally that blood in ligated segments of 

arteries tends to remain fluid (Kanser, 1913; Mehrota, 1953), the
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The pool of blood cells lying around the implant in the first 

seventy-two hours measured some 10 mm. in diameter at a mazcimum 

in all of the sections examined. Since the tuiniel througli the 

myocardium was at the very most, 1 cm. long, the largest 

extravasation vsLthin the myocardium could not have measured more 

than

22
7 X X 4 = p'lO mis of blood

Even admitting a large error in these calculations, it is 

clear that if this quantity of blood represented the total blood 

which had passed from the implant into the myocardium then bloodflov: 

in the implant must have ceased within the first few minutes of the 

mammary artezy being placed within the tunnel in the myocardium.

The strong evidence of bloodflow in the extramural portion of the 

graft from actual measurements of flow by the electromagnetic 

flowmeter method detailed earlier in this work suggests that 

bloodflow continues in the graft for at least one hour following 

implantation (see Section II).
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The finding that the haernatcma itself at twenty-four hours 

is only in part compartmentalised by fibrin strends and that 

even by seventy-two hours is still not completely enmeshed, 

suggests that either some local anti-coagulant or fibrinolytic 

factor is active, or that the pool of extravasated blood is not 

static but in motion, or indeed ticat a combination of these 

factors is at play.

Polymorphonuclear leucocyte behaviou~r in the vicinity of the implccrt

The behaviour of the polymorphonuclear leucocytes in their 

relationship to the haematoma was also interesuing. In this 

study these cells had not invaded the haematoma in the first 

twenty-four hours and indeed at this time were present only in 

scant numbers on the edge. At the end of three days, only small 

parts of the extravasation were infiltrated vdth white cells, 

although a fairly large population of these polymorph cells were 

to be found throughout the myocardiujn surrounding the implant at 

thi s time.

The observations made on the implant itself including the 

absence of generalised thrombus occlusion of its lumen, the 

surprisingly small size of the haematoma with the absence of
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complete fibrin ermieslimcnt throughout its structure, plus the 

apparent reluctance on the part of the polymorphonuclear 

leucocytes to invade the haematoma, pointed to the conclusion that 

the pool of blood Ijûng outvdth the implant was not entirely 

static in the first twenty-four hours.

The presence of greater quantities of thrombus witliin the 

implant itself by seventy-two hours, together wit.: the presence 

of neutrophil polymorphs in small areas of the haematoma surrounding 

the implant at this time, suggested that there was a gradual 

curtailment of flow by this time.
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Ch(m|%es in the Blood Within t.lip l̂ yocardium
The mont gtriklmg fcatv̂ re eeon in the blood voofâolo of the 

mÿbdeirâiuSï waa their dilatation» &cae ob,angoD were evident by the 

end of twenty••fom* houro following implantation and were moot 

pronounced by the end of the third day continuing-for at least one 
week# By the end of the oecond week# theoe vesoelo wore of normal 

dimeneiono# *fhe ohengen in the blood veesela strongly reeembled 

thoae of reactive hyperncmia which id aeen when damage to the cells 

of m  organ or tieauo oecwe# ^his view was ijtrengthened by the 

observation that t^rteriolea lan well as capilloriee tmd venules wore 
dilated. Thia reactive hyperaomin was moat likely in reaponao to 

acute iGchaenia of the myocm̂dium# plus the trauma inflicted on the 

myocardium by tho tunnelOdng process#
The pool of blood Eurrounding the implant cmy act# in port, 

as a small reservoir in diastole when it  la augmented from the 

implant* In systole when the implant flow (like that of the 

coronary arteries) la halted or oven slightly rever&ed, the 

myocardium may squeo&e thio reservoir md in part disseminate it  

through the ’apacen* in the myocardium# Those *0pacc0 * in the 

ï̂ yc.cardium were ahown histologically to be email blood veoaelo from 

about 6 microna to about 20 microns iîi diameter#
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During the tunnelling process, great nrccbers of these vessels 

must have been cut across, leaving the open ends in direct contact 

with idee blood flovTing from the implant. Thus a pathv.uy for 

blood from the implant rniglit well have been established. This 

hypothesis is supported at least in part by the histological and 

flow studies.

On casual observation it might seem tliat the blood vessels of 

the myocardium were engorged with extra blood from the implant, 

but close examination showed that the arterioles of the myocardium 

were also widened and packed with blood cells. Thus the blood 

within the capillaries and venules might have been a mixture of 

implant blood plus a relatively greater contribution from tire 

arterioles swollen from reactive hyperaemia.

Vineberg (1946) claims that blood from the implant flows 

into large thin-walled spaces which he called sinusoids, and from 

these to the myocardial capillaries and hence on to the venous system, 

These sinusoids were not identified in the present study. Spaces 

were seen occasionally around the implants in the early stages, but 

these were irregular in shape and appeared to be artefacts made 

in the tunnelling process. Apart from the blood in the haematoma, 

the remainder of the red blood cells were found to be in vessels
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which had a thin endothelial lining* Theae dilated thin^walled 

vo(mol8 botwcon the colursna of coXXe wore? capillaries and venules# 

The presence of sinusoids is not essential however, in the concept 

of a pathway fi'om Implant to the venous eyatoïï in the early post* 

imp3,cnt period*
Changes Observed in the iBQlmojiïio .j-̂ pqardium

The histological picture of the ohanges observed in the 

ischaemic myocardium in this study vm^ complicated by the presence 

of the irm^lant Buâ its associated trauma to the myocm’dium# plus the 

presence of tho haematoma suri'Oimding the implant# In order to 

clarify what changes wore brought about by the implant and what 

cWmges were brought about by the ischaemic px*Doess# a limited study 
(on seven dogs) v/as carried out for eoüîpariooï» in vjhich only the 

ligation of the anterior descending branch of the left coronary 
artery was carried out vdthout implantation of the internal mfmmnry 
artery «> This study of the changes of footed by isohaemia alono xmm 
made from the end of the first week to the twoatieth week, mid the 

results have been doocribed above#
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EcsestialXy the carcUac isuBcle fibres of the loft 
ventricle wore swollen mÛ pale at twenty*four hours following 
ligation of the anterior descending braiioh of the left coronary 
artery end implemtatlon of tho internal meiumary artery# By seventy* 
two heure this procooo had mtcnsifled. In places actvial dissolution 
of cells could be observed* The em'ly hietological changes of 
syocarcUal infarction have been described at length by Lodge*Patch 
(1951)* Aa early as twenty*four hours neutrophil polymorphs could be 
seen throughout tho n^ocardiUfiH inoreinsing in numbers up to at least 
the third day# Careful observations by other workers have shown 
infiltration by these celle from as early as six hours following 
sudden coronary artery occlueion*

By twenty*four hours# however# mx apparent paradox exists 
in the observation that within a sea of dying and dead tnueolo cello 
there wore greet mimboî^a of veoaela swollen with blood cells# This 
reactive hyporaemlo process# however# was probably in response to the 
preGeuGG of damaged cello which liberate some aubotanoe (thought to 
bo similar to the hlataraine*like substance in the okin) but poiixapa 
some otîior cheaiical in the myocardium# The hyperaomio proocoB 
occurred too late to be of significance in the reBUocltation of muscle 
cells in the area# since the great majority of these would not be viable 
one hour following coronary artery occlusion# but would have been of 
value in keeping muaelo celle on the frmge of tho ischaemic area 
viable*,
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The changes observed in the ischaemic myocardium not in 
the immediate vicinity of the implant, were no different from those 
in the ischaemic myocardium in which no artery had been implanted at 
any stage, with two exceptions* First, in the implanted group at 
one week, the small vessels within the ischaemic area were more 
enlarged with blood, and secondly, from the fourth week there seemed 
to be larger numbers of vessels of arteriole aiae, and smaller, in the 
ischaemic area close to the site formerly occupied by the haematoma 
surrounding the implant, than in those hearts with ischaer/iia alone* 
This second difference was an observation which was not made more 
concrete by enumeration of these vessels, since this would have 
involved a more extensive study in greater depth, if a more 
meaningful conclusion were to be drawn, than from distinct impression* 
VJhether those thin-walled vessels had their origins from within the 
infarct area or from those proliferating in the haematoma area is not 
known. Connections between those two sets of blood vessels were not 
seen histologically, but there was angiographic evidence of 
communication between the implant and the vessels within the ischaemic 
area, observed by the presence of a "blush" produced by contrast 
medium filling the small channels within this m^ea {page I89).
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The Pate of the Haernatomo.

3y the end. of the second week following implantation^ the 

red cells of the haematoma area were no longer to be seen, and 

gradually over the subsequent few weeks this area became filled 

first with a loose and then later, a more dense connective tissue. 

This fibrous area merged with the connective tissue of the 

adventitial coat of the implant so that it was difficult to define 

the dividing line between them. Similarly on the outer side 

it merged with the connective tissue of the ischaemic myocardium. 

Within the connective tissue of the organised haematoma, large 

numbers of small vessels appeared. Tlris subject is discussed at 

greater length below.



Changes Qbaerved in the Walls of the Implant
In those implants which had remained non^tlxrombosed, at 

about foxîr weeko following implantation there was a small increase in 
the thickness of the intima in the last centimetre of the extracardiac 
portion of the internal mammary artery but a greater increase in that 
within the myocardial tunnel. This increase wao mainly due to 
proliferation of the connective tissue elements, and produced a 
gradual encroachment of the walls of the implant on the lumen of the 
vessel which gradually, over the succeeding weeks, reduced to a 
chink in the middle of the implant in which blood cells could still be 
found. The obliteration of the lumen by intimai hyperplasia has been 
noted previously in studies of experimentally ligated vessels (Hanser, 
1913î Mehrota, 1933)* In the mature implant of say ten weeks or 
more, this central much reduced lumen could easily be mistaken for a 
new channel produced by the process of recanalisation. Careful 
scrutiny however, of the endothelial lining of the channel revealed 
that it was in direct coiiimunication with the now much folded and 
disintegrating original endothelium almost obscured in the obliterated 
port of the original lumen. In this way the original route, however 
reduced in size, remained open, connecting the systemic circulation above 
to the myocardium below. It was probable that the folded endothelium 
of the obliterated part of the original lumen might well be a
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source of new capillary srovrth. In those implants, which either 

wholly or in part tlacombosed early, the tunica intima retained 

its oriGinal size and contour. The intimai proliferation occurring 

in the pcitent vessel was not observed in 'bhese implants.

The mechanism involved in the obser\red changes in the intima 

of patent implants is obscure, but perhaps may be related to the 

following : -

1. Interference, with the blood supply to the intima due to the 

removal of the artery from its natural bed, where the arterial 

wall receives at least some blood for its own nourishment from 

peri-arterial plexuses of small blood vessels. Dissection of 

the artery from this bed could jeopardise the blood supply to the 

walls of the artery.

2. The presence of a reduced blood flow through the implant. Tire 

intima probably obtains at least part of its nutritional and 

gaseous requirements directly from the lumen of the artery. \ihen 

the flow has been slowed or completely stopped, this may result

in proliferation of connnective tissue elements in the intima.
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5- Pressure increases across the implsnm wall. Since the 

rnyocarciiudr) increased resistance to bloodflow through the implant, 

the blood pressure within the implant must have been redistributed, 

in part, through the walls of the implant. The increase in 

transmural pressure might in some way have stimulated growth of 

connective tissue in the intima.

The increase in connective tissue bulk in the intima v.*as 

not accompanied by similar changes in media, which remained 

remarkably unaltered in appearance until about fourteen weeks 

following implantation when the elastic fibres in that coat 

began to disintegrate. At first only the occasional elastic 

fibre v;as observed to be broken, this was followed by a gradual 

disruption of the great majority of the elastic fibres. Dissolution 

of these fibres then occurred so that by about twenty weeks, 

elastic fibres were not discernible in the walls of the implant.

This gradual disintegration of the elastic tissue could have 

been due to disuse atrophy or again to poor nourisiiment. The 

smooth muscle cells of the tunica media were more difficult to 

define even in the earliest implants but these too had certainly 

disappeared by the twentieth week. By the twenty-sixth week the

walls of the original implant were in many cases difficult to
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distinguish from the connective tissue surrounding the implant, 

except that they retained a slit:tly more eosinophilic appearance.

The tv;o easily noticeable changes in the adventitial coat 

were the increase in she amount of connective tissue together 

with a re-orientation of its constituent fibres into concentric 

shells almost parallel to the curvature of the implant in transverse 

section. It v/as difficult, as was stated earlier, to differentiate 

between the connective tissue of the adventitia and tint of the 

organised haematoma. The other obvious change was the great 

inrease in the number of blood vessels in and around the adventitia, 

but tills subject will be discussed separately.
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New Vessel formation around the imlant

Around the implant within the myocardium, an increasing number 

of blood vessels made their appearance from about the fourth week. 

These vessels were at first of capillary size or a little larger and 

had thin wsûls. Over the next twenty weeks they increased in size 

and gradually approached, mingled and became indistinguishable in the 

later stages from the adventitial vessels. From the angiographic 

study presented later, it was obvious that at least some of these 

vessels (if not all) eventually represented the anastomosis between 

the graft and the myocardial vessels.

The origin of these small thin-walled vessels outwith the 

adventitial coat of the implant was not clear but geographically 

they came to occupy the area in which the haematoma was originally 

situated. It is thougiit, at present, that new blood vessels can 

arise only from pre-existing endothelium (Florey, 1970). It is 

unlikely that their origin was from the adventitial vessels since 

at about four weeks although these small vessels were present, they 

were well separated from the adventitial vessels; only at about 

ten weeks were these two groups of vessels found close together.

VJhen the myocardial tunnel was fashioned, large numbers of
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large and small intramyocardial vessels must have been traumatised 
and many transected. These multiple foci of breached endothelium 

could therefore theoretically have been potential growth points 
for capillary sprouts. These nev7 vessels would grow into the 
surrounding myocardium and also into the organising haematoma 
perhaps attracted there in particular, by some chemotropic factor 
present in the haematoma.

The new vessels of the myocardiUTi therefore arise in the area 
close to the implant possibly because of the damage inflicted on 
blood vessels in the vicinity during the construction of the 
intrairiyocardial tunnel. The stimulus to initial capillary growth 
may therefore be the presence of damaged endothelium and the 

direction of capillary growth may be determined by chemical 
attraction from the haematoma. In the saxae way the new vessels 
arising from the adventitial plexus and also from within the 
implant itself may be retracted into the haematoma area, where they 
meet and anastomose with the new capillaries from the myocardial 

vessels.
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The formation of new blood vessels within the lumen of the Implant

All impIan.ts in this study either remained their patency 

or were recanalised. In only two implants was evidence of total 
thrombus occlusion observed without recanalisation, but that vras 
confined to the distal part of the vessel, the proohmal reaches 
including both the extramural and intramural portions remained 
patent. The changes brouglit about in the lumen of the patent 
vessels have already been discussed.

In the thrombosed implants recanalisation was observed as early 
as the end of the first week. Tne number and maturity of these 
new channels increased with time until about twenty weeks following 

the implantation. During tliis period these new conduits 
evolved from small empty vessels with very thin walls, consisting 
of no more than endothelium at about t’wo weeks and være observed 
to have red blood cells within them at four weeks. They underwent 
a branching and intercommunication phase V7ith the other new channels 
present within the lumen by the tenth week and possibly connected 
with the nev7 vessels of the intima from as early as the fourth week. 
Prom the tenth to the twentieth weeks the vessels in the new 
channel system became larger and thickex" walled but between this 
point and twenty-seven weeks, many matured into rounded tiiick 
walled vessels indistinguishable from arterioles. The new
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vessels arising from within the implanc lumen could be seen 
issuing from the ena of the implant into the surrouinling 
connective tissue from as early as four weeks. Since these vessels 
all had red blood cells wirhin the;:, they obviously corrnunicated 
with those in the connective tissue around the termination of the 
implant and possibly also v.dth the small new vessels witlrin the 
implant wall. Occasionally new vessels within the lumen of a 
thrombosed branch of the implant could be observed v.dth red blood 
cells within them. Thus a well developed circulation of small 
size vessels up to arteriole level existed at least betv/een the 
luren of the implant and the vessels of the connective tissue area 
at the distal end of the implant. This circulation possibly also 
included the vessels vdthin the imolant wall.
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The Origin of New Charnels vrlthin the Implant Lumen

As has been discussed above, there were two types of channel 
fo'ond within all implants. The first tyiDc was really the shrunl'ien 
remains of the original lujnen which had not thrombosed. The 
lumen had decreased in size because of a great increase in the 
connective tissue elements of the intimai layer. In some places 
the original lumen had been obliterated completely, leaving the 
endothelium lining from opposite sides of the original lumen in 
close apposition to each other. The possible reasons for this 
intimai proliferation have already been discussed. In addition 
to the shrunken lui'nen remaining a functioning conduit for 
bloodflow, the folded 'excluded' endothelium in the peripheral 
obliterated region of the original lumen might be a source of 
neocapillary formation.

Tice second type of channel found vhtlcin the implants were indeed 
new channels. They appeared within the substance, of the organised 
thrombus wliich occluded part of the Implant. The origin of these 
new vessels was obscure, but in this study they appeared as early 
as two weeks following the implantation and took about twenty 
more weeks to evolve into vessels indistinguishable
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from arterioles. 'Tie early morphology of these vessels was that 
of the simplest blood vessel possible, they consisted merely 
of an endothelial-like lining surrounded by a few strands of 
connective tissue fibres. Since these now vessels had not 
been observed to carry blood cells in tiie first wool or so of 
their development it must be assumed that either each had no 
lumen or that they were not connected to the systemic or coronary 
circulations. Close excumination however suggested that they 
were hollowy and therefore that they were, at two weeks, not 
connected to blood-carrying vessels.

Some of these new channels even at two weeks seemed to be much 
wider than capillaries, and were about 20 to 25 microns in their 
greatest diameter. So not only were at least some of Tie vessels 
hollow but some were also much larger than capillary vessels.
This was not the morphology which one expected of new capillaries 
arising either from cells witliin the organised thrombus or from 
sprouting capillaries invading the thrombus. From these origins, 
small solid cords of capillaries would be expected rather than 
hollow vessels capable of growing to 20 or more microns in diameter 
by some ten to fourteen days. Vdiat then were the origins of these 
new vessels?
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One possible explanation ion tne eeniy appearance of these vvicle 

new channels is that they were in fact tne clefts in the original 

clot, endothelialised either from invading cells or by extensions 

from the endothelium of the implant. The more likely of these 

two possibilities is that the original endothelium extended into 

the thrombus and naturally followed the paths of least resistance - 

the clefts and that the latter became endothelialised gradually 

until a whole network of endothelialised but empty channels were 

present.

Some authorities have suggested that the organised thrombus 

within arteries is recanalised from extensions of the vasa vasoruir, 

from the walls of the vessel (Dible, 1953)- All internal mammary 

arteries in 'this study observed microscopically up to the fourth 

week following implantation had no visible vessels in-the tunica 

media or tunica intima. It is unlikely therefore that the vasa 

vasorum (if these vessels exist in the inner coats of the internal 

mammary artery) have any place in the recanalising process in this 

vessel. At a later stage it may be that the endothelium of the 

new channels produces capillary sprouts although there is no 

evidence for this at the moment. The appearance of blood cells 

within the new channels by the fourth week of course indicates
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coni'ieûtion of this system to the circulation either by these 
nev7 channels opening to the surface of the organised thrombus 
in contact with blood in the implant above the occlusion, or 
with capillaries in the implant wall (vhich are certainly present 
byr four weeks) or with vessels in the myocardium at the distal end 
of the implant or at the cut ends of the original branches of 
the implant.

Two other loss obvious sources of new capillary formation and/or 

endothelial!sation of the thrombus clefts are from: -

1. the myocardial vessels and

2. the adventitial and peri-arterial vessels of the implant.

It ivas observed in many thrombosed implants tlcat the new 

channels were larger and in some cases more numerous in the more 

distal parts. This could suggest that the new channels originated 

distally and grew proximally. Tnis might have been because the 

thrombus occurred first in the distal parts of these implants 

then proceeded proximally, and wherefore the new channels in the 

distal parts were more mature. Another possible explanation is 

that the new vessels were formed from the ingrowth of vessels from 

outside the implant and grew througfi the cut distal end of the
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implant either as sprouts or endothelial extensions into the 

clefts. This theoretically could also occi •. through the cut 

ends of branches of the implant. The tv;o types of vessel 

outside the implant v/hich could prend.de the ingroxth of nsx 

capillaries or endothelium as mentioned above were cither myocardial 

vessels in close proximity to the implant or the adventitial vessels 

of the implant itself which would of course be cut when the internal 

mammary artery was transected prior to implantation, hyocardial 

vessels in the vicinity of the implant would also be cut across 

when the tunnel was being fashioned. %ese cut vessels, myocardial 

or adventixial, might then grov/ into the thrombus through the 

openings (end or branch) in the implant.
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Elood Vessels in the Implant Wall

ho vessels were observed in the tunica media and inxima unxil 

the fourxh wech when one or tv;o small capillaries appeared in the 

intimai coat. It was not unxil the fourxeenxh week xhat vessels 

w " --'n in 't-- ..." ■ coax. By sixteen weeks there were many

___^^xly larger thin-walled vessels within the 

two coats in some implants. Also occurring about the fourteenth 

week, as discussed above, was the beginning of the process of 

breakdown of the elastic and possibly also smooth muscle tissue of 

the implant wall. Whether new vessel formation and ingrowth into 

the implant wall was connected with the disintegration of the 

constituent tissue in this region can only be guessed at but it 

is possible that the new ingrowth of vessels occurred because 

either the physical barrier of,elastic and smooth muscle was 

removed or some chemical constituent of the breakdown products of 

these tissues stimulated new vessel growth.

The origin of these new vessels was from four possible sources, 

first they might arise from progenitor cells within the intima 

and media, or second they might arise from the intimai endothelium. 

Third, vessels might grow into the wall from the lumen of the 

implanx which during this time was the seat of intense endothelial
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proliferation. The last possibility is that they represented 

invasion of the implant wall by the vessels in the adventitia 

and surrounding tissues. Initially capillary-site vessels 

appeared only-in the intima. These probably did not originate 

from the external vessels. During the intense proliferative 

growth phase at fourteen weeks many small vessels appeared in the 

tunica media and by two weeks later, the intima was also well 

supplied wi'ti these new capillaries. Thus the order of appearance 

of vessels in this second phase of new capillary formation (the 

first was at four weeks and as mentioned above, was limited to 

about one or two capillaries in the intima only) suggests that 

ingrowth of external vessels into the media was followed by a 

further increase in intimai vessels. These new vessels in the 

walls of the implant obviously represented a new interconnection 

between the external vessels and the lumen of the implant. Since 

this phenomenon of mural vascularisation occurs in the extra^rural 

as well as in the intramural parts of the implant it must be 

assumed that the adventitial vessels participated in this 

phenomenon although myocardial vessels in close proximity might 

also have been involved. Thus by the sixteenth week the 

circulation within the lunen of the implant was in direct connection 

vith the vessels of the adventitia and possibly also with those of 

the myocardium througli the walls of the imolant.
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Role of the adventitial vessels

The internal mammary artery has a rich supply of small blood 

vessels in its adventitial coat. then the artery was dissected 

from the chest wall, inevitably small pieces of tissue -from 

surrounding structures mainly connective tissue and fat, remained 

adherent to it. hicrosoopically this tissue is also rich in small 

blood vessels. It is likely that there are rich connections 

bemween the adventitial plexus and this peri-arterial network 

of small vessels. Tne dissection of the internal mammary artery 

from its natural envirorjuent must therefore have caused transection 

of great numbers of these vessels, leaving coiintless tiny points 

of potential endothelial new growth.

At the end of the fourth week after implantation into the 

myocardiuiri, microscopy revealed the presence of greatly increased 

numbers of capillaries, arterioles and venules forming a rich 

plexus of blood vessels around the implant. This enlianced network 

of vessels could be seen both in the extzxmural and in the 

intramural portions of the implant. The proximal origins of tiiis 

plexus were probably numerous and would include the small blood 

vessels of any tissue or organ with which the implant came into
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has been discussed previously, however, it miglrfc have been 

connected with intra-luminal channels either tiirougli the natural 

side branches of the implant or at the distal cut end of the 

implant. It rnigiit have been connected even at this stage with 

the vessels either of tie haematoma surrounding tlie implant or 

wdth the vessels of the myocardium.

By the tenth week, the peri-arterial vessels were larger and 

had thicker walls, providing further evidence of increased 

peri-implant bloodflow. These more mature vessels could be 

observed not only close to the implant vritliin the myocardium, 

but also in close proximity to the large numbers of surrounding 

small thin-walled vessels. Tliese tliin-walled vessels could have 

been extensions of 'ihe peri-arterial plexus into the surrounding 

area of what was haematoma or into the ischaemic myocardium itself.

On the other hand, these small vessels could have been extending from 

the myocardial vessels towards the peri-arterial plexus. that is 

certain is tliat the peri-arterial plê ais (or its extensions) at 

this stage, was in close proximity and possibly connected vhth, the 

vessels of the myocardium.

The peri-arterial system of vessels could thus conceivably 

play a direct role in the nutrition of the myocardium, in that
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blood might piios directly through this system to the myocardial 

vessels without traversing the main luvten of the graft at any 

pointe This could be the case especially in the presence of an 

occluded graft. On the other hand, blood might pass from the 

adventitial vessels through the transmural anastomosis into the 

lumen distal to an oceluding thrombus thus re-establishing at 

least in part, an intraluminal circulation.

Tire part played by this peri-arterial plexus of blood vessels 

may well have been underestimated by previous workers. No 

references can be found to the role which this system might 

play in the evolution of transmural oonnectiai between the luminal 

channels and myocardial vessels' or indeed in the possibility that 

the peri-arterial system itself might be a source of a new blood 

supply to the heart. The arguments posed against the efficacy 

of internal mammary artery implantation in the clinical setting, 

in recent years have, in the main, been based on the observation 

that in the group of patients with angiographic evidence of 

occlusion of the graft, a percentage of these patients were 

symptomatically improved. Tliis improvement has hitherto been 

ascribed to the placebo effect of the operation, and has led to 

further conviction in many centres that perhaps a percentage of
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patients with angiographic evidence of graft patency have improved 

also only by this placebo effect.

From the discussion on the source of the peri-arterial network 

it wcis seen that contributions to it could theoretically come 

from a wide area, anastomosing v.i'di the plexus of vessels 

surrounding the implant. It would therefore be very difficult 

to visualise this system of vessels by an injection of radio-opaque 

dye into the lumen of the internal rriummary implant. Indeed it 

is difficult to see how it could be acliieved by any luiov.n means,

Tiie possible contribution to the nutrition of the ischaemic 

myocardium by the peri-arterial ple:cus should therefore be borne 

in mind in assessing the efficacy of the internal mammary implant, 

especially in the presence of an occluded main lumen.



Discussion

Wall Thickness of Xmplmited and Normal Internai Arteries
No difference could be demonstrated by the statistical method 

between the wall thidmess expressed aa a percentage of external diameter 
of normal internal mammary arteries and the implanted internal mammary 
artery at a point between 4 and 3 centimetres proximal to the place of 
entry into the myocardial tunnel* This finding re-inforced the 
microscopical impression that the tunica intima and other arterial coats 
did not seem to be thickened in the implant at this distance from the 
heart* Since the tunica intima was slightly increased in thickness in 
the distal centimetre of the extracardiac portion of the artery and more 
thickened within the tunnel, it was imperative to establish that the 
implant wall was not thickened at the site where blood flow measurements 
had been made* Any increase in mural thickness at this point would have 
seriously upset the calculations made for blood flow measurements, since 
the ouff-type flow probes are calibrated on normal vessels (with a 
normal wall thickness)# The blood flov; measurements made in the 
implanted internal mammary arteries in this study, were therefore valid* 
This precaution of establishing the presence of a normal mural thickness 
dimension was not made in any of the studies of blood flow through 
internal mammary artery implants made by the other workers whose results 
are discussed*

The mean wall thickness of 11̂ 04̂ 6 of external diameter observed 
in the implanted arteries 4 to 5 centimetres from the heart and that of 
10*85/̂  for normal internal mammary arteries was the same as that 
calculated from the tables given by Hoordergrnof and Horeman (19^8) for a



variety of human arteries less than 5 mm# in diameter, and very close 
to the figure of 11 ♦Ji?'? calculated from the data given, by Petersen, Jensen 
and Parnell (I96O) for canine carotid and femoral arteries less then 
5 iïîKî* iti external diajneter# The value of d>% of external diameter for 
wall thickïieaa given by McDonald (i960) for arteries from the aorta to 
the saphenouc artery in dogs could be a reflection of the larger external 
diameter of these vessels, larger arteries might have a relatively 
thinner wall. On the other hand the technique used by McDonald of 
measuring the external diameters of the arteries before removing them 
for density measurements, to calculate mean wall thickness, circumvents 
possible discrepancies due to an increase in wall thickness from 
shortening of excised segments of artery and from the effect of histological 
fixatives#
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S'jxmar:; of Section IV

The ir.ain object of this section v;a.3 to study the histological 

changes in the internal mainoary artery after inplantation into the 

ischaemic left ventricle for periods up to taenty-seven weeks^ and 

the effect on the vascular morphology of the surrouarding myocardium. 

From these microscopical studies^ tlie following conclusions were 

reached; -

1. There was e\ddence of absence of complete occlusion of the 

implant by thrombus formation in the first seventy-two hours 

following implantation, Thds was in accord with the 

observation made in Section II that there, was flow in the 

implant immediately following implantation.

2. Tice presence of only a small extravasation of blood in the 

vicinity of the implant within the myocardiuir^ the absence

of leucocyte infiltration, and limited partitioning of its 

substance with fibrin, suggested that at least in the first 

three days this pool of blood was not static but might have 

been in movement in the first seventy-two hours.

p. Tire blood from the implant may have moved through the 

myocardium, at this time, within the dilated capillaries 

observed between myocardial cells. Colunns of red cells were
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radiating into the surrounding myocardium from the podl̂  of 
blood around the implant,
4* Hyperaemic changes were observed in the myocardium until 
about the second week following coronary artery occlusion end 
implantation of the internal mammary artery* During this time 
swelling followed by dissolution of myocardial cells within the 
ischaemic area was obvious,
3* Further changes in the lumen of the graft were studied up to 
twenty-seven weeks after implantation* The lumen either remained 
patent in its intra-myocardial part, but reduced in size due to 
proliferation of the intima or became thrombosed end subsequently 
recanalised* Thickening of the intima was first noticed in the last 
centimetre of the extracardiac portion of the internal, mammary 
artery, never in the proximal reaches* No evidence was seen of a 
thî'ombùs occlusion of the extramyocardlal part of the implant nor of 
a non-recanalised thrombus of the implant within the ventricular wall* 
Recanalisation of the thrombus was observed as early as one week after 
implantation but no red colls were evidence within these new channels 
until the fourth week* Capillaries appeared within the thrombus end, 
with increasing time after Implantation, some of them enlarged, 
gained what seemed to bo a smooth muscle coat and became 
indistinguishable from arterioles* The origins of these
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vessels are discussed.

6. Vascularisation of the v/all of tl's implant began about 

the fourth week with the appearance of a small number of 

capillaries in the intima. It v/ias not until the fourteenth 

week that capillaries were observed in the tunica media; 

two weeks later an increase in the number of capillaries 

was obvious in the intimai coat. The order of appearance 

of these new vessels suggested that there were two phases of 

capillary ingrowth, the first at four weeks into the intima, 

from the endothelium of the implant lunen, followed by the 

second phase ten weeks later by extension of adventitial 

capillaries into the media and possibly later into the intima. 

By sixteen weeks there was evidence of a well developed 

transmural plexus of small blood vessels probably connecting 

the I'unen of the implant v.ith the adventitial ple>ms.

7 • 7n increase in the number of small blood vessels aro'und

the intramyocardial portion of-the implant was noticeable 

from about the fourth week, increasing in quantity and 

maturity with time. These vessels were in the area around 

the implant formerly occupied by the 'haematoma'. It is 

suggested that these vessels probably arose from vessels of the
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myocardiuju injured at the time of implantation of the graft, 

and possibly also from the pler̂ ns of blood vessels in the 

adventitial coat of the implant. There may have been a local 

factor within the haematoma which avtroc'ced growth of , 

surrounding blood vessels into its substance.

8. A credible patirway for blood from one lumen of the implant 

to the vessels of the myocardium is described and discussed.

9. Tire role of ‘Che adventitial vessels of the implant in the 

re vascular! sing process is stressed. Tne adventitial ple:cus 

of blood vessels extends from the smrucmures surrounding the 

implant in its extracardiac course, to the termination of the 

implant within the myocardium. Tliis plecuis imself may be a 

new source of blood for the myocardium. In addition, as 

mentioned above, the vascularisation of the wall of the implanc 

is probably dependent on the ingrovrbh of vessels from the 

pleaxiSj and also the plexus may be the vital linlc between the 

implant and the surrounding myocardial vessels. The importance 

of the adventitial vessels has not hitherto been emohasised.



AN ANGIOGFiA.PHIC STUDY OF TIT

IMPLANT AND ITS COÎTZCTIONS

CORONAJFY CIRCULATION
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INTRODUCTION

Angiography of the implanted internal mammary artery was the 

logical extension of opacification of the coronary arteries by 

similar techniques first performed safely and with precision in 

human patients by Sones in 1958. Implanted internal mammary 

arteries were clearly shown to be patent and to have formed 

anastomoses with the coronary circulation in many cases years after 

the operation (Sones and Shirey, 1062). The evaluation of the 

effectiveness of the internal mammary artery implant by angiogrzphic 

techniques has been challenged recently by Dart, Kato, Scott, Fish, 

Nelson and Takaro (1970). These workers noted that the intensity 

of opacification by contrast medium and the extent of anastomoses 

between the implant and the coronary arteries could be varied by 

altering the position of the tip of the catheter relative to the 

orifice of the internal mammary artery and also by changing the

injection pressure of the catheter medium.
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Preliminary e^tporlmcmte in the prùBont aWdy in wldch 
injection of contrast medium mm made into t,he internal oommary implant 
In the intsct, anaosthetiood dog ehowed that angiographic derail of 
an&5tomoG08 botv^eer imp3.ant and coronary circulation wee very 
difficult to achiovo. Another disadvantage in uelng thie method, 
from the point of view of studying the nature atid extent o f this 
anaotomoKla, iras that blood in the coronisn'̂  rr ter lea would dilute 
the omit m at an it passed :'vom implant into the coronary circulation, 
thus making vlaualiaation more difficult# For ihooe reasons the 
excised, beating heart preparation was uoeci to study the dctailo of 
ouaatomoala*

Thr Govontoon doĝ < studied in this section also had implant 
blood flow measurements cmTied out pï̂ ior to m%iogra%)hy# This 
provided an opportunity to study the relationship between the 
extent and/.pattom of the anar^tomoaia and the blood low throiagh the 
implant* In addition in Borm dogn it wan possible to atudy tho 
relational;ip betwe^?n angiographic aaacssrent and the resistance to 
implant blood flow#
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An^iom^aphtc oKominatioîi of the Internal maBmim'y Implant was 
carried out in eemmteon dogs, throe of which had no ischaemic loolono 
of the loft ventricle* The remaining fourteen hod ischaemia of the 
anterior wall of tho loft ventricle* The method uood initially v;as 
to inti'odime a thin polythene catheter into the implant at its 
CGETtfnencement with tho loft aubcl-vian artery after the final bland 
flow measurements had boon made* i\n injection of 2 mis* of 68# 
urografin wae carried out, at about 120 mm* Hg* pressure, into 
tho fine tube and on Into tho imptoit* It aeon became i^spBrent that 
in tîîoso heart vdjoro miaotonoeca had occurred betv/oon the ifuplànt 
and the coronary arteries, that blood flowing in tho coronary arteries 
from the aorta would diluto tho dye and therefore render visualisation 
of fino oiunmole difficult# Secondly, retrograde filling of one coronary 
artery could causo an admixture of blood and dye to run backwards 
thro\jgh the corouay^y trb;è into tho aorta if the injection pressure 
exceeded the aortic blood pressure#
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In such clrcumatanceug this omull amount of dye could In 
bo flUîohcd down both coronary arteries during the next diaotolic 

period# I f  this happened then some visualisation of the other parte of 
tho coronary arterial eyatofô might occur, giving rise to erroneous 
improBolone#

For these roasone, therefore, it was decided that tho heart
with the whole length of the implant should be removed from tho Utoraclc
cavity and implant mgiograplny be carried out in the Isolated fi-eeh 
preparation# All counoctieno botv/eon the heart anû surrounding; 
structures wore quickly noverod and the heart and implant removed 
to tho X-i'ay table where the thin polythene: tubing was swiftly 
introduced into tho lumen of the Impleiït, about 7 cm# from its 
central end# The tubing wao thou connected to the flushing aystem imd
quickly wanued tîirotâgh with physiological saline at 120 mm# Hg*
presoui-o to remove all blood from tho interior of tho implant and 
ito coxiuoctiono# At this point it mmy be added that each heart was 
still beating but at a much reduced rate, usually between five end 
twxmty timee per mi nut o, The radlo^opaquo medium (68# urografin)
was then Injected at tho eame prçsaure into tho implant an<̂  two 
oKpOBtu’OB token with a thirty second intervjfl between thorn# Tho 
heart was washed in phyzriologieal saline again to remove excess 
contrast medium mid the procedure repeated# Four exposure# were
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’efore made on mosu hearts^ but in a small number only tv/o wer\

G Currie a out.

The radiological ecuioment used v.'as an ordinary portable 

X-ray machine. Tiie heart was laid on xhe X-ray cassette placed 

on a small table. Tne correct focal distance from the X-ray 

tube to the hearty the voltage, current and timing were all found 

by trial and error in the first specimens. Tmo to three seconds 

after the dye was injected, the-first exposure was made, the 

cassette was then manually exchanged for another and the second 

film taken, with practice this could all be achieved within ten 

seconds. The heart was washed as described and the process 

reoeated.
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Grading of imolant Angicr:ram;o

lire system used to cnacle tho extent of myocardial 

revascularisation from the internal mammary implant was modified 

from that of Dart, Kato, Scott, Fish, Kelson and Takaro (1970).

The scoring index was based on the extent and degree of 

opacification of blood vessels and had six categories measured 

from 0 to 5 (Table 25). Grade 0 represented opacification of the 

graft alone without any coronary vessels shovdng. The presence 

of a blush of very fine vessels amend the implant within the 

myocardium was given a grading of 1. If a large ,branch of a 

coronary artery was visualised, this was grade 2. Grade p 

indicated filling of the distal end of the anterior descending 

branch of the left coronary artery (this artery filled retrograde 

in the ischaemic group since it was ligated proximally). When the 

whole of the anterior descending branch of the left coronary artery 

was fillec. (below the point of ligation in the ischaemic group), 

this scored grade 1. If in addition to opacification of tliis 

branch, the circumflex branch of the left coronary artery was filled, 

the ma>cimum score, grade 5, was used.
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All do&G otudlod oïîgiogréphioally htid implants which were 
patent at the proximal end# Thlo allowed in each caoe the thin 
catheter to be inserted within tho luraen without difficulty* Of the 
three doge studied froro the non-ischaemle groups two were f und to have 
radiologically patent implants but without vioualiaation of coronary 
vesaolB^ &*e* grade 0 (Table 26), Those two (iosm had no measurable 
blood flow in t!ieir implants, The other had an angiographic ocoro 
of *2* and a forward blood flow in the implant of 2 ml# per minute#

Of the fourteen implante studied from the ieohaemlc group, 
three had no demonstrable radiological connections with myocardiîifl 
voeselSs yet a' l three had a forward blood flow, 1B*2, 33*8 and 4#() mla* 
per minute (Table 26)# In one of these doga (dog 69) the implant was 
adherent in its middle third to the upper lobe of the left lung 
whicli was removed, still attached to the graft# Tlie blood flow had 
been measured, in thin implant, between the adherent lobe end t.he 
heart ̂ but the radio**opaquo dye had been injected proximally to 
tho lobe of tho lung. It was found surprisingly, that the blood 
vessels within this lobe were completely visualised when the plate
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was developed (see Figure 12). The blood flow in this implant i-ms 
found to bo very small (4.0 mis. per minute) probably because the 
resistance was much higher in the myocardium than in the adherent 
lobe of lung, so that the injectât© too flowed preferentially into 
the latter.

A measurable blood flow was demonstrated in each of the other 
two radiologically occluded implants (18.2 and J\3*8 mis. per minute).
In each of these two dogs, the implant and left ventricle were examined 
histologically. Both implants showed extensive recanalisation with red 
blood cells within each of the new channels* In addition there were 
intramural communicating vessels prominent in one of the impltmto with 
well developed new blood vessels surrounding both Implants* In these two 
implants, therefore it should have been possible to demonstrate 
radiological connections with surrounding myocardial vessels. One 
possible explanation for this anomaly is that the end of the catheter 
within the implant lumen had become obstructed by the occluding but 
recanalised thrombus and therefore dye failed to be injected into the 
new channels, or that the injection was made beneath the intima following 
traumatisation of tho delicate inner lining of the implant by the end of 
the catheter, a happening not miknovm in human angiography*



jW t̂he. .laehaomW, ItTOcprdlim 

Of the rcîTjainitfîg eleven patent and eorsmimicating implants in  

tlilfs gi'oup (%bla 26) there was one Impltnxt In grade 1, one in grade 2, 
mono in grade 3% three in grade 4 and Bin in  grade 5# fa ton out of 
those eleven anoBteîiiosing implanta* blood flow moîsauroments bad pIbo 
been qarried out# In the eleventh dog (No p3)* the prononce of 
arrhythmlae Invalidated the graft blood flow meaouremente# fhe flow in  

the ten remaining implentn varied from S#7 to ]̂ 2#4 mla* per mnute« On
comparing the angiographie grading (whioîi le baeccî on the extent of

opacification) with forward blood flow through the implanto» it warn 
ohnervod that in  all ImplanW with flow© greater than ?#? mle# per 
minntcr-i the grading woo at leant 4* In addition* two implante with flowa 
leno then ?*? mlo, per minute showed maximum opacification of the 
branchea of the loft coronary artery# The exact relationship therefore 
between the flow in the implant and the extent of the implant*n 
anootomoaie with the branchoo of the left coronary artery waa not clear# 
but in general where an implant had a blood flou of 10 mis# per minute 
or more# there \im  clear evidence from the angiograms of filling of the
anterior descending branch of the left coronary artery below the point
of ligature# with in addition# in four out of six angiogĵ ariB# opacification 
of the circumflex branch#

1‘hcre uan a linear correlation botuoon the extent of opacification 
of the branches of the left coronary artery cud the rosiatmiee to blood flow 
encountered between the implanted Internal mammary artery and the right
atrium#
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RESISTANCE UNITS

The e x ie n t o f  opacîficc iH on o f the branches o f vhe le ft  coronary 
a rte ry  w îi’h increasing resistance in the in te rna l mammary a rte ry  
im p lan t.
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WEEKS AFTER IMPLANTATION

16 18 20

(he ex te n f o f  opactH caH on o f the branches o f  the le f t  coronary 
a rte ry  w ith  du ra tion  o f  im p lan ta tion  o f  the in te rna l mammary 
a rte ry .



I’ho rogreeaion oqnation connecting resistance to blood flow 
with the extent of opnclfioatian was calculated as y « 5*9^ - 0#1? x, 
with a statistically significant coefficient of linear correlation 
(r es " 0*63» ï> < 0*01)*

V/hen the extent of opacification was studied with respect to 
duration of implantation it was found that at nine weeks and above, all 
implants (except those radiologicîilly occluded) showed connections with 
the anterior descending branch of the loft coronary artery below the 
point of ligation and that in five of these seven implants, the 
circumflex branch was also opacified* evidence of connections between 
the implant and both branches of the left coronary artery was observed 
in one dog (No# When the values were analysed statistically, a

linear correlation was found between the duration of implantation and 
the extent of opacification of the left coronary arterial tree; the 
linear regression equation was found to be y ^ 0*16 x + 2*43, with a 
statistically significant correlation coefficient (r = 0#ÿf, p <  0*05)*
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Die:

lie Uee ol Ihe Ilc-Tlvo Beatlnr: Heart Preparation in Experimental 
In 'p lc n x  .lnclor;:-:^a:;h-r

In lliis eludy^ angiography v:as performed with relatively 
unsophisticated apparatus^ on the newly removed and beating dog 
heart, a technique for which the author can find no published 
references. These heart preparations vrere observed to beat am a 
rate of between five and twenty per minute for abouu three to four 
minutes. Since the heart chsjnbers were empty of blood, the force 
of systolic contraction of this ex-vivo preparation was much reduced. 
The pressure exerted in the coronary arteries from the myocardiuz.i 
must also have been nruch reduced, and thus the resistance to the 
flow of contrast largely removed. In this setting, the flow of 
radio-opaque dye from the implant at 120 irm. Hg (about 
physiological mean blood pressure in the dog) through anastomotic 
channels to the branches of the coronary arteries should be 
relatively high and should therefore demonstrate radiologically 
the full extent of these interconnections. Tliis technique using an 
opaque dye injection at physiological pressures would tend therefore 
not to produce rupture of small delicate anastomotic ch.annels or 
plough artifactual tracks thacugh the myocardium, giving rise to false 
angiographic appearances. The pressure of injection of the contrast 
has been found to be all imoortant in the demonstration of
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connections between xnc implcnt and the coronary circulation.
It has been demonstrated by Dart, hate, Scott, Fish, heIson and 
Takaro (1970) that in the intact nog, full anasuomotic opacificanion 
was not observed unless injection pressures were used which produced 
a SOOjj elevation of implant flow rate. It follows that if a study 
of the full extent of the anastomoses is to be made, large 
unphysiological rises in injection pressure must bo used in the 
intact dog, a practice which for reasons given above may give rise 
to small vessel trauma and misinterpretation. The absolute height 
of injection pressure alone, however, cnLll not determine hov/ well 
the anastomotic channels are opacified but rather it will be the 
difference in pressure between implant and the coronary vessels.
If the latter be reduced to zero (or near zero) then a smaller 
injection pressure can be used, with consequently less chance of 
damage to the newly formed small vessels. In the non-survival 
experiment, therefore, the ex-vivo beating heart preparation 
fulfils these conditions, with the added advantage that in the 
removed heart uhe surrounding radio-opaque structures do not 
obscure the radiological picture.



Figure 37
Implant angiogram after only two weeks following 

implantation. Fine anastomotic channels arrowed.



Figure 38
Implant angiograms at two and ten seconds after Injection. 

Communications between Implant (Im) and both the anterior 
descending (ad) and circumflex branches (c) of the left coronary 
artery at four weeks clearly seen. Point of ligation of the 
anterior descending branch Is arrowed. "Blush" of fine vessels 
within ischaemic area and retrograde filling of aorta (a) are 
also apparent.
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he Domoustr--.tion oi the hxturo end Fxtcnt cf the hr 
bervreer I:-..olent end Coronary Ciroulatica

êxomoGiG

Tne angiograpnic appearances ooservecl in this study coniirmed 
that anastomosis did occur between the internal mammary implant 
and the coronary arteries, and amplified the bloodflow measurements 
and histological findings made on the implanus reported and 
discussed previously (Section III and n/). Very fine anastomotic 
channels (Figure p7) limited to one small area surrounding the graft 
were found as early as two weeks following implantation in one 
dog (dog 15) in vdiich the graft was also shorn to have a small 
forward bloodflow (Table 26). Connections between the implant 
and both anterior descending aisd circumflex branches of the left 
coronary artery were observed as early as the fourth week following 
implantation (Figure p3). Extensive anastomoses between tlie graft 
and both of these large branches was the rule beyond xcn 'weeks after 
operation in the ischaemic group (Fiyure p9)- In two angiograms 
small channels could be seen exr.-__ding across the interventricular 
septum to the wall of the right ventricle, but in no case v/as the 
right coronary artery ever visualised (Figure tO). k single well 
placed graft therefore was found capable of providing free 
anastomoses between the implanx and all vessels supplying the 
anterior wall, the inferior surface and possibly at least part of



Figure 39

Implant angiogram at ten weeks.
Hiis oblique vein shows extensive anastomoses between 
implant (im) and branches of the left coronary artery 
(ad and o). Small veins are also outlined (v).



Figure 40
Implant angiograms taken at two and ten seconds after 

injection. These oblique veins show extensive anastomoses 
between implant and both branches of the left coronary artery. 
Retrograde filling of the aorta (a) shown. No filling of 
branches of right coronary artery. Veins (v) clearly visible 
draining towards right atrium.
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the posterior surface of the left ventricle in the dog with s.n 

ischaernic rnyo cardiun.

In all grafts which were in connection v.ith coronary artery 

brandies, the new channels from the implant came from the whole 

length of its visualised intramyocardial.portion, although the 

last centimetre of the graft arborised most profusely with 

surrounding vessels (Figure tl). Each implant was inserted into 

the ischaemic area close to the anterior descending branch of the 

left coronary artery, but despite this, no angiogram showed 

the anterior descending branch alone visualised, or more clearly 

than the circumflex branch. Since the-terminal branches of the 

two major divisions of the left coronary artery -meet at the apical 

area of the left ventricle, it might therefore be thought that the 

circumflex branch would be visualised by radio-opaque dye from the 

terminal branches of the anterior descending branch, but ‘iiiis did not 

seem to the case in this study. As many new vessels passed from 

the implant to the circumflex branch as to the anterior descending 

branch (Figure 41 ). In addition to these new vessels whhch were 

mainly about 0*5 mm. in internal dianieter (i.e. about 50^ of the 

inside diameter of each of the two main divisions of the left 

coronary artery) and which varied from two to as many as eight 

in nunber, there was also a ‘blush' of tiny blood vessels in the
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Figure 41
Left lateral implant angiogram five seconds after injection. 

The last centimetre of the implant (arrowed) shows largest number 
of small anastomotic channels. Aorta (a) fills retrograde from 
branches of the left coronary artery. Five weeks after 
implantation.
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Figure 42
Implant angiogram ten weeks after operation, showing the 

area of 'blush' between the implant (arrowed) and the 
circumflex branch (c) of the left coronary artery. The veins 
(v) are well filled.
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ischaemic area interposed between the implant and the circumflex 
vessel (Figures 38 and 42)• It is highly possible that the implant 
and the circumflex circuit were connected additionally through this 
network of small vessels* The prevailing hypothesis is that new channels 
from the implant link preferentially with arterial vessels which have a 
lower blood pressure within than without the implant, that is the 
movement of new blood within the myocardium is from au area of high 
diastolic pressure, to that of a low diastolic pressure* This hypothesis 
is not supported by the observations made in this study in which only 
the anterior descending branch was ligated, and in which therefore only 
this branch and its tributaries were at low pressure* The circumflex 
branch on the other h:md was at normal pressure and yet seemed to 
receive as many anastomotic channels from the implant as did the 
anterior descending branch* The controlling mechanisms which decide 
the direction in which the new vessels grew from the Implant therefore 
included at least one factor other than that of the pressure gradient*
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Figure 43
Implant angiogram showing minimal revascularisation of 

the left ventricle. No connections made with major branches 
of the left coronary artery.



Figure 44

lateral implant angiogram demonstrating extensive 
revascularisation of the left ventricle, with filling of 
cardiac veins (v).



Figure 45
Implant angiogram showing both branches of the left 

coronary artery thinly outlined.
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Figure 46

Implant angiogram showing extensive opacification of the 
branches of the left coronary artery.

I



The ?ertlnc-~nce cf In/iecioion Pressure levels to the Opacification c: 
Anasto;r.o vie Ch'innclc betv:een I::plen'c e.nd Corenery Arteries in the 
Human Patient

li from the observation tliat very high injection pressures at 

unphysioiogical levels are required for full visualisation of 

connections betvreen implant and the coronary circulation, then by 

extrapolation the same probably holds in the huznan subject. It 

follov/s that in many cases full radiological visualisation of all 

implant connections may not be reached. Good quality implant 

angiograms are, at best, not as clearly outlined as conventional 

coronary cine-angiograms. Hence the detection of nev; channels 

between implant and myocardium in the situation, where, for some 

reasons, full and extensive anastomosis has not occurred, becomes 

increasingly difficult. Many new channels may therefore remain 

undetected by conventional techniques, and the implant diagnosed 

as occluded. Patients with angiographically labelled 'occluded' 

implants have in many cases been symptomatically improved and have 

been said to have benefited only from the placebo effect of the 

operation. This has been one of the main arguments used against 

the operation of direct artery implantation. It may be therefore 

tliat at least some of these patients have in fact a small bloodflow 

through the graft to the myocardium undetected by the only practical 

radiological means available at present to them.
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3 of ischncmia in tne Deveiotmeni
the

±t has been shcvm already in Section II t iorwarci volume

bloodflow was much greater in the group of dogs in which ischaemia 

of the loft ventricle had been produced. The angiograms from the 

dogs without ischaemic lesions of the myocardium showed that 

development of new channels from the implant was either absent or 

of a limited nature, confirming the findings in the measurement 

of bloodflow in these implants. The presence of an ischaemic lesio: 

in the myocardium is thus conducive to the more extensive 

development of new channels from the implant.



. of . the .tp.mood Ï%M

%e fai2.t̂ ra to demonotrato imaatotGOtic commotions hotwcen the 

impXont md the coronoî y arterial trm  in  three out of the fourteen 

in which there waa a ïaaaaurable forward blood flow was rooot 

probably ituo to technical rcaaona# fhore io no doubt that there waa 

blood flow tbrou0h those implanta and although thio wan saall in one 

(4*0 ml* per minute) it  was much larger in the other two <18*H and 39*8 ml* 
per minute)* Before tmd after the flow mcmurementa wore w lo, aero f3.ow 

\ma eatabliohed by cronn̂ ĉlamping tho iï̂ plont above a?id below the flow 

domonntrating that after rc.v;7ov(/Tl of the cl^ps the output from the flow 

motor waa in fact; from flow signale* It  hao aleo boon ohown by 

histological examination that the well thicknoae in these implanta had 

not Ineroaeed at the point where flow was measured indicating that the 

tlovt measurements were valid* In addition# histological examination of the 

intrâ %#yocardî fl portion of the implants revealed the presence of a 

narrowed but patent lumen in one implant# and oxtenoivo re^canaliaatioii of 

thrombus within tho other two; in a ll three# rod blood cello were preoe&t 

within the lumen* In those Implante it  should have been poesiblo to 

demonstrate the vessels which were providing the run**off for the blood 

flow* The reasons dieciû aed above which might account for the non*̂  

viauallnatlom of the connecting vosoels in these dogo# numoXy preferential 

fl.cw of contrast into the adherent lung in one dog and the wedging of the 

end of the catheter within the extracardlao course of the implants in the 

other tVK>t either in re**conalined thrombuc or underneath t!io implant 
endothelium# are the most likely explanationa*
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In the ten implants in the ischaemic group which were shown 

Bngiographically to anastomose with surrounding intra-myocardial vessels 
and which had a measurable blood flow, a linear relationship could not be 
demonstrated between the extent of opacification of the branches of the 
left coronary artery and forward blood flow through the implants with 
blood flows less than 10 ml* per minute, but in those with greater flows, 
the anterior descending branch (below the occluding ligature) was always 
filled, with, in addition, the circumflex branch in four out of six dogs. 
These findings are therefore in agreement with those of Dart and his 
colleagues (1970)*

The significant linear correlation between the resistance to 
flow within the implants and the extent of opacification of the branches 
of the left coronary artery from the implant, was probably a reflection of 
the calibre and numbers of new channels connecting them. As a greater 
number of new pathways developed between the implant and iqyocardial 
vessels, and as they increased in diameter with maturity, so the resistance 
to blood flow tlirough the implant end hence to that of the radio-opaque 
medium from the implant to the coronary arterial branches would decrease*

The factor which will determine the ease with which blood will 
pass tiirough the implant, its connections with the coronary arterial 
branches and finally those latter vessels themselves, will bo the 
resistance to flow offered by these various vessels. Bart and his 
colleagues (1970) showed that there was no correlation between flow and 
the extent of opacification of these vessels by angiography (and the 
results in this study agree with this) but they did not study the 
relationship between resistance in the circuit and the distribution of
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contrast medium. The angiogrophic picture as ehown in the present 
study is therefore a better indication of resistance through the 
implant emd its connections than with flow through the system*

The observation that a statistically significant linew 
correlation existed between the extent of opacification of the left 
coronary arterial branches and the duration of implantation was not 
totally unexpected, since it had already been shown earlier in this 

thesis (page 84) that the resistance to blood flow within the implants 
decreased significantly with the duration of implantation* The 
relatively crude assessment of the extent of anastomosis by angiography 
therefore provided some confirmation of the relationship between 
reaistonoo to flow and duration of implantation, but in addition, 
amplified this information by illustrating the inter-connections between 
the branches of the left coronary artery especially within.the area of 
ischaemia*



-  i v u  -

A possible Theory ::n Zvoluti^n cf Connections between 
-.r:d the Coronary Circulation

The present stuoy indicated that the development of the pathvra* 

from the lumen of the inteiT.al mammary artery implant to the corona: 

circulation could, be divided into tv:o distinct parts:-

1. Tne development cf new vessels within and in the immediate 

vicinity of the implant.

2. The connection of the implant v;ith the coronary 

circulation.

1. The Develcoment cf Nev: Vessels in and around the Imolant

This subject has been discussed already in Section IV. 

Basically these new vessels were probably derived from two sources, 

the lum.en of the implant and the adventitial vessels. Tne lumen

01 tne intramural of the implant rarely remained widely patent;

:as either considerably narrowed by intense oroliforation of the
4 c *~Va. ^  a. w  L/airombcsed caid was recanalised. The new channels with!

the thrombus were probably formed from cracks in its substance, wiiich 

then endcthelialised from the patent lumen above or from intra- 

r.'.yocardial vessels at the open end of the graft. Endothelial buds 

from these new channels might have further vascular!sed the thrombus 

and possibly also invaded the intima of the implant at a later stage.
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The adventitial vessels proliferated to form a rich plexus in 

outer coat of the imp lent end at a later stage grew in tv;o 

directions, into the medial coat of the implant (and possibly 

farther to 11 nl-: with the patent lumen or the rich new network of 

intraluminal vessels) and also outward to anastomose with surround!: 

vessels in the old haematoma and in the myocardium. The importance 

of the adventitial vessels ir the vital liniv between the implant 

luicen and the small vessels of the myocarcb'-um cannot be in the opini 

of the author, overstressed. At open parts of the implant (the 

outside branches and at the end of the implant), the new intralumina 

vessels probably connected directly with vessels in the vicinity.

The establishment of t'nis first stage of the new; path:;ay was 

probably the most crucial in whole new system, since failure to make 

contact with the vessels in the myocardium would prevent new* blood 

entering the myocardium. It may be that in some cases that althougi' 

there was failure to establish adequate communication between the 

lumen and the myocardial vessels, the adventitial plexus of the 

implant connected with the latter, providing at least some extra 

blood for the myocardium. In such instances, these connections 

would not have been outlined by angiography.

The controlling mechanisms in this first stage of revascularisa

tion are unlaiown. Tie stimulus to neocapillary formation is
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probably chemical, and derived eiaher fro:: the breakdown cf tissue 

or secreted by certain cells in the vicinity. In 'addition, the 

maturation of these capillaries to arteriole-like vessels is 

likewise probably under chemical regulation. A chemical substance 

which promotes new blood vessel growth has been discovered recently 

(Schaper, 1970, unpublished) but it is not l-mov;n whether this or a 

similar substance is involved in the control of new vessel 

formation in these circumstances.

2. The Connection of the Implant with the Coronary Circulation

Even in the absence of ischaemia of the myocardium, new blood 

vessels made their appearance vhrhin the implant and also between 

the implant and the surrouncbnas myocardial vessels. One must 

therefore assume that ischaemia per se, is not necessary for the 

production of these new vessels. An ischaemia lesion of the 

myocardium, however, appears to encourage more extensive connections 

between implant and intramyocardial vessels and also promotes the 

appearance of larger and more mature anastomotic vessels.

In the ischaemic myocardium, changes were also evident in the 

arteries within and around the ischaemic area. The existence of a 

diffuse network of anastomotic channels linlcing the branches of the 

coronary arteries with each other was apparently first demonstrated 

by Spalteholtz in 1924. These intercommunicating channels which are



normally small are much more evident in the isohcemic heart, both ir 

experimental animals and in the human subject (Fulton, 1964; Barole 

1965; Estes, Bntman, Dixon, Hacked and Durheim, I966) . The view o: 

Blumgart and Zoll (I96I) that the coronary arteries could be 
considered as end-arteries since the anastomotic chcemels were deeme 

too small to have functional significance, is therefore no longer 

tenable in the iscnaemic heart. Tne angiograms in mhe present stud 

clearly showed that there was an extensive anastomosis between the 

two major branches of the left coronary artery (Figures pS to 42, 44 

and 46). There was no evidence however of interconnections between 

the terminal branches of the left and right coronary arteries.

Therefore in the ischaemic myocardium of the left ventricle, a 

widespread network of vessels connecting the terminal branches of the 

anterior descending coronary artery and the circumflex artery already 

existed. An internal mænmary implant therefore, well placed v/itliin 

this area, has access to a ready made system for conducting extra 

blood to the ischaemic area. In addition, it has been shovm that 

there is an actual increase in the number of collateral vessels 

within an ischaemic area in the heart (Schaper, Schaper, Xhonneux 

and Vandesteene, I969), further augmenting possible bloodflow to the 
part.

Once the centrifugally directed new blood vessels from the
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implant had made connection with tne vessels of the myocardium, 

probably at capillary level at first, blood would tend to flow 

during diastole from the implant towards the ischaemic area because 

of the higher diastolic pressure in the implanr. hith increasing 

maturity and number of implant connecting vessels, the ischaemic 

area, since it is an area of low bloodflow and pressure, would 

provide an extra point of 'run-off' for implmot blood which would 

pass through this area (possibly providing nourishment to myocardial 

cells not yet destroyed) ana hence to effluent veins. The pressure 

gradient between the area immediately surrounding the implant and 

the ischaemic area would ensure a flow of blood between those points. 

As the implanr anastomosis improved, so the flow to the ischaemic 

area would improve.

hitii tbiis increase in the flow of blood through the capillary 

bed between implant and the Ischaemic area, certain capillaries would 

become larger and develop into arterioles as occurs in the development 

of interarterial anastomotic chnnnels in the coronary circulation 

within an ischaemic area (Schaper, Schaper, Xhonneux and Vandesteene, 

1969). Tnus a new blood supply from the implant to the area of 

need would be effected and become mature. Such a scho;;;e based on a 

theory of pressure gradients between the iirplant area and ischaemic 

area is simule in concent and need not invoke chemical mechanisms.



In the CcUTie blood probably also flows to the ischaemic

area from those oarts of the myocardial vascular bed suoolied

by nori-cccluded coronary arteries. In time, therefore, the 

vascular bed in the ischaemic area may become a connecting bridge 

between the implant and the branches cf non-occluded coronary 

arteries. This area of 'blush' was very prominent in some 

angiograms (Figure ÿS). On the edges of • 

direct connections ca • cn the iir.olant and

iscnaemic area.

orancnos or

neighbouring coronary arteries may develop (Figure 

direction of flow between these two points in this

go ;. m e  

situation wili

depend cn which end of this anastomosis was at the lowest pressure 

Such anastomoses, although taken to be a sign of the efficacy of 

the implant, may not in fact be entirely beneficial, for two reaso:

1. If the direction of flow is from imprant to coronary arter; 

all of this extra blood may or may not reach the ischaemic area 

a portion of it may flow to other areas of the myocardium in 

less need.

2. If the direction of flow is from coronary artery to the 

implant, then the flow in the implant may be reversed or 

decreased, especially in tlie early stages of development.
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Summary of Section V
The principal object of Section V of this thesis was to study 

the connections between the internal mammary implant and the coronary 
circulation in the non**ischaemic and ischaemic myocardium using a 
simple angiographic technique on on excised but still beating heart 
preparation* The extent of this anastomosis was estimated by a 
relatively uncomplicated grading system and the estimated degree of 
revascularisation compared with measurements of implant blood flow and 
resistance* The conclusions drawn from these experiments were as 
follows:-

1* Angiography revealed the presence of anastomotic vessels 
between the implant and the branches of the left coronary 
artery*
2* Ischaemia of the left ventricle was more conductive to the 
more extensive development of new channels from the implant*
3* Three radiologically occluded implants from the group with 
ischaemia of the myocardium were known to have a measurable 
blood flow. Possible reasons are given to explain why false 
negative results were observed in these implants*



4# A statistically significant linear correlation existed 

between the extent of opacification of the branches of the left 
coronary artery and the duration of implantation#

5* A linear relationship could not be demonstrated been 
the angiographic appear^ance and the measured blood flow through the 
implants# In those implanta with flows greater than 10 ml. per minute, 
the anterior descending branch always filled, together with the 
circumflex branch in a further four out of six dogs,

6, A statistically signific&mt linear correlation was shown 
to exist between resistance to blood flow and the degree of opacification 
of the left coronary artery branches; as the former decreased so the 
latter became more extensive,

These observations have boeu discussed and where applicable 
their significance in the interpretation of implant angiograms in 
human subjects stressed. In addition, a theory is advanced based on 
histological md angiographic observations made in this study, and from 
the findings of other workers, of the evolution of the pathway between 
the lumen of the implant and the coronary circulation.

1
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A forward flow of blood through the internal maimary artery, 

newly implanted into the ischaemic myocardinn: cf the left venrricle, 

can be detected and measured by the electromagnetic flovmr.eter. 

Increasing the number of turjr.els vritlain the myocardiujc cUd not 

augment this flow nor the procorticn of the caroiac output carried 

by the implant. Analysis of the flow patterns obtained from all 

newly implanted arteries demonstrated that the flow was pulsatile 

and consisted of a. large fonward flow wave, followed in a few 

Implants by a small reverse flow. The forward wave had two 

components, systolic and diastolic, which were always separate and 

distinct.

Observations made on internal rnajr.mary arteries implanted into 

the ischaemic myocarcliujn for periods up to twenty-seven weeks showed 

that all were patent in their extracardiac course and ninety per cent 

were patent in their intracardiac course. Implantation into the
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non-iGohaerrric myocardium for prolonged periods of time produced a

. wl'ward flow in SpF of arteries but in tv;c of these, this was minut

The presence of ischaemia of the myocardium therefore encouraged 

the circulation from the iirplant to the mp*ocardiurn. Forward flow 

arteries implanted into the ischaemic myocardiuc varied from 5*7 to 

55*0 mis per minute. The proportion of cardiac, output carried by ' 

graft increased significantly, whilst resistance to flow in the gra: 

decreased significantly in a linear fashion with duration cf 

implantation over the whole twenty-seven weeks. A significant line 

increase in forward volume flow in the graft could be demonstrated 

only in the first sixteen weeks following implantation. Perfusion 

of the myocardium from the graft has an exponential relationship 

with duration of implantation,

When forward flow, proportion of cardiac output, perfusion per 

100 gm. of left ventricle and resistance to flow were measured in the 

anterior descending branch of the left coronary^ artery at the point 

of subsequent ligation and compared with those of tlie implants, 

significant differences between their means were found only the grouc 

implanted for less than ten weeks. After this time therefore, the 

implant flow, the proportion of the cardiac output carried, the cumoun 

of myocardial perfusion from the implant and the resistance to flow
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within the implant reached levels whose memi values could not be 
shown to be significimtly different from those of the coronary 
artery at the level of occlusion. As far as these measurements are 
concerned, the implanted internal mammary artery therefore appeared 
to become a reasonable aubetitute for the occluded portion of tho 
anterior descending; branch of the left coronary artery, after the 
tenth week following implantation# Heasuremonte made of wall 
thickness of implanted internal mai«m£iry arteries on histological 
sections from the site whore blood flow was determined, were not 
significantly different from those of unimplanted internal mammary 
arteries# The blood tlm measurements made on the implanted arteries 
were therefore valid#

Microscopic examination confirmed patency of the m:tcries in 
the first oc\̂ enty*̂ two houra after implantation and ehowed the presence 
of a email pool of blood around the intra-myocai'diol port of the 

implant, xrith columns of rod cells radiating from it into the 
myocardium. The hiatologicaX picture $uggeated that this pool of 
blood was not otntic and that it was part of a pasoivo circulation of 
blood from the implant through the myocardium # A study of the 
microscopic ch^mgoa within the implant oncl surrounding ischaemic 
myocardium for periods up to twenty-seven weeks revealed that the 
lumen of the Intra-myooardial portion of the graft either remained 
patent but reduced in aiae due to proliferation of the tunica intima 
or had become thrombaned but recanalised; the extracardiac %)ortion of



all implanta was patent on histological examination#

3mall blood voaaols made their appearance within the 
thromboBOd Inmon of the iraplmit rnid some evolved gradually into 

veaaolo indiatinguialiable from artorioloo* At about the fourth week, 

tho first phane of vascularisation of the Wfall occurred

probably from the lumen of the implant, followed by a more intense 

and complet0 eeoond phase beginning about ten weeks later? this 

latter ingrowth of capillaries was probably from the adventitial 

plexus of blood vessels in tho irnpltwit# There was also a 

noticeable increase in the number of small blood vessels around 

the intra-myoGordial portion of the implant from about tho fourth 

week, situated in the area occupied formerly by the haemntoma#

These blood vessels increased in number and maturity with time and 

v/oro probably the connecting vcGoelo between impl^uit and tho 

coronary material circulation# The adventitial plexus of blood 

vessels of the implant may play a greater role in rovaacularising 

the myocardium than hitherto suspected, first in carrying blood to 

tho iXiyooarsiurn from outside the hem't, second in helping to 

voGGularise the wall of tho implant, and finally in making possible 

connections with vessels surrounding the implant# Thus a pathv/ay 

for blood may be established between tho lumen of tho imploiit and 

the vesBolB of the surrounding myocardiuî^f#

Angiographic studies made on the implants clearly showed 

tho existence of anastomotic vessels with the brmohos of the left 

coronary artery in the presence of ischaemia of tho left ventricle#
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A l l  a rie rîes  tm pianted fo r more than ten weeks in to  the ischaem ic m /ocard îum  

had established anastomosis w ith  the  a n te r io r descending branch o f the le f t  

coronary a rte ry  be low  its p o in t o f  l ig a t io n ,  and also w ith  the c irc u m fle x  

branch o f the some a r ie ry  In the m a jo rity  o f  cases* A  s ta t is t ic a lly  s ig n if ic a n t 

lin e a r re la tio n sh ip  was dem onstrated between decreasing resistance to  b lood 

flo w  w ith in  the  Im plants and the  increasing ex te n t o f o p a c if ic a t io n  in  the 

branches o f the  le f t  corona ry  a r te ry  from  im p lan t angiogram s. A  s ig n if ic a n t 

lin e a r re la tio n sh ip  was a lso established between the tim e  s ince ope ra tion  

and the  ex te n t o f  o p a c if ic a t io n  in the branches o f  the le ft  co rona ry  a rte ry  

from the in te rn a l mammary a rte ry  im p la n t.
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