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MYOCARDIAL REVASCULARISATICH

An experimental study of the blood flow through the
internal mammary ariery after implantation into the ischaemic eand
non-ischaemic cenine myocerdium and the nature and extent of the

connections established with the coronary arterial circulation,
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INTRODUCTION,




- 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 Tunctional 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 damage to the myocardium
occurs, but at the present stage of mediéal‘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




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 insufificiency. 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

Fa WA

which is difficult to conbtrol 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 or 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 within a coronary artery;

(e) %he removal of redundant scar tissue from the ventricle
to increase cardiac efficiency; and

(d) the introduction of a new blood supply to the myocardium.




Interruption cof nervous pathways is effected by bilatefal
upper thoracic sympathectomy in which‘the attempt is-made to
remove the efTerent sympathetic flbres which help 'drive' the
heart and also to interrupt the afferent sensory fibres carrying
pain sensibility from the heart. Thnis 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, 1962).
Each of these operaticns 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 cbstructive
lesion and to patch the artery with a piece of wveiln, thus avoliding
stenosis of the vessel and obstruction of small efferent tributaries.
This operation however 1s 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 ascencaing aorta.and the lower end to the
coronary artery below the occluded segment, thus avolding
disturbance of the obstruction which might lead to new thrombus
Tormation and re-occlusion. It has the great advantage of
supplying immediately a new source o§ 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 arieries. Recently, attempts have
been made o 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
inveolving one or two main arteries (Diethrich, Liddicoat, Kinard
and De Bakey, 1969). The remaining 80% of patients have

multifocal, diffuse disease in the right coronary artery and in
E N
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the principal branches of the left corcnary artery. These
patients are at present beyond help with either endarterectomy
or grafting techniques.

For the patient with a residusl leoft ventricuvlar aneurysm
following myocardial infarction, there is evidence that removal
of the anecurysm leads to greater cardiac efficiency and some
ahatement of symptoms (Lillehei, Levy, Delal) and Warden, 1962).
Extendin; the logic of this therapy, attempts have alsc been made
to remove infarcted (non-sneurysmal) arcas of ventriculsar wall in
the immediate poste-infarction period with largely, poor results
(lleimbecker, 1969).

Yor the vast majority of paticnts (over 80¢;.) with multiple
lesions which involve all main coronary arteries, the techniques of
thrombo-endarterectomy and bypass grafting are for the main part not
practicable., For these paticnts the only metheds available at
present Jor the surpgical relief of severe ischaemia lie in the
introduction of new blood vessels to the myocardium. These can he
divided into two proupsi-

(a) Indirect methods - in vhich adhesions are produced between the

heart surface and another vascular structure (pectoral muscle,
omentum, lingula), in the hope that new vessels will prov into the

heart.



(p) Dirvect methods - in certain lower animals the myocardium

receives its blood directly from the chambers of the ‘heart oy
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 sinusoldal spaces lying between the

muscle fibres in direct communication with the coronary circulatiocn.

Making use of this knowledge, Vineberg, in 1945, implanted the
distal cut end of the intermal mammary artery ihto a Tunnel made
in the myocardium of the ischaemic left ventyicle to increase its
supply of blecod. At first this operation was met with scepticism,
but in the last few years more and more surgeons have been making
use of this operation or variations of it, ©To help revascﬁlarise
the myocardium of the patient with multifocal and diffuse coronary

artery disease.




OBJECTS OF THE STUDY.




THE QOBJECTS OF THIS &

=

Despite a Tairly extensive iiterature 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 grafis, the evolving
changes in the microscopic structure of the implant, énd'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 with

widespread coronary artery disease.

The procedure 1ltself 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 legions 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 surglcally conmect it to the coronary
circulaition has no direct surgical therapsutic precedent, and
because of this it is difficult to understand how it could possibly

work.

The first purpose of this study was in fact to satisfy a
curiosity aboutl whether an artery implanted into the myocardium
. could make useful connections with 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 ischaem;o myocardium and by what mechanism
was the anastomosis between.the implant and the intramyocardial
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 mamnary artery, immediately after implantation.

2. To measure bloodflow in long-~term implants.

-z

3.  To discover whether the bloodflow in long-term implants could
increase with time to the level of bloodflow present in the anterior

descending branch of the left coronary artery.




L. To determine, by microscopy, the nature of the changes within
the implant and of the connections between implant and the
coronary circulation.

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

between implant and the coronary vasculsture.




VI'THODS AND  PROCEDURES.




EXPERTMENTAL METIODS AND PROCEDURES

In all the experiments described in this study, the same
basic procedure was adopted for operative technique and measurements
of bioodflow. 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. The dogs were unselected except for the
exclusion of unhealthy, aged or those of obvious nervous

‘disposiﬁion.

Anaesthesia .

Anaesthesia was induced with intravenous thiopentone (20 mg./Xg
body weight). A cuffed endotracheal tube was inserted and connecte:

to the outflow pipe of a standard Starling respiratory pump set at




twenty-four cycles vper minute. 4 Boyle's anaesthetic apparatus
was connected to the inflow pipe of the Starliling pump. Throughout

the operation a 4:1 mixture of nitrous oxide and oxygen, together
with 0-5% halothane was administered to the dog. It was rarely
found necessary Lo alter the anaesthelic regime during the
operation, but if a Temporary increase in depth of anaesthesia were
required the halothane was increased vo 1% for a few minutes until
stabllity was achieved and theﬁ decreased to 0'5% again. Luring
all bloodflow measurements, the halothane was kept at 0-5%, since
doses above this level tended To depress blood pressure. t the
end of each survival operation, the animal was disconnected from the
anaesthetic gases and allowed to breathe spontaneously without
assistance prior to extubation. Secreticns were removed from

the trachea and oro-phuarynx by suction and the endotracheal tube
removed. Small doses of pethidine (ung. 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.




The Anatomy cof the Internal Mammery Artery

This artery arises from the first part of the subeclavian
artery and inclines medially and then distally for a short diétance
beneath the posterior varietal 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 éf the phrenic artery. Throughout its substernocostal
course, the artery gives off bramnches 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.



The fnatomy cf the Anterior Descending Branch of the Left Coronar;
J Vi
Artery

The left coronary artery in the dog divides after about 1 to 2
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.
In 48% of dogs the anterior septél 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% of 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 thne numerous branches which 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

hi up on the ventricular surface zbout 1 cm. from its origin,
£
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terminating in numerous long branches which fan out over the
. o : - t- f - 1
anterior surface of the left ventricle, the pnrase horse s tail

B Y

has been used to describe this arrangement.

-
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The Ouotimal Level for Ll-ation of the anteriocr Descendins Branch
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of the Left Coronzry Avitery To wroduce Ischaewia ol the Anterior

s e
Wall of the Left Ventbtricle without Hearsrt-Block

4

In this study the anatony of the anterior descending branch

of the left coronary artery is important in Ttwo 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 an ischaemic lesion of the anterior surfac
of the left ventricle ”luhOUu causing ischaemia (and therefore

heart-block) of the interventricular septum.

From a detailed study of tThe anterior descending artery and its

branches it was found that 1T th ry were ligated 2 cm. from

¢}
e
[

its origin, then this produced the required ischaemic lesion of the
anterior wall but did not cause heart-block. Using this 'rule

of thwnb', 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 nost-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 precauitions were strictly
adhered to, the operations carried cut in a clean theatre, with

? .
sterile instruments, gowms and gloves. Trmediately after
anaesthesia was commenced, the dog's chest was shaved and prepared
with a pHisohex wash, fcllowed by an application of surgical spiriit
and Tinally of tincture of iodine. Sterile towels were draped

over the animal except for the chest area.

The chest was opened through the fiftn left intercostal space,
from the left sternal edge to the anterior axillarj fold. The
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 Price-Thomas retractor whicﬂ gave full
visualisation of the left subclavian artery.and its intermal
mammary artery branch. The artery was then mobilised from the

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

seventh intercostal space. A1l side branches were coagulated well




'

~

avzy Trom the parent artery to avoid thrombosis in the latter.
A

The artery was leftv undividea at the distal end at this stage and

~

cnecked &t regular intervals For pulsation, The 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 wtne Left Ventricle

In those animels which were {0 receive é ooncomitant.ischaemié
lesion of the left ventricle, this was accomplished by ligation of the
anterior descending branch of the left coronary artery, 2 cm. Irom
its origin. The anatomy of this artery amd 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 3-0 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
Aimmediately onn the anterior surface of the left ventricle, This

area first showed as a blulsh area which then quickly blanched.




Ly
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Tre ebsolute dimensions of the izchaemic patch varied of ccurse
with the size of the heart but in comparable hearts, the lschaemic
lesions were of similar extent. Hach leslion began immediately
distal to the site of the ligation and extended down to Just above
the apex of the left ventricle which itself was rarely found to

be infarcted, procbably because of its supply‘from tThe circumflex
branch of the left coronary artery. The medial boundary of the
devitalised area was at the Junction of the anterior‘walls of the
two ventricles; the rizht 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

b

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
plcture observed weeks or months later of infarction of ventricular
muscle, yet wnich did not result in a single incident of heart-block
or intra-operative death.

on of the Internal Mammary Arterv within the Left
law Myocardium

The internal mammary artery was transected at the level of the
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Figure 2

The two types of tunnel constructed wilthin the myocardium
in this study.




seventh intercostal space and a small rubber-shod bulldog clamp
applilied to it. A long %-0 Mersilene suture was passed through

a 1lip of the cut distal end of the artery and left untied.

A tunnel was then feshioned within the myocerdium of the

anterior wall of the left ventricle. This is shown diagramatically
in FPigure 2. The epicardium was incised transversely to a

length of 0°5 cm., 2 ¢m. from the apex of the left venitricle and 1 cm.
from the interventricular groove. A second similar epicardial
incision was made 3-4 cm. {(depending on the size of the heart)
proximally on the left ventricle, again 1 cm. from the interventricula:
groove. The apex oif the heart was tipped forward and a pair of
straight mosquite forcens introduced through the distal incision

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

and passed proximally to emerge througn the upper incision,

The forceps were now openad aﬁd the long ends of the Mersilene

suture attached to the internal mammarj 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. IT there were any obstruction to flow at the end of the

artery due to the adventitla having been pulled into the opening,




this was dissgeted iree. ine artery was now gently pulled into

e tumel by the thread proovruding from the distal end, until

2.5 cn. of its lengtn (3.5 em. in the larger hearts) were within.
During the implantation procedure, the artery was lelt bleeding

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

‘blood issued from the distal end of the tunnel. IZ this did not
occur, the artery was withdrawm to ensure continuing patency. The
distal end of the tunnel was closed with two fine sutures, one of
which was alsp tied securely to the érot:uding tnread, 1o anchor the
implant within the tunnel. This was usually enough to haemostatically
seal this distal end. Attention was now paid to the proximal end ol
the ftunnel which occasionally required a single iine stitch placed
laterally to efTect 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 structurés (Figure 4).

The tunnel itself was seen Tto 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.
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Figure 4

A drawing showling the posltion of the intermal mammary
artery in relation to the anterlor descending branch of the

left coronary artery as the fommer vessel passes down to the
intramyoccardial tunnel.




cecuraed ana measurements of bloodflow made on the implant and
pulmonary artery as described belcw. The heart was replaced withir
the pericardial sac, the edges of which were now lightly approximate
vith dnterrunted sutures. Prior to closing the chest, the lungs

~were inilated and cttention paid to the position of the upper

Lobe in relation to the implant which had been placed anterior to tr
lobe. A1l air was expelled from the chest cavity by full forced
inspiration and the chest closed in layers without drainage. Only
ne dog in the entire series developed a loculated pleural effusion
wnich hed to be aspirated. Sutures were rémoved-after TWO weeks.
One dog developed a wound infection whicn healed after wound tLoilet
was carried out and antibiotics given. &1) Gogs 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 =z, a tunnel

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

xunnels each 2 cm. long wore constructed fro::! the main t:,umel,
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 ihow Into

.1 oart



Electrocardionrarhic Recording

The electrocardiograpn was obtained by using very small needles

[¢1]
v

£

as eleccorodes. Sterile necdles 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. The leads were
connected to the E.C.G. preamplifier in the Grass recorder (Figure 3).
‘The electrocardiograph was continuously displayed on paper during

the whole procedure.

~

Measurement of Rlood Pressure

r

A smeil purse string suture was placed on the anterior surface
of the thoracic acrta 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. The system was intermittently
perfused with heparinised-saline (0:G%) from a reservoir connected
to the manometry line througn a three-way tap. The transducer was
calibrated from a mercury sphygmomanometer and connected to the
multichamnel Grass recorder for continuous display. - At the end of
the procedure, the catheter was removed and the purse string suture

tightened to effect haemostasls.
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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.d by
hilliams in 17°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 bj* nolin (19po). Xolin's work represents the reel
beginninj-of the era of measurement of bloodflow by the electromc teti
Wetterer in 3-997 e initially the procedure
magnetic field within t. e vessel using either an J cctrcmagnet ad-
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Sipgnals of severe millivolts can be oblained from the aorta and
pulmenéry artery using the method. Since the diameter of the vessel
is known by choosing the electromagnetic probe (the mapnet) which
will just fit without producing distortion, the velocity measurcment

can be transliated to a flow rate by application of relationship

Instantoneous Ilow = Volocity x“FTr2

The main drawback to the use of direct current to energise the
electromagnetic field lies in its ability to disadvantageously cause
electrode polarization. To circumvent this, alternating current was
used to produce an alternating clectromagnetie field and this
problenm receded. (Binhorn, 1940, Thurlemann, 1941). Different shapes
of alternating waves have beea used including the sine wave, square
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 flov signal picked up
by the probe is sn a=c voltage in phase with the a~-¢ mapnetic field
strengthe The amplitude of this signal voltage can be shown
nathematically to be proportional to the average instentancous flow
velocity and thus to flow rate. Since a signal is delivered which

is amplitude modulated it ¢an be used to great adventage with the use




of a-c amplifiers wvhich allow greater gain and are much more stable
than d-c¢ 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.

The 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 electrcde leads and the
blood wvessel. This transformer 5Z.M.F. unless cancelled, augments
the signal from the induced voltage and gives exaggerated estimates
of velocity and flow. The ;purious signal can be cancelled electroni-
cally but only with difficulty and with extra eguipment built into
the flowmeter. For this and other less important reasons the a-c
sine-wave electiromagnetic system has been largely abandoned for the

present, although some models are still available commercially.

The Sauare Wave Electromagnetic Flowmeter

This type of flowmeter was introduced by Denison, Spencer snd
Green (1955) and furthér developed by the first two authors (1980).
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




resulting spurlous signal. Thus the a-c square wave system behaves
in its horizontal phases like a direct current flowmetbter but also
functions as an alternating current flowmeter 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 su?rounding 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 freguency. During
the short phase of reversal of the magnevic field, there is a
tendency as in a-c¢ sine wave systemsfor a transformer E.M.F. 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 fo the Grass Multioh@nnel Recorder (Figure 3).

Calibration of the Flowmeter and Probes

The electromagnetic flowmeter no matter which principle is
used, constant or aliternating magnetic Iields, delivers linear

calibration curves and equal sensitivities with opposite signal
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directions both to forward and reverse flow. Using flow models
nany groups of workers have shown this linear relationship between
bloodfiow and the electrical signal as well as the high
reproducibility of the results (Kelin, 1936; Wehterer, 1937 and
1943; Westersten, Herrold and Assali, 1960; Thuran and Cohen, 1963%;
Scher, Weigert and Young, 1953; Engell and Lauridsen, 1966;

Cappelen and Hall, 1G87).

The 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 mizht
lead to inaccuracies of measurement. Each probe used was therefore
again calibrated in the laporatory using excised arteries of the
appropriate diameter interposed between two lengths of rubber tubing
of similar diameter and connected to a punp of known flow rates.

-

Each probe in turn, was 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 systen. The Carolina

flowmeter, itself, has a calibration accuracy of + 5%, claimed by

the manufacturers.
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Meagsvrement of Bloodilow

To measure ploodilow through a vessel, & flow probe was
chosen which fitteda saugly arovnd it. Tor pulsatile {low the
lumen circwanferance o the probe should be a little less than
the circumference of the blood vessel, but no more than 20 less.
The probe was applied to the vessel and connected to the Tlowmeter.
For good electrical conductivity the vessel wall was kKept wet

with frequent applications of physiological saline. The -flowmeter

-
d_
pen
<
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et

which had been previously balanced (and the recorder sens
adjusted to obtain a convenient deflection) was then 'zeroed'
In establicghing zero flow in the implant and‘coronary'arterw, 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 beaker filled with saline,
turning the electromagnet off and resetting. the output control to
Zero. Irequent zero readings were obtained during each experiment.
It was found on checking the apvaratus that zero'drift was not a
major prcblem, the amount of drift was found to be 1 mm. every ten
minutes when the recorder sensitivity was 50 mm. per volt (i.e.2%).
Since recordings were made in most cases for only one minute atv a

time, this source o error which can be difficuli to deal with in
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many electromagretic flowmeter systems was minimal witn the

apparatus used.

The bloodflow in mls per minute could be read off directly from
a meter on the eauwipment used in this study. In addition, however,
the bloodilow during a single flow pulse in either the implant,

coronary artery or in the pulmonary artery could be measured from

1N

the flow patterns made by the Grass reccrder. In toae experinents

o

infolving 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 mea;ured. 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
cardiat cycle, and the mean blood pressure during diastole in the
same cardiac cycle. . Mean diastolic flow was therefore measured
from its recorded height above the base-line, with the recorder

calibrated to a given mean flow per centimetre deflection of the pen.

0
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Calculation of Volume 3loodilow Ifrom & Single Flow Pulse Wave

-

To calculate how much blood has passed the Tlow probe during a
given‘single cardiac cycle and express it in terms of mls per
minute, an ecuation 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 veriods of stable
flow conditions, on whether the {lowmeter was giving accurate
integration readings. The method could also be used 4o calculate
tlow during any cardiac cycle if this 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 glven by the formula:-

VePFPxAxMxda
0-1 xS x G

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

the recorded flow curve in square mm.; M = multiplier control setting
Fa = arbitrary setlting of probe Factor control on flowmeter;

S = paper speed 1n mm. per minute; G = recorder sensitivity in mm.

per volt).

To convert this 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.




Substituting into the first eguation, the firal eguation reads:-

Volume flow per minute = 10 X F x

]_J

BExamp

QO o
= .

G = 25 mm. per volt

R-R interval = 10 mm.

Then volume flow per minute = 10 x 125 x 200 x 1 x 1
25 x 10

I

1,000 ml.
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THMPLANTED INTERNAL MAMYARY ARTERY.




INTRODUCTICN

The concept that blood can flow immediately through a vessel
wnose cut disval end has been implanted witnin the myocardium
witnout any aveempt o anastonose 1t 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
T immediate bloodflow through internal mammary implants was
achiieved because of the sinusoidal structure of the myocardium.
This network of endothelium-lined spaces between the muscle fibres
in The heart was first discussed by Wearn, Mettier, Klunpp and

Zschiessche (193%) and

[ =]

s crucial to the hypothesis that blood can

flow Tthrougn the graft and myocardium from the moment of implantation.

Doubts have been cast on the Yresence of immediate flow in

these dmplants by several studies in recent years. Using a rignt-

heart preparation, Alshemma, Criollos and Roe (1968) failed to




- 3%

establish the presence oi flow in internal mamnary graits

* 2 T BN iy o L2 ne —— Kal 85

immediately after implentation. Myocardial clearance of Kr
153 a o X . ; -

and Xe was used by Seeman (1963) who showed that immediately

following implantation, the bloodfiow recorded in the surrounding

area, while the arterial graft was open, did

b

ot differ significantly

&

from the value obtained during i&mpina of the vessel. Several
angiopgraphic studies have been made on the newly implanted vessel'
(Bellman and Frank, 1958; Pearl, Goseph, Citret and Kallemeyn, 1952;
Maruyama, Warren, McCombs, Vickery and Brener, 1866). All of

these workers rfailed to demonstrate filling of the intramyocardial

part of the vessel immediately after implantation.

Despite this mass of evidenqe 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 (1966),
Uusing a non-cannulating electromagnetic flowmeter. Aranow,

Covelli and Norman (1967) found a significant increase in myocardial
blood immediately after implantation using the radioactive gas
ciearance method. Direct measurement of ‘the coronary sinus

return was made by Suma, Hammond,-Buckley and Austen (1969) who

also confirmed an increase in myocardial bloodflow occurring
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immediately efter implantetvion of the internal mammary artery.

As hzs been discussed, gré&t care must be taken to ensure
that the internsl memmery artery does not become coccluded by
thrombus, following prolonged clamping prior to implantation;
or that the adventitiai covering does not block the distal cut

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

=3
(o]
=
fo
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course, there vwill be no flow after imp ation. In 211 the papers

discussed above, no mention was made of whether the vessel was
definitely patent throughout its length. Small differences in

surgical technigue at this initial stage can make all the
difference tTo 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 surgicel 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 implantaticn.

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

channels connected with the main intramyocardial ftummel were




fashioned. Thils was done on the assumption that the 'run-off'
of blood fron the implant through the myocardium would be augmented

by providing access to a greaver number of sinusolds.

Methods

A full description of the anasesthetic principles employed,
plus the technigue of implentation of the internal mammary artery
.into the myocardium together with the method of vroducing acute
myocardial ischaemia by ligation of the anterior descending branch
of the left coronary aritery, is given in the Procedures and Methods
section. A total of twenty~four dogs were studied, and divided into
two grouns 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 tunﬁel in the myocardium,
together with lipation of the anterior descending coronary artery.
In the second group, the implant was introduced into a main tunnel
from wnich four short extensions were made (Figure 2). Coronary

artery ligation was carried out as in the first group.

The bloodflow tnrouzh the implanted mamnary 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.



artery 5 cm. Trom the int of implantation (Figure 5). Repeated
volumne Ilow and mean {low measurements were then made with frecquent
zero readings. Cardiac output measurements were cobtained with

the electromagnetic flowmeter in both groups of dogs by placing a
sultably sized probe round bno‘pulmonacy arvery close to the
pulmonary valve (Figure 6).  Pulmonar wrte“y bloodflow {(Figure 7)
was measured in preference 1to acriic bloodflow for two reasons.
First, since coronary aritery flow removes approximately five per cent
"of ‘the bloodflow from the zsorta duving diastole, aortic flow is not
“a true indication of cardiac output. Secondly, the pulmonary artery
is much more accessible and requifés less dissectiion posteriorly
for the accurate positioning or 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 ome Tlow at any given time (single channel)
it was nct possible to achieve simultaneocus bloodflow in bhoth 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 1o their respecitive extension cables.
When the implant flow had been measured the extension cable from

N

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 without delay.

During all flow erxperiments the electrocardiograrh and blood
pressure were monitored continuously. Pulsatile and meen bloodilow
in both the implant and pulmonary artery together with blood pressuré
and tne electrocardicgrarh, were recorded on the Grass Polygraph
Multicharnel Recorder (Figure %). Blood pressure was monitored by
introducing one end of a length of fine polythene tubing into the
arch oi the zorta and atvtaching the other end to a Statham strain-
gauge transducer; <the tubing was Tflushed at rezular intervals wit
heparinised physiological saline selution from a gravity reservoir
The electrocardiograph was recorded from necedle electrodes placed
§ubcutaneously in the limbs, In addition, measurements of arterial
PH, pO2 and p002 were carried out at intervals to ensure metabolic

and respiratory stability.

Results

Flow Patterns in the Newly Implanted Internal Mammary Arter
A J NA

The Tlow curves obitained from the new implant are shown in
Figure 8. The observed patiern was pulsatile in all experiments.
In all twenty-Lfour implants the main component was a forward one.

In several dogs there was also a small but definite reverse flow wave.
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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 (x).
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forward wave; these corresponded to the onset and duration of these

®

Two phas of the electrocardicsrapn. These tTwo pafts of forward
flow in the implant were close together and indeed were often
conjoined (Flgure §). This contrasted with the flow pattern in
the intact internal mammnary afte”J before dissection from the chest
wall, in which the systolic and diastolic components were always
distinct and separate (Tigure 10). In the first grouwp of tuwelve

dogs (the single-tummel group) in zddition to the total forward and

reverse rlows which will be discussed later (Table 1) the volume

Tlow in systole and diastole were each calculated separately from the
flow recordings. Table 2 shows the results obtained for each of

221

cnese two phases of the ca‘iiac cycle in mls per minute and also as
percentage of total forward volume flow. In five implants,

the systolic flow was less ‘than 40% of the total forward volume flow,

in three others it was between 40 and 609 whilst in the remaining

four 1t was greater than 60?. The average figures for systole and

diastole were 47-3 and 52-7% respectively. Thus, taking the twelve

implants in this group as a wnole, the two components of flow were

of about equal volumes.
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Plow pattern from tha internal mammary artery immediately

after implantation showing the eyetolie and diaatolio flow
oomponents less clearly separated with no reverse flow phase.
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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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Figure 11

Pulsatile flow pattern
after implantation.
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from the internal mammary artery 14 weeks
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Mow weosurenarts in the Single-Tumnel Group

Forward Volume IMow

413 grafts in th'ls group had a measurable Llow of blood from
the moment of implantation which varied in the twelve dogs from 3-10
to 1871 ml. per minute with an average of 9~47 ml. per minute
(Table 1). Three implants had a forward flow of less than 5 ml.
per minute, three were between 5 and 10 ml. per minute, four

between 10 and 15 ml. per minute, whilst the remaining two were

above 15 ml. per minute.

Reverse Volume Ilow

A reverse flow was also observed in five of the twelve implants.
This varied from 0:°21 to 2°30 mls per minute. Expressed as
percentages of forward volume Tlow, tne reversed flow ranged from
1.6 to 74-2% in the five implants with an average of 32.5%. In
the twelve dogs, the average reverse flow was 0-5 ml. per minute,

-

which was 5% of the averaze forward volumne Ilow.

The Proportion of the Cardiac Outpul carried forward through the
NMewly Implanted Intemmeal Mamnary Artery to the Myocardium

Tne cardiac output was measured in all twelve dogs in this
first grouop, but three of these values had to ke eliminated because

of an arteract which was evident on the flow tracings from these
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dogs, due tTo u Tauluy pulmonary artery flow probe.

nine dozgs the cardiac ouibput vanri
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When the vdroportion of the cardliac cutrtut flowing
implant was expressed as mls per minubte per litre
the velues varied from 1-2 to 15-6 (Table 3) witl

6:2 mls per minute ver litre cardiac output.

In the remaining

800 mls per minute.
through ‘ne
of cardiac outout,

an average of
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Initial ¥lcow leasurarents in the baulii-Tunnel Groud

Forward Flow

The twelve grofts had o measurable blood forviard volume {low

immediately after Imnlantation. This variea

>

;

ron 4.45 to 21-85

mls per minute with an aversgge value of 12
O

N

D mls per minute
(Table %). This was an increase of 2+70 mls per minuvte (29.1%)

over the avercge immediate Tlow in the sinzgle-tunnel greoup.

The average implant flow in this zroup

£$)
w

r 1itre of cardiac culputb

was 8°5 mls per minute, o increase of 37-1% over that of the

i

single-tunnel group. Tne increase in forward volume flow in the
multi-turmel group over those in the single-tunnel group did not
reech statistical significance. Nor was there any significant

ference between the proportion of the cardiac ounput carried by

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

This study demonsitrated that blood does flow through the newly
implanted internal mammary ariery into the myocardium and that it
contvinued for at least one hour followiag implantation. Witn
careful calibration of the flowmeter and Irequent zero readings
taken during the experiments, the vossibllity that these values were
due to arterfact was indeed remote: The Tlow wave patterns were
smooth and reprocducible, and did not have,th§ contour of any known
artefect. The mean value obtained for Torward volume flow in the
single~-turmel group of 9-47 mls per minute (for twelve implants)
was higher than that of Provan, Hammond and Austen (1966) who
observed an average mean Flow of 5.2 mls per minute (range 1 to
15 mis per minute) in their ten dogs using a similar electromagnetic
flow probe method, and the 2-0 mls per minute mean flow found by.

Di Giglia, Lazzara and Oschner (1969).

P

The flow pattern rfound in the internal mammary arteries
immediately after implantation was oulgatile, confirming the
observation of Provan, Hammond and Austen (1966). 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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vas larger than the systolic component. This was not bhorne ouv

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

twelve implants had a dominant digstolic component, four a dominant

£

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

~

*es

components were abhoul egual.

-l
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- —~ T Ty e
larger Torward

H

low is expected
during diastole since it is during the relaxed phase that blood
moves througi the coronary arteries into the heart, but in systole,
forward bloodflow through the coronary srteries ceases because

o1 tne extremely high extravascular pressure and may in fact reverse
tenporarily. It is surprising thererfore, tThat in some newly
implanted arteries, the sysvollic component is the larger. This
may occur because blood during systole flows into the space around
The implant; which might noﬁ be completely compressed by surrounding
itraumatised myocardium, During systole in these dogs, blood may

accunmulate in a small pool within the myocardiuvm and move into the

spaces between the colurns of muscle cells during diastole.

The drainage pathway of blood Irom the newly implanted
intemal mammery 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 meke their appearance only after several weeks have



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

be nostulated for blood enterin e myocardium from the early

o
1

implant. Thnere geems o be no alternative at present, to the
view Tthat blood from the implant enters the endotvheliwn-lined
spaces between the columns of myocardial cells and hence to %ne
venous systen. This view is held by many workers in the field
(Vineberg, 1067; Smith, Mobin-Uddin, Lombardo and Jude, 1967;
Suma, Hammond, Buckley and Austen, 196%¢), and is supported by
observations made in this study (Section IV). Since this initial
flow of blood into the myocardium most nrobably enters the venous
system without traversing the arterial circulation, it is doubtiul

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

and nutrition to myocardial cells.

The rmean volume implant flow of 9.4 mls per minute observed
in the present study ilmmediately after implantation was close to
the mean value of 10+1 mls per minute found during the first ten
weekxs after implantation. During th;s ten week period there must be
a gradual change-over Ifrom 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 angiographic evidence will be presented later

in support of the view that the period before ten weeks is a most



active one in the development ¢f vascular channels between implant
irctlation (Sections IV and V) How

arnd the coronary art gl ¢
long the 'passive' component of the cireculation througn the
myocardium remains is not known, but presumably it decreases with

Time.

The addition of a number of side channels to the main
nificantly increase the flow in

SL

{,’J

intramyocardial tunnel did not
ery or the proporvion of cardlac oubtput

tThe newly implanted
ithere was therefore no advantage in

carried by the implant
constructing additional tunnels connected to the main one.
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Summary 0of Section 1L

The principle aim of Section II was To study blocdilow through
the internal mammary artery into the ischnaemic lelt ventricular
myocardium, wnen imoplanted into a single convcntlopal el and
also into a tunnel with four side branches.  The following

conclusions were reachned:-

e}

L, There was an immediate Torward flow in all grafts in both
groups (total of twenty-four dogs), which averzged §-47 mls

per nminute in the single-tunnel group and 12°'23 mls per minute

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

-

(u

throughout the oneration.

2. The proportion of cardiac output carried Tthrough the
newly implanted artery to the myocardium averaged 6.2 mls per
minuve pver litre of cardiac output in the single-tunnel group
and 8'5 mls per minute ver litre of cardiac output in the

multi~tunnel group.

I, There was no evidence cf a statistical difference between

q

the mean forward flow and also the proportion of cardiac outputb
carried throuzgh the implants in the two groups. The

construction of extra tumels within the ischaemic myocardium

therefore did not increase 'run~off' significantly.



L. An onslvsis of the flow patiterns obtained from newly

implanted azrieries, showe
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small reverse flow wave. The forward wave had two components,
systolic and diastolic vinich were close together and often
contjoined. The patterm of forward flow therefore differed
from that seen in the internal mammary artery 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 thesé observatiions are discussed and

comparisons made with the findings of other workers.
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BLOODETOV TN THE  TONG-TERM TMPLANT,

THE  PROPORTION OF CARDIAC OUTFUY CARRIED,
THE PERFUSION OF THE MYOCARDIUM, Ths ReESISTANCE
10 FTOW  WITHIN OG0E  TMPLANT, AWD HiEIR
COMPARTSON WITH THE VAIUSS OBTATIED IN TiE
ANTERTOR DESCENDING ERANCH OF GiE IEFY

CORCNARY

ARTERY .
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It has been amply demonstrated that when an internal mammary
artery has been implanted into a tumnmel in the ischaemic myocardium,
cormecvlons develop between it and the adjacent intramyocardial

branches of coronary artieries, T irst introduced

J
[
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by Vineberg in 1946 who suzgested thet this operaition mizht bring
relief of symptoms of occlusive arterial disease of the heart
Althouzh anastomoses between the implant and coronary arterial system
can be clearly demonstrated by selective internal mammary artery
angiography (Effler, Sones, Groves and Suarez, 1965), their functional
effectiveness in restoring an adequate blood supply to the ischeemic
area remained open to doubt. Radiographic appearance, however, has
not been shown 1o e a good index of the bloodflow through the implant
(Dart, Kato, Scott, Fish, Nelson and Takaro, 1970). Despite the
lack of evidence of erfective flow through these iﬁplants, large
numbers of such procedures have been carried out in numnan patients

with extensive multifocal occlusive disease of the coronary arterial




circulation, (Favaloro, Bffler, Groves, Sones and Fergusson, 1967).
I oany centres it has been thousght thzv a single implant would not
ne whele of the leftv ventricle, and so

both internal memniry arteries nave been implanted in nmany patients
{(Favaloro, }967). Acein variations on the theme have been performed
using a whole spectrum of other implants such as 2 pedicle containing
interneal mammary artery, vein and surrounding muscle and fascia
(Sewell, 18€6), intercostal artery {(Pearce, Hymen, Brewer, Smith and
Creech, 1666), saphenous vein (Ferlic, Quattlebawn and Lillehei,

1966).

The demonstration that many patients whose implants were

shown radiologically Tto e occluded but were, in spite of thi

48}

k]

symptomatically improved has led to the now widely held pelief thav

.

4 .

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

the placebo effect of surgery. In the minds of many people,
especially in this country, arterial implantation into the

myocardium was relégated to the ranks of other dubious
revascularisaticn procedures such as intermal mammary artery ligation,
pericardial abrasion and talc dissemination. In the Tace of this
oriticism, the operation of internal mammary artery implantation has

been persisted with in many centres with stricter control in the
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gazlectior ol patients, the metlodeleogy of operaticon and the
[N s =5 e Tmoeren e iy 3 SRR, PR - =
assessment of results. IL has beccme recogniscd that no patient

snould be subjcected to any type of revascularisation procedure
o -
unless a full angicgrashic assesspment has been made of the severity

extent of his coronary artery disease, and where possible at

L R

some interval after operabtion, & similar procedure pe carried out

N

ce.

together with a full measurement ol cardiac performar

Direct coronary artery surgery at the present time can be

oifered only to tThose patienits with discrete s

¥ ingle lesions of main
coronary vessels. Such patients fowmn only a small proportion of
the total population of people with this disease, drobably amounting

to about 10 to 2C5 of the entire number. Uihe operations offered
to these people include local endarterectemy, with or without
concowmitant vein patecn (Bailey, May and Lemmon, 1957} and bypass
vein graft procedures. Bypass vein graft procedures have been
carried out from the aorta to coronary artery branchescﬂﬁw1to 2 mm.
in diameter thus increasing the numbgr of patients who might benefit
from this direct approach (Johnson and Lepley, 1970). The great
majority of sufférers Trom ischaemic heart disease (about 80%) are
still, however, beyond the scope of direct coronary artery
reconstruction, and therelfore at present, the only surgical therapy

which can be used in this type of patient with diffuse multifocal
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disesce of the corcnary arteries is the inplantzation procedure.

with radiolojiceal evidence of graft occlusion, and second, whether
a vatent graft is capable of delivering a sufficient guantity of
plood to the myocardiwm to make up'for the loss of periusion thnrough
the occluded corconary artery. Tre Tirst of these problems 1is
discussed in Scection V where some evidence is presented wnich sugsest:
tnat there might be an alternative explanation to that of the so
called placebo effect. The second question is dealb with in this
section and involves direct wmeasurement ol the flow of blood through
the implants to the myocardium by means of the electromasnetic
flomseter technigue.

Using this method of bloodflow measurement, Provan, Hammond
and Austen (1966) demonsirated in implants inserted into the dog
myocardiwn which was gradually made ischaeinic by arterial consuriciors
placed round the origin of the anterior descending artery, (Vinebergz,
Mehanti and Litvak, 1960), that one to six weeks later the average
mean flow was 5.2 mls per minute but at thirty weeks, the
average mean flow reached & maximu of 28 nls per minute. In
addition, they found that all implants studied were patent. Internal

‘mamary implant bloodflow to the ischaemic myocavdium (ucing arterial

constrictors) has also been studied indirectly by measurement ol




coronary sinus blood by Alshamma, Criollos and Roe (1268), followin

13
the removal of the coronary arterial contribution by clampinzg in

the isolated heart predaration. These workers ifound that flow

from the implant averased <-2 ml. per 100 gm. of wnole heart pe

O

r .
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 Seeman (19863)

using radio-isotopes {Krypton - &3 and Xenon - 133) injected into
the imovlant and measuring radionactivity over the left_ventricle.

= o

He found that the 1mmlam* contribution to the myce ardiwn made

ischaemic by ligation of the anterior descending coronary artery
was 52 m;s per minute per 100 gm. of left ventricular weight at
three weeks after implantation. This represented an increase of

3665 in bloodflow to the ischaemic myocardium. Three weeks later

this increase in bloodilow had risen through the myocardiun by 250%.

There is therefore much experimental evidence to show that blood
does flow through the internal mammary iuplent into the ischaemic

myocardiun, Tthis 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 1862) that ischaemia

of the myocardium increases the likelihocd of graft
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patency from 20 to 80f%. Gorlin and Taylor (1966) have demonstrated
in the human ischaenic myocardium a conversion from an anaerobic
to an aerobic metabolism following implantation of the internal
macmary arteryes

The three studies menticned above on measurement of blood
flow in long-term implants using different preporations and techniques
of measurement, produced data which could net be compared with cach
other. In the first study, Provan, Hammond and Austen (1966) gave
absolute mean flow values obtained per minute. Alshamma, Criocllos
and Roe (1968) expressed the corcnary sinus effluent (with the
coronary arteries clamped) per 100 gm. of whole heart, whilst Sceman,
using the radio-~isotope clearance method, gave his values per 100 gm.

of lef{t ventricle., These workers all agrecd however, that there was

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

In the studies mentioned above of Provan, Hammond and Austen
(1966) and of Alshamma et ale. (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 ventriculer myccardium. The main reasgon for

employing this method of 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 impozsible to demonstrate at the time of the
operation what area of the ventricle would become ischaemic,

since the snatomy of the coronsry arterial supply to the ventricles
is go veriable. TIurthermore, there was ne way of determining

exactly when the ischaemia occurred. It therefore follows that in
the tﬁo studies in gquestion, 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 occurrede.

In the studies descoribed in this section, ischaemia was
produced by acute ligation of the anterior descending branch of the left
corcnary arterye. The same part of the left ventricle (the anterior
wall) was infarcted in each case., The internal mammary artery was
then implanted into the edge of the ischaemic aren ncerest the
inter-ventricular septum (Section I)e .In thie way it was certain
at the outset thaﬂ the implant was positioned in an ischaemic ares,
the actual moment vhen ischeaemia ocourred was known, end 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
vord ‘ischaemic' is used to denote that an ischaemic lesion of the

myocardivm had been produced at the originsl aperation.




O0pixe 01 tne many puotica*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
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
20 mls 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 wvoluir.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



ligetion. Stetistical enalysis
‘has been corried cut on the degres of velationshivn between each of
those Tour aspects cf flow in the internal mammary artery and the
Guration oflimplantation, by measurements of the coeflicient 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

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

e}

(except those radiologically occluded 1) implanted for ten weeks or

Ez

more exanlbited full anastomosis with both branches of the left
coronary artery on angiographic examination (Section V),
statistical comparison was made of forward volune flow, the
"proportional' flow, myocardial perfusion and resistance to flow,
before and after ten weeks following implantation to ascertain
whether a changs had occurred at this 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 Tirst by the Variance Ratio test
(Snedecor, 1946) to ensure that the samples were from populabions
identical 1n variance, and then b 7 Student's t-test to compare the

difference between the means in the groups. In view of the small
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numbers in each sample, Bessel's correction was adpplied, to take

oy

o

account of the bias inherent in such situctions.
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Implantation of tne

Internal Mammerey Artery into the Non-Ischeaemic

lMyocardiwn

Twelve cogs were

thirty-two weeks (Table 5).
their exbtracerdiac course but oniy three of the implants
Torward bloodflow (25%) and cnly one of these had a {low

magnitude (23°2 mls ver minute);

studied ailter ne rarging from nine to

the iy

o]

mlants were patent il
1ad a
or any

the remaining two dogs had a minute

flow of 1+-0 and 2:0 per minute respectively (confimmed by direct

measurement after the

implant was cubt scross). There was no
forvard bloodflow in the other nine grafts. When the grafts were

transected, the proximal end of .each of the two grafts

Jithh the small

forward flows was found to bleed not

from the walls of the

seened to be enlarged

All three of the
flow from the cut end

In addition, three of

showed the same phenomenon.

only from the lumen but also

implants, that is the periarterial vessels

(9}

and contributed to the forward bloodilow.

implants with forward bloodilow had a reverse
of The implant still comnected with the heart.
the grafts with no detectable forward flow

These six reverse flows wnich were

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

to 1-0 mls per minute

(Table 5). This back flow could only have

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

even in the absence of ischaemia of tie myocardium.

was then subjects! mo blood gas analysis and shown

oxygen tension end carbon dioxide te.ision ae blood

aorta and was therefore arterial in cri :in.

coronary vessels
Tiiio blood
to have the eamns

from the thoracic
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Bloodflow throurn Grefts Implanted inte the Ischaemic blyvocardium

from a total of twenty long-term lntermal mommary implants
introduced intc the ischeaemic myocardiuwm, two were found Lo be
occluded in the intramyocardial course. This represcented a patency
rate of GO%. One further dog nad a patent graft with‘a small
bloodflow (4+4 mls per minute) which was found to be closely
adherent to the upper lobe of the lelt lung. Subsecuent
angicgraphy showed the presence of vascular oonneotioﬁs between the
graft and this lobe of lung (Figure 12); data from this dog were

therefore not included in the study.

The remaining seventeen dogs were studied uvup to twenty-seven

ey

weeks after the original operation. The average mean arterial blood
pressure was found ©o be much lower in these animals during
thoracotemy than in normal intact doés. in the‘normal conscious
intact doz 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 combiration of anaesthesia plus thoracotomy with
the inevitable dissection in the immediate environment of the heart

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

The results are given in Tables 6 to 1. Althougn 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 1lung.



feirly constant. The plood gases were kevt within normmel limits
throughout all experiments by adjustment oif the oxygen intake and
the volume delivered by the ventilation pumpd. The p02 of arterial

blood varied from 100 to 120 mm. Hg and thne pCO. from 30 to L0 rm.
(] &

f arterial blood was fairly constant (7+3 to 7-5) during

@]

Hg. The pi

the flow measurenents.



.mﬂo@ UOSTUNASS T %._..WSO.?.:?HQ SS9 Eo\fomlkn@ﬁw&..b. (AR QIS oI E.Dmﬁhdoomms AL TOOTAQUSA QIS8T
OTUDATYDIST AUY ONUT PISRUCTANT Adsade AIviiusn TelIo)ul 91 UT SMOTI OUNTOA 5830ADI DU DIRMIOT
SR
01T Gl 0-0 L2t e AT
05T AN 00 02T Ge 6
0cT 9CT 0-0 i -5 o1 0T
Qe 09 00 ‘ 24T 0T 1z
oGt o5 00 ¢-02 7T 2
G2T G6 00 Q-c¢ ¥T - I
0ot AN 20 G-/ 7T 9z
it e 0-0 0T 1T o%
SrAN 6 0-0 9T 0T .
0T 3 0.0 Q-1 T 0T ¢
T €6 0-0 6-G g e
q1T AN LT AR - Tir
LT eS0T 0°0 Q01 g Ofr
002 et 0-0 ¢ LT - Ge
10T e} 9:0 -G i iTh
05T ag 0-0 Ll Z o
onnutw Jad sTw onnuTw Jod STw
MOTT 2SJI2A9Y MOTI SUINTOA PLvMIoN
aanssaad Lasqae KAaoqae
R REISEE| POOTY UBay Alguureul Teusaqul AIvturew Tuuisqul SHDOMN Loy




> D e i - - 3.0 PR R, T - VI . : o
The forwaprd volume bloodiliow varied .in all seventesn implants

from 57 to 320 mls ver minute. The smalilest flow was coserved
at four weeks and the largest st fourteen wesks. Since it was not

possible to keep the mean arterizl blood nressure at the sams level

5

in all dogs, comvarisons between forward blcodiliow wvalues in

dirfferent dogs was not expected to yileld = mezningiul correlatiocn.

The mean arterial pressure in the seventeen dogs was 97 mm. H5 with

a range of 58 to 136 mm. Hg and ye

cF

in spite of this wide range
in blood pressure, there was a correlation coefficient of 0-0624
between Torward flow and the number of weeks after implantation

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

values). This coefficient was significant at the 5% level

f-!
<r

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

values was calculated at v = 3946 + 1.208x. Wnen however, the
coelfficlent was calculated over the twenty-seven week period, it was
not found to be significant (r = 0-301). This would susgest that
initially there was an increase in flow with duration of implantation,
but after a time, a plateau was reached during whicnh no further
increases in flow occurred. When the values Tor JTorward flow were
plotted against time, the slope sugsested a curvilinear relationshin

with the plateau beginning nearer ten weeks than sixteen weeks

(Figure 13%a).
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Comparison of forward volume £loiw values before ten weeks

Tollowing impisntation witlh those betwesn ten and twenty weeks

demonstrated a significant increase in the latier group (1t = 2-01,
n < 0:65). No difference could e shown between the ten o

twenty weeks groun and those implanted more thon twenty weeks,

cnvation were compared

l'j’

Wnen values before ten weeks fellovwiing impl:
with ell values over this period {(up to twenty-seven weeks) there
was an increase in the mean value from 10-1 fo 17-9Q mls per minute
representing an increment of 7E7. This increase was statistically
csiznificant (t = 2°09, p< 0-05). These results are shown in

Table 7.




-

Tite Proporticn of the Total Rody Plow carried by the Internal

Mammary Arterv Implants

The cardiac outnulb was measured in all of the seventeen dogs

in this group and varied Tron 843 to 2,084 mls per minute (Ta

E-:’
D
.J
(D
[wh)
~ .

This variation mainly reflected the hoemodynamic efficiency of the
ischaemic heart during anaesthesia and thoracotomy but also of
imnportance in this variation may have been heart size. Althougn
the body welghts of the dogs were between 15 ahd 20 ¥g., the left
ventricular weight renged between 67 and 164 zm. This surprising
range in left ventricular welgnt over such a small difference in
body weight might be explained in terms of nutrition (tﬂe proportion
of body fat) and the breed of dog (the ‘running' dog probably has
a greater heart/body mass ratio), The proportion oi the cardiac
output brought to the ischaemic left ventricular myocardium by the
graft was calculated by expressing the graft flow in terms of mls

per minute per litre of card 1ac output.

This 'proportional' flow varied from 4.6 to 19.8 mls per minute
per litre of cardiac output (Table 8). The smallest proportional
Tlow was observed in Ttwo dogs at four and eight weeks respectively
and the largest at twenty-six weeks after implantation. When the
proportion of the cardiac output carried by the internal mammary
artery was plotted against duration of implantatvion, there was a

suggestion of a linear relationship throughout the range of values
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(Figurs 13b) The cociticient ¢f correlation between tnese values
- o] _ e e - - —~ R Kok, ~ da A o g e
was calouleted st O-574, whdceh was significant at the ©0 level
o N T s i gy e ) : . » ” [ | o
(Snecdecor, 1946). Tne regrression line was represented by the

then the grouy implanted Tox less than ten weexks was compared
vith that implanted between ten and Tweniy weeks, there was a
significant increase in the meun value ¢l the latter group
(t = 2.49, ﬁ<: 0-05). o difference could be demonstrated bebween

the mean values of the groupn between ten and twenty weecks and that
cver btwenty weeks. Comparing values obtained before ten wesks with
all values aftter that time (ten 1o twenty-seven weeks), it was found
that the mean 'provortionzl' Tlow increased from 7:9 to 13-1 mls

ner minute per litre of cardiac output, representing an increment

of 663, Analysis (Table §) showed this increase to be significant

(t = 2:84%, » < 0-01).
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Tne Relationshiv o

orwara volume flow In the imbdlants
when plotted ageinst thelr resdective cardice oulput measurements,
irrespective of duration of implaniation, showed what seemed tTo be

a straight line relationship (Figure 13c¢). This linear relationsnip
was confirmed by analysis (r = 0O- (79 p < 0-001). This highl

significant correlation between Jorward implant f1low and the

cardiac cubtrut level shoved thnat thé velue obtained Tor the latter
was at least paritly dependent on the cardiac output level, or on one
or both of its two main determinants, left ventricular systolic

pressure and perivheral vascular resistance. (Although the cardia

output in these studies was measured in the main pulmonary artery,
N PR WL

it was assumed th the outovut from the left ventricle wer minute

would be identical to that of the right ventricle).
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oL wvoeordicl Bloodflow fron the
. -- T
ULy

3

The forward volume bloondflow was expressed per 100 gm. of

left ventricular weight, ftaus giving o wmeasure of the additional

blood periusing the myocardium. Unis varied Irom =2 mls

Fa)
¢

volumne of

. v .
AP 54 L =t g e
nE CO o S RO R IR D IoN

. [ . 1 - N, = : o JER L PN .
per minute per 100 gn. ieft ventricle at four wee
AN - ot T ~ e =? o vy ol o~ PR N
figure of 25.7 mls per wminute per 100 gn. lelt ven

weeks (Teble 10). Uhen these perfusion values were plotted =

time (Figsure 134) a linear relabtionship was sugsested for the first

sixteen weeks. This was confirmed statistically when the
coefficient of correlation was opserved tc be 0:-5755 which was
significant at the 5% level (Snedecor, 1948).  The regression line

was calculsted at v = 5-115 + 0:550x. Over the whole tweniy-~seven
weeks, however, the correlation was not siznificant (r = 0-381).
The scatter of resulits over this ceriod susgested a possible
curvilinear relationship (when the curve was drawn by nhand). This
exponential relationsnip was confirmed when with the use of the
dewlett Packard progremmable calculabor and programme 70511l for
curvilinear correlation, from the Hewlett Packard Librafy, a
coeficient of correlation of + 0.83 was found for all results from

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

5% level. The best curve it was expressed by the eguation

- 0+05x .
v o= - lle + 18, and is drawn on Figure 13d. From the
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79

eguation the exponential is reached at about eighicen weeks.

Comparison of periusion values beicre ten vweeks witn those

en ten and twenlty weeks afver implantation dermonstrated a

No differ

O
o
]
o
pde
3
Q
3
(D
W
n
[0
B
]
ct
1)
€]
1=
)

Tter group (t = 2.10, p< 0-03).

ence could be demonstrated between the perfusion values

-

between ten and twenty veeks with those after this period. wWhen

the group before ten weeks was compared with all value

-

14

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

8:93 mls ot 16-10 mls per minute pver 100 gm. of left ventricle,

represen
ll).

(t = 2-

ing an increase of 799 in perfusion from the implant
This increase was found to be statistically significant

6L, p < 0.01).

(Tabl

[}
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Fetimation of the Regiztance to Flow exncericneced Dv bng
't'ﬂ N el +]" = x.f L”) a.:'.‘.u

S
{0
b
1
O
O
jo

The resistance to wne forward Tlow of blocd througn tne
imolanted internal mammary artery is compounded ifrom severa
different sources. These include the resistance withdin the

implant, the anazstomovic vessels between implant “nd coronary

circulation, and the coronary circulation itself. In addition,

the comdressing forces of the left ventriculaer wall wihich vary
in degree at different nares of the cardiac c¢ycle, »nlus the

right atrial pressure il nust have affected the flow of blood

ci-

tThrough the implant.

Despite this daunting complexity an estimate of the overall

. ..

resistance to implant flow in diastole can be obitained by

4]

subtracting the right atrial pressure Irom the mean diastolic
pressure in the central aorta (close to the left subclavion

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

(Where Pl = mean diastclic aortic pressure; P, = right atrial

-

pressure; i = mean diastolic implant flow; R = toltal resistance

in diastole).



Fa)

cm? ralmde deand T A o e = R 1 . - 2 -l o -,
The right atrial pressure itsell was not reasured in ezch ol these

Sogs but was assumed wo have
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This assunmed range in values was based on other experiments on

- ) ~ - e - P O s S o mTy s . o A
anaesthetised dopgs where the meen right ateial pressure was found

o
o
$ot
u
O
Q
]

to be within this rance, an he work of Gregs and fisher,
G63%) who showed that the anaesthetised dcz has & right atrial
pressure in the range 0 - 8 mm. Hg. Th@ richt atrial pressure
could have been left out of the calculation for resistance but the
latier was estimated at a right atrial pressure of O mm. and 5 mm.
Hz for conmleteness. Resistance was méasured in mm. Hg per ml. of
forward blood flow but is referred in the tables to 'resisbance units'
The mean diastolic sortic pressure was calculated from the pressur
waverorm which had been carefully calibrated as previously described.
It was taken as cne third of the difference between the maxdimunm
pressure after the closure of the aortic valve and the minimum
dlastolic pressure (the diastolic blood pressure) plus the value of

The minimum diastolic pressure.

1/3 (Maximum D.P., - Minimum D.P.) + Minimum D.P.

+

The mean diastolic implant flow was calculated from the mean flow
waveform during the same cycle as the aortic pressure waveforn
mentioned above. Two sets of resistances were calculated, one

corresponding ©o a right atrial pressure of O wmm. Hp, the other
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o 5 mm. Eo. The results are shown in Table 12,
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geinst duration of
mplantation, a linear relationship was suggested (Figure 13e).

&bt

D,

This was confirmned by calculation of the coefiicient of correlation

(r = - 0.298 and ~ 0:502 at 0 and 5 mm. Hz right atrizl pressure

U

respectively) which was found to be significant at the 5% level
(Snedecor, 1946). The regression equation of this relationship

- 0+ 33x.

-;&

wag expressed by the equation y = 51:3

Prom 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 coniirmed by
use oI the Hewlett Packard programmable calculator. The correlation
coeificient was found to be - 062 for all values from O to twenty-

seven weeks after implantation; this coefficient was significant

at the 5% level. The best curve fit was expressed by the egquation

: - ~x/1L ! e .
v = 16-5e / + 3, The relationsnip between the resistance

to flow and the duration of implantation could therefore be
ssed both as a linear and curvilinear relationship, but the

time relationship 1s probably.the latter. The regression line for

the straight function is shown on Figure l3e.

Comparison of the mean resistance before ten weeks and between
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fen and twenty weeks alter implantation, demonstrated a significant

weexs, no difference between their means couvld be snown.

then those imnlented Zor less than ten weals were compared

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

still a significant difference (Table 13) between the means at both

levels of right atrial pressure (Lt = 2:37, p<d 001 at O rm. Hg
rignt atrial pressure and t = 2.82, » ¢ 0-01 at 5 mm. Hg vight atrial

Dressure).
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- 87 o

The Dependence of the lLeit Ventricle on the Implant for its

Munctional Integrity

In ten of the dogs in which an internal mammary ayrtery had

been implanted into an ischaemic left ventricle and studied at

intervals up to fourteen weeks following operation, heart rate, cardiac

output and stroke volume were measured before and after clamping the

grait.

the cardiac output and heart rate were nmeasureds

stroke volume was caloulated.

The graft was occluded for exactly one minute and at thie time

from these, the

The observed values for heart rate snd

stroke volume were compared with those obtained immediately before the

graft was clamped. The results are
The average stroke volune
open was found to be 11.56 mis, and
11«35, "This represented a decresse
wag not statistically significont.
unchanged at 1357 beats per minute.
patterns did not reveal any changes
T wave, nor vere sny extrasystoles,

during this time.

It must be concluded that

shown in Table b,

for the ten hearts with the implant
that with the implant clamped,

of only 1.8 which of courge

The average heart rate remained
Serutiny éf the electrocerdiograph
in rhythm or in the S-1 segment and

arterial or ventricular, recorded

although it had been demonastrated that



51 WO ‘9qnuTul JUO JOJ 2

"gDop U UT 098I Jedl PuL aunToa 0i3oi1s ‘qndino orTpIgo

Tdut Ax1oqae LAJITUWUGH THUIDQUT 92U} JUTduwTo JO 2087172

SUT

{

7T oTdqed

oCT oCT BT T2 G622 A he6° e i oz
ST CST 20T T-9T cER‘e oz ‘e T e
05T OGT Q-9 ¢6 03¢ T 00K ‘T T g2
91T 10T 4T-6 Ch6 TOO T FTOT TT o
A 2T G- 6.9 46 02T°L ot ¢
oo e 2.4 G.9 AN 069 2 ¢l
TTT 10T T-%7T CouT 0LG T 62G°T G Ti
T C:Z L8 Ge-6 129 T 058 T G e
GTT GTT -6 Q-0T 0LO°T Tic T i7 iy
CaT ST ¢-g 0.9 Ohe‘T 002 ‘T g Cly
POCIIO pedlieToum podure o poduigToun podweTo paduToun
QU T LTS [T QueTdiuT Qe TdwT LuUeTdUT quRTduT
(egrutin Jod sqizeq) (sTiw) (sqnutur aad sTur) queTdut~-2eod
[RRVRY AR R cIcyR) OUWNTOA GHOIS ueal] andqnQ 2BIpIR) 834 IO "ON ?oQ




R SIS A
these gralts

asurable bloodflow to

a),
vy
©
&)
£
ot
0]
]
ct
3
3
foF
Q
o
b
i}
!_._1
(@]
0,
0
£
0]

Y PO - 2 e 2 sy e e Ea 3 2 e e - Fn o
che myocaraliuwn, the cessation o tnls exitre supoly of blood for

one minuce,
function as

cutput were

-

Gld nos produce any detectaple 111 effects in cardiac

]

far as the measurement of stroke voluwe and cardiac

concermned.,




Bloodflow throush the Anterior Descendins Branch of the Left
Cororiary Artery

-

Bloodflow through this aritery wa
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origin from the left coronary artery. Tne tecnnicue employed
was exactly as for the intermal mamnary artery bloodflow using
the electromagnetic flovmeter method. Zero base-line readings

were obtained by clamping the vessel temporarily above and below

the flow »robe.

The forward volwre flow, measured 2 cr. below the origin
of the anterior descendingz branch from the left coronary artery,
varied from 129 to 32-0 mls per minute in ten dogs, with an

T

average value of 19:6 mls per minute (Table 15). This wide range

in values was probably in part a reflection of the relatvive size
of the artery and its arca of supnly, and also to the presence

or absence of early branching.

When the forward volume Tlow through the left anterior
descending branch was compared with the forward volume flow
through the internal mammary implant it was found (Table 16)
that the flow in the formrer was signirficantly greater than in the
implant before the btenth post-operative week (t = %63, p< 0-01)
but that there was no significant difference between the flows

from the ten week onwards (t = 0:-48, p > 0-30).
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- 93 =
the Proportion of the Total Body I'low Garried by the Anterior

Descending Branch of The Left Coronary Arvtery 2cm. from its
Origin

The cardiac output was measured by the electromagnetic flow-

meter in the same ten dogs, within one minute after the rieasurement of
the forward volume blood flows through the snterior descending branch
of the left coromusry artery. During the measuremont of the cardiac
output in one dogy the heart rhythn altered from sinus to ventricular
tachycardia, the data from this dog were omitted from the snalysis.
The flow in this coronary branch 2 cm. below its origin was expressed
per litro of cardiac output (Table 17). In the nine remaining dogs
the proportion of the cardiac output carried by tﬁe artery ranged from
9.0 to 21 mls. per minute per litre of cardiac output with a mean
value of 13.8 and a stenderd deviation of 3.94.

VYhen the ‘proportional' flow in the anterior descending
branch of the left coronary artery was compared to that through the
implant (Table 18) it wos found that there was a statisticelly
significant difference between them before the tenth post«dperative week,
(t = 2,49, p<0.025) but no difference after the tenth week
(t = 1.66, pc>0.h99)- 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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The left ventricle was weighed in each of six do

the forward volume bloodf:ow in the anterior descending arcery

_A.J.-\_}

been mezsuraed (Table 19). Tne Zorward volume flow was

-
ol

&

-

gxoressed wer 100 zm. ol left ventricular weignt, and was Iound

ci-

> vary from 9.6 to 30-5 mls per minute per 100 gm. of lef
vensoricular weight, the four other values were Talrly close
together, however, and ranged from 144 to 17.5. The average

flow for the six dogs was calculated at 17-0 mls per minute per

100 gm. lefv ventricular welght.

When compared with the data observed for the implanted
internal mammary artery (Table 20), the auantity of myocardial
verfusion from the anterior aescending branch of the left cororary
arisery was statistically greater than that from the implant before

the tenth week vost-operatively (¢ = 2.31, » < 0:025). zut when

\}i

compeared with tne peri

<

ision from the implant after the tentn week,
the values could not Le sevarated statistically (v = 0-0%
2> 0-475). Thus only after the tenth week did the implant

provide about the same level o periusion as the anterior descending

B

branch at the level of subsecuent ligatvion.
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Resistance to Bloodflew within the Anterior

Measurement O e
h of the Left Coronary Lrtery, 2 cm. from LIS

Descending Branc
Origin

Resistance to bloodflow within the anterior descending branch

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

- P
R=71" "2

Qe

(Where P. = mean diastolic aortic pressure in mm. Hg; P =

T2

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

1

descending branch of the left coronary artery in mls 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 mm. Hg. This
range of right atrial pressure was based on other experiments
verformed 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 (1963%), who found

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

0 and 8 mm.. Hg. I'rom 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 comple teness. The
resistance was calculated at a right atrial pressure of O mm. and

5 mm. Hg respectively. Resistance was measured in mm. Hg per ml. of
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of O mm. Hg and 5 mm. Hg), but when éompared wiﬁh the erteries

implanted for more than ten weeks, no significant difference could
be demonstrated (t = 1-49, p » 005 at »ri
O mm. Hg; +t = 1-12, pj} 0.1 at right atrial prcssure of 5 mm. Hg)
The resistance to bloodflow throuin the crait had presunably fallen
to about the same level as that through the coronary artery after
ten weeks Ifrom implantation due ©o an increase in the number and
maturity of the anastomotic vessels comnecting the implant to the

brancnes of the left coronary artery within the myocardium which

was observed histologically (Section IV).







The ovservation that only thrce arteries implarted into th

presence of ischaemia was in some way necessary for the extensive
deveircpment of charnels between the imolant and the coronary
circulation. The proportion of ilmplents witn a forward bloodflow
(25%) in this study agrees well with that observed by Vineberg
(1946) who found that only approximately 207 of vesscls implaonted
into the non-ischacmic myocardium were patent throughcut their
entire length. T™e prccence of a back flow of arterial blood

from 50% of these implants also showed that connecting vessels

can arise without the presence or ischaemia of the myocardium.
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The flow of blocd in the lono-tery implant was nulsotile
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in charccter (Figurce 11) as it was immediately after implantation
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{Scetion IL). The maln component was o larpge forward wave which
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was Tollowed by a small but definite rcoverse wave in some
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o subkdivisions, a sysvollc and a diastolic. These TWO DNRases

they were well deflined and discrete (Figure 10). In the long-ter:

often merged. The general shane of the {low waveform nad not
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changed therefore from that of the immediztely imvlanted artery.

It wa by Provan, Hammond and Austen (1966) tha® the
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diastolic component of forward flow increase
time. This was not the Tfindirng in thlis study where the diastolic
component, was on some occasions, larger than the systolic

cormponentc bul by 1no means always.




Blocdflcw in Long-term Implants

Thnis study demonstrated that not only were 907 of those arteries
which were implanted into the ischaemic myocardium for prolonged
veriods of time patent, but each had a measurable Forward bloodflow.
Disregarding bthe particular implant wnich had not onlﬁ carried blood
to the myocardium but also had ma@e vascular connections witn the lef
lung, the remainder of the grafis delivered from 5°7 to 33.8 mls
of blood per minute to the ischaemic myocardium (Tabie 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 % to 21 mls
per minute 'up to several months' after overation, by collecting
the blood in a gradugted burette. A much smaller range (1 to 8 mis
per minute) was found by Barner, Harada, Jellinck, Mudd and Kaiser
(1967), over approximately the same period of time, using the
electromagnetic flowmeter techniogue. Suma, Hammond, Buckley and
Austen (1969), measured internal mammary implant and coronary artery
flows in dogs, using the drop-counting method in the non-working
heart perfused with a punp oxygenator and constant-pressure blood
reservolir, and observed an average iflow of 12 mls per minute in one
year implants. Since the non-working heart preparation is so

physiologically different from that of the intact heart, wvalid
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comparisons cannot be made with results obtained in the presant
study. The only comparable study of implant bloodfliow in the
literature, where flow values were quoted, was that of Provan,
Hammond and Austen (1966), using the electromagnetic floﬁmeter
method, but unfortunately no individual values were glven in their
peper; the quoted range varied from 1 4o 23 wls per minute (mean
flow), measured one to thirty weeks following implantation. The
range of values observed in the present study was therefore of about
similaer magnitude. The same workers showed that when the implant
flow was grepned against time the resting flow increased in a linear
manner in implants older thanjsix weeks, but they did not give

he numbers of dogs used in this part of the study and the flow
vaelues 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 forward volume flow with tine,
but after sixteen weeks the relationship was not clear; the wide

-

scatter of values after ten weeks made it impossible to obtain

o
]

a it for an exponential curve. The main reason for this inability

was that beyond sixteen weeks, there were values from only three dogs




- 107 ~

avallable, and those were a® twenty-five, twenty-six and twenty-
seven veeks. Two of ‘these dogs had a low mean blood bressure

ané therefore their Torward flow values were probably low for inis
reason. t was therefore impossible to predict from these figures

the height of the plateau above the x-axis.

The significant increase in forward bloodilow in the period
arter ten weeks confirmed the histological and anglographic 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 Proporvion of the Cardiac Outvut carried by Lonz-term Implants

-

leasurement of zbsolute forward flow in the intermal mammary
implants toolr 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.
The few published studies on bloodflow in these inmplants not only
gave very little data bubl made no mention of these factors listed
above viaich might have affected the absolute forward flow. For
example, a 15 Kg. dog of inactive habit and with an ischaemic area
oceupying 50% of the anterior wall of its left ventricle might be
expected to have a lower cardiac output than a 20 K. running dog

with an ischaemlic area occupying say 255 of its anterior lef+t

ventricular well.

It has been shown in this study that forward volume flow in the
implant varies in a linear fashion with the cardiac output
(r = 0772, 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 make. Since the cardiac ouﬁputs in this study varied widely
(845 to 2,98% mls per minute), at the time the implant flows were
measured, for reasons of anaesthesia, thoracotomy, ischaemia 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 outpul level as well as, possibly, with duration of
implantation. It seemed logical therefore, that the proportion

of the cardiac output carried throush the graft might provide s

<L

-

better index of forward flow througn the implant when comparisons

'y

had to be made hetween individual dogs.

sy}

The relationship between this broportional’ flow (mls per

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

in this study to be in fact a linear one, with a ccefficient oi
correlation (r = 0°531), significant at the 5% 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. t 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
the level of cardiac output at the time when flow was measured,
rather than to eflfects associated with the duration of implantation.
The significant increase in mean value for the proportion of cardiac
outpuﬁ carried by the implant after ten weeks confirmed the
relationship shown by the coefficient of correlation during this

time.
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Additional Myocardial Perfusion firom the Imrnlant

Arotner surprising finding in this study was that although the
total wody weightsof the seventeen dogs were in the renge of 15
to 20 Kg., the left ventricular weighits varied from 67 to 164 gn.
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 welght 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 257 mls per minute per 100 gm.
.of left ventricle, measured from two to twenbty-seven weeks alter
implantation. The mean value obtained in the group implanted
less than ten weeks oreviously was £+93 mls per minute per 100 gm.
left ventricle, which is oonsiéerably less than that quoted by
Beeman (1968), who observed an additional Flow from the implant to
the myocardiwsn of 135-0 mls per minute per 100 gm. left ventricle
at six weeks following implantation. No fipgures are available
from the literature for comparison with those from the group

implanted longer than ten weeks.

The relationshin between the quantity of blood perfusing the

myoccardium from the implant was shown to be exponential, and from the
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plot in PFigure 134 the 'plateau' was reached at about twelve weeks.
This corresponded to a value of 18 mls per minute per 100 &m. of
left ventricle, which represents the mean maximum value for
myocardial perifusion. This value is remarkably close to ihe mean
value of 17-6 mls per minute per 10C 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 twelve weeks
and the perfusion from the implant remains at about this level
tTherealter. 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

adeguate method of perfusing the ischaemic left ventricle in dogs.
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Resistance Lo Blocdflow within the Imolants

The hizgh level of resistance to flow throuzh tre internal
mammary artery in the first few weeks after implantation was most
probably due to the small degree of anastomosis with the coronary
circulation atv this time. As the connections between them became
more extensive and mature, so the resistance to flow within 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 Lfirst ten weeks after implantation, suzgested
that the resistaence 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 énd duration of implantatvicon ab
both levels of right atrial pressure throughout the whole twenty-
seven weeks (r = - 0:498 and - 0-502). 'The values could also be
expressed as a reducing exponential function with a significant
correlation coefficient of - 0.62., This curve, when drawn, was
very close to the regression line for the linear eguation.

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

weeksconfirmed that this was a real decrease in resistance with time.




The resistance To Tlow in the anterior descending branch of the
left coronary artery in this study was found to have mean values
of 5.2 and 55 at rignt atrial pressure of 0 and 5 mm. Hg
respectively (Table 22). This means thatlt theoretically, the
resistance to flow in the implant should fall to this level or
slightly above. From the regression line in Fisure 13%e, it can be
seen that this resistance would be reached at about twenty-six

To twenty-seven weeks.




Comparison between low Values in the Trmnlanted Internal Mammery
Arteries and thosfin the Arnteriocr Descending =ranch of the Lel

Coronzry Awrtery

Before the tenth week following implentation of the internal
mamnary artery into -the myocardium, the absolute forward flow
with the proportion of the cardiac output, the perfusion oif 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
Tthe 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 aifter the tenth week following implantation the volume
of blood carried by the implant ﬁas 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 thne amounts of blood by which it was deprived
after ligation of the anterior descending branch of the leit coronary
artery. In addition, the proportion of the cardiac output removed
by this ligation, was carried by the invlant after this time. The

only part of the circulatory pathway which differed hetween implant

—




and the coronary criery was the presence of ney channels within
the implants and thne new connections bpetween the latter and the

coronary circulation. It apgain took over ten weelk
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resistance in these new vessels to decrease o tne level of

resis tance offered to coronary blcod in the normal situation.

Thus after ten weeks, the implant in about 853 of dogs
(seventeen out of twenty 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.




Sumnmary of Secltion TIT

The main purpose of this section was to study the bloodflow
through the internal mammary artery implanted into the ischaemic
and non-ischaemic myocardium for prolonged periods. The
proportion of the cardiac outpuit carried by the implant, the extr
myocardial perfusion from the implant and the resistance to fiow
in the implant were alsc studied. The bloodflow thrcough the
anterior descending branch of the left coronary arter& at the

point of subsequent ligation to produce ischaemia of th ef

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

<
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coronary artery) was measured, together with the proéortion of the
cardiac output carried, in addition to the myocardial periusion
from the branch and the resistance to bloodflow through it.

The values obtalned were compared with those from the implanted

internal mammary arteries. The following conclusions were reached: -

1. Q0% of internmal mammary arteries implanted into the
ischaemic myocardium for periods up to twenty-seven weeks

had a measurable bloodflow,

2. Only three of twelve intermal mammary arteries implanted
into the non-ischaemic myocardiwa for periods up to thirty-two

weeks, had a measurable bloodflow, although the flow was
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minute in two of them. Six or thesge implants had a small
backflow from thelr cardiac end wnen cut Tr sve“JOTy, this

s to be arterial, demonztrating

blood was shovm by gas analysi

minute connections with the coronary arterial systen.

A, In dogs with an ischaemic leszicn of bthe lef? ventricle,
the volure flow varied from 5.7 to 3-8 mls per minute. There

was an increase in Torward volume flow in the implants at least
until the sixteenth week, thereafter there was no apparent
increase in flow. The possible reasons fTor this are discussed.
When the volume flow in the anterior descending branch of the
left coronary artery measured aﬁ the point of its subsequent
ligation was compared statistically with bleodflow in the
implants, it was shown that prior to ten weeks a;ter
implantation the flow in the implants did not reach the level
in the anterior descending artery, but after ten weeks no
significant diflferences could be found between the flow in thne

two vessels.

4, The proportion of the cardiac ocutput 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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tne ten week period; after ten weeks the mean values foi- the
proportion of cardiac output carried, the myocardial perfuoic.
_:ni the resistance to flow in the implant ;n:. antorhu' dose :a

branch of the left coronary artery could not bu separated
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the fact that this stud'” is the first to ];uadUi—-e the



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 obtain

]
.
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the ancerior descending
branch of tne left coronary artery. This is also the Tirst time
the forward flow measurements in the implant have been analysed

statistically and compared with those c¢f the anterior branch of the

left coronary artery.




SECTION TV,

MICROSCOPIC OBSERVATIONS IN THE

IMPLANT AND THE MYOCARDIUM.
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The demonstration that bilocd Tflows in the internal mammary
artery implant Irom the moment of its insertion to at
nour later, and also Tne observabion trnat in the majority ol thesc

graits ploodilow is present at intervals up to about trnirty weeks,

is surdrising. The microsceonic chinpes cccurring witnin both ths
implant and myocardium in the immediate pozt-operative pericd have

recelved scant atltention, whilst those cccurying some weeks Or mMonons

.

. - - . e - N — -
leter have been more documented (Vineberg, 1940; Bellmon and
T(‘ - »)

reni, 1938; Pearl, Jozsern, Citret and Kellemeyn, 1939; Naruyamz,

Warren, McCombs, Vickery and Brener, 1666; Lhlbers, Seeman and

Anren, 15C0). Despite this existing docwrentation, the secuence
of events following implantation up to thirty wecks is not clear.

lon = detailed account is made ol changes occurrin

cr

In thls =ec

-
*5
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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 importence 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 syastenmic

and coronary circulations after internal mammery artery implantatione.
The histological features of acute myocaxrdial ischaemia alone have
been studied in a small number of hearte, for comparison with the
changes observed after the production of ischaemia and subsequent

jimplantation of the internal mammary artery.




Thickness of the qitrscsrdiac foyéion of the internad Memmayy setery wall

tne of the observatlions made in this work {(page 133) is that
in internal rummery avteries ilpplanted into tho myocardium for prolonged
periods of time, there is sn incrense in the thickness of the tunica
intima in the distal part of the artery; these intimal chengos were seeh
to o minor extent dn the last distal centimetre of the extrocsrdiac
portion of the sriery end often to a major extent in the implanted part
«f tho arierys Crucisl to the velidity of the bloed flow measurements
made ont the srtery, is the deczonstration that the lumen of ithe artery
had not been encroached upon by & thickened weterial wall.

The measurenent o7 ayterial wall thickness hes received only
scont attentien in the litcersture, dbubt in particular the internsl mommary
ortery has nob beon studieds From the tables published by Hoorderpraaf
and Horeman (19583) of a variety of humen artories, from the aorta down to
vegsels 5 mue in dismetor stwdied histologically, the mesn wall thickneso
of those less than Jmpe in dismeter wes 1h. of the extersal diascter. In
the branches of wmesenterie srtevies lers thon 1 mme in externs) diszmeter,
VYo CGitters, wapper and Rushmer (19627, found o mesn well thickness of
Sefy of oxtermal dismeter, uwsing & auick freeszing histological methode
Hebonold (19603 pointed out tnabl shortening ocours in ercised srterien
apd & resulting incresase in wall thickness could then be expectaed. To
date bthere hes besn no published evidence to support or refute this
suggroestion, bul if this dees ocour then neanurcments made on histologileal
sections will on these grount's tend to overestaimate wall thickneass Lo
the ether hond, ginee Lization of the srtery In formalin sund other

fixatives might be eupected to produce pone shrinkasre, as hoppens in




other tissues, this will further complicste accurate predictions of
true wall thickness, cspecially since uneven shrinkage of longitudinal
and transverse components micht occur within the arterizl wall. The
value of & of external dicmeter ror wall thickness was obtoined for
arteries from the aorta te the saphenous artery in the dog was observed
by Mchomnola (1300), calculated from meusurements of length from intact
arteries followed by determination ol wall density. In a series of
carotid and femoral arteries in doge, Petersen, Jensen and rarnell {(1960)
estimated mean wall thickness in vessels less than 5 mme in diameter at
1Medn of external dimmetor, caleulated Trom pressure wave velocity
measurementse

In this present study, weall thickness both in ithe normal
internal mammary artery and also in the cextracurdiac portion of the
artery whose distal end was implanted into the mvocardium, was measured
from histolopgical secticns, and ex ressed s o percentapge of ine external
diameter in ovrder that comparisons be made of vessels within the same

range of cxtoernal diameteore
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MITHODS

Within ten minutes of cardiaec arrest, four blocks of
ticoue were taken from each of forty dog hearts renging from twentye
four hours to thirty weeks following implantation of the internal
mammary artery into the left ventricular myocardium (Table 23).

There were two groups of dégﬁ. the first received an inplant only,
whilst the second had, in addition, lipgation of the anterior
descending branch of the left coronary artery. Details of these
dogs and the methods employed have already been given in Section T,

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 were from
the left ventricular myocardium and included the tunnel and its
contained implant plus surrounding myccerdium. Each of the
myocardial blocks was cut 1 em. broad by 1 em. long, through the
whole thickness of the myoccardium. The proximal and distal. ends of
each block were identified by different markings. The first of
the myocardial blocks was token from the first centimetre of the
tunnel, that is, that most proximal part of the intra-~myccardial

course of the implant. The second myocardial block was cut from
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the mid-tunnel region whilst the lost block was teken from the end
of the tunnel and included & piece of myocardium beyond the end of
the implant.

The blocks of tissue were immediately irmorsed in 103
neutral formelin end later processed for histologlcel sxamination.
Seetions from the blockes were cut snd stained with heomatoxylin end
eonine In addition, certaln sections were aluso stoined with resorein
fuchsin for glastic fibres.

Acute myocordisd ischaenia of the onterior wall of the left
ventricle wae carried out in seven dogs by ligation of the anterior
desoending brench of the left coronary artery, & criss below its
origin, 8s described proviously (poge 16), without inplentation of the
internal mammary arterye Tho dopo were allowed to gurvive from one to
tventy weekse. Three hlocks of tisgue wore cut firom the infercted
area, one at the level of the ligature round the srtery, the cecond
in the mid part of the igcheenic mres and the third at the apex close
to the edpe of the deovitaliged orecs Sections were prepured from
these blocks as described above, and stuined with haometoxylin ond

a0sine.




ann of Inteenad Macmary Arterics

Hoasuronent of well thickneny was mode on the internal mommery
artery in ton normel dopgs mnd aloe on internel mammory arteries implonted
into the myooordivn in twenty dogss for perdeda up to twenty seven wecksa
The oepment of priery examined in the latter group wos ab a distance of
b %0 5 eentimotres proximal to the point of entry of tho sriery inte the
pyocordial tunnely this was the point (5 centimetres) where bloed flow
vac seosured in these srterdess The histologieel sections were prepored
as decopribad sbove, ond shtuined with heematoxylin ond eosine Heapuremento
of wall thiokness snd external diameter were made using & binoculor
microscope with a {ditted picrometor eyepicco, ot one hundred times
magnificatione A% this opgnification tho moosurenents were mmde to within
1 briey Whigh representod Ce01 mpie in torma of unnammified dimensions
Since the meon thicknews tnd external diametor in sld srteries in both

ORI TN

groups wore Oe25 mm. and 2680 mme rospeotively, the accuyacy wos k¥ for
fo tasthl o

thicknese nmeosurement and less thon 0W5% for that of oxternal dismeter.

Sixn messurcnments vero nadse of cach ortery
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RESULTS

These are swmarised in Table 24,

3
=]

48]

1. Histological changes in the Tirst 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 extramural and intramural course;

(ii) those in the immediate vicinity of the implant;
(iii) +those occurring at a short distance (up to 1 em.) from

the implant.

Changes within the implanted artery

.

These were observed at four levels:~
(a) extramural,

(b) at 0-5 - 1 cm. o

iy

the intramural course cf the implant,

(¢) at 15 - 2 cm. of the intramural portion,

(a8) at 25 - 3 cm. of the intramural portion.




Lvant Time Irom Implantation

R Implant invaded by nolymorghs 2L hours. Over in 14 days
2. Swelling of myocardial cells 24 hours
bR Hyperaemia of myoccardium 2<% hours. Over in 1% days
L,  Recanalisation of thrombus in

iniplant 7 days
5. Disappearance cof myocardial cells 2 - L neeks
5.  Red blood cells in new chennels

within implant thrombus 2 - 4 weeks
7. New channels at end of implant 2 - U weeks
8. Proliferation of intima of implant 2 - L weeks
9. New vessels in intima 2 - L weeks
10. Increase in adventitial capillaries 2 - 4 weeks

11. Breakdown of elastic tissue in media 10 14 weelks

1

12, New 2lood vessels in media 10 - 14 weeks
135. Maturity reached in blood vessels
around implant 16 - 20 weeks

14, Arteriole-like vessels in implant
tnrombus 20

i

27 weeks'’

Table 24

The tire secuence in the histological events after implantation
of +the internal mammory artery.




1

The features cbserved in the extramural course ¢ tne implant

in the first seventy-two hcours could te divided into those
J

occurring in the peri-arterial area and thwose writhin the lumen.

-

The peri-arterial changes wer

o

those of an increasing invasion
of polymorphonuclear leucocytes into the soft connective tissue
surrounding the artery and into the adventitia, althouzh there
was no sign of infiltration of the media or intima by those cells

1

auring onis time. In all sections up to seventy-two hours

I

there was unclotted blood within the luwmen of each vessel although
there was evidence of mural clotting at twenty-four hours at some

part of each lumen. At Torty-~eignt and seventy-two hours only

a small proporition 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 althouzh they

could also be seen in the intimal or medial layers. The 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. 4t other places within the lumen very fine, pale

stained thrombus was discernible, adherent to the endothelium, and

probably of platelet origin. There was no evidence, however, of




generalised thrombus formation.

At Torty-eignt and seventy-two hours the only new change

-

in the implants was the greater numbers ol polymorphs in the
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adventit d to a lesser degree in the media and intima.

Crimping of the implant within the myocardiws was seen in

one heart. From Figure 14 it can
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it must predispose to a reduction of flow thwrouzn the implant and
also to its early thrombosis. In the immediate vicinity of ‘the

x

implant at all levels, & small fresh haematonma could be seen
surrounding the vessel (Figure 15). This hoematoma at its

4

maximun in all of the sectlons was aboult 10 mm. in diameter.




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).



Figure 15b

Higher magnification of the haematoma (x140).



1

hanges in ohe vicinity of the implant

Tne extravasation of blood was partly comparusentalised oy

fibrin at twenty-Iour nours, although at seventy-twe, the pool of
red blood cells was not completely enmesned by fibrin strands
(Figure 16). By the end of seventy-two hours, the extravasated

blood was not totally invaded by polymorphs which were present
only in places. This suggzested that the pool of
in fact bhe entirely static, but that the constituent cells were in

motion.

nadiaving from the haematoma were streams of blood cells from
ten to about 5O microns in width situated between the myccardial
cells (Figure 17). These spaces between cells were on close
inspection seen to be lined with endotheliazl cells and were therefore
enlarged carillaries and venules, The capillaries and venules
could be seen in places to join each other in a plexus formation
(Figure 18) and occasionally to empty into small thin-walled veins
(Figure 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 myocardiai 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. The 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).



Figure 18

Capillaries and small venules within the myocardium,
seventy-two hours after implantation of the Intenial
mammary artery (x280).



.»

Figure 19

Small thin-walled vein connecting with venule Eind
caplllefi as, in the myocardium (x1AO).
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eosinopnilic than noernal. e whicle myoecardium in the immediate
vieinity of the implant was already infiltrated witn neutrorhil
polymorphs at twenty-four hours and quite densely so by seventy-
two hours (Figure 20). Vo mitosis was seen in any cell type in the

implant or myocardium from all hearts examined ud to sevenby-two

" hours.

Changes at & Distence from the Implant ‘

mxamination of the areas of myocardiumn at some distance from the
implant and the haematoma revealed the pdresence of widened
capillaries znd small thin-walled vessels between 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 myocardiwa, 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)



iL. 3 Second lYecks

gturo Hetween the Virst ond
By the end of two weelts the extramurel portion of tho implant
otill remained patest (Figure 21) as dild the intramurnl portions
excopt for the distel purt of one implent which wes throwbosed but
which however, had begun to recenslise (Figure 22). This
particular implant hed beon carried out only seven deys previously,
go that recanalisation cen apporently ocvcur in this short tinmes
The walls of these early channels wepe thin end lined by flnttenéd
endotheliolelike colle (Figure 23)« No blood oolls however could he
geen within these vespels at this stege which although hollow might
not have communicatoed with the systemic elrculntion. At the end of
the first uveck, the cupillerdies wnd lorger blood vegsels of the
surrounding myccardium were still cboerved to be widely open and
£i1led with bleod celley this was tekon an evidence of continuiég
hyperacnia Qn the vicinity of the implent, although this was no longer
ohaerved b& tho end of the second wepke.
The lsucocyte infiltration which was eypparont in the corlier
stoges was siill intonse at one woek but had abated considerably by
the end of the second weeks Intact extravosated red blood corpuscles
wore 8till in evidence around the implunt at the end of the first

wveeok but were no longor soen boyond that tine.
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Figure 21

Patent extracordlac part of the internal mammary artery implanted
two weeks previously. (X 32)
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Recanalisatlon of the distal thrombosed portion of the
internal mammary artery implanted one week previously (x140).



Figure 21

mmon seen In
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The area of infarction and necrosis of myocardial cells was more
obvious by the end of the Lirst week uwhen the myocardial cells were
seen to be pale stained, with loss of cross~striation and swollen,
disrupted nucleis. By the end of the second week, fhe necrotic
tissue had almost all been removed, leaving a very loose, pele
staining fabrice. Amongst this tissue, arterioles, venules and
capillaries could be seen, cuffs of normal myocardial cells
occasionally surrounding theom. Polymorphonuelear leucocyles were

5till t0 be found fairly evenly dispersed throughout this area.
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i1X. [listolopical chengey at four weeks

At four woekes the intra-myocsrdiol portion of thoe implants
could be divided into two groupsie

(&) %hose romaining petent,

(b) Thone which hed thrombosed but had reconalised.

The intra-myocardial portion of the implants which had
romoined patont had a much reduced luminal size. In mony cases this
had been decrensed to alwost one-half of the original calibre (Figure 24).
This reduction in luminal size wag observed to be due to e grest
" inereace in the width of tho inner coat which in the normel internal
marmary artery ie oxecedingly nerrow, consisting usually of a few fine
@allagen fibres topether with other elements of loose connective tissue
and the endotheliun lininpge However, in the patent implant, thore was
great thickening of this cout due to an inerease in the amount of
connootive tissue. The internal clastic leming with the elentic and
museular compotents of the tunicn medis still remained intact at this
ﬂtagé-

In those implents which had thrombosed but recanolised, the
new chennels pumbered from one to four were prenent in greater numbers
snd total crossesegtionsl orea the more digtal the observation was
nedes  They were presont normally in the piddle of the crganised

thrombosod aren (Figure 25) but occasionally they were close to the
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Figure 23

New channels within the thrombosed Implant at four
weeks (x100).
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original endotheliumy in a little *bay' formed by the undulations
of the internal elastic lamina and crimped endothelium. This type
of channel seemed to utilise the original endothelium as a side wall,
At this stage (four wecks) the new channels were still thin-walled but
contained red bleood cells, and thus evidence of communication with the
circulation.

In the intra-myocardial 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 implents. In
addition, a well developed plexus of capillaries and thin-walled vessels
wags evident in the adventitia and iumediate peri-implant area, much
more developed end 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 red 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 appesrance could be differentiated from the intrinsic
vessels of the myocardiume.

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 at four weeks well organised, the myocardial cells having disappeared
except for occasional islands of muscle tissue around blood vessels. The
whole area was composed mostly of connective tissue in which blood vessels
were present in large numbers (Figure 28). The blood vessels of the
immediate area around the implant in what was probably the former
haematoma area, were mainly thin-walled and from capillary size (i.e.
about 6 microns) to about 20 microns in diameter, and well filled with red
blood cells. Quiside this area was the area of infarction (and possibly
surgical trauma incurred during the fashioning of the tunnel). In this
region the blood vessels were mainly capillary in type, but also present
were the n_ormc:| arterioles and venules, small arteries and veins of the
«coronary circulation, grouped together in the classical descriptive manner.
These vessels all seemed to be more numerous than normal probably because
they were more noticeable amongst the connective tissue of the infarct

area than amongst normal myocardial cells.




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 appesrances ot ten weeks

By ten wecks there were no striking differences within the
implants from those observed ot four weeks except that in the patent
(non-thrombosed) implants the internal thickening was yet more
pronounced in the intra~-myocardiel portion reducing the lumen in some
cases to a mere chinks, In addition, the new channels within the
thrombosed implants were obsecrved to be more numerous and in some
cases obviously branching within the thrombus., In close proximity to
the implant the blood vessels which at earlier periods were thine-
walled 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. lorphology at fourteen to sixteen weeks

The changes from those at ten weeks were two in number.
First, the elastic f{ibres in the tunica media in the intra-myocerdial
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 clastic
tissue was distinct evidence of an imerease in the numbér of capillaries
and larger thin-walled vessels within the media (Figure 31). This can

only be regarded as evidence of sn increasing communication between the




luninalchonnols and the blood vessels in the adventitisl aren.

The ipchaenic area wes by this time well demorcated end the
blood vésaela within stil) numerous, prominent and yet more mature
than at ten <ools (Figure 32) e
VI [lorphology ot iwenty weeks

By the twentieth woek, thé new medinl vessels were still
more obvious but the most striking chenge found at this time wos in
the maturity of the vessels oround the implant, which was by this time

purrounded by vessels of various calibres, the largest of which wore

" corteinly larger thon arteriovles (Fipure 33).

Vil., Hicroscopic appearances at twenty~seven wecks

By the twenty-seventh weel the only change was in the
morphology of the new blocd vessels within the dmplent. Whereas
previously these wore thine-walled and often of noneciroular outline,
they vere now largely of srieriolar sepeorancee with a well rounded
contour ond a thick wall (Fipure 34)e Close inspection of the welle
of these vessels showed that they were composed of concentrie cells
which hod the appearomce of cmooth muscle. The nuclei of the endothelial
lining vere flattened snd small, but those of tho wall were spindle

shoped and had prominent nucleoli. The origin of these new mural cells
was obsoure, but they could have originated Irom eells within the
natured throwbus which hsve beon ghown in thrombosed veins to be

virtually identicsl with suooth muscle cells (Ciiff, 1963 and 196%).




Figure 30

Elastic fibres disintegrating In the tunica media of the
Implant at sixteen weeks (x520).



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 (x100).



- 136 -

Histological Changes Observed in the Ischacide Ares in Dorg

Yithout Tmplantotion of the Internal Mammory ﬂétoqx

The izchaemic areas from the hearis of geven dops in
whom ligation of the onterior descending branch of the left
coronary &rtery had been carricd qut, ac desoribed previously,
but without implantation of the internal noumary artory, werce
uxamineds

Cheervations mude of the inforcted area of the loft
wontricle one woek following ligatiog of tho asnterior descending
hrauch of the left coronuyy artery, showed that tho main
histologicol feature woam one of gosgulative necroais of the
myvcardiumn. The whole srea was pole and stood out in contrest to
the darker stained normal surromding tissuce The whole necrotie
apea wao infiltrated with polyworphonnclesr leucoaybes, whilst ot
the edpe of the infarct, theme colls were in greater numbers, Smell
aycas of intact musele cells could be discerned but only with

difficulty within the neorotic arca. Arvtericles snd venules, sowne

empty,y were observed usually close to the islends of intact cardiace
sunelice

At the end of the sccond week, the picture had changed
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drameticelly, the noerotic mmsele hed disappeared oxgept in

vory amall &roan,'laavin@ behind a very loose pole staining
timpuc, which probably reprosented the fibbous skeieton of the
myccardium, within vhich peony coaplllisries conld be goeche Lexger
blood vesselsg, of arteriole and veaule sizse could be more clearly

sean against this pale backgromds The edpe of the inforet ares
was clearly defived at this fimoe

By the fourth weelk, thut whols area looked more dense,
due to an.incyaasa in connective tissue clemenis. Very few
polymorphionuclear cells ond sworophages could he seeh, although
gapillaries soomed to be present in larger guentity. The larger
blood vessels did not ssem o be increaged in nusbor.

AL the end of the sixth week, the histologlcal picture
had changed only in two respects; firgt the copnective tissue
within the srea was nueh more dense, glving the whole sres & muceh
pore solid appecrsnce, ond second, thero sccoted to be on increase in
the musbers of small artericoless By the tenth weel, the infaret had
beon gonverfed into o sheet of dense collogen tissue in which larger
nusbors of capdllorics and spell blood vessels shood out ageinst a
very polo backpgrounds The picture was unchenged in the two other

dogs ot sixtesn ond twonty weokue




YMeasuranent of Voll Thickness snd Extornal Disneter

These wers nbde on twenty implonted internal monmary arteries
in their oxtrocordiae courses & to 5 centimetres proximnl to the poiat
of entyry dnto the syooardial tunnel, mnd alao on ton normel internal
nenory arterios. The results for the individual vessels ero gives in
Pable 2hne  In the implonted proup, the extornal dismeter varied fron
168 to 3.0 miee With o peon of 215 ome, the thickness of arterinl woll
had @ renge of 015 to 003 mey With & resn of 024 mme  The thickneso
expreased as & percontage of external diznoter varied from 7.9 to 16.0%,
with a meon of 1104 (standerd deviation 2,20}« In tho normel internal
nammary arteriesn, the oxternal diameter ronge was fron 2.0 to 3.0 moe
(meon 240 mme)§ tho thickness of the arterisl wall voried from 0416 to
Oe38 mria (meon 0827 wme)e The mural thickness expressed 8z a percentage
of external diameter voried from 8.0 to 15.%Y, with a mean volue of 10.85%
(stendord devistion 2.30)s Using the student tetest with Boesselts
correction for small nunbors of velues, the difference between the two

groups was found to be not significont (p > 0403 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 extracardioc portion of the
internal mammary implant, 5 cms from the heart, showing very thin
intima. (X 240)



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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Absence of Completa Qcclusion of the Graft by Tnrombus

In the first twenlty-four hours following Tthe implantation
of the internal memmary aritery, the most surnrising feature of
this study was the absence of complete occlusion of the implént
by thrombus formation. in certzin sections, evidence of thrombus
formavion was observed but was limited to swall areas of the lumen
adjacent fo endotheliumnm. By forty-eight and seventy-two hours this

‘vartial' clotting process had increased to include most of +the

v

3

cross~-sectional arca of the lumen. A< no time, hnowever, was
1t observed that the wnole lumen was entirely thrombosed, there
was always a small area even at sevenity-two hours which was Tree

Fal

of Tfibrin and in which the blood cells were of normal appearance.

-

The absence of Total thrombus occlusion of the implant in the
Tirst 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 through the graft. Althougn it has

been shown experimentally that blood in ligated sezments of

arteries tends to remain fluid (Hanser, 1813%; Mehrota, 1953%), the
>




prosencl. I'ovrever*, oi DrcL : ol ciot .ox.iciuion c.t i:..3r.c
flur* r.zwrzj plus tr.s jrautu&l ir.crcsse in tnut pncsess ovs:* &r:
susceodlnp fcrty-eljnu nouns is rather

nypounesis in *

that the static pictures cl TIiistclony represent n situation uhare
in the early stares there is sore blocclflo’

but as tine passes, there is a gradual

by thro.T.bus lorrr.ation probably due to slot; W e W Veelw Vi
it. If there is flou thrcufi the graft 1i: . wew o« b
hours, no natter hov; snail a quantity per

quantity of blood must either be acco.:n:odated uithin the

or 1in sone uay pass through it during those three days;, 0OUV

ne o-ooa roust event\ route through to he wvenous
system of the heart wv;all. he flou th't'unn. tne ,uaft
were as smarl as ©~ m . per minutetnroughout the first tuenty-fuur

hour, or a total of almost one
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Troravacsticon of Blood wilthin the Iyocardiun

e

The pool of blcoa cells lving around the implant in the first
sevenity-two nhours measured sowme 10 mm. in dlameter at a moximum
in all of the sections examined. Since the turnel throuzn the

myocardiwa was at the very most, 4 om. long, the largest
extravasation within the myocardium could not have measured more

than

%f x 0«5 % 4 = 3.10 mls of blood

Even admitiing a large error in thess calculatio it is

J
clear that if this cuantity of blcood represented the total blood

wnich had passed from the implant into the myocaraiwn then bloodflow
‘y .~

the implant must have ceased within the Tirst few minutes or th

o]

mammafy artery being pnlaced within the tunnel in the myocapdium.
The strong evidence of bloodflow in the extramural portion of the
grait from ao%ual measurements of flow by the electromagnetic
Tlowreter method detailed earlier in this work suggests that

bloodilow continues in the graft for at least one hour following

implantation (see Section II).
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The findiag that ths haenatomz ivself at twenty-four hour

is oniy in part compartmentalised by Tibrin strands and thst
even by seventy-twe hours is still not completely enmneshned,
suggests tnat elther some local anti-ccagulant or fibrinolytic
factor 13 active, or that the pool of extravosated Hlood is not
static but in mobtion, or indeed that a conbination of these

factors is at play.
Nj

b v )

Polvmorphonuclear leucocvie pehavicur in the vicinity of the implsnt

The behaviour of the Lolymorphonuol ar leucocytes in their
relationship to the haematoma was also interesting. In this
study tnese 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 with white cells,
although a fairly large population of these polymorph cells were
to be found throughout the myocardium surrounding the implant at

this time

The observations made on the implant itself including the
absence of generalised thrombus occlusion of its lumen, the

surprisingly smell size of the haematomz with the absence of




complete fibrin enmeshment theoughout its structure, plus the

apparent reluctance on the p*r o1 ‘the polymorpronuclear
leuvcocytes to invade the haemabtoma, vointed to the conclusion that

the pool of blood lying outwitn the implant was not entirely

static in the first twenty-Tfour hours.

w

The presence of greater quantities of Thrombus within the
implant itself by seventy-two hours, together wit. the presence
of neutrophil polymorphs in small areas of the hoematoma surrounding

the 1lmplent at this time, suggested that there was a gradual

curtailment of flow by this vtime.
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Chanyres in tho ﬁload_vﬁﬁmelg Within the Mvocardium

The most striking fenture geon in the blood veﬁﬁelg\gf the
myosnrdiun wag thelr dilatetions Thore chonges were evident by the
ond of twenty=four hours following implantotion and were most
pronouncad by the end of the third doy continuing for at lesst one
weeks DBy the end of the pecond week, these vessols were of normsl
dimensiong. The chonges in the blood vessels strongly resgembled
those of reackive byperacmis which io scen when donopge Lo the cells
of sn orgen or tissue occurs. %his view was sirengthened by the
obpervation that artericles os well an cupillories snd venules were
dilated. This romctive hypereenin wes most 1likely in responge te
acute ischasnia of the wyocardium, plug the trauma inflicted on the
myecardivm by the tunnelling process.

The poel of bleood surrounding the implent may act, in poart,
8s a goeldld renervelr in dlestole vhen it in augmented fronm the
implant. In systole when the implant flow (like that of the
poronayy srtories) i halted or even slightly revermed, the
pyocarding may sgueeze thio reservoir and in part disseminate it
through the ‘spuces' in the myceardiwr. These 'mpeces' in the
myceardiuy were shown histologically to he small blood vessels from

ghout 6 picrons to sboub 20 microns in dismeter.
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During the tuwanelling process, great nuibers of these vessels
must have been cut across, leaviny the oven ends in direct contact
with the blood floviing Ifrom the Implant. Thus a patnwey for

blood Fronm the impleant might well have bsen establisned. Tris
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otihesis is supported at ieast in peart by the histological and

Tlow studies.

On casual observation it might seem that the blcod vessels of

the myocardiun were engorged with extra blood from the implant,

but close examination showed that the arterioles of the myocardium
were also widened end packed with blood cells. Thus the blocd
within the capillaries and venules might have been a mixsure of
implant blood plus a relatively greater contribution from the

arterioles swollen from reactive hyveraemia. '

Vinebersg OLE) claims that blood from the implant flows
9 A

into large thin-walled spaces which he called sinusoids, and from

these to the myocardial capillaries and hence on to the venous systen.
These sinusoids were not identified in the present study. Spaces

viere seen occasionally around the imvlants in the early stages out

‘these were irregular in shape and appeared to be artefzcts made

bav

in the tumelling process. Lpart from the blood in the haematoma
(S R 3

the remainder of the red blood cells were found to be in vessels
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whielhh had & thin endothelial Lining. These dilated ihine-walled
vessels between the columng of calls were corillaries and venules.
The prescnce of sinusoide io not essentisl however, in the ooncaopt
of a pathway from implant to the venous syatem in the early poste
implont poriods

Chonges Cbeerved in the Ischacnic Myocardium

The histologiosl pieture of tho shanges oboorved in the
ischaswiec myccardium in this study was complicated by the presence
of the iuplant mnd its assogiated trawsa to the wnyooardium, plus the
presende of the hacmatoma suprrounding the imyiant; In order to
glarify vhat changes were brought ahout by the implont and vhat
changes weve brought about by the ischcenmie process, a limited otudy
{on acven dogs) wos carsied out for cosperdson in which only the
Ligation of tho snterior descending branch of the left coronary
artory wag cavrded out without implentation of the inbtornnl mamcary
artery. 7This study of the changes effeated by ischaewmin alone was
made from the end of the firset wesk to the twentioeth wewsk, and the

rosulis hoave been desopibed nbovee
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Essentially the cardiac muscle fibres of the left

- ventricle were awollen and pale at tuwenty-four hours following
ligation of the snterior descending branch of the left coronory
artory oand implontstion of the internal moumery artorye. By seventyw
bwo houre this procoss had intonsifiede In places actualﬂdissaluﬁion
of cells could be observed. The sarly histologicel chenpges of
pyoeardinl inforotion have been described ab length by Lodge=Potch
{1957 . As eerly ss tuenty-four hours neutrophil polymorphs could be
oeen throughout the myccardium, inercasing in nunbers up to at lenat
the third day. Cureful observations by other workers have shown
infiltration by these cells from o5 eorly as gix howes following
pudden coronary artery occlusion.

By twenty-four hours, however, oa apparent povedox oxists
in the obgervation that within a sca of dying and dead mucele cells
there vore great nushers of vessels swollen with blood cells. This
reactive hyporoemic process, however, was probably in reeponse to the
presenco of domaged celle which liborate sowe gubstence (thought to
he slwiler to the histonine-like substsnce in the skin) but perhops
some other chemicsl in the myccerdiums The hybaraemia process
opeurred too late to be of significence in the resusecitation of muscle
cells in the areay since the great majority of these would not be visble
one hour following coreonary srtery occlusion, but would have been of
value in keeping musele cells opn the fringe ol the ischoeusic area

viable.,
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The chenges 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. TFirst, in the implanted group at
one week, the small vessels within the ischaewic ares were more
enlarged with blood, and secondly, from the fourth weeck there secmed
to be larger numbers of vessels of arteriole size, and smaller, in the
ischaenic area close to the site formerly occupied by the haesmatoma
surrounding the implant, than in those hearts with ischaemia alone.
Thig second differcnce 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.
Whether 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 histologieally, but there was angiographic evidence of
communication between the implant and the vessels within the ischaemic
areca, observed by the presence of a 'blush' produced by contrast

medium £illing the small channels within this area (page 189).
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The Fate of the FHaematomo

—

B7 the end of The second weex following implantation, the

red cells of thne naematoms area were no longer to be szeen, and
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"ew weeks This area b illea
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graduelly over the subsecuent
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first with a loose and then later, a more dense cornective tissue.
This fibrous area merged witn the connesctive tissue of the

adventcitial ccat of the implant so that it was difficult to deiine

The dividing line between them. S
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1% merged with the connecetive tissue of the ischaemic myocardium.
Within the comective Tissue of the organised haematoma, large

numbers or small vessels abdueared. This subject is discussed at

greater length below.




Changea Observed in the Vialls of the Implent

In those implants which had remained nen-thrombosed, at
about four weeks 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 srtery but a greater increase in that
within the myocardial tunnel. This increase wap 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 whieh gradually, over the succeeding weeks, reduced to s
chink in the middle of the dmplant in which blood cells could.still be
found. The obliteration of the lumen by intimal hyperplasia has been
noted previously in studies of experimentally ligated vessels (Hanser,
19133 Mchrota, 1953). In the mature implant of say ten wecks or
more, this central nuch reduced lumen could easily be mislaken 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 communication with the now much folded and
digintegrating original endothelium almost Ubsqurad in the obliterated
part of the original lumen. In this way the original yroute, however
reduced in size, remained open, cdnnecting the systemic circulation sbove
to the nyocardium 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 oi new capiliary growin. In those implaats, wnich either
wholly or in part thrombosced early, the tunica invime retained
ol

its original size and contour. The intimzl proliferation occurring

in the patent vesscl was nct observed in lthese implants.

The mechanrisnm involved in thne cobaserved o“hnﬂeb in ‘the intima

of patent implants is obscure, bubt perhaps may be related to the

1. Interference with the blood subnly To the intims due to the

removal of the artery from its natural bed, where the arterial
wall receives at least some blood for its ovm nourishment from
peri-arterial vlexuses c¢f small blood vessels. Digsection of
the artery from this bed could jeopardise the blood supply to the

walls of the artery.

2. The presence of a reduced bhlood flow through the imrient. The

invima probably obtoins at least vart of its nutritional and

ck

gaseous requirements directly from the lumen of the artery. When
the flow has been slowed or completely stopped, this may result

in proliferation of connnective tissue elements in the intima.




5. Prassure incranzes seross the dinnlent wolil. Since the
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myocordivm increased resistance o Lleooddlow througn the imsilan
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the bDlood pressure within tThe implant rust have been redlstributed,
in part, througr the walls of the ilmplant. The increase in
transmural pressure micht in some woy have stimulated growth of

connective tissue in the intima.

The increase in connective tissue bulk in the intima was
not accompanied by similer changes in mbdia{ vhicn rehmained
remarkably unaltered in appearance until about fourteen weeks
following implantvation when the elastic fibres in that coat
began to disintegra e.~ At Tirst only the occasional elastic
fibre was observed to de 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,

ela

,J.

¢ fibres were not discernible in the walls of the implant.

This gredual disintegration oi the elastic tilssue could have

G'

been due to disuse atronhy or again to poor nourishment. 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 twentleth week. By the twenty-sixtn week the

walls of the original implant were in many cases difficult to
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tigsue surrounding vhe 1unlanu,

except that they retained 2 sligntly more eosincphilic appeerance.
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The ©two easlily noticeavle changes in tnge adventitial coav

inereass i the amount of connective tissue tozether

FATCIL)

its constituens fibres into concentric

with a re-orientetion of

shells almost parallel to the curvature of the implant in transverse

section. It was difficult, os was stated earlier, to differentiate
between the commective tissue of thne adventitia and that of the

organised heaematoma. The otner obvious change was the great

in and around the adventitia,

irrease in the number of blOuQ vessels

but this subject will be discussed separately.
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New Vessel Feormation arcund the Imnlant

.
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LZround the impnlant within the myocardiun, an increzsing number
of blood vessels made thelr spdearance from about the fourtnh weex.
These vessels were at first of capillary size or a little larger and
had thin walls. Over the rnext twenty weeks they incressed in size
and graduslly aporoached, mingled and becane indistinguishable in The
later stages from the adventitial vessels. From the angiograpnic

tudy presented later, it was obvicus that at least scme of these
vessels (if not all) eventually represented the anastomosis between

the graft and the myocardial vessels.

Tne origin of these small thin-walled vessels outwith the
adventitial coat of the implant was not clear but geogravhically
they came 1to occupy the area in wnich the haematoma was originally
situated. It is thought, 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 althoughn these small vessels were present, they
were well separated JTrom the adventitial vessels; only at about

Ten weexs were these two groups of vessels found close together.

When the myocardial tunnel was fashioned, large nwnbers of
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and many transected. These multinle foci of breached endotheliun
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could thereifcore Theorevicalliy nave been potentizl growtn noints
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Tor capillary svrouts. Tnese new vessels would grow L1nte the

surrounding myocardium and also inte bthe orzanising naematonz

perhaps attracted therc in particulor, by some chemotropic factor

N

1 the haematoma.
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presen

Thne new vessels cf the myocardium therefore arise in the area
close to the implant nossibly because of the damage inflicted on
blood vessels in the vicinlty during the construction of the
intramyocardial tunnel, Tre stimudus to inditial capillary growth

may therefore be the »resence of damaged endothelium and the

directlon of capiliary growth may be determined by chemical
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atbtractlio
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Tthe haematoma. In the same way the new vessels
arising from the advenititial plexus and also from within the

mrolant itself way be witracted into the haemotoma area, where they

(R

meet and anastomose with the new capilleries from the myocardial

vassels. ;
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Tre fommation of new blood vessels within the lumen of the innlant

All implaernts in Tteis study either retained thelr patency
or were recanalised. Iin only ;w imnlants was evidence ¢f total
Throrbus ccclusion observed withocut recanalisation, but that vwa
confined to the distal part of the vessel, the proximal reaches
including both the extranural and intramural rporitions remained
patent. The changes brougnt about in the lumen of the patent

vessels have already been discussed.

In the thrombosed implants recenaliisation was observed as early
as the end of the first week. The number and maturity of these
- new channels increased with time until about twenty weeks following

the implantation. During this period tre se new conduits

evolved from small empty vessels with very thin walls, consisting

of no more than endothelium at about two weeks and viere observed
to have red blood cells within then at four weeks. They underwent
a branching and intercommunication pnase with the other new chamels

-

present within the lumen by the tenth week and possibl& commected
with the ﬂeﬁ vessels of the intima from as early as the fourth week.
From the tenth to the twentietn weeks the vessels in the new
chammel sy rstem becane larger snd thicker walled but Detweon this

point and twenty-seven weeks, many matured into rounded thick

walled vessels indistinguishable from arterioles. The new
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vessels arising f@om within the implanc lunen could be seen
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comective tissus from oz early as four woeks., Since these vesselis

with those in the connective tissue arourd th
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implant and possibly also with the srnell new vessels within the
irmnlant wall. Occasionally new vessels within the lumen of a
thrombosed broanch of the implans coﬁld be obscrved with red blood
cells witnin them. Tias 2 well cdeveloped eirculation of smadil
size vessels up to arteriole level existed at least between the

lumen of the implant and the vessels of the connective tissue area

e

iy

at the distal ernd o e inplant. This circulation possibly also

included the vessels within Tthe implant wall.,
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The Crigin of New Charmels within the Implant Lumen

‘,)

¥

As has been discussed above, there were two Types of channel

found within all implants. The Tirst tyme was really the shrunien

lumen had decreased in size because of a great increase in the
connective Tissue elements of the intimel layer. In some places
the original lumen had been obliterated completely, leaving the

endothelium lining from opposite sides of the original lwren in

close apposition to each cther. The possible reasons for this
intimal proliferation heve already been discussed. In adaivior
TO the runken lumen remaining a functioning conduitv for

bloodflow, the folded 'excluded' endothelium in the peripheral

2]
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obiiterated repgicn of the original lumen might be a source of

neocanillary formation.

Fnl

The second tyve of channrel found within the implants were indeed
new chammels. They appeared within the substance of the organised

thrombus widceh ocecluded 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 wvessels indistinguishable
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connectTive Tissue fiures. Sinocc these new vess hod vl
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been observed to carry Ltlood cellis in tho Iirst woeel or so ol
thelr develooment 1T must be assumed that either each hod no
lumen or that they were rot connecied to the systemic or coronary
circulations. Close examination however sugzeosted that they
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were hollow, and therefore thab

ci
ct
s
D
&4
-
[0}
il
(14
-

nia oy, DI ey
st Two vieeks, nov

connected to bhlood-carrying vessels,
J S

Some of these new chnammels even ot Two weelks seermed Lo be muach
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aplllaries, and were about 20 to 25 microns in their
greatest diameter. So not only were at least some of the vessels
hollow but some were also much larger than capillary ves.cls.

This was not the morprnoleogy which one expected of new capillearies

TR O Fa By = CR e T BE R . N . .
arising eitner from cells within the organised thrombus or from

-

sprouting capillaries invading the thrombus. From these origins,
small solild cords of canillaries would be expected rather than
nollow vessels capable of pgrowing to 20 or more microns in diameter

bv some ten to fourteen days. Whet then were ithe origins of these

new vessels?
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clot, endothelinlised either from invading cells or Dy extensLons

two possibilitiss is that the orizinal endoitneliunm extendesd into
the thrombus and naturally foliowed the patns of least resistance
the clefts and that the latter became erdothelialised gradually

until a whole network of endotnelialised but empty channels viere

present.

Some zuthorities have suggested that the organised thrombus
within arteries is recanalised from extensions of the vasa vasoruy,
lfrom the walls of the vessel (Dibie, 1958). A1l internal memmary
arteries in this study observed microscopically un to the fqurth

week following implantation had no visible vessels in-the Tunica

media or tunica intima. It 1s unlikely therefore thzat the vasa
vasorum (17 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 cepillayy sprouts although there is no

evidence for this at the moment. The appearance oi blood cells

within the new channels by the fourth week of course indicates
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connectlion ol this systen o the circulotion either vy these

-

new channels opening to the surface of the ocrgonised thrombus

FRNIRY

in contact with blood in the implant above the coclusion, or

-t

with capilleries in the implant wall (vhich are certalnly prasent
by four weeks) or with vessels in the myccardiun at the distal end
of the implant or at the cut ends of the original branches of

the implant.

Two other less obvious sources of new capillary formabtion and/or

o

endothelialisation of the thrombus clefts are from:-

L. the myocardial vessels and

2. the adventitial and peri-arterial vessels of tne implant.

It was observed in many thrombosed implants that the new

chaennels were larger and in some cases more numerous in the more
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tal parts. This could suggest thet the new channels originate

distally and grew proximally. Tnis mignt have been because the

[}

thrombus occurred first in the distel parts of these implants
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‘then droce proximally, and therefore the new channels in the
distal parts ware more mature. Another possible explanation is

that the new vessels were formed from the ingrowth of vessels from

outside the implant and srew through the cut distal end of the

iy




implant elthner as sprouts or endothelial extencions into thae
clefts. This theorcticazlly could alsc occy . tnrousgn the cub
ends oir branches of the implent. Tne Two trpes of vessel

outside the implant wnich could ©»

capilliaries or endothelium as mentlioncd above were cither myocardst
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vessels in close proximity to the imnlont or the adventitial ves
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of the implant itseli wiaich would of course e cut when the internal

SR

mammary artery was tionsected prior to Iimnlantatior Myocardial
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vessels 1in the vicinity of the implant would also be cut across

o Cut,

when the tunnel was being fashioned. These cut vessels, myocardial

W

oy adventitial, might then grow 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— .. B 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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nrolileraticn. T™e last pescibility is that they represented
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“nvasion of the implant wall by the vessels in the adventitia

and svrrounding tissues. Initially capillary-sisze vessels
appeared only-in thc intime. These orobably did not originate
from the external vessels., During the intense proliferative

growi phase at fourieen weexrs nany small vessels appeared in the

Tunica media and by two weexs later, The inltimz was also well
supplied with these new capillaries. Trus the order of appearancce
of vessels in this second phase of naw capillary formation (the

1.

first was at four weeks and as mentioned above
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about one or two capillaries in the intima only) susmests ©

ingrowth of external vessels into the media was followed Dy
further increase in intimal vessels. These new vessels in the
walls of the implant cbviously represented a new inbderconnection

between the external vessels and the lumen of the implant. Since
this phenomenon of mural vasculerisation occurs in the extramural
as well as in the intramural perts of the implant it rust be
assumed that the adventitial vessels participated in this
vnenomenon althouzgh myocardial vessels in close proximity might

also have been involved. Thus by the sixteeantn weex the

circulation within the lunen of the implan®t was in direct connection

with the vessals of the adventitia and possibly also with those of

the myocardiwn through the walls of the implant.
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between the adventitial pilexus and this seri-arterial networx

of small vessels. The digseculon of tune interncl mamnary artery
from its natural environment must therefore have caused transection
of great numbers of These vessels, leaving countless tiny points

of potential endovhelial new growin.

AT the end o1 the fourth week after implantation into the
myocardiuvm, microscopy revealed the presence of greatly increased

nunbers of capillaries, arterioles and venules forming a rich

N

plexus ot blood vessels around the imol This enhanced networs

g
5
3

ir"

oi vessels could te seen both in the extrosuwral and in the
intramural portions of the implant. The vdreximal origins of this
plexus were propably numercus and would include the small plood

vessels of any tissue or organ with which the implant came into




contact. Even after careful diccecxicn of

back to the cucclavian artci-'' or

ccmr.on to find it later firr.ly edhorem: to currorndinr otruce
sucn as tne tnyniuc c-%-d, tne lung, anterior chest wv:aii, neoteric:

narietai tleura cr the oericardiun.

Tne continuation ol tne non oieorus *.;nicn can ce seen even
vhth the naked eye on the external ualle of tne aorta and subclavio
artery horever, must remain the most important contribution to the
circumferential exteim.al plexus of the implant. Tirls external
pleiwS of small blood vessels therefor*''see extends from the subclavian
pera-arteriaa netvrork into myocardial tunnel after implantation
of the internal mammary artery, cut is reinforced by anastomosis

ith the wvascular system of any structure with thich it has close
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10
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has peen discusced nreviously, however, it might.hare Lean
commected witin intra~-lwninal channe%s eitner through the natural
side branches of the implant or at the distal cut end of the
implant. It migat have been connected even at this stzge witn

the vessels elther of the haematoma surrounding the implant or

with the vessels cof the myocardium.

By the tenth week, the peri-ariterial vessels were larger and
had thicker walls, providing further evidence of increased

peri-implant biocodflow. These more mature vassels could be

observed not only close to the i

b

aplant within the myocardiunm,

but alsé in close proximity to the large numbers of surrounding

small thin-walled vessels. These thin-walled vessels could have
been extensions of the peri-arterial plexus inrto the surrounding
area of what was haematoma or into the ischnaemic myocardiuvm itself.
On the other hand, tnese small vessels could have been extending from
the myocardial vessels towards the peri-arterial plexus. What is

certain is that the peri-arterial plexus (or its extensions) at

this stage, was in close u» ximicf and possibly connected with, 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 i
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e occluding thrombus thus re-establishing at

least in part, an intraluminel circulation.

-

The part vlayed by tnis péri~artcr1a] plexus of blood vessels
rmcy well have been underestimated by previous worker NO
references can be found wo the role which this system might
play in the evolution of transmural connectic between the luminal

chamnels and myocardial vessels or indesd in the possibility that

the peri-arterial system itsel might be & scurce of a nevw blood
supply to the heart. The arguments posed against the efiiceacy

of internal mamnary artery implantation in the clinical setting,

e

n recent years have, in the main, been based on the observation
3

that in the group of patients with anglographic evidence of

()]

occlusion of the grait, a percentagse ol these patients were

u

symptomatically improved. This improvement has hitnerto been

el

ascribved to the placebo elfect of the operation, and has led to

-

further conviection in many centres that rerhaps a percentage of




ratients with ensiographic evidence of graft patency have improved

also only by this placebo efiect.

From the dliscussion on the source of G
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it was seen that contributions to it could theoretically come

from a wide area, arcsiomosing with the plexus of vegsels
surrounding the implant. it would therelore be very dilfiicult

o visualise this system oi vessels by an injection of radio-odague
dye into thne lumen of tThe intermal narmary implant. Indeed it

is difficult to see how 1t could e achieved by.any Knowmn means.,
The possible contribution to thne nutrition of +the ischaemic
myocardium by the peri-arterial plexus should theréfore be borne

iz mind in assessing the efficacy of the internal mammary implant,

especlally in the presence of an occluded main lumen.




Discussion

Yall Thickness of Implented and Normal Internal Mammery Arteries

No difference could be demonostrated by the statistical method
between the well thiclness cxprossed as o percentage of external diameter
of normel internal mammary arteries and the implanted internal mammary
artory at a point between 4 and 5 contimetres proximal %o the place of
entry into the myoccardial tunnel. This finding re~inforced the
nicroscopical impression that the tunica intima and other arterial coats
did not seem to be thickened in the implant at this dictance from the
heart. Since the tunica intima was slightly increased in thickness in
the distol centimetre of the extracardisc portion of the ertery and more
thickened within the tunnel, it was imperative to establish that the
implant woll was not thickened at the site vhere blood flow measurements
had been mades Any inercsse in mupal thickness at this point would have
periously upset the coleculations made for blood flow measurements, since
the cuff-type flow probes are celdibrated on normal vesscls (with a
normal wall thickness)e The blood flow measurements made in the
implanted internal mammary arteries in this study, were therefore valide
This precoution of establishing the presence of a normal mural thickness
dimension was not made in ahy of the studies of bleood flow through
internal mammery ertery implents made by the other workers whose results
are discussede

The mean wall thickness of 11:.04% of externel diameter observed
in the implanted arteries 4 to 5 centimetres from the heart and that of
10.85% for normal internsl mammary arteries was the same as that

calculated from the tables given by Noordergrasf and Horeman (1958) for a
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variety of humen arteries leses than 5 mma. in diometer, ond very close

to the figure of 113% celevlated from the data given by Petersen, Jensen
ond Parnell (1960) for conine carotid and femoral srteries less then

5 mme in external diameters ‘The value of &4 of external dimmeter for
wall thickiess given by McDonald (1960) for arteries from the sorta to
the saphenous artery in doge could be a reflection of the larger external
diometer of these vessels, lerger arteries mipght have & relatively
thimer walle On the other hand the technique used by MeDonald of
measuring the externsl diameters of the arteries before removing thenm
for density measurements, to cealculate mesn wall thickness, civcumvents
possible discrepancies due to en incereese in wall thickness from

shortening of excised segments of artery ond from the effect of histological

fixotiven.
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cheanges in the internc. marmery arcery after implantation intc tne

ischaemic left ventricle for teriods up to twenty-seven weeks, and
She effect on the vasculor mordhclcegy of the surrounding myocardiwn.

From these microscopical studies, the following conclusicns were

reached: -
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implant by thrombus fomnatlion in the first seventy-two hours
following implantation. This was in accord with the

observation made in Sectlon II that there. was flow in the

2. The presence of only a small extravasztion of blood in the

vicinity of the implant within the myocardiwn, the absence

o leucocyte infiltration, and limited partitioning of its
substance with Ifibrin, sugsested that at least in the first

three days this pool of blood was not sbatic but misht have
been in movement in the first seventy-two hours.

3. he blood frowm the implant may have moved throusgh the
myocardium, at this time, within the dilated capillaries

observed between myocardial cells. Colums of red cells were
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¥Bden radiating into the surrounding myocardium from the 1Ho6) “of
blood around the implant.

Lk, Hyperaemic chenges were observed in the myocardium until

sbout the gecond week following coronary sriery occlusion and
implantation of the internsl mammary artery. During this time
swelling followed by dissolution of myocardial cells within the
ischaenic area was obvious.

5s Further chenges in the lumen of the praft 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 and subsequently
reconaliseds Thickening of the intima was first noticed in the last
centimetre of the extracardiac portion of the interns) mommary
artery, never in the proximal. reaches. No evidence wanm scen of a
thrombis occlusion of the extramyocardial part of the implant nor of
a non~recanalised throwbus of the implant within the ventricular wall.
Recanalisetion of the thrombus was observed as carly os one week after
implantation but no red cells were evidence within these new channels
until the fourth week, Capillaries appeared within the thrombus and,
with increassing time after implantation, some of them enlarged,
pained what scemed to be a2 smooth muscle coat and became

indistinguishable from arterioles. The origins of these
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vessels are discussed.

n
i

5. Vascularisation of the wall of tThe implant began abtout

the Tourth weelk with the appearance of a amall nunber of
carillaries in the intina. T was ot uvntil the fourteenth

week that capillaries were observed in the tunica media;
Two weeks later an increase in the number of capillaries

was cobvicus in the intimal coat. The order oi appearance
o tnese new vessels suggested that there were two phases of
capiilary ingrowth, the first at Tour weeks into thne intima,
from the endothelium of tne dmplant Lwmen, LOllOnbd by the

second phase ten weeks lazter by extension of adventitia

Lo

}__J'

capillaries into the media and possibly later into the intima.
By sixteen weeks Lperb was evidence of a well developed
transmural plexus of small blood vessels probably connecting

the lumen of the implent vwith the adventitial plexus.

7. An increzse in the number of srall blood vessels around

the intramyccardial porition oi*the implant was noticeable

rrom about the fourth week, increasing in cuanitity and

mavurity with time, These vessels were in the area arcund
the implant formerly occupied by the ‘hoaematonma’. It is

sugzested that these vessels probably arose From vessels of the
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lontation of

cdven ial coat of the implont. There may have been a local
factor within the haematoma winlch avte.coed growonh of
surrounding biccd vessels into i1ls substance.
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G. The role o the zdventitial vessels of the implant in the
revascularising process is stressad. The adventitial plexus

it in its extracardiac course,
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INTRODUCTION

Inglography of the Implented internal mamnmery artory was the
logical extension of onacification of the coronary acrteries by
similar techniques first performed safely znd with precision in
human patients by Sones in 1938. Implanted internal mamnary

arteries were clearly shown to be patent and to nave formed

anastomoses with the coronary circulation

b
]

in many cases years after

the operation (Sones and Shirey, 1962). The evaluation of the
effectiveness of the intermal mamnary arvery implant by anglogrmhic

technicues has been challenged recently by Dart, Kato, Scotl, rish,
Nelson and Tekaro (1970). These workers noted that the intensity
of opacificaticn by contrast medium and the extent of anastomoses
between the implant and the coronary arieries could be varied by

-

altering the position of the tip of the catheter relative to the

orifice of the internel mamnary artery and alzo by changing tne

injection pressure of the catheter medium.
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Prelininary exporiments in the prosont siudy in which
injection of contrast sediun was pade into the dnternal pepmory duplent
in the intect, snuoepihetised deog showed that mpiographic detoll of
anastornoses betwee: implant wad corenery circulation wasg very
diffionit Lo achicve. Another dispdveniage in using thig method,
frow the point of view of studying the nature and extent of this
snactonosic, was that blood in the coromery orberies wonld dilute
the contrasst as it possed ot inplant inbto the coronary circulation,
thus melding visuvalisation move difficult. Por those ressons the
axcined, beabing hoort proparation wos uged to study the detuils of
HNRGLONOIIG.

The geventeoon doge gtuditd in this section alsu hod dmplant
blood flov meapurenents carried out prior to mgloprophye Thin
'proviéeﬂ an opportunity to study the relationship botween the
axtont and pattorn of the aﬁ&mtumuaiﬁ ond the blood low threugh the
itplont. In addition in some dops it wag possible Lo atudy the
rolationsiip hetwesn snglographic segesscent ond the yesisionce to

implont bleod £love



Angriopgraphic exopination of the internal mespory inglent wos
corpied out in seventesn dops, three of which had no dgohoenmic lepionsn
of the left ventricle. %The repaining fourtsen hsd lschoemin of the
anterior wall of the left ventricles  The prihod used initially vaes
to introduce a thin pelytheno cathetoy into the implont at its
copmencament with tho loft suboel:vion avlery efter the final blood
flow mesourcnonts had beon mode. A0 dnjection of 2 mle. of 68
urografin was carrded out, at oboub 120 rnme Hee prossure, into
the Tine tube and on into the leplont. It soon becone apperent that
in tiogse heart vhere ansstomoses hed cccurred bebweon the implant
end the coronspy orbories, that bloed flowing in the covonsry artorios
fren the aoria would dilutc the dye end thorefore render visualisabion
of fine chonncels diffioculie. Secondly, retrograde £illing of one coronsry
aptory could eouge on adpinture of blood snd dye to run bachkwsrds
through the coronayy triee into the acrts if the injoction presgure

xeeedod the mortie blond pressures




In such civoumstences, this ouell amount of dye could in
part be {luched down hoth coronsty seteries during the noxt disgtolic
pericde If thie happencd thes some visuslisation of the other parts of
the sovonsry arterial systom night occcury glviag rise to erroheous
inpressions.

For these reacons, theroforce it wns decided that the heart
with the whele length of the implant should be removed from thoe thoracic
cavity and implent snglography be corrled oul ln the isclated fresh
proparations A1) connections betweon the heart snd surrounding
gtruc:ures vere guickly sovered end the heort ond imploant rouoved
to the Ae-ray table vhere the thin polythenc bubing was ocwiftly
introduced inte the lunen of the implant, about 7 cue from its
central ends The inbing ven then conneeoted to the flushing system wnd
quickly washed thwough with physiclogicsl seline at 180 nme o,
presoure to rewove ald bloed from the interior of the inplont and
its conthectionse A% thio poind it may bo added that ench heard was
atildl beating bus &t o ouch reduced rate, usually Debuween five snd
twonty times per ninuie.  $he radiow-opogue medium (68 urografin)
tvas then dnjoceted al the pope pressuve into the implant and two
swpesures token with a thirty scoond interval beblwesn thems The
heart was waghod ik physiologicesl moline sgain Lo romove ¢rOess

conbrost sediug snd the procedura reveatods Your cinosuresn vere
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The radiological eculiment used was an ordinary portable
X-rey machine, The heart was lz2id on the X-ray cassetie placed
n & smali table. The correct Tocal distance from ﬁhe X-roy
tube to the hneart, the voltage, current and Timinz were all found
by trial and error in =<he first specimens, Two to three seconds

after the dye was injected, the first exposure was made, the

2

cassevte was tnen manually exchanged for znother and the second

3

film taken, with prectice this could all be achieved within ten

P

3]

seconds. The heart was washed as described and the process

g

repeated.
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Regults

ALl doge studded ongloprephicelly had implants which wore
patent at the proxismal endes This sllowed in cach cape the thin
catheter fo be inmorted within the luwen without diffieultys. OFf the
iiree dogs studied from the nenw~igchaesic group, twe were £ und to have
radivlogicslly patent implonts but without vieuslisation of coroncry
veasola, dees grade O (Table 26). Thoese twoe dogs had no measurable
blood flow in their impleaants. The other hed an saglogrephic score
of 2% and a forwvard blood flouw in the dimplant of 2 mie por winutcs

OFf the fourteen implints studied Jrom the ischeomic proup,
three had noe demonstrable rodiclogical connections with pyectrdial
vassels, yob a7l throe had & forvard blood flow, 1.2, 358 ond 4.0 nlo.
per minute (Table 26)s In one of these dops (dog G9) the implont was
adherant in its niddle third to the upper lobe of the left lung
which wag removed still attached toe the graft. The bleod {Iow had
been messured, in this isplent, between the adherent lohe and Lhe
heard, but the radio=opague dye had been dnjected prouvlwally to
Lthe lobe of the lung. It was found surprisingly, that the bleed

vessels within tiis lobe verce completely visualised when the platcs




o8y3 uT S30p 99ay} 39ITY BuY *SJ0p USS}UIASS UT MOTF poorq Juerdur pue Jurpead orydealorBuy

jueTdut 0F jusxsype Juny L,

I

*3TOTIIUSA 3}JOT 943 JO ©IWSRYOST pey
JIpUTBUAI 2U3 ‘umTpIzooll JeTnOTJIIUGA 3FOT TEWJIoU O3UT pejueTdur As3qde AJemuren TRUJIOQUT oU3 pey STG23

Jusmaanseay MOTI Jurdanp BTRYFAuIIE

92 9TGEL

04 0 e (3
728 h gL 2L
8¢t 0 41 a2
12’/ S 4 92
2'8L O #l e
074 s Hi ¢e
L*0L g Li oc
¢°9L i oL 2¢
*4l s oL Le

peurejqo jou 11 6 Ele
6*¢ 4 8 He
Q°0% k] G o
L°S i Ki Lk
Al L ¢ &
0*0 0 oz 1
0*C 4 62 4
Qe ) 6 Lt

(djnuty Jod sTW) apead
MOTg FueTdmy otuydexdotduy SHOI Bog




was developed (see Figure 12)e. The blood flow in this implont wae
found to be very small (4.0 nls. per nminute) probably because the
resistance was much higher in the myocardium than in the adherent
lobe of lung, so that the injectate too flowed preferentially into
the latter.

A measurable blood flow was demonstrated in each of the other
two radiologically occluded implents (18.2 and 33%.8 mls. per minute).
In each of these two dogs, the implant and leit 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 implants with
well developed new blood vessels surrounding both implants. In these two
implants, therefoie it should have been possible to demonstrate
radiological connections with surrounding myocardial vesselse. One
possible explenation for this anomaly is that the end of the catheter
within the implant lumen had become obstructed by the occluding but
recenalised thrombus and therefore dye failed to be injected into the
new channels, or that the injection was made beneath the intima following
traumatisation of the delicate inner lining of the implant by the end of

the cathetery a happening not unknovn in humen angiocgravhy.




Honeaealuded Juplents in the Iechaemic Hyecardivm

Of tho rompining oleven patent and pommunicating implents in

hin grouy (Table 26) thare was one implant in grade 1, one in grode 2,
nona in grade 3, three in proade & and pix in grede Se 0 Yo ton out of

those cloven snaptermosing inmplents, bleood flow mescurosmente hed 2lso

boen carricd outs In the cleventh dog {No 3%), the preasence of
srphythrios Anvalideted tho grafd Blood flow pensurements. The Llow in

the ten remcining implunts vopied from 5.7 to 32.4 mla. peor minute. On
sorpering the ongioppaphice grading (whioh io brged on the extent of
opacification) with Torword blood £low through the iuplents, it weo
obgerved that in all implants with flows prenter than V.7 mla. poy

minntc, thegrading wos at looat fe In adddtion, twn implonte with flows
lonn thon 7.7 oloe per minutes showed moximum opocification of the

bhranches of the laft corovary artorye The oxeet relationship Therefore
between the flov in the implont ond the extent of the Implontte

aanetonosie with the bronches of the left corenary artery wss not clear,
but iu general wvhere su implont had a2 hleod flow of 10 mle. por pinute

or poray there wos ¢loer ovidenae from the angilogramg of £illing of the
anberior descending broaneh of the left coronary artory belov the point

of ligsture, with in sddition, in four out of miw anglogracs, cpacification
of the circunfler Lrench,

Thero waon & linear correlation betuweon the extent of opacifiontion

of the bronches of the left coronary eriery asud the resistmee to hleod flow
oncountoerad bebtunsn the imploanted intornel mammory artery and the right

atrivie



*OTITIYUBA 3FOT 3]} JO
unTpIeoofz 9¥3 JO BTURZULST [YITm s80p W3 UT 90uUegsIsed juetdwr pus Juripead ortydeadordwmy

42 9TdeL
9% g% i 14 8L
G 2°6 g i 92
L9 7°9 g 7l €2
0°0oL H°0oL s L 0%
0*4 AT Y oL 2%
06 9°6 1 oL Le
L9t AR e ] He
52t LcL 1 4 Of
0°6L o°0e Y K h
06t 0*02 L 2 &Y
.wm L33} 15 m immw L g
aansgaaxd aanssaad
TeTIze uITI 3y TeTIe JU3TT 3y apead
SYTUf 25U23ITHY orgdealot3uy gxasp Jog




ANGIOGRAM GRADE

RESISTANCE UNITS

The extent of opucification of the branches of the left coronary
artery with increasing resistance in the internal mammary artery
implant,
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( fhe exient of opucification of the bronches of the lefs coronary
arfery with duration of implantiation of the internal mormmary
artery.
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The reopraession equatlon connacting resistance 4o blood flow
with the extent of opacification was caleulated as ¥ = 5,94 - 0,17 x,
with a statistieally asignhificont coefficient of linesar correlation
(r = - 0463, p< 0.01),

then the extent of ovecification was studied with respect to
duration of implantation it was found thet at nine weeks snd above, all
implants (except those radiologicually occluded) showed connections with
the anterior descending branch of the left coronary artery below the
point of ligation end that in five of these seven implants, the
circumnflex branch was also opacified. lLvidence of connections between
the implant and both brancheg_of’the left coronsry artery was observed

A3 eaviv au D ReERS .,

in one dog (Nos 40)y When the values were analysed statistically, a
linear corrclation was found between the duration of implantation and
the extent of opacification of the left coronary arterial tree; the

linesr regression cquation wes found to be y = 0,16 x + 2.45, with &

statistically eipnificent correlation ccefficient {r = 0,54, p< 0.05).
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experiment, thererore, the ex-vivo beating heart
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ilTils these conditions, with the added advantege that in the

removed neart the surrcunding radio-opague structures do not
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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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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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In all grafts which were in connectiion with coronary artery
pranciies, the new chemmels Irom the implanrt came from the whole

length of its visuaslised intramyocardial vorition, althouzh the
L]

last centimetre of the gralt arborised m

]
0
[
)‘C S
re
@)
]
o
&)
G
‘...J
]
-t
&
L
)

surrounding vessels (Figure 41). Each implant was inserted into

the ischacmnlc area close to the anterior descending dranch of the

the anterior descending branch alone visuzlised, or more clearly
than the circumilex 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 th fore be thousht that the
2 [

Y
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=
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circumilex branch would be visualised by radio-ovauuve dye from tne

terminal branches of the anterior descending branch, but this did rot

ng
\

seem to the case in this study. As many new vessels passed from

jo

the implant to the circunflex branch as to the anterior descending
branch (Figure 41). In addition to these new vessels which were
mainly about 0'5 mm. in internal diameter (i.e. about 50% of the
inside diemeter of each of the two main divisions of the left

coronary artery) and which varied from two Lo as many as eight

in number, there was also a 'blush' of tiny blood vessels in the




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.



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 intervosed between the implant and the ecircumflex

vessel (Figures 38 and 42). It is highly possible that the implunt

and the circumflex c¢ircuit 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
moverent of new bloed within the myocardiuw is from an area of high
diastolic pre#aure, to that of a low disstolic 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 breanch and its tributaries were at low pressure. The circumilex
branch on the other hind was at normal pressure znd yet scemed to

receive a8 nany anastomotiic chamnels from the implant as did the

anterior descending brenche The controlling mechonisms which decide

the direction in which the new vessels grew from the implant therefore

included at least one factor cther than that of the pressure pgradient.




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 wventricle, 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.



The Zertlnc—~nce cf In/iecioion Pressure levels to the Opacification c:
Anasto;r.ovie Ch'innclc betv:een I::plen'c e.nd Corenery Arteries in the
Human Patient

1i 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.



3 of ischncmia in tne Deveilotmeni

+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.



The Rolatinnehip of the Anglopravhic Avpearance to Blood Flow

Through the trolant

The failore to demonsirate anostowcotic conmections boetween the
implent snd the coronary orterial tres in three out of ithe fourteon
implonts in which thers woe o meosurabls forwerd blood flow woas ont
probebly due to tochnical reacons. There is no doubt that thore was
bloed flow through thess implants and slthough this wes small dn one
(4.0 mle por minute) it wes much larger in the othor two (40.2 and %%.8 ml.
per minute). Hefore md aftor the flov mesmurenents ware madce, poroe £low
wag estebliched by cross-closping the Smplant above snd helow the flow
deonstroting that aftor rosoval of tho clamps the sudput from the {low
motor woa in fach from {low sigmalos. It hes also boen chown hy
histologienl examination thut the well thickness in these implonts had
not inercsoed 6t the pednt whore flow was pmeosured indicating that the
Lhow pessuvenants were valide Jdn addition, histolopicnl examination of the
intpa-pyocoprdial portion of the inplons revenled the presonce of n
narreved but patent Lumen In one implont, and oxtensive re-sanslisotion of
theombus within the other twos in a3l three, red blood cells weve prensid
within the'luman. In these implonts it should huve heen possible to
damonstrato the veasele which were providing the run-off for the blood
flowe Tho prescong digoussed above which misght aceount for the none
visualisntion of the connesting veooels in thene dopo, nanoly preferentiel
flovw of contrast into the ndhereont lung in one dog ond the wedging of the

end of the cathetayr within the extraesrdiae conene of the implonts in the

other tun, either in veeconslised thrombus or underncath the inplant

sndothelium, are thoe most likely sxplanniions.
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" In the ten implants in the ischaemic group which were shown
angiographically to snastomose with surrounding intra-myocardial vessels
amd 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 bleod flov through the implents with
blood £lows less than 10 mle per minute, but in those with greater flows,
the snterior descending branch (below the occoluding ligature) was alwoys
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 implents and the exténf oif opacification of the branches
of the left coronary artery from the implant, was probably a reflection of
the calibre and numbers of new chénnels connecting thems As a greater
number of new pathways developed between the implant and myocardial
vessels, and as they increased in dicmeter with waturity, so the reasistance
to bleod flow through the implant and hence to that of the radio~opeaque
medium frem the implant to the coronary arterial bragches would decrease.

The factor which will determine the ease with which.blood will
pass through the implont, its connectiong with the coronary arterial
branches and finally those latter vessels themselves, will be the
resistance to flow offered by these various vesgels. Dart and his
colleagues (1970) showed that there was no correlation between flow and
the extent of opacification of these vessels by angiography (end the
results in this study agrec with this) but they did not study the

relationship between resistance in the civeuit and the distribution of




- 195 -

contrest medivie The amglogrephic picture as shown in the present
study is therefore a better indication of resistance through the
implant amd its connections then with flow through the systen.

The observation thai & statistically signiificant linear
correlation existed hetween the extent of opacification of the left
coronery &arterial branches and the duration of implentation was not
totally unexpected, since it had already been shown sarlier in this
thesis (page 84) that the resistance to blood flow within the implants
deocreased significantly with the duration of implantation. The
relatively crude assessment of the extent of anastomosis by sngiography
therefore provided some confirmation of the reslationship between
resistance to flow and duration of implantation, but in sddition,
aplified this information by illustrating the inter=-connections between
the brenches of the left coronary asrtery especially within. the area of

ischaenina
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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 wv;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 .. ™rombcsed 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 wvascular!sed the thrombus

and possibly also invaded the intima of the implant at a later stage.
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lumen and the small vessels or the myocardium cannot te in the opind
the author, overstressed. At ossn sarts of the implant (the

outside branches and at the end of the implant), the new intraluming

S

vessels probabiy connected directly with vessels in the vieinity.

Ry

Y R T I R U S A - T, e x . et .
e establislunent of thids first stage of thé new pathwey was

o)
)

propably the most crucial in whole new systenm, since Failure to makes
contact witih the vessels in the myocardium would prevent new blood
entering thne myoccardium. IT may be that in some cases that althougt
there was failure Lo esfablish adeguate cormunilcation between the
lumen and the myocardial vessels, the adventitial plexus of the
implant connected witih the latter, providing at least some extra
blocd for the myocardium. In such instances, these connections

would not have been outlined by englograriny.

The controlling mechanisms in this first stapge of revascularissa-

Ction are unimown. The stimailus to neocapillary fomuation is
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(Schaver, 1970, unpublished) but it is net imown wh
similar substance is involved in the control of new vessel

formation 1n these circumsiances.

2. The Conneculcn of the Implant with the Ceronary Circulation

mven in the absence oF ischaemia of the myvocardiuwn., new blood
N 3

vessels made cheir appearance within the implant and also between

ol

the implent and the surrounding myocardial. vessels. Cne must

therefore assume that ischaemia per se, is not necessary for the
production of these new vessels, An ischaemia leszion of the
myocardiuvm, however, appears to encourage more extensive connections
between implant and intramyocardial wvessels and also promotes tne

appearance o larger and more maiture anastomotic vessels.

I the ischaemic myocardiuwm, changes were also evident in the

arceries within and arouand the iscnaemic arvea. The existence of a
diffuse network of anmastomotic channels linlking the branches of the
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coronary zrteries with each other wa v Zirst demonstrated

by Spaltelioltz in 1924, Yhese intercommunicating channels which are




normaliy small a2re ruch pore evident in thne ischcemic hezry, both Ir
cxpervimental animals and in the haman sublject (Fulton, 1964; Barolic
1965; Estes, Intman, Dixon, Hockel and Durhiaun, 1G65) The view oI
Blumpart and Zoll (1081) =habt the cororary arteries could be
considered as end-arteries since the cnasiomolic chmmnels were deens
too smzll to nave funcitional significance, is therefore no longer
tenable in the iscrhaemic heart. The anpiograms in vrne present stud
clearly showed that therc was @n cxiensive znastomosis ge*woez y

Two major brancnes ol %
Thers vas

the terminal branches

Therefore In the

widesvread neitwork of
anverior descending
existed.

this area, has access

blood Lo the ischaemic area.

there is an actual

within an ischaemic

and Vandesteene, 1969), f

pars.

Once the cent

no evidence however of

coronary arivery and i

A internal mammary

increase in the number of collate:

. .
area inl e Lear

crifu

he left coronary artery (Fisures 38 to 42, &4

interconnections Letween

ol the left and right coronary arteries.
ischeemic myocardium of the leit ventricle, =2

vessels connecting the terminal branches of the

implant

10 a ready made system for conducting extra
In addition, it has been shown that

ral vessels
(Scheper, Schaper, Xhonneux

urther augmenting possible bloodlflow to the

"

gally directed new blood vessels from the



imploant had wede connecvion witn the vessels of the myocardiuvs,

probably av capillory level =21 first, blocd would tend to flow
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auring diestele from the implant towards the ischaenic area because
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of the higner diastolic pressure in the imdlant. With inereasing
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maturity and number of implant cor MLCU*“) vessaels, i iscnaenlc

ares, since 1t 1s an aree of low blocdflcow and oressure, would
provide an extra point of 'mun-off' for implan® blood which would
B N L R Y (e 35ibly oroviding nonreiohk v P, 3
DroUusn Tnls &€ \ROSSIbly providing nourizroment Lo IJJOC\..«).\.J._A.(‘--._
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cells nov yet destroyed; ana hence to effluent veins. The pressure

-

surrcunding the implant and

0

gradient between the area imnediately
the ischeaemic area would ensure & flow of blood between those points.

L5 the implant ansstomosis improved, so the Tlow to the ischaemic

With this increase Iin the Lflow of blood throush the capillary

ved betwesn implant and the i

4]

chaemnic area, certain caplllaries would
become larger and develop into artericles as occurs in the developrment
of interarterial cnastorotic channmels in the coronary circuliation
within an ischaemic area (Schaver, Schaper, Xhomaecux and Vandesteenc
1969) . Thus a new bleod supply from the implant to the area of

need would be eifected and bedccme mature Such a schaue based on &
theory oi pressure gradients between tne implant area and lschaemic

area is simple in concent and need not invoke chemical mechanisms.




In the dIie 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 ¥9S). On the edges of - iscnaemic area.
direct connections ca ¢ cn the iir.olant and orancnos or
neighbouring coronary arteries may develop (Figure go ;. me

direction of flow between these two points in this 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.



- 202 -

Sunmery of Hection V

The principal object of Section V of this thesis wag to study
the connections between the internal mawmary implant and the coronary
circulation in the non~ischaemic and ischaemic myocardium using =
simple angiographic technique on an excised but still beating heort
preparation. “The extent of this anastonosis 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 wsnd the branches of the left coronary

arterye.

2 Ischaemia of the left ventricle was more conductive to the

more extensive development of new channels from the implant.

3+ Threce radiclogically occluded implants from the group with
ischaenia of the myocardium were known to have a measurable
blood flow. Possible reasona are given to explain why false

negative results were observed in these implants.
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Lhe A ptatistically sigﬁificant linear correlation existed
between the extent of opacification of the branches of the left
coronary artery and the duration of implantation.

5¢ A lineer relationship could not be demonstrated been
the angiographic appearsnce and the measured blood flow through the
implants.. In those implants with flows greater than 10 ml. per minute,
“the anterior descending branch always filled, together with the
circunflex branch in a further four out of six dogse

6, A statistically sipnificent linear correlation was shown
tc exist between resistance to blood flow and the degree of opacification
of the left coronery artery branchesj aps the former decreased so the
latter became more extensive.

| These obszervations have been discugsed and where applicable
their significance in the interpretation of implent éngiOgrams in
human subjects stressed, In addition, a theory is advaunced hased on
histological end angiographic observations made in this study, and from
the findings of other workers, of the cvolution of the pathway between

the lumen of the implant and the coronary circulation.
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A Torward flow of blocd through the internal wmannory artery,

newly implanted into the Lschaenic myocardiun cf the left ventricle,
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can be asieciued and measzured by the elecitromarmnetic flowmneter.
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Increasing the aumber ol turrels withir the myocardiw: did not
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avgrent this flow nor the prozorticn of the cardize oulpub carried

w
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by the implant. Analysis of tne Llow paticrns obutaincd from all
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newly implanved crveries dermconsurated that the flow wos pulsatile
P RS fon o ea R PR B . 4 oy

and consisted of a large forward flow wave, foliowsd in a few

= 3 o

implants by a small reverse flow. Tne forward wave nad two

-

components, systolic and diastolic, which were always separate and

Observations made on internal marmmary arteries imnlanted into

the dschaemic myocardium for periods up to twenty-seven weeks showed

r‘s
(!"

chat all were patent in their e rdiac course and minety per cent

2

were pacent in their intracardiac course. Implantation into the
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forward Liow dn 235 of arteries buv in wwe of thege, «this was minut
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The prezence of ischeoemiz of the myocardiun tneraliors encouraged

Y - s _ iy s S - A1 N PR T Ny - e -, -
the circulation from the imzlant to the niyocardium. Forvward ©low

arteries implanted into the ischaemiq myocardiwn varied froa 5+7 ©o
3%+8 mls per minute. The proporeion of cardiasc. cutput carried by
graft increased significantiy, whilist reciscunce to Zlow in the gras
decre d significantly in a linear foashion with duration of
planvation over the whole twenty-seven weeks. E siynificant linc
increase in Torward volume flow in the graft could be demonstrated
only 1n the £irst sixteen weexs following implantation. Perfusion

of the myocardium from the gralft has an exponential relationshin

o

with duration of implantation.

When feorward flow, proportion of cardiac oubtput, perfusion per

100 gm. of left ventricle and resistance to Tlow were measurced in the

-k

anterior cdescending branch of the left coronary artery at the point

b ad

of subseaquent lization and compared with those of the implants,

Y

significant differences between thelr measns were found only the grour

',J-

mplanted for less than ten weeks. LAfter this time therefore, the
implant flow, the proportion of the cardiac output carried, the amoun

of myocardial perfusion from the implant and the resistance Lo flow
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within the implant reaghed lavels whose mean values could not be
shown to be significently different fron those of the coronary
artery at the level of osclusion. As for as these mossuremenis ore
éoncerned, the inplented internal nermary artery therefore appeapred
to hecone a resgonable substitute for the occluded portion of tho
anterior descending brenech of the left coronury eortery, aftcer the
‘fﬁnth woeek following implontation. Heasuremenis made of wall
thickness of implented intérnal sacnary orteries on histolopgicsl
seotions from the site whore bloed flow wag determined, were not
significently difforont frowm those of unimplanted internol mamusry
erteriess The hlu&d flow measurcments made on the implented arteries
were therefory valide

teroscopie examination gonfirmed potoncy of the srteries in
the firet coventy-two hours oitor implentation snd showed the pressnce
of o eunll pool of blood oround the intre~myocordisl port of the
implant, wvith columns of rod cells radiating from it into the
myocardiums. The hiotclogical picture guggested that this pool of
blood wos not statie and that it wes pord of o passive circulation of
blood from the implgnt through the myocordium. A gtudy of {ihe
micpropeopic chonges within the implent and surrounding ischaemic
myogardivg for periods up to twenbty-soven wecks rovealed that thoe
Junen of the intraesycocardial portion of the grafi slther remained
patent but reduced in gize due to proiiferotion of the tunica intima

or had begone thrombosed but recanaliseds the extracordine portion of



all implents wap patent on hiotologlcrl exouinatione

spall bleod vessels made thelr appearance within the
thrombosed luken of the implant uﬁd spone evolved grodually into
vesaels indistinguishable fvom artériul@s. At about the fourth woek,
tho first phese of vesculorisation ﬁf the implent wall occurred
probably from the lumen of the implent, followved hy a more intense
snd conplete second phose begloning sbout ten weekts latery thin
latier ingrowth of capilliaries wae probably from the adventitial
plexus of blood vesmels in thr implant. There wos also &
noticeable inorease in the nunmber of small bloed vessels around
the intro-syocardial portion of the implont from about the fourth
week, situsted in the area ccompied formerly by the heenotomne
These blood vessels incvessed in number and maturity with timo and
wora probably the connecting vescels bebtween implent end the
covonary arterial circulation. The adventitial plexus of blood

%

vesaels of the dnplant moy play o gredter role in revasculorising
the myecardive thon hitherto suspected, first in carrying bleod to
the myesaraium from outside the hesrt, second in helping to
vascularice the wall of the implant, oand finelly in meoking possible
conmections with vessels surpounding the implant. Thus a pathus
for blood way be established between tho luiten of the implont and
the veseeln of the surrounding nyocordium,

Anglographic studics made on the ivplants clearly showed
the eristence of enastonotic vensels with the branches of the left

coronayry artory in the prosence of ischaemia of the left ventricle.
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All arteries implanted for more than ten weeks into the ischaemic myocardium
had established anastomosis with i'hé anterior descending branch of the left
coronary arfery below iis point of ligation, and also with the circumflex
branch of the same artery in the majority of cases. A statistically significant
lineor relationship was demonsiraied between decreasing resistance to blood
flow within the implanis and the increasing extent of opacification in the
branches of the left coronary ariery from implani angiograms, A significant
linear relationship was also established between the fime since operation

and the extent of opacificaiion in the branches of the lefi coronary artery

from the internal mammary artery implant,
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