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Abstract of thesis.

Cerebral vascular reactivity to hypercapnia, assessed using transcranial Doppler
ultrasonography of middle cerebral artery blood flow velocity, is used to assess the
extent of cerebral blood flow reserve. It has been assumed that in patients with carotid
disease a reduced reactivity to hypercapnia can be interpreted as indicating reduced
cerebral perfusion with reduced autoregulatory capacity. This relationship between

reactivity to hypercapnia and autoregulation in the cerebral vasculature is tested.

A method for the non-invasive measurement of cerebral vascular autoregulation to
changes in blood pressure is described and this method is used to assess autoregulation
in a group of normal subjects. Hypercapnia is shown to obtund autoregulation whereas
hypocapnia is shown to exaggerate cerebral vascular autoregulation to changes in

blood pressure.

It is shown that volitional respiration significantly increases middle cerebral artery blood
flow velocity. Cerebral vascular reactivity to hypercapnia is measured in patients with
carotid disease and is shown to be reduced in the presence of internal carotid artery
occlusion. It is also shown that whilst some patients with severe carotid artery disease
have reduced cerebral vascular reactivity to hypercapnia, the presence of severe carotid
artery disease per se does not predict a reduced reactivity index. In the presence of
internal carotid artery occlusion an increased degree of contralateral internal carotid

artery stenosis reduces ipsilateral cerebral vascular reactivity to hypercapnia.



The relationship between cerebral vascular autoregulation and cerebral vascular
reactivity to hypercapnia is tested in a group of subjects with severe carotid disease.
The methods described for the measurement of cerebral vascular autoregulation and
cerebral vascular reactivity to hypercapnia are employed to measure both parameters in
each individual in the group and it is shown that there is a strong correlation between
the presence of reduced cerebral vascular reactivity to hypercapnia and reduced

cerebral vascular autoregulation to pressure change.
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1.5 - Cerebral vascular anatomy & physiology & the effects of carotid disease on
cerebral blood flow

1.5.1 - The anatomy of the cerebral vasculature

1.5.2 - The physiological control of normal cerebral blood flow and the concept of flow
reserve
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1.5.4 - Assessment of cerebral vascular reactivity and autoregulation

1o



Synopsis

A historical background to the subject matter is presented. The extent of the clinical
problem of stroke is explored, as are the difficulties of definition and diagnosis in stroke
and transient ischaemic attack and the difficulty in predicting the probability of the
occurrence of stroke in an individual. The role of carotid surgery in the management of
stroke risk is discussed. A background to cerebral vascular anatomy and physiology is
presented and the effects of carotid disease on cerebral vascular physiology are

discussed.
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1.1 A history of ideas about the circulation, stroke and the cerebral vasculature.

1.1.1 Preface

"There is little benefit in following scientists' daily grind but much in tracing the unique
combinations of theoretical knowledge and manual skills, the web of personal
encounters and accidental observations, the experience, temperament, moods and
clashes that go into the making of discoveries, even though the crucial leap of mind is
often impenetrable. There is also something to be said for finding out why others,
seemingly just as able, were too blind to grasp what Nature tried to tell them". (Perutz,

1991)

In charting the development of a branch of science or medicine one's aim is to describe
how things arrived at a predetermined point; the state of the art today. In such a
history, picking out figures associated with particular advances can give the impression
that the course of events described was an inexorable progression from ignorance into
understanding, from "darkness into light", brought about by the activities of individuals
of particular genius; the 'Great Man' theory of history. While this account may look
like that is should not be read as such. Although it is full of names of people and
descriptions of the discoveries which they made, it should be stressed at the beginning
that no discoveries or advances, in science or in medicine, are made in isolation from

the received opinion of the day or from the society in which the individual lived. An
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account like this one is therefore artificially limited to those people and subjects who
are obviously connected with the matter in question. Little time can be spent discussing
the social, economic, political and religious forces which put those people where they
were or led them to think the way they did, even though such a discussion may be as

enlightening as a description of the personalities and their achievements.

Similarly, since the transactions of modern western medicine have become so complex
that specialisation is the norm, it is easy to forget that such specialisation was unheard
of before the twentieth century, especially in the field of surgery.  Since it is possible
to deal with only a small part of each individual's work and only briefly describe the
intellectual environment into which it was projected, the incorrect impression that there
was some kind of concerted effort towards the present-day state of affairs is invariably
given. It can therefore be deceptive to look for the influences which may have led to
the development of a surgical speciality or a specific intervention (such as the use of
carotid surgery in the treatment or prevention of stroke) because, whilst attempting to

be informative the account will always be incomplete.

As for how the changes described were received at the time, the regular use of the
word controversy is a catch-all which fails to do justice to the complexities of the
process of assimilation of scientific change. Suffice to say that it is unclear how those
changes (which are described as, and which with hindsight appear as historical events)
were incorporated into the science or medicine of the day, and the reader is referred to

other texts for treatment of this subject (Kuhn, 1970; Suppe, 1977). I would also
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suggest that whilst the processes of change in the pure sciences such as physics (which
perhaps one would have expected would be relatively straightforward) continue to be
the subject of vigorous debate, so changes in medicine with their profound social,

political and ethical implications are even harder to pin down.

1.1.2 Antiquity

The clinical entity which is now known as stroke - the cluster of symptoms and signs
which result from an acute cerebrovascular accident - was widely known until the early
part of the twentieth century as apoplexy. A typical definition of apoplexy can be
found in Harris' dictionary of 1855, which states. 'Apoplexy, ...to strike or knock
down; because when a person is attacked by this disease, he suddenly falls down. A
disease characterised by a sudden loss of sense, motion and stertorous breathing. The
term is used by some to denote a sudden effusion of blood into the substance of organs
or tissues, but it is usually restricted to the brain, and the above are among phenomena
which characterise cerebral apoplexy' (Harris, 1885). Descriptions of the condition can
be traced back in historical medical writings as far back as the fourth and fifth centuries

BC, to the Hippocratic texts of Ancient Greece (Willius & Dry, 1948).

The Greek word apoplexia means being struck with violence, being struck by lightening
or by a thunderbolt, and in the Hippocratic writings the term apoplexy is used to
describe any condition whereupon a patient suffers rapid loss of consciousness, with a

fatal outcome in a high proportion of cases (Clarke, 1963). This condition can be
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interpreted in the light of modern diagnostic terminology as encompassing many causes
of sudden and rapidly fatal loss of consciousness such as myocardial infarction and
massive pulmonary embolism. However, the term apoplexy was also used to describe
the symptoms of both minor attacks and the residual afflictions should an attack prove
non-fatal, including paralysis of an arm or leg or the loss of a function such as speech,
which indicates that many of the cases which described as apoplexy in the Hippocratic

writings were caused by acute cerebrovascular disease (Clarke, 1963).

It is clear that there was a distinction drawn, even at that early stage in the process of
formal classification of disease, between apoplexy and epilepsy (Clarke, 1963).

Epilepsy was known to the ancients as 'the sacred disease' but renamed in the
Hippocratic texts 'the falling sickness' in an attempt to remove the stigma of superstition
of possession by evil spirits from this condition. In the Hippocratic opus there are
whole texts exclusively describing epilepsy, its symptoms, signs and critically for the
time, prognosis. Apoplexy is not dealt with in nearly such a defined manner. Since the
word apoplexy was in common non-medical usage in early Greek literature to mean
both paralysis and loss of senses with the connotation of being thunderstruck (Homer in
the Iliad book XIV uses 'apoplexia’ in the sense of 'to strike a blow'), it has been
proposed that the word was originally a lay term which was taken into the medical
sphere by contemporary physicians. The appropriation of lay terms and the limitation
of their meaning by application of technical knowledge (in the case of medicine, that
knowledge would comprise theory of aetiology and treatment and knowledge of
prognosis) is a theme found in Ancient Greek medicine but perhaps lost to modern

medicine. In Hippocratic times the ability to communicate with the educated laity was

21



prized, and the skills of logic and rhetoric were highly valued. This is in contrast to the
complexity of modern medicine which lends itself to the use of technical jargon which

tends to exclude even the most educated of non-medical people.

The aetiology of apoplexy is discussed in the Hippocratic writings in terms appropriate
to the theory of disease used at the time. It was thought that it was an affliction of the
brain, and arose as a result of an excess of black bile or phlegm in the veins in the head,
cooling the brain. This led to the appearance of the symptoms of headache and visual
disturbance. Treatment could be by warming the head or by venesection, though it was
recognised that a severe attack was impossible to cure. The importance of prognosis to
Hippocratic medicine is profound and the characteristics of apoplexy which enabled the
doctor to assess the patient's prognosis are described in detail. Generally, a severe
attack would be fatal on the third or fifth day, but if the patient survived until the
seventh day he would recover. Recovery of consciousness was recognised as a good
sign, whereas a prolonged pyrexia, a sweat or respiratory difficulties were seen as

implying a poor prognosis (Clarke, 1963).

Whilst the Hippocratic texts described mild and severe apoplexy, Galen in the First
century AD differentiated between four degrees of severity depending upon the
respiratory difficulty experienced by the patient, and death was usually attributed to
failure of respiration. He described the apoplectic as "one who became suddenly
senseless as if struck by lightening, with loss of all motion except that of respiration.
The worst are those in whom stertor and foaming at the mouth occur" (McHenry,

1969). He also placed at greatest risk elderly men, those who experienced high
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emotion, those who were plethoric and who indulged in sloth, drunkenness and
gluttony. (Plus ca change, plus c'est la meme chose). Galen's description of the
anatomy of the brain and cerebral vasculature is not extensive and contains an
interesting anomaly; it is asserted that the rete mirabile exists in humans, whereas
modern comparitive anatomists recognise this structure anastomosing internal and
external carotid circulations as existing only in species such as dogs and cats
((McHenry, 1969), & see discussion of the anatomy of the cerebral vasculature in
section 1.5.1). The implication is that at least some of Galen's dissection was of animal
subjects, and that he either performed this dissection only in animals and assumed that
there was no difference between species, or that he did examine human anatomy but
failed to recognise from his dissections that there were differences in such structures

from species to species.

After the fall of the Roman Empire practically nothing of merit was contributed to
medicine for the next eight hundred years. The traditions of Galen were carried on by
Arabian physicians such as Avicenna in the great civilisations of Islam and Byzantium,
and to a lesser extent by the European Monastic orders. It was not until the Twelfth
and Thirteenth centuries AD that Arabic copies of ancient Greek texts began to leak
back into the universities of Southern Europe. The recovery of many of Aristotle's
works from Arabic sources created an intellectual ferment which has been interpreted

subsequently as heralding the dawn of the Renaissance in Europe.
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1.1.3 Renaissance

When the new thought of the Renaissance was applied to medicine, the facts of
anatomy as laid down by Galen, and his teleological approach to physiology were
called into question by many figures such as Leonardo da Vinci and Vesalius of Padua.
Galen, led by the philosophical reasoning of his time, never asked in his anatomical or
medical studies ‘what is the function of this organ? but rather ‘why should it subserve
the function assumed for it a priori?”. While some of Galen's anatomical drawings were
done from dissection of human subjects (acquired as a result of his position as physician
to the Emperor in Rome; he had access to the bodies of the 'losers' from the games at
the Coliseum), many of them are obviously from animal studies (c.f. the above example
of the rete mirabile). The root of the contribution of the Renaissance thinkers to the
study of anatomy was in the realisation that the ‘truth’ was to be found not in the re-
examination of ancient texts but in the investigation of the world as it existed around
them. Leonardo's anatomical drawings are documented to have been done from human
dissection (Keele, 1977). While Leonardo had no interest in medicine in the sense of
curing people, his anatomical studies from observation are typical of the age in which
received wisdom, even that of the ancients, was placed next to that which could be

demonstrated, and found to be wanting.

Leonardo was not part of any philosophical Establishment’. These existed in the great
European Universities. Particularly in Padua an extraordinary thread of continuity can

be traced in the advances made in the study of human anatomy during the sixteenth
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century, a continuity which nevertheless leads backwards and forwards through the
deep controversies which surrounded the reassessment of Galenic anatomy and
eventually Galen's physiology. Andreas Vesalius of Brussels was Professor of
Anatomy at Padua. In his beautiful and revolutionary work De Humani Corporis
Fabrica he established the basis of modern anatomy (Saunders & O'Malley, 1982,
Graubaud, 1964). It was published in 1543, the same year that Copernicus' De
Revolutionibus Orbium Caelestium inaugurated a similar upheaval in astronomical and
cosmological thought (Kuhn, 1957). Criticism of both works was acrimonious.

Vesalius' teacher in Paris, Jacques Dubois (Sylvius) was a passionate Galenist and
violently disagreed with much of Vesalius' teachings but even so performed human
dissection and in his Tsagoge' published in Venice in 1556 he named the jugular,
subclavian, renal and popliteal vessels as well as the Sylvian aqueduct and the Sylvian
fissure (Willius & Dry, 1948) (through which runs the middle cerebral artery). The
next accurate description of the anatomy of the cerebral vasculature was made by
Gabriel Fallopius, who was a student of Vesalius at Padua, and went on to teach
anatomy there. He confirmed much of Vesalius' findings regarding the heart and great
vessels, he was the first to describe the existence of an arterial circle at the base of the

brain, and demonstrated the coronary vessels by dissection (Willius & Dry, 1948).

The Fabrica' is recognised as a milestone in medical history, in the same way as De
Revolutionibus' was the core event in the Copernican revolution. (The content of the
'Fabrica’ was popularised by the most famous surgeon of the renaissance, the
Frenchman Ambrose Pare who wrote an epitome of the Fabrica in the vernacular which

made it available to contemporary surgeons, who tended not to be University educated
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and therefore were unable to read Latin. He made practical application of it in his work
as surgeon to Henry II, Francis II and Charles IX, and in his extensive writings on
surgery). It was not just the theoretical content of the Fabrica' which was remarkable,
but its presentation also. The nature of Italian society during the Renaissance was such
that activities in philosophy, medicine and art were irretrievable entwined, and this is
amply demonstrated by the fact that the Fabrica' was illustrated by artists from the
Venetian studio of Titian. Although Titian himself is unlikely to have undertaken any
of the work directly, the use of dramatic pose for the larger figures, especially the
magnificent 'musclemen’, and the extraordinary skill in the execution of the landscapes
in which the figures are set, are said to reveal the hand of Jan Van Kalkar and
Domenico Campagnola under the supervision of Titian (Saunders & O'Malley, 1982).

However, the illustrations in the Fourth Book (of the vasculature) were probably drawn
by Vesalius himself, who whilst no mean artist was not up to the extraordinary
standards seen in the other books. While this fourth book corrects much of the
erroneous vascular anatomy of Galen the treatment of the cerebral vasculature is not
extensive, possibly since to the sixteenth-century physician the arrangement of the
peripheral venous system was of paramount importance as it formed the basis for

phlebotomy, which was the main therapeutic intervention of the day.
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1.1.4 The seventeenth century

The association between Renaissance Italian advances in medicine and intellectual
activity in England had been established early in the sixteenth century by Thomas
Linacre who studied at both Oxford and Padua in the early part of the sixteenth century
and who went on to become Physician to Henry VII and Henry VIII (Willius & Dry,
1948). His footsteps were later followed by William Harvey, who at the turn of the
Seventeenth century went from Oxford to Padua to study under Vesalius' successor,
the celebrated surgeon and anatomist Hieronymus Fabricius (Willius & Dry, 1948,
Graubaud, 1964). Fabricius had rediscovered the valves of the veins, first described by
Sylvius. His concept of their function was to prevent overdistension of the veins in the
constant ebb and flow of blood through the venous system; this ebb and flow was the
essence of the Galenic view of the movement of blood about the body, with the action
of the heart being a passive response to a fermentation or effervescence of the blood.
Harvey's great contribution to the understanding of the physiology of the circulation
was to postulate its existence, with the movement being caused by the action of the
heart rather that vice versa. As described initially in his Lumleian lectures in 1616;

"It is plain from the structure of the heart that the blood is passed continuously through
the lungs to the aorta as by the two clacks of a water bellows to raise water. It is
shown by the application of a ligature that the passage of the blood is from the arteries
into the veins. Whence it follows that the movement of the blood is constantly in a
circle, and is brought about by the beating of the heart. It is a question, therefore,

whether this is for the sake of nourishment or rather for the preservation of the blood
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and the limbs by the communication of the heat, the blood cooled by warming the limbs
being in turn warmed by the heart." (Davis, 1973)

The exposition of this idea that blood flowed around in a circle from arteries to veins
and through the right heart to the lungs and back to the body via the left heart, fully
described in Harvey's monumental "Exercitatio anatomica de mortu cordis et sanguinis
in animalibus" of 1628, was no less revolutionary than the work of Vesalius or
Copemicus (Harvey & Leake, 1970). Harvey's concept of the motion of the blood
required that a large volume of blood pass through the heart, which he was able to
prove by experiment, but in dispensing with the Galenic idea of fermentation within the
heart there was no explanation for the motive force which kept the heart itself moving
and thus kept the blood coursing about the body. Furthermore, no mechanism to
account for transport of the blood from arteries to veins could be described; the
existence of a tissue communication between arteries and veins had been postulated
before Harvey, but such a communication could not be demonstrated with the simple
microscopes available in the early seventeenth century. The issue of motive force was
to prove to be a constant source of controversy during the seventeenth century (Davis,
1973). The development of the microscope advanced considerably however, and in
1660 Marcello Malpighi described the existence of capillaries and postulated correctly
that these were the predicted connections between arteries and veins (Willius & Dry,

1948, Graubaud, 1964).

In the light of Harvey's model of the circulation, the later seventeenth century saw many
changes in the description of the vasculature and in describing the role of the

vasculature in disease. There was also an increasing interest in the correlation between
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clinical symptoms found in patients and the results of post-mortem examination. Two
figures of the middle of the seventeenth century were to make major advances in the
understanding of cerebral blood flow and the relationship between that and apoplexy.
The German physician Johann Jacob Wepfer established the causative relationship
between cerebral haemorrhage and apoplexy in his "Observationes anatomicae ex
cadaveribus eorum quos sustulit apoplexia” in 1658. He discussed the existence of an
arterial circle at the base of the brain and its possible anastomotic function. This
contribution was acknowledged by Thomas Willis who reiterated Wepfer's findings and
illustrated the arterial circle in his "Cerebri Anatome" in 1664. Willis also recorded the
clinical significance of the anastomotic function of the arterial circle by describing in his
London Practice of Physick the case history of a patient with an occlusion of the
carotid arteries who did not succumb to apoplexy during life:

"when his skull was opened, we beheld those things belonging to the head, and found
the right carotid, rising within the skull plainly bony or rather stony, its cavity being
almost wholly shut up; so that the influx of the blood being denied by this passage, it
seemed wonderful, wherefore this sick person had not died before of an apoplexy"
(Davis, 1973)

Willis reasoned that the remaining large vessels flowing towards the arterial circle were
able, by way of their "mutual conjoinings", to "supply or fill the channels or passages of
all the rest". Thus, "if by chance one or two be stopt, there might easily be found
another passage instead of them: as for example, if the carotid of one side should be
obstructed, then the vessels of the other side might provide for either province...further,
if both the carotids should be stopt, the offices of each might be supplied through the

vertebrals" (Davis, 1973).
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The practice described by Willis of performing a post mortem examination on a patient
whilst considering the premortem clinical symptoms and signs displayed by the patient
was to become more common during the later seventeenth and early eighteenth
centuries. The correlation between symptoms, signs and postmortem findings led to
advances in the understanding of the relationship between disease and structural
changes in the body, and reached its pinnacle in the "De Sedibus et causis morborum
per anatomen indagatis libri quinque", of 1761, the collection of the work of John

Baptist Morgagni, professor of anatomy at Padua since 1715.

Willis' description of the structure which now is named for him is further notable for the
extraordinary clarity of the illustrations in Cerebri Anatomi, which were engraved by
Willis's contemporary, the noted artist and architect Sir Christopher Wren. Willis's
position as both an eminent society physician and a leading member of the 'Oxford
Club', the informal intellectual circle which was to become institutionalised as the Royal
Society, enabled him to enlist the aid of Wren and others such as Richard Lower (who
demonstrated that blood is changed in the lungs as it passes through the pulmonary
circulation, which he postulated occurred by the acquisition of some quality from the
air) in his dissection of the brain and nerves and in his theoretical consideration of
disease (Davis, 1973). The completeness of the anatomical investigation recorded in
"Cerebri Anatomi" along with Willis's extensive recording of case notes and his
contributions to the theory of medicine establish him as an important figure in the

history of ideas about the cerebral vasculature.
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By the end of the seventeenth century therefore the anatomy of the cerebral arteries
was known, the concept of the circulation of the blood (by whatever mechanism, and
for whatever function) was established and the anastomotic role of the arterial circle at
the base of the brain had been postulated. As a result of post-mortem examination of
the brains of patients who had died, apoplexy was regarded as occurring as a result of

haemorrhage into the substance of the brain.

1.1.5 The eighteenth and nineteenth centuries

During the eighteenth century experimentation was applied to life sciences as it was to
the physical sciences. The ability of the circulatory system to overcome obstruction
was demonstrated by direct experiment. John Hunter ligated the carotid artery of a
deer and observed that the growth of its antler on that side was only transiently
inhibited; as collateral circulation developed, the antler regained its warmth and growth
recommenced. Hunter's statement that blood "goes where it is needed", is a statement
of the teleological physiology of his day (Owen, 1879). The lesson of this experiment,
that surgical carotid ligation was possible and would not inevitably lead to the death of
the patient, was learned by contemporary surgeons. Surgery to ligate the carotid in
cases of trauma to the neck had been reported during the eighteenth century, but it was
not until the early nineteenth century that elective surgery to the carotid was reported.

Notable in this respect was Sir Astley Cooper of Guy's Hospital, who reported in 1806
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a case of aneurysm of the carotid artery treated by ligation. This patient died some
three weeks post-operatively, at post-mortem "the aneurysmal sac was found inflamed,
and around the clot of blood which it contained, there was a considerable quantity of
pus...the cause of her death then was the inflammation of the aneurysmal sac z;nd the
parts adjacent, by which the size of the tumour became increased so as to press on the
pharynx...and ultimately to impede respiration. A similar event, however, may be in
future prevented, by performing the operation when the tumour is small, and pressure
has not been made by it upon important parts, or if it is of considerable size, as in this
case, by opening the tumour and discharging the coagulum, as soon as inflammation
appears" (Cooper, 1809). Thus the initial success of the procedure encouraged belief
that the technique had merit, and in 1808 Cooper saw a similar patient with a left
carotid aneurysm which he successfully ligated, and the patient survived (Cooper,
1809). In 1821 that patient died, and Cooper performed the post-mortem examination
himself. He describes the cerebral vessels:

"The [left] middle cerebral artery [was] larger than that on the right side...accounted for
by the increased size of the communicating branch, which, receiving its blood from the
basilary, had become as large as an ordinary radial artery. The basilary...was evidently
the channel which supplied the middle cerebral artery." Further, "From an inspection of
the base of the brain after the vessels had been injected, it immediately struck the
observer that the left side of the arterial circle of Willis was much more developed than
the right, and that the left side of the brain received its full share of arterial blood"

(Cooper, 1836).
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Although surgery involving the carotid arteries became more widespread during the
nineteenth century, ligation was the only procedure performed, and indications were
limited to ligation for aneurysm and to arrest haemorrhage following trauma. The
difficulty of such surgery for trauma is attested to by the account in 1845 by John Ellis
of Grand Rapids, Michigan, of the case of a man who sustained a gunshot wound to his
neck, tongue and jaw whilst out hunting, having been mistaken for a bear by his
companion (Ellis, 1845). Seven days after the injury haemorrhage from the tongue
wound could only be arrested by left carotid compression, and the left carotid was
ligated. Four days later further haemorrhage required the ligation of the right carotid
artery:

"an operation attended with a good deal of difficulty, owing to the swollen state of the
parts, the necessity of keeping up pressure [on the artery], the bad position of the parts
owing to the necessity of keeping the mouth in a certain position to prevent his being
strangled by the blood, and the necessity of operating by candle light... The young man

now enjoys comfortable health, and is attending to business” (Ellis, 1845).

The second half of the nineteenth century saw two major advances in medical
technology which led to the explosion of surgery as a speciality and transformed the
reputation of the profession. In 1846 an operation was performed under general
anaesthesia for the first time (Jackson, 1992). Prior to this the technique of surgery had
to take second place to speed, strength and courage in the surgeon, who was operating
on a conscious patient with perhaps alcohol or an opiate as an analgaesic. Thus open
surgery was undertaken rarely and then usually for life-threatening conditions. General

anaesthesia allowed the development of surgical technique in which speed was not the
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key attribute. The development of anaesthetics as a speciality in its own right paralleled
the advances in physiology, pharmacology and technology which continue to this day.

Listerian antisepsis was to have an equally profound effect on surgical practice (Fisher,
1977, Jackson, 1992). Influenced by the work of Louis Pasteur on germ theory in
which Pasteur had shown that particles in the air were necessary for fermentation and
putrefaction, Lister had learnt of the use of carbolic acid at a sewage plant in Carlisle to
control the smell, and of the simultaneous fall in the number of cases of typhus in the
city. He reasoned that carbolic acid was toxic to the infecting particles and that if these
particles were responsible for surgical sepsis then perhaps carbolic acid would control
it. The theoretical discussion over whether the infecting particles were themselves alive
was of great concern to the scientists but Lister makes little comment about it; he was
interested in results, and his results with a series of compound fractures treated with
antiseptic dressing instead of amputation were excellent (Lister, 1867, Lister, 1867).

However, his technique was not adopted universally, surgeons such as Spencer Wells
claimed equally good results in terms of avoiding sepsis by scrupulous cleanliness and
the washing of hands, instruments and patient with copious amounts of clean water
(Fisher, 1977). The end result of the controversy was that the pragmatism of the
surgical community won the day, whilst the antiseptic technique was eventually widely
accepted as having a sound theoretical basis, its complicated and unpleasant application
meant that it was not widely used, and the practice of aseptic technique - scrupulous
cleanliness and sterility of instruments and dressings - became the accepted norm by the

turn of the century.
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1.1.6 The twentieth century and the development of elective carotid surgery

Carotid surgery at the beginning of the twentieth century was still essentially only
performed for the indications described above, that is, ligation for aneurysm and
operation following trauma. Stroke was widely thought to be an expression of cerebral
haemorrhage, occurring as a result of pathology in the intracerebral vessels and thus not
amenable to therapeutic intervention. In 1914 the American neurologist J. Ramsay
Hunt called for a re-evaluation of the role of the carotid vessels in the aetiology of
vascular lesions of the brain (Ramsay Hunt, 1914). He pointed out that in the
examination of the peripheral vasculature the examination of the peripheral pulses was
integral to the process of making a diagnosis. He extrapolated this to his experience of
cerebrovascular disease, describing his observation that in examining a series of subjects
the carotid pulses were usually equal on both sides, whereas "the only exceptions noted
were in a small series of hemiplegic cases of vascular origin, in which a definite and
distinct weakness of the carotid pulsation was noted on the side corresponding to the
cerebral lesion". This turned attention from the intracranial vasculature to the
extracranial cerebral vasculature, but progress in the investigation of this site as a
possible origin of cerebral disease was hampered by the limited amount of information

that could be gleaned by clinical examination.

Two further advances were to occur before the extracranial carotid arteries could be
implicated in the aetiology of cerebral vascular disease. A method of imaging the

cerebral vasculature was developed by Egaz Moniz of Lisbon and described in 1927
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(Moniz ef al.1937). Cerebral angiography was initially used as a method of localising
cerebral tumours, but he found that it revealed details of the extracranial carotid
circulation as well. Following the use of plates to record the state of the neck vessels
he reported that of 537 cerebral angiograms, four had occluded internal carotid arteries.

Meanwhile, the findings of Ramsay Hunt were reassessed by Miller Fisher, a
neurologist at the Massachusetts General Hospital (Fisher & Adams, 1951). He
examined at post-mortem the brains of 373 patients who had died with a diagnosis of
cerebral vascular disease. He reported that haemorrhagic infarcts were present in only
20% of cases and concluded that the remainder were probably embolic in origin, citing

atherosclerosis at the carotid bifurcation as a likely source of such emboli.

The early 1950's saw several almost simultaneous surgical assaults on the problem of
cerebral ischaemic symptoms arising as a result of atheroma at the carotid bifurcation.

In 1951 in Buenos Aires Carrea, Molins and Murphy operated on a man who had
recently suffered from a right sided hemiparesis associated with aphasia (Carrea et
al.1955). He had been shown by angiography to have a stenosis of his left internal
carotid artery, and they partially resected the diseased internal carotid and anastomosed
the external carotid to the distal internal carotid artery, with a successful outcome. In
1953 De Bakey in Texas operated on a man who was complaining of intermittent
attacks of right sided weakness with difficulty speaking. A clinical diagnosis of
atherosclerosis at the carotid bifurcation was made and at operation internal carotid
occlusion was confirmed. Endarterectomy of the common, internal and external
carotids was performed. The patient did well and lived for a further nineteen years

without cerebral symptoms. De Bakey subsequently reported the case with follow-up
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(but unlike Cooper or Willis was unable to report his observations at post-mortem)
(DeBakey, 1975). The following year Eastcott, Pickering and Rob described a similar
case to that which De Bakey had seen, in a woman who was having repeated attacks of
right sided weakness and loss of vision in the left eye (Eastcott ef al. 1954). Pickering
had pointed out in 1948 that these intermittent attacks of cerebral paralysis were found
in patients with mitral stenosis and atrial fibrillation, when they could only be embolic
(Pickering, 1948). When the diagnosis of carotid stenosis was confirmed pre-
operatively by angiography they felt that the patient's symptoms were probably due to
showers of emboli from the carotid plaque. Eastcott therefore performed a resection of
the carotid bifurcation with reconstruction by end-to-end anastomosis of the common
and internal carotid arteries, again with a successful outcome and resolution of the

patient's symptoms.

This case report, of a patient with transient symptoms of cerebral ischaemia, diagnosed
as having carotid bifurcation atherosclerosis and internal carotid artery stenosis with the
diagnosis confirmed by angiography, and treated by reconstructive surgery to the
internal carotid artery, is regarded as a landmark in the history of vascular surgery.

Following this such surgery performed to relieve symptoms of transient cerebral
ischaemia and prevent stroke became widespread, with endarterectomy to the internal
carotid artery replacing carotid reconstruction as the commonly performed procedure.

The controversies which ensued over the following decades centred mainly on the
indications for its application, in symptomatic patients with severe internal carotid
artery stenosis these controversies have to a certain extent been resolved by the findings

of large randomised trials comparing surgery to medical treatment, but for large groups
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of symptomless patients the indications for surgery remain unclear (North American
Symptomatic Carotid Endarterectomy Trial Collaborators, 1991; European Carotid

Surgery Triallist's Collaborative Group, 1991).
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1.2 The clinical and diagnostic features of Stroke and Transient Ischaemic Attack

The generic term 'stroke' encompasses a heterogeneous group of disorders with a
number of different aetiologies and different pathological and clinical manifestations.
However, clinical diagnosis of stroke can be confidently made provided the following
definition is adhered to:

A neurological deficit of sudden onset; with focal rather than the global neurological
dysfunction;, with symptoms lasting more than 24 hours or resulting in death before 24
hours;, and in which, after adequate investigation, symptoms are presumed to be of a
non-traumatic vascular origin (Bamford, 1992).

Whilst this definition includes subarachnoid haemorrhage it excludes subdural and
extradural haematoma and transient ischaemic attacks. A transient ischaemic attack
(TIA) is defined by Bamford as an acute episode of focal loss of cerebral or visual
function lasting less than 24 hours (Bamford, 1992). Hankey goes further in his
definition; 'an acute loss of focal cerebral or monocular function with symptoms lasting
less than 24 hours and which after adequate investigation was presumed to be due to
embolic or thrombotic vascular disease' (Hankey et al.1991). Amaurosis fugax was
‘acute total or partial loss of vision in one eye with symptomatic recovery within 24
hours [which] after adequate investigation was presumed to be due to embolic or
thrombotic vascular disease. Emboli may have been seen and there should not be any
retinal or ocular pathology to account for the symptoms’. Minor stroke is diagnosed by
Hankey in 'patients with the clinical criteria of a stroke [see above] in whom symptoms
lasted more than 24 hours and less than one week. Neurological signs of no functional

significance (see above) were acceptable thereafter’. Major stroke is diagnosed in
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'patients with the clinical criteria of a stroke in whom symptoms lasted more than one

week or lead to an earlier death'.

The symptoms of a transient ischaemic attack are attributed to inadequacy of blood
supply to the cerebral region supporting the area in which the patient exhibits the
symptoms (Landi, 1992). It has been disputed whether the 24 hour time limit allowed
for in the diagnosis of TIA should apply only to symptoms or to signs as well (Landi,
1992). It is now felt that the persistence of functionally unimportant signs such as an
extensor plantar response is not sufficient to allow the diagnosis of a minor stroke
rather than a TIA, and therefore that assessment of duration of symptoms after the
event is sufficient to make the diagnosis of transient ischaemic attack. Hankey stresses
that the persistence of neurological signs of no functional significance such as reflex
asymmetry or plantar extensor response may be disregarded in the diagnosis of TIA,
and that non-focal neurological symptoms such as faintness should be taken into
account only if accompanied by focal signs (Hankey ef a/1991). The use of
computerised tomography (CT) in the assessment of patients with TIA to identify areas
of cerebral infarction has led to the suggestion that an anatomically compatible low
density area on CT should lead to the reclassification of such a patient as having had a
cerebral infarction with transient signs. The practical difficulties introduced by this
policy include the fact that diagnosis of TIA would then depend on the availability of
CT scans, and that brainstem events would be proportionately overdiagnosed
compared to hemispheric events since brainstem infarcts are more difficult to detect on

CT. Furthermore, since there seems to be little difference in prognosis of patients with
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TIA and cerebral infarct with transient signs, reclassification is felt to be unnecessary

(Dennis ef al. 1990).

Diagnosis of TIA can thus be much more difficult than the diagnosis of stroke;

whereas with stroke the application of the above clinical criteria can lead to a false
positive rate of diagnosis of less than 5% in a co-operative patient (Bamford, 1992), the
variability in diagnosis of TIA can be very high. One study reports a kappa index (of
agreement between two observers) of only 0.65, indicating that up to 35% of
agreement between two clinicians in the diagnosis of TIA may be due to chance
(Kraaijeveld et al. 1984); another reports that of 1307 patients referred to a department
of neurology with suspected TIA the final diagnosis in 31% was 'possible TIA'
(Calanchini et al.1977). This diagnostic conundrum is worth exploring because
numerous studies cite TIA as a risk factor for stroke (Dennis ef al.1990; Hankey et
al.1991), and in patients with carotid stenosis the only firm indicators for carotid
surgery in order to reduce the risk of stroke come from studies which used TIA as a
diagnostic criterion (North American Symptomatic Carotid Endarterectomy Trial

Collaborators, 1991, European Carotid Surgery Triallist's Collaborative Group, 1991).

The criteria for the diagnosis of TIA are therefore based mainly on the symptoms
described by the patient. Since the attacks are rarely witnessed and there are no
objective tests which can confirm the diagnosis, the patient's history is critical. The
differentiation between focal and non-focal symptoms is of first importance. Non-focal

symptoms are not accepted as evidence of TIA, thus loss of consciousness, dizzyness,
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generalised weakness or incontinence should not be interpreted as TIA since they more
often result from diffuse cerebral ischaemia or from non-vascular causes. Similarly,
isolated symptoms such as vertigo, diplopia, tinnitus and sensory symptoms confined to
one part of the face are unlikely to indicate TIA. However, the patient with transient
monocular blindness carries the same stroke risk as those with a clearly defined cerebral

TIA and therefore should be included under the same diagnostic heading.

The main differential diagnoses of TIA are migraine and focal epilepsy, but may include
many other conditions, structural brain lesions such as tumours, chronic subdural
haematoma and vascular malformations may be considered, as well as non-vascular
causes such as hypoglycaemia, Meniere's disease and disseminated sclerosis. In
patients with transient monocular symptoms the differential diagnosis includes giant cell
arteritis, malignant hypertension, glaucoma and papilloedema. The differentiation
between focal epilepsy and TIA is usually easily made. Whereas TIA usually manifests
symptoms of decreased or absent function, focal seizures usually cause 'positive'
symptoms such as paraesthesia or jerking movements which show a characteristic
progression, beginning distally and spreading up the limb or half of the body. However,
focal motor seizures may occasionally be inhibitory and associated with aphasia (Landi,
1992) which can lead to confusion with TIA. Migraine similarly usually exhibits
'positive’ symptoms, often with visual involvement (for example scintillating scotoma).
Onset of symptoms in migraine is usually of slower onset than in TIA, with a more
pronounced progression. However, the symptom of headache is not invariably

associated with either condition and is not therefore diagnostic of either.
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1.3 The epidemiology of stroke and transient ischaemic attack

The burden of stroke in western industrialised populations is huge. Stroke is the third
leading cause of death, causing one in ten of all deaths, and for each fatal stroke there
will be one further non-fatal but severely disabling event and two or three less disabling
ones(Bonita, 1992; Bamford ez al. 1988; Malmgren e? al. 1989). The costs of this both
to the individual and to society lie in several areas; in expensive hospital care in the
acute phase, in the rehabilitation costs in those patients who go on to become
independent again and in the chronic care costs in those patients who continue to be
disabled. Less well documented but no less important is the loss to society of wealth
creators, when men and women of working age are affected either directly by a stroke
or when their working lives are curtailed in order to care for another affected
individual. Reduction in the morbidity and mortality associated with stroke is of prime

importance in the planning of health care provision and in medical research.

Community based studies of stroke and transient ischaemic attack have given an
impression of the incidence and prevalence of these conditions, as well as giving an
indication of their natural history. In the assessment of the incidence of stroke most
studies use first-ever stroke (that is, the incidence of stroke in those people with no
previous history of stroke) as a measure. Age standardised rates are often calculated as
they offer a means of comparing results between studies and between countries(Bonita,
1992). The Oxfordshire Community Stroke Project and the Auckland Stroke Study

give similar crude (non age-adjusted) incidence rates of about 2 strokes per 1000
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population per year, with a 26-28% higher risk in males than in females. Total rates of
incidence of first-ever stroke were shown in both studies to rise steeply with age, from
less than 0.1 per 1000 population at age 25 - 34 years to 6 per 1000 in the 65 - 74 year
old age group and 20 - 30 per 1000 in the over 85 year olds(Bonita ef al1984;
Bamford et al.1988). These figures are similar to those found in the Rochester
(Matsumoto et al. 1973), Tilburg (Herman e al. 1982), and Shibata (Tanaka et a/. 1981)

studies.

The latter figures (of stroke rate in the elderly ) are important since it is this age group
in which the highest incidence of stroke morbidity and mortality occurs. It is thought
that it is this group which should be considered when making projections about the way
that future demographic changes in the age structure of the population will affect the
overall stroke rate. It is projected that the proportion of elderly people in the
population will rise in the next forty years (Office of Population Censuses and Surveys,
1985). It has been assumed that this increase in the number of the elderly will inevitably
lead to a parallel increase in the number of long-term disabled people who are survivors
of a stroke; this assumption has been tested by Malmgren by projection of the
incidence of first-ever stroke according to age strata for the expected population
demographics until 2023 (Malmgren ef al. 1989). The number of first-time strokes is
projected to rise by about 30% and the number of deaths within six months of a first-
time stroke is projected to rise by about 40%; however, the number of people who are
severely handicapped by stroke is expected to rise by only 8%[1064]. This apparent
inequality arises because of the nature of the population which the condition affects and

because of the commonly fatal outcome of stroke. A proportion of those affected by
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first-time stroke are already disabled or dependent, and some of those will die rather
than continue to be handicapped and thus the overall numbers of stroke-affected
individuals may not increase by the expected amount. Furthermore, despite an
expected 99% increase in the proportion of over 85 year-olds in the population, the fact
that these numbers are still relatively small reduces the anticipated absolute increase in

numbers of individuals experiencing a first-time stroke.

Unfortunately however, information about incidence rates does not give direct
information about the prevalence of stroke, meaning the number of people in the
population who have already had a stroke; neither does it give information about the
numbers of people with recurrent strokes and their outcome. Prevalence of stroke - the
number of stroke-affected individuals in a population at any one time - is the best
measure of the total burden which the condition imposes on society. Whilst figures can
be calculated from combining incidence rates and case fatality rates (case fatality being
a variable dependent upon the type of pathology present; the 30 day case fatality rate
varies from 10% for cerebral infarction to 45% for subarachnoid haemorrhage and
52% for primary intracerebral haemorrhage (Bamford et a/.1990), and the overall case
fatality rate is 41% at one year (Bonita ef al.1984)), figures for prevalence of stroke
disability from population studies are rare. One study estimates crude prevalence rates
of approximately 4 per 1000 of the population over the age of 25 for people who have
had a stroke within the last two years and 8 per 1000 for people who have ever had a

stroke (Christie, 1981).

45








































































































































































































































































































































































































































































