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Preface

The sober explanation for this book is a call by the Springer-Verlag, London, to
edit a publication on ‘The functional relevance of the collateral circulation’ of
the heart. Alternatively, it could be ‘sold’ as the result of my intention to reduce
entropy of 18 years of scientific work on the topic of the coronary circulation,
which was itself meant to diminish the amount of ‘useless’ energy. Such a
process of reducing disarray in a system with the aim of grasping it better is
related to simplification, which carries the risk of introducing error. This can be
exemplified by the historic view of angina pectoris, which used to be simplified
as being always fatal, thus obscuring for nearly two centuries the view of a
‘self-healing’ mechanism such as the collateral circulation of the heart. It would
be naive, to assume the present work to be free of erroneous oversimplification,
because the very nature of scientific work is related to generating (simple)
hypotheses with their subsequent falsification.

In that context and bluntly, my primary interest in the field of the collateral
circulation was not initiated with a vision of eradicating the consequences of
coronary artery disease (CAD) by promoting the growth of natural bypasses.
The time for such sizeable ideas had passed in the 1970s with the start of the
work by Wolfgang Schaper. My interest in the area related to maps, geometry
charting landscape as a former cartographer and the linked process of
minimizing error in doing so. At first sight, landscape is not organized and
charting it realistically requires techniques of projecting it on a flat plane, while
preserving distances, angles, object size relations. Apparently, biology in the
sense of mathematical science is poorly organized. However, patterns of orga-
nization can be recognized, and this is even the case in ostensibly chaotic
systems. In hindsight, my genuine interest in the field evolved from describing
biological patterns with exact means, always including the calculation of the
error made during mathematical modelling. Accordingly, one of my favourite
occupation used to consist of modelling the coronary artery circulation, the
model being a minimal cost function of energy expenditure for the transport
of blood, whereby large ‘tubes’ dissipate little frictional energy but their
construction and maintenance is costly because large, and vice versa. The
‘maps’ of coronary angiograms were crucial for delineating the local territory
of ‘irrigation’, i.e. the so called ischaemic area at risk for infarction. The
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oversimplification and, thus, error of the system consisted of demarcating
different coronary regions, disregarding the possibility of links between them
and the assumption that there are no intercoronary anastomoses.

The step between acknowledging inter-coronary anastomoses, links, natural
bypasses, collaterals in the human coronary circulation and the structure of this
book is small. The following questions, i.e. principle book chapters, arise
instantaneously: are they relevant in the sense of life-saving for patients with
CAD (Chapter 1); how can they be gauged (Chapter 2); how often are they
present and how are they promoted naturally (Chapter 3); if present, how do
they function physically (Chapter 4), and can they be promoted artificially
(Chapter 5)? The epigrammatic answers to some of the above questions accord-
ing to the actual state of (mis)calculation are: yes, they are relevant in every
third patient with CAD and in every fourth without CAD; they can be measured
invasively; they are able to dilate and constrict and do not function as rigid tubes;
and yes, they can be promoted artificially. The demarcation between the main
chapters is not absolute, i.e. there are ‘anastomoses’ among them for the purpose
of allowing to read single chapters, and of reflecting the reality of multiple
associations between the sub-topics. The potential ‘error’ of using the design of
‘permeable’ book chapters is the risk of redundancy, which on one hand, is an
essential element of didactics. Conversely, it is anaesthetizing when applied in an
overdose. Single- as compared to multi-authorship should reduce rather than
amplify the risk of redundancy.

That human coronary collateral vessels are relevant quo ad vitam and that
they are inducible artificially renders the subject of collaterology, which is aimed
to be covered by this book, important from a medical standpoint of view. This is
even more so considering the epidemiologic and economic burden of CAD and
the fact that every sixth to fifth patient suffering from CAD cannot be treated
sufficiently by conventional means. Arteriogenesis, the promotion of collateral
artery growth employed in collaterology is on its way to be a treatment pillar
of CAD, but the path is not as straightforward as thought before the first
controlled clinical angiogenesis trials. With its winding pattern, it resembles
the corkscrew shape of collateral vessels. This hallmark of vascular enlargement
is caused by the fact that growth of the vessel is not restricted to one direction
(cross-sectional calibre), but is ubiquitous, i.e. also lengthwise. In the absence of
cardiac enlargement, an increase in vessel length translates into a meandering
route. The latter evokes, again, the way of how scientific work advances with
a generated hypothesis pointing into one direction, its (often occurring) falsifi-
cation, which leads to a temporary retreat, meaning a change of the motion
vector.
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Chapter 1
Relevance of the Human Coronary Collateral
Circulation

1.1 Historical Aspects

The symptom of angina pectoris surfaced only in the late 18th century and
became more prevalent even 150 years later. For a long time, the view prevailed
that angina pectoris was almost always fatal. Conversely, developing tolerance
to exercise-induced angina pectoris which could even ‘cure’ it was described by
William Heberden. Structural channels connecting the right and left coronary
arteries were first described by Richard Lower of Amsterdam in 1669. In 1757,
the Swiss anatomist Albrecht von Haller also demonstrated anastomoses
between coronary arteries. The first anatomic observations of anastomoses
were possibly made in non-obstructed coronary arteries, because coronary
artery disease (CAD) was much less prevalent than today. Using post-mortem
imaging of the coronary circulation by a multitude of different techniques, a
controversy on the existence of structural intercoronary anastomoses ensued,
which was not settled in their favour before the first half of the 20th century in
case of the presence of CAD and not before the early 1960s in case of the normal
human coronary circulation by William Fulton. Since James Herrik’s clinico-
pathologic observation in 1912 of the possibility of surviving sudden thrombo-
tic coronary obstruction in the presence of intercoronary anastomoses, it has
been recognized that the collateral circulation is a very important determinant
of the rate and extent of myocardial cell death within an ischaemic zone.
However, actual in vivo functional coronary collateral measurements during
cardiac surgery and percutaneous coronary intervention (PCI) were first per-
formed only in the 1970s and early 1980s respectively. The existence of in vivo
functional collaterals in the absence of CAD was not been proven before 2003.

1.1.1 Introduction

In 1983, Proudfit pointed out that ischaemic heart disease could be justly called
‘British disease’ because of the origin of its pathophysiologic concept being
based on William Heberden’s description of angina pectoris in 1772, but more

C. Seiler, Collateral Circulation of the Heart, DOI 10.1007/978-1-84882-342-6_1, 1
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2 1 Relevance of the Human Coronary Collateral Circulation

importantly on pathoanatomic observations and their accurate clinical inter-
pretation by Edward Jenner (1749-1823; developer of the smallpox vaccine),
Caleb Hillier Parry (1755-1822), Samuel Black (1764-1832) and Allan Burns
(1781-1844)." This ‘British team’, working over 23 years, established the myo-
cardial ischaemic theory of angina pectoris and clarified the origin of a very
important disease in industrialized countries, but it was only 120 years later that
leaders of the medical profession generally accepted the concept.! In parenth-
eses, the question may be raised, why the symptom of angina pectoris was not
described in detail before 1772. This could be due to previous absence or low
prevalence of angina or to the lack of clinical insight to recognize it. It appears
unlikely that clinical inability to detect angina could account for its late man-
ifestation in the literature, and Michaels interpreted probably correctly that this
symptom and, thus, also CAD ‘surfaced’ only in the late 18th century and
became substantially more prevalent even 150 years later as a result of changing
lifestyle® In the context of the pioneering work of the above 18th-century
‘British quartet’, it is speculative to state that CAD is not called ‘British disease’
because one aspect of CAD, i.e. the development of arterial detours around
atherosclerotic obstructions or the growth of natural bypasses, was not built
into the theory of CAD. Quite on the contrary, Parry’s observations on angina
pectoris and those of Jenner on the same condition focusing on John Hunter’s
case (see below) launched the view that this condition was almost always
suddenly fatal.®> Thus, while establishing a pivotal part of the concept of
ischaemic heart disease, Jenner, Parry, Black and Burns unwillingly contributed
at the same time to the expansion of the more than 300-year-controversy on the
relevance of the human coronary collateral circulation since its first anatomic
description by Richard Lower of Amsterdam in 1669.* This interpretation of
the history of coronary collateral vessels cannot be applied to Heberden,
because he reportedly did not make the link between angina pectoris and
coronary obstruction, but attributed it in individual cases to an unknown
cause or to mediastinal abscess or to ‘contraction of the arch of the aorta or
the arteries that go to the arm’.! Conversely, Heberden’s contribution to the
discovery of the coronary collateral circulation is rated very high as being the
first describing the phenomenon of developing tolerance to exercise-induced
angina pectoris, i.e. the occurrence of ‘walking through” angina.’ Hence, con-
temporaries and ‘compatriots’ in the second half of the 18th century simulta-
neously hold the view that angina pectoris was almost always deadly and could
be well tolerated.

In this context, several questions related to the discovery and historical
description of the human coronary collateral circulation emerge, which are
subsequently detailed. What were the instruments for the detection of coronary
anastomoses? How and when were the clinical features of CAD related to its
collateral circulation? How and when was the collateral circulation in human
peripheral artery disease discovered? What role did post-mortem detection of
coronary anastomoses play as compared to in vivo assessment with regard to
the debate on the relevance of collaterals? How was the term ‘relevance’
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interpreted, i.e. as structural presence of coronary anastomoses or as the myo-
cardial salvaging function of structural collaterals? In which context was the
term ‘relevance’ meant, in the presence of obstructive CAD or in normal hearts?
How did early animal experiments on the collateral circulation contribute to
respective findings in humans? Considering the multitude of these facets alone,
it is not unexpected that controversy on the relevance of the human coronary
collateral circulation had to evolve in the past.

1.1.2 First Observations of Collateral Vessels

Channels connecting the right and left coronary arteries were first described by
Richard Lower of Amsterdam in 1669 (Table 1.1).* He detected the anasto-
moses by introducing fluid into one coronary artery post-mortem and obser-
ving its arrival in the other.*® However, Prinzmetal et al.” suggested Thebesius
to be the first who revealed by dissection the occurrence of anastomoses
between both coronary arteries,® whereby the respective anatomic preparations
had probably not been performed in normal hearts.” In 1757, the Swiss anato-
mist Albrecht von Haller (1708-1777; Fig. 1.1) also demonstrated anastomoses
of the coronary arteries, whereby he described different origins and routes of
coronary arterial detours, such as those going via the pulmonary artery root to
the sulcus longitudinalis posterior of the right ventricle, those being located
near the ventricular apex or close to the atria as well as extracardiac collaterals.”
While the technique employed during these early observations of collateral
vessels of the human heart was mostly that of mechanical dissection, it remains
obscure whether normal or diseased hearts were examined. Considering the
possibility that CAD was much less prevalent before the mid-18th century than
thereafter,” the first anatomic observations of anastomoses were possibly made
in non-obstructed coronary arteries.

Before the debate on the existence of structural collaterals started in the mid-
19th century, William Heberden (1710-1801, Fig. 1.2) in 1772 systematically
and meticulously described his clinical observations in ‘nearly a hundred peo-
ple’ (three women and one boy, aged 12), who suffered from a disorder, ‘(T)he
seat of it, and sense of strangling, and anxiety with which it is attended, may
make it not improperly be called angina pectoris’.” Of particular importance in
an entirely opposite sense for the further course of the history of the human
coronary collateral circulation are two pieces of the text: (a) “The termination of
the angina pectoris is remarkable. For if no accident intervene, but the disease
go on to its height, the patients all suddenly fall down, and perish almost
immediately’. (b) “With respect to the treatment of this complaint, I have little
or nothing to advance: nor indeed is it to be expected we should have made
much progress in the cure of a disease, which has hitherto hardly had a place, or
a name in medical books. .. .I know one who set himself a task of sawing wood
for half an hour every day, and was nearly cured. In one also, the disorder
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6 1 Relevance of the Human Coronary Collateral Circulation

Fig. 1.1 Portrait of Albrecht
von Haller

Fig. 1.2 Portrait of William
Heberden

William Heberden (1710-1801)

ceased of itself”. Much more relevant than the internal contradiction between
(a) and (b) was Heberden’s firm statement in (a) of a disecase with always fatal
outcome, which appeared to be even confirmed by (b). For his contemporaries
and until more than 100 years later, the message of Heberden’s description of
angina pectoris was that of an absolutely fatal illness, notwithstanding the
content of (b) that there might be a cure or even spontaneous healing, and
despite a later report in 1785, in which an unknown patient described, ‘I have
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frequently, when in company, borne the pain, and continued my pace without
indulging it; at which times it has lasted from five to perhaps ten minutes, and
then gone off’.'® Thus historically, the development of tolerance against myo-
cardial ischaemia, later attributed to recruitment of the collateral circulation
(see also the Chapter 2), was not appreciated. Nowadays, Heberden is cited for
his first description of walking through angina (Table 1.1) and not for his
judging angina pectoris to be a 100% fatal disease of unknown origin. With
regard to post-mortem examination of one of Heberden’s patients, he
reported,” ‘On opening the body of one, who died suddenly of this disease, a
very skilful anatomist could discover no fault in the heart, the valves, in the
arteries, or neighbouring veins, excepting small rudiments of ossification in the
aorta’. The ‘skilful’ anatomist happened to be John Hunter (1728-1793;
Fig. 1.3), the famous pathologist and surgeon, who himself was intimately
and intricately involved in the history of CAD and the discovery of the collat-
eral circulation, as both scientist and patient.'' As a patient of William Heber-
den, John Hunter had suffered from angina pectoris for the last 20 years of his
life."> So as if to buttress the original notion of Heberden of angina pectoris as a
fatal disease, Hunter died suddenly at the age of 65. In the post-mortem
examination of John Hunter,'? the coronary arteries were described as having
‘.. .their branches which ramify through the substance of the heart in the state of
bony tubes, which were with difficulty divided by the knife, and their transverse
sections did not collapse, but remained open’. Nevertheless, the coronary
arteries themselves were not suspected as the direct cause of Hunter’s disease
and death'?: ‘From this account of the appearances observed after death, it is
reasonable to attribute the principal symptoms of the disease to an organic
affection of the heart’. However, Edward Jenner (1749-1823, the discoverer of
vaccination), Hunter’s former assistant, strongly suspected a relationship

Fig. 1.3 Portrait of John
Hunter % John Hunter (1728-1793)
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between ‘coronary ossification’ and angina pectoris, and out of concern for his
mentor and friend, he wrote of his opinion long before Hunter’s death to his
personal physician, Heberden.'

Although the role of the late John Hunter as a CAD patient was one delaying
the recognition of a clinically relevant coronary collateral circulation, his posi-
tion as a scientist was essential for the discovery of peripheral natural
bypasses.'! Indeed, the collateral arterial growth was detected in an unusual
anatomic area. Aside from his duties as a pathologist, John Hunter became also
a surgeon to the British royal family, and one privilege he thereby enjoyed was
to hunt in the Royal deer park.'' He took advantage of that opportunity not to
hunt, but to perform an experiment provoked by the extraordinary annual
growth of the stag’s antlers. To explore the contribution of the arterial supply
to that growth, he ligated the major supplying artery on one side. As antici-
pated, it was cool and the growth of the antler on that side interrupted. How-
ever, the influence of the ligation was only transient. After a short time, the
antler became warm again and exuberant growth occurred. Hunter identified
the fact that a collateral arterial supply had developed to bypass the arterial
occlusion created by his ligature, and he went on to demonstrate that the
phenomenon occurred elsewhere, e.g. following femoral artery ligation in the
dog.'! In the sense of ‘translational’ research, he exploited the animal observa-
tion to develop a new surgical treatment technique for limb aneurysm by
gradually ligating the artery above the aneurysm in the hope that collateral
development would render amputation unnecessary, which it did.

It was not before 1883, that the paradigm of the absolutely fatal coronary
occlusion was overcome by West’s description of several cases in whom at
autopsy complete obstruction of a coronary artery was found, yet the patients
had long survived this serious lesion.'? With regard to the existence of a human
coronary collateral circulation, this observation has constituted not a sufficient
but certainly a necessary condition.

1.1.3 Post-mortem Assessment

In 1855, 186 years following the first description of the existence of human
coronary collateral vessels by Lower,* Hyrtl denied the occurrence of these
anastomoses,'* and subsequently, Henle'® and Cohnheim confirmed the find-
ings of Hyrtl, whereby Cohnheim stated that the coronary arteries were true
end-arteries.'® The approximately 100-year era of ever-increasing pathoana-
tomic studies on the human coronary circulation had begun, whereby a multi-
tude of preparation techniques for imaging the coronary circulation were
employed, the fact of which substantially contributed to the partly contra-
dictory findings (Table 1.1). In part, it was not even direct post-mortem
evidence in humans which implied the existence of end-arteries as was the
case in Cohnheim’s study.
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1.1.3.1 Imaging Techniques

Post-mortem imaging of the anatomy of coronary arterial anastomoses requires
some form of coronary injection technique. As Fulton remarked,'” a list of
injection techniques consisting of over 70 different techniques was far from
complete. Following were and still are the frequently employed methods: corro-
sion technique, clearing technique and arteriography. The corrosion technique
leaves only the cast of the arterial lumen after coronary injection of a solidifying
mass with subsequent digestion of the surrounding tissue. Using this method,
Hyrtl'* and Henle' failed to demonstrate the arterial communications between
different supply areas in normal hearts. Clearing in organic solvents after injec-
tion with an opaque medium was developed by Spalteholz and is known as
clearing technique.'® This technique achieved the demonstration of even the
smallest calibre anastomoses in normal hearts. A disadvantage was the visualiza-
tion of vessels for only a few millimetre below the surface and the removal of all
lipids from the vessel wall. Injection of a radiopaque medium followed by X-ray
exposure on film is arteriography. This method has been and is the most widely
used post-mortem method. Despite the shortcomings of the two-dimensional
radiography for the demonstration of small-calibre anastomoses, it was widely
used in the past.'” The distinction of continuity of the arterial lumen (indicative of
an anastomosis) from mere overlap in the third dimension of the left ventricular
(LV) wall thickness can be very difficult without employing stereoarteriography.

The principle of a considerable part of the arteriographic techniques
employed consisted of an increasingly sophisticated injection with or without
dissection procedure (Fig. 1.4). Using this technique, the heart is removed and

Fig. 1.4 Post-mortem coronary angiography of a canine left ventricle. The left coronary
artery circulation was filled with barium sulfate—gelatine mass and dissected according to
the method described by Rodriguez and Reiner (‘unrolled’ heart),?! whereby the right
ventricle was separated from the left ventricle (LV). The barium sulfate-gelatine mass was
injected via a flange (—) into the left coronary artery. Some intercoronary anastomoses are
visible (¥). IVS= interventricular septum; LAD =left anterior descending coronary artery;
LCX =left circumflex coronary artery
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flushed from intracavitary clots by saline solution. A cannula of suitable size
with a flange is then placed into, e.g. the left coronary artery ostium and held in
place by a purse string suture (Fig. 1.4). The coronary artery is then flushed with
100-200 ml of physiologic saline solution. A previously prepared injectate, e.g.
barium sulfate-gelatine,'” in a pressurized flask is then injected into the cannu-
lated coronary artery under controlled pressure of, example, 100 mmHg at a
temperature of 40°C.?° The radiographic mixture fills the epicardial arteries and
small branches but not the capillary bed because of high viscosity. The extent to
which the coronary arterial tree is filled by the injectate depends on its viscosity,
the injection pressure, the temperature at the time of injection and the solidify-
ing temperature of the injectate. For example, barium sulfate—gelatine becomes
solid at room temperature.'® Historically, approximately a dozen of various
substances were injected into the coronary arteries (Table 1.1), and thus, a wide
variety of the degree of coronary filling ranging from capillary crossing to filling
of only large coronary arteries was reached. With the exception of pure mechan-
ical dissection studies, one of the prominent reasons for the debate on the
existence of structural anastomoses between coronary territories is inherent in
the variety of injectates employed in post-mortem studies. In case of obtaining a
post-mortem arteriogram, or before the era of radiology as an aid in dissecting
the coronary arterial tree, the heart is ‘unrolled’ so that all of the epicardial
coronary arteries can be seen in one plane,?! thereby also revealing anastomotic
connections between the major coronary artery territories (Fig. 1.4). The tech-
nique of ‘unrolling’ the heart consists of making two planes of incision, one to
either side of the cardiac septa, so that the branches to the interventricular
septum remain in continuity with the parent arteries.”'

It was not before 1938, that the above-described method of injecting a
radiopaque mass into the coronary arteries plus unrolling the heart was
described by Schlesinger?. Thus, the different method of coronary injection
and myocardial corrosion employed by Hyrtl in 1855 was possibly part of the
diverging results regarding the existence of structural collaterals, when com-
pared to previous or subsequent studies'* (Table 1.1). However, the confirma-
tion of Hyrtl’s findings by Cohnheim and von Schulthess-Rechberg was based
on their experiments in dogs with cessation of the heart beat within 2 minutes of
occluding either the left or right coronary artery (RCA).'® In opposition to the
end-artery theory, Krause and Langer” again claimed that the coronary
arteries communicated through pre-capillary anastomoses (Table 1.1). In addi-
tion to West’s observation of non-fatal coronary artery occlusion, he provided
the following pathoanatomic description indicating the existence of a coronary
collateral circulation'®: ‘Cases are not very rare in which the mouth of one
coronary artery is completely blocked by atheromatous change in the casts of
the aorta, and still the heart’s nutrition has for a long time been well provided
for. In one such case which I have recently examined, the coronary artery, the
mouth of which was completely obliterated, was of normal size and appearance
even up to the obstruction, and contained blood which must have been supplied
to it from the unobstructed artery of the opposite side’. In 1907, Hirsch and
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Spalteholz stated that in dogs there are functionally competent coronary ana-
stomoses and that the coronary circulation in humans is similarly rich in
collateral vessels,”* whereby the latter investigator based his conclusions on a
method of coronary injection and subsequent treatment of the heart in order to
make the myocardium transparent, thus revealing the coronary anastomoses to
the naked eye (see above, clearing technique).'®

Similarly as West demonstrated some 30 years earlier, the clinico-pathologic
study by Herrik documented in 1912 that sudden coronary occlusion of even
large coronary branches had not to be fatal®: “. . ., there is, as has been shown by
reference to experimental work, no intrinsic reason why some patients with
obstruction of even large branches of the coronary artery may not recover’.
Herrik is credited to mention coronary thrombosis as the cause of the sudden
vascular obstruction, and he supported this notion by providing the case
histories with post-mortem results of six patients with angina pectoris. With
regard to the potential benefit of coronary collaterals, Herrik remarked: “The
hope for the damaged myocardium lies in the direction of securing a supply of
blood through friendly neighbouring vessels so as to restore as far as possible its
functional integrity’. However, purely pathoanatomic studies such as that by
Schlesinger did not recognize the size of the structural collaterals to be sufficient
in order to be functional at sudden occlusion®* (Table 1.1). Schlesinger* as well
as Zoll et al.*® reported an incidence of only 9% of coronary anastomoses larger
than 40 pm in normal human hearts. Based on that result, Schlesinger initially
concluded that no coronary anastomoses existed in the normal human heart.?
He later modified that view and stated that interarterial connections in normal
hearts were not larger than 40 um in the absence of coronary or myocardial
disease.?® Based on the refinement of pathoanatomic techniques for imaging the
coronary circulation, which was substantially promoted by Schlesinger (lea-
d—agar injection plus unrolling the heart plus arteriography),?* the existence of
human coronary collaterals in the presence of CAD was undisputable by the
late 1930s (Fig. 1.5%°). Prinzmetal et al. perfused the coronary arteries of 13
normal hearts with calibrated glass beads sized 70-220 um and demonstrated
intercoronary anastomoses ranging from 70 to 180 um’ (Table 1.1). The tech-
nique employed was conventional with injection of the glass spheres into the left
or right coronary artery and collection of the spheres at the opposite coronary
artery, the coronary sinus and the ventricular cavities. Using this method, not
only arterio-arterial (70-180 um), but also arterio-venous (70—170 um), arterio-
sinusoidal, arterio-luminal collaterals (70-220 um) and Thebesian veins could
be found (Fig. 1.6).” It was concluded that the normal human heart had an
extensive collateral circulation with anastomotic channels of various types.’
To conclude on the basis of four patients with CAD that °.. .this collateral
circulation is ready to function immediately at which time the anastomotic
communications may become enlarged in the presence of a favourable pressure
gradient’ certainly represented an over-interpretation of the purely structural
data obtained.” The above-mentioned study by Zoll et al. employed an arterio-
graphic coloured lead—agar injection technique followed by unrolling the heart
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Fig. 1.5 Post-mortem coronary angiography of an ‘unrolled” human left ventricle prepared
similarly as described for the previous figure. A, B, C, D, E, F, I, K indicate chronic total
coronary occlusions. G and H indicate coronary emboli and J indicates a fresh thrombus®®

and taking a radiograph of the unrolled heart (Fig. 1.7).>> Of notice, Zoll’s
investigation was the first large-scale post-mortem study in 1,050 human hearts,
thus accounting for individual variations in the coronary anastomotic circula-
tion and allowing subgroup analyses according to various types of potential
determinants of collaterals (Table 1.2).%° The authors in that study concluded
that anastomoses were clearly demonstrated and relevantly increased in hearts
with coronary artery occlusion or marked CAD, in cor pulmonale, in the
presence of LV hypertrophy and valvular lesions, and in normal hearts from
patients with anaemia.?® In 1956, Baroldi et al., using the corrosion method
with plastic casts of the coronary vessels, found ‘conspicuous’ coronary ana-
stomoses in normal human hearts ranging in size from 20 to 350 pum and in
length between 1 and 5 cm (Fig. 1.8).>” Based on the described disagreement
about the occurrence of structural interarterial coronary collateral vessels in
normal hearts, Pitt re-investigated the problem using an injection technique of
wax spheres sized 35-45 pm and 75-90 um in 75 hearts, whereby anastomoses
were present in only 1 of 15 normal hearts examined”® (Table 1.1). In compar-
ison, anastomoses were found in 41 of the 58 pathologic hearts. In an attempt to
elicit possible genetic differences in the occurrence of human interarterial
coronary anastomoses in normal hearts, Pepler et al. studied 90 hearts of
Europeans and 94 hearts of the South African Bantu population using a



1.1 Historical Aspects 13

Collateral circulation of the heart

Extracardiac branch

Coronary artery
Arterio-arterial
anastomosis

Arterio-sinusoidal Arterio-luminal vessel

vessel 2
@
Arteriole ° Myocardial sinusoids
o
3
Q
5
5]
Capillary bed > Thebesian vein
Arterio-venous anastomosis
Cardiac vein

Veno-venous
anastomosis

Coronary sinus

Fig. 1.6 A diagram of the coronary collateral circulation of the normal human heart as seen by
Prinzmetal et al. in 1947.7 All the collateral channels depicted were documented anatomically.
Red indicates the arterial bed and blue the venous bed of the coronary circulation

Fig. 1.7 Coloured coronary angiogram of a human ‘unrolled’ heart with multiple coronary
artery occlusions (—) and extensive interarterial coronary anastomoses. Coronary collateral
vessels are recognizable by grossly dissectible channels between two arteries (a), by injection
mass of any colour distal to a complete coronary artery occlusion (b) and by admixture of
colours of injection mass (¢)*°
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Table 1.2 Presence of structural intercoronary anastomoses according to disease (Zoll et al.)

Anastomoses
Condition N present (%)
Normal hearts 101 9
Normal hearts from anaemic patients 89 39
Coronary artery occlusion 275 95
Coronary artery disease with slight arterial narrowing 65 17
Coronary artery disease with moderate arterial 44 25
narrowing
Coronary artery disease with marked arterial 19 63
narrowing
Cor pulmonale 15 73
Cardiac hypertrophy (normal coronaries and valvular 215 31
disease)
Valvular heart disease (without hypertrophy) 13 31
Total of the entire series 1,050 46
Coronary artery disease No coronary artery disease

Fig. 1.8 Coronary arterial circulation prepared by the ‘corrosion method’ (injection of the
coronary arteries with a suspension of polyvinyl chloride containing a plastic substance, i.e.
Geon Latex 576 and digestion of the surrounding tissue).>” Left side panel: The left anterior
descending coronary artery of a 62-year-old male patient is interrupted at its origin and its
distal third (circle). The distal part is filled via collateral vessels (—). Right side panel: Normal
heart of a 19-year-old man showing anastomoses (—) of the interventricular septum
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Fig. 1.9 Number of hearts (vertical axis) of European (left side) and Bantu individuals (right
side) showing coronary anastomoses of different degrees according to age groups (horizontal
axis)

method of injecting gelatine—potassium-iodide—barium sulfate plus unrolling
the heart with subsequent arteriography.? Among the 90 European hearts, 23
revealed so called good anastomoses (23 hearts normal, § of them with good
anastomoses), and in the 94 Bantu hearts, there were 54 with good collateral
channels (49 hearts normal, 26 with good anastomoses; see also Table 1.1 and
Fig. 1.9). The higher incidence of good anastomoses in normal Bantu than in
European hearts was interpreted as being related to the widespread megaloblastic
and iron-deficiency anaemia among Bantu and not to genetic reasons.”’ The
better anastomotic blood supply was found unrelated to ventricular hypertrophy,
coronary atherosclerosis or gross anatomic differences of the arterial tree, such as
the occurrence of an intermediary branch of the left coronary artery.

1.1.3.2 Coronary Collateral Vessels in Neonates

In infant hearts not subjected to the stimuli of anoxia, anaemia or cardiac
hypertrophy, Bloor et al. found intercoronary anastomoses ranging up to
80 um in diameter.*® The pathoanatomic study by Reiner et al. in a series of
55 neonatal hearts revealed a high frequency from 33 to 78% of communicating
arterial channels > 40 pm between the right and the left coronary arteries.' The
absence of collateral vessels occurred more often in premature than in full-term
neonates (Fig. 1.10). Interarterial connections were encountered more often in
children of women aged <23 at birth than in those of women above that age,
and it appeared that collaterals present at birth tended to involute during
childhood (Fig. 1.11).>' While the latter finding can be questioned on the
basis of the study’s low statistical power in that age group (Fig. 1.11), the result
of a high prevalence of coronary anastomoses in neonates appears to be con-
sistent, and they may be interpreted as remnants of the retiform, early stages of
arterial development, i.e. of vasculogenesis in foetal life.
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1.1.3.3 Pathoanatomic Studies by Fulton

The issue of whether arterial anastomoses (pre-) exist in the normal heart is
fundamental to the understanding of the collateral circulation in CAD. As
described above, there was a period of ever recurring change in opinion on
the topic of coronary anastomoses for almost 300 years after their first descrip-
tion in the normal human heart. The authoritative statement, in 1881 by
Cohnheim and von Schulthess-Rechberg'®, that the (canine!) coronary arteries
were ‘end arteries’ substantially blunted the progress in that field for many
years. This could not be overcome by Spalteholz and Hirsch'®?*, by Craini-
cianu®? and by Gross*, who independently found abundant coronary arterial
anastomoses in normal human hearts using a method of coronary injection
followed by myocardial clearing (see above). The knowledge provided by the
latter studies was even obscured by the advent of a simplified technique of two-
dimensional arteriography,?” whereby the interventricular septum had been
often excised (likely the most important site of anastomoses). Also, the techni-
que of two-dimensional arteriography of the unrolled heart (see Fig. 1.7)
rendered it difficult to distinguish vascular overlay in the third dimension
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from vascular continuity between adjacent arterial beds (i.e. anastomoses).
Regarding the latter issue, one would spontaneously expect an overestimation
rather than an underestimation of coronary anastomoses. However, probably
adhering to the principle of conservative assessment, the researchers’ finding of
no or few anastomoses likely rejected cases of uncertain anastomoses. It was not
until the early 1960s when the debate on the existence of structural coronary
anastomoses in the normal human heart could be definitely settled by Fulton
using an entirely different pathoanatomic imaging technique for the coronary
circulation.>** This method in comparison to previous techniques revolutio-
nized post-mortem arteriography with regard to the quality of the images
(Fig. 1.12). The following factors used in Fulton’s technique contributed to

No coronary artery disease

Fig. 1.12 Post-mortem coronary angiogram of a normal heart. Ligation of a branch of the left
circumflex coronary artery (LCX; —) was performed before contrast injection. The existence
of anastomotic communication was demonstrated by retrograde filling of the LCX distal to
the ligation in <20s'”
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its augmented reliability in detecting coronary anastomoses of any type: the
bismuth-oxychloride—gelatine radiographic contrast medium containing uni-
formly sized particles down to 0.5-2.0 um (~5 times smaller than Schlesinger’s
lead—agar medium'®), which could penetrate vessels down to 10-15 pm in
luminal diameter without entering capillaries. For injection into the RCA and
detection of the contrast in the left coronary artery, the medium was tinted red
with finely divided vermilion suspended in gelatine. One of the two criteria
required for the definition of anastomoses was the presence in the left coronary
artery of red pigment injected into the RCA.>* The second criterion was
stereoarteriographic, i.e. three-dimensional demonstration of unequivocal
communication between arterial branches.** Stereoarteriography was the sec-
ond decisive factor being responsible for the unmatched imaging results. The
third factor was immersion radiography,®® aimed at uniform exposure of the
injected vessels, being sustained in varying thickness of tissue. Thus, radio-
graphy was carried out with the specimen totally immersed in saline. The fourth
factor related to the use of fine-grain X-ray film and stereoscopic viewing at
fivefold magnification. Finally, Fulton omitted the excision of the interventri-
cular septum (Fig. 1.13) and examined the entire heart prior to dissection,
followed by three ‘short-axis’ or transverse sections: atrial ‘cap’, basal block,
transventricular section and apex. Employing systematically the described
method, ‘numerous anastomoses in all normal hearts’ (n=17) as well as in
those with CAD (n=25) were found in a total of 59 human hearts (17 hearts
with heart disease other than CAD; Figs. 1.13 and 1.14).>** Coronary collat-
eral vessels were categorized as superficial, i.e. epicardial and deep anasto-
moses, whereby the latter comprised interventricular septal anastomoses, the
sub-endocardial plexus of the left (Fig. 1.15) and that of the right ventricle.

Coronary artery disease No coronary artery disease
= : o

Fig. 1.13 Image of numerous interventricular anastomoses via septal branches of the left
anterior descending coronary artery (LAD) in a patient with coronary artery disease (left side
panel; chronic total occlusion of the LAD —), and in an individual with normal heart (right
side panel). Small- and medium-sized collateral vessels (50-200 pm in diameter) can be traced
between the LAD on the right side of the images and the ramus interventricularis posterior of
the right coronary artery on the left side. Image magnification: 2x
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Fig. 1.14 Score of coronary
arterial anastomoses
(vertical axis) and their
diameter (horizontal axis)
categorized according to
normal hearts and hearts
with coronary artery disease
(CAD). In the presence of
CAD, there is a shift to more
prevalent large-sized
collateral vessels

Fig. 1.15 Subendocardial
coronary anastomotic
plexus of the left ventricle in
a heart with a normal
coronary circulation. The
connections between the
epicardial vessels and the
subendocardial plexus are
displayed. Image
magnification: 1.5x
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Figure 1.16 illustrates the relative distribution of the different types of coronary
anastomoses as determined in nine normal human hearts of Fulton’s study.*
Other coronary collaterals were vasa vasorum (sometimes enlarging to
‘bridging’ collaterals) and extracoronary connections, i.e. atrial-mediast-
inal connections.** Figure 1.14 also shows the relative distribution of
anastomoses as analysed by Fulton in the normal and CAD groups,*
whereby it was obvious that the difference lay not so much in their
numbers but rather in the enlarged calibre of structural collaterals in the
presence of CAD.

1.1.4 In Vivo Assessment

1.1.4.1 First Clinico-pathological Associations

Most of the above-described historical work on human coronary arterial ana-
stomoses consists of pathoanatomic investigations. In vivo assessment of the
coronary collateral circulation required developing awareness of ante-mortem
clinico-pathologic relationships between CAD symptoms and coronary ather-
osclerosis/coronary anastomoses found at autopsy. Prospective in vivo char-
acterization needed introduction of new techniques for coronary imaging and
measurement of coronary haemodynamics, such as selective angiography,
functional coronary pressure, flow or flow velocity measurements during car-
diac surgery and PCI. While the clinico-pathologic link between angina pectoris
and coronary atherosclerotic obstruction was first made by John Wall only
4 years after the first symptom description by Heberden?®’, it was not until 1883
that Samuel West retrospectively established the possibility of the patient’s
survival despite concomitant coronary obstructive disease (thanks to ‘anasto-
mosis of the coronary arteries’).'* Since Herrik’s account of the possibility of
surviving sudden thrombotic coronary obstruction in the presence of intercor-
onary anastomoses,’ it has been recognized that the collateral circulation is a
very important determinant of the rate and extent of cell death within an
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ischaemic zone. The time span between the description of initial symptom by
Heberden in 1772 and the documentation of an associated ‘pathology’ was even
close to 200 years with regard to ‘walking through angina pectoris’ and the
presence of well-developed coronary collaterals by MacAlpin et al.*® Following
Herberden, the symptoms of adaptation to physical exercise in angina pectoris
had also been mentioned by Osler in 1897 and by Wenckebach in 1928,* and
it had been alternatively called ‘angina of first effort’, and in its forme fruste
‘warm-up angina’. However, MacAlpin et al. were the first to even suggest the
relationship to the angiographically detected, abundant collaterals in five of
their eight invasively examined patients (Table 1.1).%

1.1.4.2 First In Vivo Coronary Angiographic Studies

Paulin was the second to document ‘interarterial coronary anastomoses in
relation to arterial obstruction demonstrated in coronary arteriography’ during
life in humans.*' The first systematic in vivo retrospective angiographic analysis
of the coronary collateral circulation was performed in 100 patients by Gensini
and Bruto da Costa in 1969.*> Among the 53 patients with normal coronary
angiograms or stenotic lesions of < 50% in diameter, no collateral channels
were detected. Since the mentioned study had been performed before the
invention of PCI, angiographic collateral assessment was carried out by selec-
tive coronary contrast injection without artificial occlusion of the contralateral
vessel.*? In the 47 patients with more severe CAD, 37 cases revealed coronary
collaterals, and the authors described several patterns of anastomotic pathways
(e.g. Fig. 1.17). A clinico-pathologic association was inferred by the statement
that coronary collaterals could account for a normal resting electrocardiogram
(ECG) (n = 5) despite the presence of a major coronary artery occlusion.*? In
1971, Helfant et al. investigated a selected population of 119 patients with

RCA

LAD

Fig. 1.17 Drawing of an angiogram with right to left coronary artery collaterals in a patient
with a 90% stenosis of the left anterior descending coronary artery (LAD; stenosis not
visualized; right anterior oblique (RAO) view). Site of injection: right coronary artery
(RCA). The contrast agent reaches the distal LAD via a right ventricular branch
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severe one-vessel CAD (stenosis in the proximal half of a major coronary artery
with > 90% diameter narrowing) with regard to the ‘functional importance of
the human coronary collateral circulation’.*® The originality content of the
mentioned study consisted of its prospective design with a follow-up of
22 months and the direct comparison between the initial angiographic presence
(n=061 patients) and respectively absence (n = 58 patients) of collateral vessels
and several functional clinical parameters and events. No relevant differences
were observed between the groups in the level of physical activity before
coronary angiography, in the duration of angina pectoris, frequency of prior
myocardial infarction or prevalence of ECG, haemodynamic and left ventricu-
lographic abnormalities.* However, Helfant et al. observed more frequent
abnormal post-exercise ECG in the presence than in the absence of collateral
vessels,* the fact of which had probably to do with the association of more
severe CAD with better developed collaterals. Conversely, death during follow-
up occurred less often in patients with (6/44) than in those without (10/45)
collaterals, although the rate of myocardial infarction was nearly identical in
both groups. The authors concluded that collaterals possibly ‘protect not as
much against having myocardial infarction as against a lethal outcome of these
attacks’, and thus, they re-hypothesized rather than verified or falsified the
functional relevance of coronary collaterals.*?

Without obtaining direct haemodynamic coronary collateral measurements
(see below), several investigations have addressed the functional relevance of
angiographically documented collateral vessels in humans. Evaluations of sys-
tolic LV function at rest and during exercise have generally indicated that
patients with collaterals have better wall motion than those without collateral
vessels.***> Measurements of relative myocardial perfusion using thallium-201
have also suggested that collaterals can improve perfusion at rest and even
during exercise.*

1.1.4.3 Direct Haemodynamic Collateral Measurements During Bypass
Surgery

A fundamental question with regard to the relevance of the human coronary
collateral circulation relates to its function. The term function has several
aspects, i.e. not only the capacity of collaterals to prevent myocardial ischaemia
and to salvage myocardium following sudden coronary occlusion but also their
haemodynamic behaviour during occlusion as opposed to the structural, angio-
graphic appearance. Furthermore, collateral function can mean the capacity to
dilate or reduce vascular resistance in response to increased myocardial oxygen
demand or to vasodilating substances. By employing post-mortem or in vivo
coronary arteriography, only indirect conclusions can be drawn on collateral
function by correlating their structural appearance to certain clinical outcome
variables such as that performed by the above-mentioned study.** Since the role
of human coronary collaterals in the pathophysiology of CAD was not eluci-
dated by that investigation, direct haemodynamic collateral assessment was
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first attempted by Goldstein et al. in the early 1970s.*”** In 29 patients with
CAD who underwent coronary venous bypass grafting, Goldstein et al.
obtained coronary haemodynamic measurements via the distally but not proxi-
mally attached vein graft, while the coronary artery receiving the graft was
totally occluded proximal to the site of graft attachment.*” An earlier coronary
haemodynamic investigation during bypass surgery did not perform total
occlusion of the grafted vessel, and thus, obtained actual collateral flow para-
meters only in a minority of patients with chronic occlusion.*’ The measured
parameters in the study by Goldstein et al. were aortic and peripheral coronary
pressure and retrograde, i.e. collateral flow at baseline and after administration
of nitroglycerin.*’ The ratio between mean coronary peripheral (i.e. so called
coronary wedge pressure) and mean aortic pressure rose from 0.39 to 0.43
in response to nitroglycerin, while retrograde flow increased from 2.7 to
2.9 ml/min, which resulted in a significant reduction of collateral resistance.
Also, the authors found a correlation between the angiographic size and
extent of coronary collaterals and physiologic evidence of collateral func-
tion.*” In seven patients without occlusive CAD who underwent aortic
valve replacement, Goldstein et al. obtained the same coronary haemody-
namic parameters during a brief proximal occlusion of the right and the left
coronary arteries.*® The ratio between mean peripheral coronary and aortic
pressures ranged between 0.09 and 0.36 and averaged 0.21 as compared to
an average of 0.50 in the above-mentioned study among patients with CAD
and angiographically well-developed collaterals (Fig. 1.18).*”*® Considering
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Fig. 1.18 Ratio of distal coronary occlusive pressure (coronary wedge pressure, Poc in
mmHg) to aortic pressure (P,, in mmHg; vertical axis) in different groups of patients
(horizontal axis) without coronary artery disease (no CAD; patients with aortic stenosis),
with CAD but no angiographic collaterals, and with CAD plus angiographic collaterals. The
ratio provides a continuous estimate of collateral relative to normal antegrade coronary flow
(+ to collateral flow index). Crosses indicate individual values, filled symbols and error bars
indicate mean values + standard deviation. Plot according to Goldstein et al. 748
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the very low number of seven patients recruited for the study, the authors
probably concluded prematurely that ‘collaterals in patients without dis-
eased coronary arteries have an extremely limited capacity to transmit
either flow or pressure’.*® Notwithstanding, these were the first in vivo
functional measurements of the coronary collateral circulation in humans
with and without CAD, and were performed even prior to the introduction
of coronary angioplasty.

1.1.4.4 Direct Haemodynamic Collateral Measurements During Angioplasty

The advent of PCI using over-the-wire angioplasty balloon catheters prin-
cipally opened a new option for direct in vivo assessment of collateral
haemodynamics in non-anaesthetized conscious humans.®® However, it
was not before 1984 that Feldman et al. reported the results of their
study in 19 patients with a proximal left anterior descending coronary
artery (LAD) stenosis and present (n=06) or absent (n=13) angiographic
collateral filling undergoing measurements of aortic and occlusive periph-
eral coronary pressure as well as great cardiac vein flow”' (Table 1.1).
Coronary collateral vessels were found to be potentially important in a
pathophysiologic sense, because clinical, ECG and haemodynamic evi-
dences for transient myocardial ischaemia during balloon occlusion
occurred less often, and flow and coronary pressure indices of collateral
perfusion were better in men with angiographic evidence of collateral
vessels than in those without.”" The fact that RCA angiography as obtained
during LAD patency constituted the reference method is the major limita-
tion of this first small investigation using the coronary angioplasty model
for functional assessment of the human collateral circulation. Coronary
angiography is a much blunter instrument for collateral assessment than
haemodynamic measurements, and in the way it was used by Feldman et al.
(during patency of the collateral receiving artery), a situation different from
that during the comparative occlusive haemodynamic measurements was
assessed (spontaneously visible versus recruitable collaterals). The introduc-
tion of ultrathin Doppler and pressure sensor angioplasty guide wires has
made it possible to obtain coronary flow velocity or pressure in remote
vascular areas, and thus, to measure functional variables for studying the
pathophysiology of the human coronary circulation, including the rele-
vance of the collateral circulation. While in the case of occlusive coronary
pressure measurements, its registration was and is also feasible via an over-
the-wire angioplasty balloon catheter, occlusive flow velocity in humans
can only be reliably obtained via an intracoronary guide-wire-mounted
Doppler sensor. Ofili et al. were the first to detect coronary collateral
flow by a Doppler guide wire during angioplasty.’> The theoretical basis
for coronary pressure- or velocity-derived quantitative indices for the
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precise invasive assessment of collateral flow in humans was provided
by Pijls et al.’® and Seiler et al.>* (see also Chapter 2).

1.1.4.5 Functional Collaterals in the Absence of Coronary Atherosclerosis

The debate on the functional relevance of structural anastomoses in the
presence of normal coronary arteries continued with the above-cited
study by Goldstein et al. in patients with normal coronary arteries.** In
2003, Wustmann et al. presented the results of a study in 100 patients
with entirely (n=51) or partially (n=49) normal coronary arteries (i.e.
absence of angiographic stenotic lesions), in whom coronary pressure-
derived collateral relative to normal flow was obtained in non-stenotic
vessels during a 1-minute angioplasty balloon occlusion at a low inflation
pressure of 1 atmosphere.”> Among the 51 patients with entirely normal
coronary arteries, 25% had no angina pectoris and 20% had no ECG signs
of myocardial ischaemia during coronary occlusion, i.e. their collateral
circulation was functional enough to prevent signs of myocardial ischae-
mia. The issue of briefly occluding a normal coronary artery by an angio-
plasty balloon was addressed by performing the procedure in the principal
investigator of that study, an individual with normal coronary arteries
(Figs. 1.19 and 1.20). Figure 1.21 illustrates, on the basis of 110 indivi-
duals with normal coronary arteries admitted to coronary angiography for
atypical chest pain, that 23% have a recruitable collateral relative to
normal flow of > 1/4, i.e. a value corresponding well to collaterals suffi-
cient to prevent ischaemia during a l-minute occlusion. In comparison,
28% of patients with CAD have a collateral relative to normal flow of >
1/4 (Fig. 1.21).

Fig. 1.19 Normal coronary angiogram from an individual without cardiac disease who
underwent occlusive quantitative coronary collateral assessment (see Fig. 1.20)
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Fig. 1.20 Simultaneous electrocardiogram (ECG) (upper part), aortic, coronary and central
venous pressure recordings (lower part of the tracings) as obtained in the individual from Fig.
1.19 without cardiac disease. Left side: recordings during coronary artery patency. Right side:
recordings during artificial angioplasty balloon occlusion at 1 atmosphere inflation pressure
of the mid left anterior descending coronary artery (LAD). On the intracoronary ECG lead
(fourth lead from above), ST segment elevations are recognizable during LAD occlusion.
These signs of myocardial ischaemia are present despite a value of collateral relative to normal
antegrade LAD flow of 0.37 (=[39-6]/[96-6], i.e. collateral flow index, CFI =[Py~ CVP]/
[P aofCVP ])
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Fig. 1.21 Occurrence in percent of total (vertical axis) of collateral relative to normal ante-
grade coronary flow (collateral flow index, CFI; horizontal axis) in the absence and presence
of coronary artery disease (CAD). With CAD, a right-ward shift of CFI values towards higher
values can be observed
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1.2 Interspecies Differences

As a consequence of the long-lasting debate on the relevance of the human
coronary collateral circulation, a suitable animal model could not be defined,
and arguments persisted until recently as to which species is the most representa-
tive of humans. That the pig heart has few collaterals, which are located endomu-
rally and subendocardially, is generally agreed upon. Pathoanatomic studies by
Spalteholz suggested already in the 1920s that the dog heart is a more suitable
model with regard to preformed epicardial coronary anastomoses than the swine
heart. Post-mortem arteriography in pigs that underwent gradual coronary artery
occlusion revealed numerous small endomural and subepicardial anastomoses,
whereas in dogs a few large interarterial epicardial anastomoses were observed.
Accordingly, the infarct size in that interspecies observation by Schaper et al. was
larger in pigs than in dogs. Abrupt as opposed to gradual occlusion of a major
coronary artery in the pig is known to be related to a much higher mortality of
close to 100% than the respective procedure in dogs. The animal model most
relevant to the human situation of atherosclerotic plaque rupture is that of abrupt
coronary occlusion highlighting the existence of preformed collateral vessels. In
1987, Maxwell et al. quantified the coronary collateral circulation during acute
myocardial ischaemia in eight species in vivo using radiolabelled microspheres.
The ranking order between species regarding collateral relative to normal myo-
cardial zone blood flow was as follows: guinea pig (collateral =normal zone flow),
dog (16%), cat (12%), rat (6%), ferret (2%), baboon (2%), rabbit (2%) and pig
(1%). Thus, guinea pigs, dogs and cats are well suited for studies of vascular
adaptation to ischaemia (i.e. collateral recruitment, collateral remodelling or
arteriogenesis); rats, rabbits and pigs which have practically no functionally
relevant collateral flow are appropriate for investigations on myocardial adapta-
tion to ischaemia (i.e. myoacardial preconditioning). The animal model closest to
humans with regard to functional collateral flow is the dog.

1.2.1 Introduction

Before the introduction of angioplasty guide-wire-mounted pressure and Dop-
pler sensors, functional aspects of the coronary collateral circulation in humans
were difficult to study, and the problem could be approached only by animal
experimentation. With regard to the search for substances, devices or other
treatment modalities potentially promoting collateral growth, but also to the
investigation of collateral pathogenesis, the animal model is indispensable. As a
direct consequence of the long-lasting debate on the relevance of the human
coronary collateral circulation (see Section 1.2), i.e. because of the actual absence
of the human reference, a suitable animal model could not be defined with
certainty, and arguments persisted until quite recently as to which species is the
most representative of humans.>® ®> Other general problems in the search for the
ideal animal model with regard to coronary collaterals are the age disparity
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between animal model (often young) and human (patients in their 60s), the
discrepancy of disease state (absent in animals, CAD in patients) and the differ-
ence in organ size (often small animals with a higher mitosis rate than in the
relatively large-sized human patient). The latter aspect is closely accounted for, if
the dog or pig is chosen as animal model. Without particularly focusing on
coronary anastomoses, the pig can be and was regarded as an appropriate
model for the human being because of the similarities in gross coronary anat-
omy.%* % On the other hand, the dog has been said to be less well suited for this
purpose in.°® Weaver et al. studied the anatomy and distribution of coronary
arteries in 65 hearts from domestic and miniature pigs with the goal of establish-
ing adequate and statistically relevant baseline information for using swine in
cardiovascular research.®' Like man, the swine has a left coronary artery which is
larger in calibre and longer than the RCA, and the RCA is dominant in 78%, i.e.
supplying the posterior septum and atrioventricular node via the posterior des-
cending coronary artery. Intracoronary dye injections showed in that study that
72% of the right ventricular mass was supplied by the RCA and 28% by the
LAD, whereas in the LV 49% of its mass was provided by the LAD, 25.5% by the
RCA and 25.5% by the left circumflex coronary artery (LCX). The authors of
that investigation concluded that not only the coronary anatomy but also the
distribution of blood supply to different myocardial regions of the swine heart
was very similar to that of humans, and the swine appeared to them an excellent
animal model for the study of normal coronary physiology.®! The latter point
raises a further important aspect regarding the selection of an animal model: the
particular purpose of the study. For example, does the study focus on the
development of myocardial tolerance to ischaemia or on vascular adaptation to
ischaemia. The former would require an animal without a coronary collateral
circulation, the latter a model with extensive coronary anastomoses. In the same
context, Weaver et al. found the pig to be an excellent model for the investigation
of human myocardial ischaemia, because coronary collateral flow would be
practically absent in both species without heart disease.®'

1.2.2 Pig Versus Dog as a Model for the Human Coronary
Collateral Circulation

That the pig heart has few collaterals, which are located endomurally and subendo-
cardially, is generally agreed upon.”*”® The statement by Weaver et al. about the
pig being an ideal model for the normal human heart was wrong,®' and it reflects
the lack of knowledge about the preformed human coronary collateral circulation.
The observation of small intramural or septal anastomoses was reported similar to
those in humans,”® and so was the lack of vascular communications between
epicardial branches, a feature typical for the extensive collateral circulation in
dogs.” However, the much earlier pathoanatomic studies by Spalteholz strongly
suggested that the dog heart is a more suitable model with regard to preformed
epicardial coronary anastomoses than the swine heart (Figs. 1.22 and 1.23).%°
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During chronic coronary artery occlusion in pigs by ameroid constric-
tion over the course of an average of 2.5 weeks, Schaper et al. observed a
mortality of 30%, which was similar to the 34% in the canine group of the
same investigation.”® In human CAD, the abrupt, thrombotic coronary
occlusion as a consequence of an atherosclerotic plaque rupture is a well
known and frequent event, and thus, gradual constriction of a coronary
artery in the animal model represents only the rather safe part of the
situation in humans. In this context, abrupt occlusion of a major coronary
artery in the pig is related to a much higher mortality of close to 100%
than the respective procedure in dogs.®>’® The rate of myocardial infarc-
tion in the study by Schaper et al. was 44% in pigs as compared to 21% in
the canine group.’® The development of arterial back pressure (a measure
of collateral perfusion) following vascular constriction occurred after 3—4
weeks and could be measured in only 11 of 25 pigs completing the 12-
weeks study protocol, but in all 68 dogs.*” In this selected group of pigs, it
amounted to 60% of diastolic aortic pressure, which was similar as in the
canine group. Furthermore, myocardial infarction was large in relation to
the ischaemic area at risk in pigs, whereas it was small in dogs. Post-
mortem arteriography in the pigs of Schaper et al.’s study revealed numer-
ous small endomural and subepicardial anastomoses, whereas in dogs a
few large interarterial epicardial anastomoses were observed.”” At present,
the results of that study can be interpreted to the effect that the minimally
conducting small collaterals in pigs caused the larger infarcts as compared
to the well-carrying canine collateral arteries (Fig. 1.24). The above-cited
study is described in detail because of the paucity of investigations with
systematic interspecies comparisons using the identical protocol. Hence,
there have been numerous studies focusing on a single species, such as the
canine heart and its development of collateral flow following coronary
occlusion (Fig. 1.25).”" However and except for the mentioned study by
Schaper et al.’® and an earlier investigation by Eckstein® (pigs with mini-
mal functional collaterals in comparison with dogs), only two other inves-
tigations have actually performed an interspecies comparison of the col-
lateral circulation of the heart.”>”?

Sjoquist et al. compared the residual myocardial blood flow in 8 pigs and
11 dogs by tracer microspheres (85-Strontium) 1 hour after abrupt occlusion of
the LAD. Considering the consistent finding of an almost absolutely lethal
outcome in pigs following abrupt proximal coronary artery occlusion,® it is
surprising that only three pigs (but also three dogs) had to be excluded from the
study by Sjoquist et al. due to ventricular arrhythmias. In the centre of the
ischaemic myocardium in the pig, residual blood flow was 0.01 ml/min/g sub-
endocardially and 0.02 ml/min/g subepicardially, whereas in dog it was 0.13 ml/
min/g subendocardially and 0.28 ml/min/g subendocardially (p < 0.01).”* Thus,
it could be shown by quantitative means that collateral blood flow in the pig is
almo7$2t nil, and it is extensive and more pronounced by a factor of >14 in the
dog.
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Fig. 1.24 Post-mortem coronary angiograms taken from a normal canine (/eft side; antero-
lateral view) and a normal porcine heart (right side; anterior view). There is a multitude
of coronary anastomoses between the canine left anterior descending and left circumflex
coronary artery, but no collateral vessels in the pig heart. Images by J. and W. Schaper
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Fig. 1.25 Changes in retrograde coronary flow (dashed red line) and coronary anastomotic index
(white bars; both vertical axes) following coronary artery occlusion (horizontal axis). Retrograde,
i.e. collateral flow values are expressed as a percentage of control values. Mean anastomotic
indices are depicted for a control group without occlusion and for dogs with occlusion up to 4
days and with occlusion for 8-12 days. Vertical error lines indicate standard error of the mean
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1.2.3 Extensive Interspecies Comparison of the Coronary
Collateral Circulation

In 1987, Maxwell et al. quantified the coronary collateral circulation during acute
myocardial ischaemia in eight species in vivo using radiolabelled microspheres.”
In each case, a prominent branch of the left coronary artery was ligated, and
within 5 minutes '*'Cerium-labelled microspheres were injected into the left
atrium. After killing the animal, myocardial tissue samples were obtained from
a non-ischaemic and ischaemic territory, and the radioactivity of the ischaemic
samples was measured and related to the activity of the non-ischaemic area
(Fig. 1.26).” In the guinea pig heart, no zone of relevant underperfusion was
detected despite ligation of a major coronary artery (i.e. relative collateral
flow = 100%; Fig. 1.26). In the hearts from the other species, coronary collateral
flow as a percentage of normal, non-ischaemic flow was 15.9+£1.8% (standard
error of the mean) in dogs (n=6), 11.8+1.1% in cats (n=16), 6.1+0.7% in rats
(n=06), 2.4+0.6% in ferrets (n=6), 2.1£0.3% in baboons (n = 6), 2.0+0.5% in
rabbits (n=9) and 0.6+0.2% in pigs (n=06). Similarly as in the canine group
studied by Weaver et al.’!, Maxwell et al. found that the border zones of
perfusion sharply delineated even in species with good collateral flow (except
for the guinea pig).”® The strength of this work is that collateral blood flow
was measured over a wide range of the mammalian realm by the same
method, thus rendering the results comparable. The objective was to obtain
a reasonable selection of the appropriate animal model for the hypothesis to

Inter-species differences in coronary collateral flow
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Fig. 1.26 Collateral flow as a percentage of flow to the non-ischaemic myocardium (horizontal
axis) in eight different species (vertical axis) undergoing coronary artery ligation. Myocardial
perfusion measurements by radioactive microspheres. Each heart yielded between 2 and 27
tissue samples from the ischaemic zone and a similar number from the non-ischaemic area
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be tested: guinea pigs, dogs and cats with their substantial collateral flow are
well suited for studies of vascular adaptation to ischaemia (i.e. collateral
recruitment, collateral remodelling or arteriogenesis); rats, rabbits and pigs
which have practically no functionally relevant collateral flow are appropriate
for investigations on myocardial adaptation to ischaemia (i.e. myoacardial
preconditioning). Obviously, such a specification of the animal model accord-
ing to its purpose is independent of the exact knowledge of the human
coronary collateral circulation, and thus, the study by Maxwell et al. mitigated
the existing argument as to which species is the most representative of man. As
a consequence of that debate, the development and control of myocardial
infarction had been studied in widely differing preparations such as dogs,”*"”
cats,”®"” rats,”®” rabbits,**®! pigs, guinea pigs®>** and baboons.?*#

Despite the circumstance that Maxwell et al.’s study elegantly avoided the
missing knowledge about the human reference of functional collaterals in the
presence and absence of CAD, this information is indispensable for selecting
the adequate animal model for the following reason: if an animal model
without collateral flow is erroneously chosen to be representative for humans,
then the investigation of myocardial preconditioning does not take into
account the contribution of collateral recruitment (vascular adaptation) in a
hypothetical human investigation to the study result; conversely, if an animal
model with extensive collateral flow is erroneously chosen to be representa-
tive for humans, then the study of vascular adaptation to ischaemia (collateral
recruitment) does not correct for preconditioning as a contributor to the
development of ischaemia tolerance. In this context, Fig. 1.27 illustrates
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Fig. 1.27 Collateral relative to normal coronary flow (horizontal axis) in eight different species
plus humans with and without coronary artery disease (CAD; vertical axis) who underwent
coronary artery ligation, respectively a 1-minute balloon occlusion. Data from animal species
are taken from Fig. 1.26 for comparison to collateral flow index values in humans
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that on average, the animal model closest to humans with regard to functional
collateral flow is the dog (and not the pig as often stated) irrespective of the
presence or absence of human CAD: relative collateral to normal antegrade
flow in 944 patients with CAD =0.192+0.132 (mean standard 4 deviation)
and in 110 individuals without CAD =0.17840.092 (data from our collateral
flow data base). From the wide spectrum of existing individual collateral flow
values in humans (see Fig. 1.21), it follows that a variety of animal models
may be representative for humans. However, since the number of animals
included in the studies of Schaper et al.>” and Maxwell et al.”® is low and does
not allow frequency distribution statistics of collateral flow, the question of
the animal model most appropriate for the human coronary collateral circu-
lation still awaits an exact answer.

1.3 Individual Relevance

Aside from their myocardial-salvaging effect, well-developed coronary collat-
erals may also elicit negative aspects, such as the risk of an unwanted extension
of myocardial infarction during alcohol ablation of septal hypertrophy
in hypertrophic obstructive cardiomyopathy (HOCM), the occurrence of cor-
onary steal during myocardial hyperaemia and the risk of restenosis following
coronary angioplasty. A potential problem of septal alcohol ablation in HOCM
not recognized is a functional collateral circulation even in the absence of CAD
among 25% of individuals, in whom the alcohol injected into a septal branch
can reach the right anterior descending coronary artery or LAD.

The physical mechanism leading to restenosis in the presence of well-
developed collaterals has been interpreted to be the competition of antegrade
with collateral flow leading to reduced flow velocity at the injured site of
angioplasty with augmented platelet adherence, thrombus formation,
endothelial proliferation and developing restenosis.

The described potential negative aspects of well-developed collaterals weigh
much less than their benefit on myocardial salvage.

1.3.1 Introduction

Since the determinants of myocardial infarct size following acute coronary
occlusion in dogs were first described (time of occlusion, myocardial area at
risk for infarction, absence of collateral supply, absence of ischaemic precon-
ditioning, myocardial oxygen consumption during occlusion),*®*” it has
become recognized that collateral flow is one of the most important factors
of the rate and extent of cell death within ischaemic zones. However, indivi-
dually, well-developed coronary collaterals may also elicit negative as well as
beneficial aspects as the subsequent examples illustrate. Coronary collateral
steal is clinically less relevant in non-occlusive than in occlusive CAD. In the
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former, it occurs in about 10%, whereas in the presence of chronic total
occlusion almost every second patient shows hyperaemia-induced decrease
in the collateral-dependent area.

1.3.2 Collaterals and Transcoronary Ablation of Septal
Hypertrophy

The principle of transcoronary ablation of septal hypertrophy (TASH) in
HOCM consists of reducing the thickness of the basal part of the interventri-
cular septum, which is responsible for the LV outflow tract obstruction
(Fig. 1.28). The hypertrophied septum is thinned by inducing a circumscribed
myocardial infarction in the supply area of the first and/or second septal branch
of the LAD (Fig. 1.28). Infarction is induced by injecting a small amount
(2-5 ml) of pure alcohol into the proximally occluded septal branch, via an
over-the-wire angioplasty balloon catheter.®® Alternatively, basal septal infarc-
tion is achieved by implantation of a coil into the septal branch.*> A potential
problem of septal alcohol ablation not recognized so far is the existence of a
functional collateral circulation even in the absence of CAD among close to
25% of individuals (see also Fig. 1.21).”> Collateral arterioles and small collat-
eral arteries are predominantly located at the interventricular septum between
the LAD and the RCA.*° Septal branch balloon occlusion creates a coronary
pressure drop distal to the occlusion and an RCA-septal-branch pressure
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Fig. 1.28 Transcoronary alcohol ablation of a septal branch (—) of the left anterior descend-
ing coronary artery (Panels A, C, D). The normal right coronary artery is small (Panel B).
Panel D: Inflated over-the-wire angioplasty balloon catheter positioned in the first septal
branch with injection of contrast and visualization of the respective myocardial area. Panel E:
Simultaneous left ventricular and aortic pressure tracing showing a severe gradient across the
left ventricular outflow tract
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gradient across preformed collaterals if they are present, which induces collat-
eral flow from the RCA to the septal branch. Injection of alcohol into the
occluded septal branch represents a counter flow to the collateral flow. This as
well as cardiac contraction contributes to the admixture between alcohol and
blood, which may eventually reach the RCA territory and cause unwanted
inferior, instead of only septal myocardial infarction (Figs. 1.29 and 1.30).”!
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Fig. 1.29 Identical case as in Fig. 1.28. Imaging of the right coronary artery (RCA) following
injection of the occluded first septal branch after alcohol ablation via collateral vessels (—;
Panels A and B). Angiography of the RCA documents occlusion (Panel C). Simultaneous left
ventricular and aortic pressure tracing (Panel D) revealing a markedly diminished mean
gradient of 15 mmHg
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Fig. 1.30 Similar case as in Figs. 28 and 29 of transcoronary alcohol ablation of a septal
branch for hypertrophic obstructive cardiomyopathy. An antero-posterior cranial view (left
and middle panel) shows the first septal branch with a ‘milking’ sign before (left panel) and
after alcohol injection (middle and right panel; right panel: lateral view) with imaging of the
right coronary artery (RCA) during injection of contrast via the over-the-wire balloon
catheter

Figures 1.30 and 1.31 exemplify that the described scenario may occur not
only in the RCA territory but also in the entire LAD region via existing
septal-to-septal anastomoses. In the patient shown in Fig. 1.31, a pre-
formed collateral artery between the balloon-occluded first and the third
septal branches of the LAD was responsible for the adverse outcome of
complete LAD occlusion following injection of 2.5 ml pure alcohol over
11 minutes. Subsequently, this 60-year-old female patient with initially
severe LV outflow tract obstruction developed ventricular septal defect
due to anterior wall myocardial infarction requiring emergency surgical
intervention (Fig. 1.32).

Fig. 1.31 Transcoronary alcohol ablation of a second septal branch (antero-posterior cranial
view). During injection of the contrast before alcohol (middle panel), not only the septal
branch distal of the occluded balloon but also a more distal septal branch of the left anterior
descending artery (LAD) is visualized via intercoronary anastomoses. In the context of the
subsequent injection of a small amount of alcohol, an acute occlusion of the LAD occurred
(right panel; LAD)
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Fig. 1.32 Identical case as in Fig. 1.31. M-mode echocardiographic recording revealing
pronounced systolic anterior movement of the mitral valve due to the severe obstruction
across the left ventricular outflow tract (left panel; before alcohol ablation). Following acute
anterior myocardial infarction in the context of alcohol-induced occlusion of the left anterior
descending coronary artery, ventricular septal defect occurred (right panel), which was suc-
cessfully operated by patch closure

1.3.3 Coronary Collateral Steal

The myocardial microvasculature downstream of the main coronary arterial
supply areas can be schematically imagined as parallel resistances. The micro-
circulatory resistance regulates coronary blood flow to a certain vascular
territory. According to the autoregulatory behaviour of the coronary circula-
tion, microvascular resistance downstream of a stenotic vascular region is
lowered already under resting conditions in order to maintain normal myocar-
dial perfusion. Therefore, the capacity to further decrease microvascular resis-
tance in this area under conditions of hyperaemia is reduced. This leads to a
diminished or absent coronary flow reserve (CFR: hyperaemic flow divided by
flow at rest), if interarterial anastomoses are absent between the post-stenotic
and an adjacent normal vascular region (CFR>1). If it is present, and particu-
larly of well-developed interarterial anastomoses, the uneven distribution of
parallel hyperaemic microvascular resistances may lead to coronary flow away
from the post-stenotic, collateralized area towards the normal vascular region
(steal; CFR< 1; Fig. 1.33; for further details, see Section 4). In animal models
and in patients with collateral-dependent blood supply, coronary steal in
response to physical exercise or to pharmacological vasodilation has been
studied repeatedly.”>*> Gould et al. defined the following requirements for
the occurrence of coronary steal’®: (a) there is a coronary pressure drop in the
epicardial collateral supplying artery due to a stenotic lesion (serial vascular
resistance increase), (b) the collateral resistance is not negligible and (c) the
microvasculature distal to the collateralized region lacks vasodilatory capacity.
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Fig. 1.33 Demonstration of coronary collateral steal in a patient with chronic total occlusion
of the right coronary artery (Panel A and B; Panel C after recanalization of the occlusion). The
middle row of the figure shows intracoronary Doppler flow tracings at rest (left side) and
during adenosine infusion (right side) with a decrease in flow velocity during hyperaemia.
Accordingly, the aortic (black curve) and coronary (red curve) pressure recordings (lower row)
document a constant mean aortic pressure, but a decrease in mean coronary occlusive
pressure by approximately 10 mmHg during hyperaemia versus resting condition

Among patients with non-occlusive CAD, coronary collateral steal occurs less
frequently (10%) than in those with chronic total occlusion (46%).”%%°

1.3.4 Risk of Coronary Restenosis and Collateral Flow

The principal driving force of collateral flow through preformed or remodelled
coronary collaterals consists of a post-stenotic coronary pressure drop, which
itself leads to a pressure gradient between the collateral supplying and the
collateral receiving (i.e. stenotic) arteries. Thus theoretically, the removal of
the stenotic lesion by PCI instantaneously leads to a diminished or even absent
collateral flow, which does not compete with antegrade flow. Nevertheless, it
has been repeatedly documented that high collateral supply to a vascular region
treated by PCI is associated with increased risk of restenosis’” *° (Fig. 1.34:
see also chapter 4), and the physical mechanism leading to restenosis has been
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interpreted to be the competition of antegrade with collateral flow leading to
reduced flow velocity at the injured site of PCI with augmented platelet adher-
ence, thrombus formation, endothelial proliferation and developing resteno-
sis.'® However theoretically, it is assumed that in the absence of an epicardial
stenotic resistance, collateral flow to the respective vascular area is zero.'!
Practically, this assumption is likely to be incorrect, because it is based on two
further suppositions often not found in reality: zero pressure drop along the
epicardial path of a normal coronary artery (in reality ~5 mmHg), and hor-
izontal origin and supply or orifice site of the collateral vessel (instead of a
frequent proximal collateral origin with mid-vascular or distal contralateral
orifice). Also, the sustained existence of functional collaterals despite the absence
of stenotic lesions is supported by the finding of sufficient collateral channels in
close to one-fourth of the individuals with normal coronary circulation.>

1.3.5 Beneficial Effect of Collaterals on Myocardial Salvage

The above-described potential negative aspects of well-developed collaterals
weigh much less than their benefit on myocardial salvage (see also Section 1.4).
Specifically, unwanted expansion of myocardial infarction during TASH in
HOCM has, so far, been described only as anecdotes; in the population with
non-occlusive CAD, coronary steal occurs in a minority of patients; the relative
risk of coronary restenosis 9 months after stent implantation has been observed
to be increased by a factor of only 1.07. In the individual patient, myocardial
salvage by collaterals can be safely postulated in the presence of normal LV
systolic function, and respectively the absence of regional wall motion abnorm-
alities, despite the total occlusion of >1 coronary arteries at the proximal or
mid-vascular site. Figure 1.35 illustrates such a case of a 75-year-old patient
with normal LV angiography, despite total occlusion of all three major cor-
onary arteries: proximal LAD, proximal LCX (patent large intermediary
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Fig. 1.35 Normal left ventricular angiogram (upper panels) in a patient with chronic proximal
occlusion (—) of all three major coronary arteries (lower panels) providing evidence for the
myocardial-salvaging effect of coronary collaterals. The only non-occluded vessel is an
intermediary branch. RCA: right coronary artery; LAD: left anterior descending coronary
artery, LCX: left circumflex coronary artery

branch) and proximal RCA. In the presence of such a severe degree of CAD, it
may be challenging to define the main collateral supply to each one of the
occluded arteries. However, the presence of a normal LV global and regional
systolic function allows the conclusion that collateral supply at the time of
occlusion was sufficient to salvage myocardium. Figure 1.36 shows another
case (72-year-old male patient) with sufficiently collateralized LV anterior wall
despite proximal LAD occlusion. A single atrial epicardial collateral artery
originating from the ostial RCA supplies enough flow to replace the LAD
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Fig. 1.36 Normal left ventricular angiogram (upper panels) in a patient with chronic occlusion
(—) of the proximal left anterior descending coronary artery (LAD; lower panels, antero-
posterior cranial view). Contrast injection into the right coronary artery (RCA) with imaging
at first of the conus branch collateral artery to the LAD (*). A second, atrial collateral artery
between RCA and LAD (middle and right lower panel) fills with contrast from both coronary
arteries, thus illustrating competing collateral flow between RCA and LAD

territory, i.e. to reduce the ischaemic area at risk for myocardial infarction of
the proximal LAD to zero. Even before the RCA is filled with radiographic
contrast, the entire LAD is supplied via the proximal collateral artery, thus
illustrating the concept of an inverse relationship between collateral flow and
area at risk for infarction.*® The fact of a normal systolic function of the
LV anterior wall in this case allows the conclusion that the determinants of
infarct size other than collateral supply, such as time of coronary occlusion,
myocardial preconditioning and oxygen consumption played no role because of
the replacement of the LAD area at risk by one branch collateral.®® A second,
more proximal collateral artery taking off from the RCA is even in competition
with the main collateral vessel, because of the presence of a counterflow
originating from a high septal collateral artery (Fig. 1.36). A further example
of an individual beneficial effect of collateral supply to an occluded LAD is
provided by Fig. 1.37 depicting the left coronary angiogram and LV angiogra-
phy of a 55-year-old woman, who was admitted for invasive cardiac examina-
tion for atypical chest pain. The fact that she did not suffer exercise-induced
angina pectoris further indicates the beneficial effect of the very large distal
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Fig. 1.37 Coronary angiogram (left anterior oblique cranial view; left panel) with chronic
occlusion of the left anterior descending artery at the first diagonal and first septal branch (—)
and a normal left ventricular angiogram (middle and left panel) exemplifying another case of
saving myocardial function by well-developed collaterals

epicardial branch collateral artery from the RCA to the LAD (Fig. 1.38) apart
from the normal systolic LV function. Conversely, absent collateral filling of a
chronic mid-LAD occlusion is related to a lack of myocardial salvage with
extended LV anterior wall akinesia (Fig. 1.39). Alternatively, extended col-
lateral supply may develop only after coronary artery occlusion purely on
physical grounds of an existing pressure gradient between the collateral sup-
plying and receiving, i.e. the occluded artery, and thus, it may supply an
already infarcted myocardial territory (Fig. 1.40). However, if in the acute
phase of myocardial infarction there is already filling with radiographic con-
trast of the occluded coronary artery via collaterals, the subsequently devel-
oping infarct size is smaller than in the situation without preformed collaterals
(Fig. 1.41).

Fig. 1.38 Identical case as in
Fig. 1.37. Coronary
angiogram (slight left
anterior oblique cranial
view) with contrast injection
into the right coronary
artery (RCA) and complete
filling of the proximally
occluded left anterior
descending artery (LAD) via
a large branch collateral
artery (—)
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Fig. 1.39 Coronary angiogram (antero-posterior view; left panel) with occlusion of the left
anterior descending artery (LAD) directly distal to the second diagonal and second septal
branch (—). In the absence of collateral supply to the occluded LAD, the left ventricular
angiogram (middle and left panels) reveals an extensive akinesia of the antero-apical wall

Fig. 1.40 Left ventricular angiogram (upper panels) with extensive antero-apical wall akinesia in a
case with a well-developed branch collateral artery (—) between the first diagonal branch of the left
anterior descending artery (LAD) and the occluded LAD (lower panels, left panel: lateral view; right
panel: antero-posterior cranial view). The collateral artery in this case grew only after the mid-LAD
occlusion with anterior wall myocardial infarction, thus providing no myocardial-salvaging effect
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1.4 Collective Prognostic Relevance

Until recently, the collective prognostic relevance of coronary collaterals has
been controversial. The debate was related to inconsistent populations exam-
ined, to a variably defined term ‘prognosis’, and to methodological issues such
as the low occurrence of study endpoints, the short follow-up and blunt instru-
ments employed to measure collateral supply. Since chronic stable CAD has a
low annual mortality of 2%, a meaningful investigation requires a large study
population of several hundred patients with a long follow-up. The goal of a
statistically relevant study may be better reached in patients with acute CAD
and its higher mortality rate of up to 9% during the first 6 months following
myocardial infarction.

Aside from all-cause mortality, the hierarchy of endpoints consists of cardiac
deaths, cardiovascular deaths, myocardial infarction, unstable angina pectoris,
repeat revascularization and the combination of those events. Surrogate end-
points employed in studies on the prognostic relevance of collaterals are infarct
size, LV aneurysm formation, LV systolic function and myocardial viability.

The beneficial effect of well-developed collaterals on all surrogate endpoints
has been recognized. However in order to reduce infarct size, collaterals need to
be preformed, whereas they may develop only after myocardial infarction in
order to prevent LV remodelling and aneurysm formation.

During the first 3-6 hours of acute coronary syndrome, angiographically
well-visible collateral vessels are present in 30—40%, a number increasing to
almost 100% in the presence of continuing vascular occlusion. Late angio-
graphic appearance signifies less prognostic benefit, because collaterals supply-
ing necrotic myocardium do not salvage it. Recent studies on the prognostic
effect of collaterals in acute myocardial infarction have reported a relevant
reduction in cumulative 6-month mortality from 9-23% to 4-7%.

The majority of studies on the prognostic relevance of collaterals in chronic
CAD have used angiographic grading for characterizing the degree of collateral
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perfusion. In a historic study, cumulative survival rates during a follow-up
duration between 11 and 19 years in 96 patients with chronic coronary occlu-
sion were 52% at 10 years in patients with angiographically well-developed
collaterals and 35% among those with poor collaterals. Using quantitative
coronary collateral measurement in 739 patients with chronic stable CAD,
cumulative 10-year survival rates in relation to all-cause deaths and cardiac
deaths were 71 and 88%, respectively, in patients with low collateral flow index
(CFI), and 89 and 97% in patients with high CFI.

1.4.1 Introduction

Despite the fact that the coronary collateral circulation has long been recog-
nized as an alternative source of blood supply to a myocardial area jeopar-
dized by ischaemia, its prognostic relevance for the population of patients
with CAD has been controversial until recently. The debate was in part
related to diverging focuses with regard to the population examined (acute
versus chronic CAD, varying severity of CAD), to the term ‘prognosis’ and to
the methodological issues such as the power of the investigation relative to the
occurrence of study endpoints, the duration of follow-up and the instrument
employed to measure the determinant of outcome, i.e. collateral supply. For
example, two recent studies have documented reduction in non-fatal cardio-
vascular events among patients with versus those without angiographic
coronary collaterals in chronic stable CAD.!%>1%% Conversely, data from
the same group have indicated an unfavourable prognosis in the presence
of well-developed collaterals among patients with more severe chronic
CAD.'™ In this context, the collective prognostic significance of the human
coronary collateral circulation will be subsequently discussed under the
following aspects: various endpoints defining prognosis, relevance in acute
and chronic CAD.

1.4.2 Endpoints for Defining Prognosis and Assessment of
Collateral Flow

There is a hierarchy of cardiac determinants of prognosis ranging from more
‘soft’, frequently occurring endpoints to ‘firm’, rare clinical events. The pre-
valent endpoints for the definition of prognosis, such as the symptom of
angina pectoris or the development of impaired systolic LV function have
been employed quite frequently for methodological reasons, whereas prog-
nosis has been rarely assessed on the basis of all-cause mortality, i.e. the
ultimate and undisputable event. Since chronic stable CAD has a low annual
mortality of around 2%.'°>'9 a statistically meaningful prognostic
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investigation requires a large study population of several hundred patients
with a long follow-up duration (e.g. estimated number of deaths during an
average of 5 years of follow-up in 500 patients = 50; 2,500 patient-years). The
two largest studies on the impact of coronary collaterals on clinical outcome in
chronic CAD have overseen, respectively, 5,985 patient-years and 3,907
patient-years,'°®'%” and the respective absolute figures of overall mortality
have been 295 and 83. The expression of ‘patient-years’ suggests that the goal
of a statistically relevant study may be better reached in patients with acute
CAD and its much higher mortality rate of up to 9% during the first 6 months
following myocardial infarction.'®® Aside from all-cause, total mortality, the
hierarchy of cardiac endpoints consists of cardiac deaths, cardiovascular
deaths, myocardial infarction, unstable angina pectoris, repeat PCI or cor-
onary bypass grafting, the combination of those major adverse cardiac events,
and of surrogate endpoints such as infarct size (see Fig. 1.41), LV systolic
function and LV aneurysm formation. It ought to be appreciated that in a
long-term follow-up study, cardiac and cardiovascular mortality is a much
softer endpoint than total mortality, because its labelling depends not so much
on the clarity of a definition but on the acumen of the person directly char-
acterizing the mode of death. On the other hand, a large absolute number of
the hardest endpoint possible, total mortality, may be statistically insufficient
if the instrument to assess its hypothesized determinant, i.e. the collateral
circulation, is blunt. The measurement tool most frequently used for collateral
assessment in studies on the prognostic relevance of collaterals is coronary
angiography, whereby, mostly, the dichotomous labelling of present or absent
collaterals has been employed.**:10%104197-116 Only 4 minority of investiga-
tions has employed quantitative means to measure collaterals,'*®'"7""1? thus
methodologically allowing a lower absolute number of events because of
better differentiation between well and poorly developed collaterals than by
angiographic qualification. Similarly, the number of patients included can be
reduced without limiting the statistical power of the study by employing a
continuous surrogate endpoint such as LV ejection fraction, because of the
detection of more subtle differences between groups of patients with well and
poorly grown collaterals.

1.4.2.1 Surrogate Endpoints

The influence on surrogate endpoints of the human coronary collateral circu-
lation is discussed here independently of the population with acute or chronic
CAD. The surrogate endpoints employed in most studies are infarct size, LV
aneurysm formation, LV systolic function and, rarely, myocardial viability.
Principally, these variables are reasonable to select as endpoints, because they
all more or less reflect infarct size. The size of myocardial infarction most
importantly determines the outcome after such an event.'?° Pathophysiologi-
cally, infarct size is directly determined by the duration of coronary artery
occlusion, the lack of collateral supply to the ischaemic area at risk for
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infarction, the size of the area at risk, the absence of myocardial ischaemic
preconditioning (no angina pectoris prior to the infarct) and myocardial
oxygen consumption during coronary occlusion.®®%” Myocardial infarct size
in humans has been traditionally measured by creatine kinase (CK) levels
(peak value, area under the curve).'?! Hirai et al. studied the effect of coronary
collateral perfusion in 32 patients with acute myocardial infarction who
underwent intracoronary thrombolysis, and found a relevant influence of
angiographically present collaterals in the absence of reperfusion (n=06) on
the time to peak CK release (=16 vs. 21 hours in patients without reperfusion
and collaterals, n=7; p < 0.05), but not on peak CK level (1,879 vs. 2,707
units/1).'>* Habib et al. performed a similar, but statistically relevant study in
125 patients with failed thrombolysis who either revealed collaterals on cor-
onary angiography (n=351) or who did not have collaterals (n=74).'*
Patients with and without collaterals had practically identical peak serum
CK levels as in the just previously mentioned study: 1,877 units/l and 2,661
units/l (p=0.004; Fig. 1.42), and the effect of the collateral status was inde-
pendent of infarct site. Accordingly, pre-discharge LV ejection fraction was
53% in patients with angiographic collaterals and 48% in those without
collaterals (p =0.02)."** Sabia et al. qualified infarct size by an echocardio-
graphic wall motion score (low score: small region of abnormal LV wall
motion) 1 month after angioplasty of an occluded coronary artery in compar-
ison to the baseline wall motion score'** (n=43 patients). A regression
analysis was then performed between the follow-up wall motion score and
the percentage of the infarct bed perfused via collaterals as obtained by
myocardial contrast echocardiography before PCI of the infarct-related
artery. The percentage of the infarct bed supplied by collateral flow at base
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line was directly correlated with LV wall function and inversely correlated
with the wall-motion score 1 month after successful angioplasty (p <
0.001)."** In this study population with subacute or chronic myocardial
infarction, the degree of improvement in regional systolic LV function was
not influenced by the length of time between the acute infarct and the
attempted angioplasty (range from 2 days to 5 weeks).'** The study by
Clements et al. employed **™technetium for measuring the ischaemic area at
risk for infarction, the final infarct size and the salvaged myocardium in 60
patients who underwent primary PCI."'? Collateral flow to the ischaemic area
was scored angiographically. In the absence of antegrade flow through the
infarct-related artery, the presence of collaterals was related to a reduced
infarct size. Alternatively, Christian et al. assessed collateral supply to the
acutely occluded arterial region of 89 patients non-invasively by *™techne-
tium pixel count (nadir) relative to maximum pixel count in the normally
perfused area, and found an inverse relationship between LV infarct size and
relative collateral flow (Fig. 1.43)."*> A more recent investigation by Elsman
et al. in 1,059 patients with acute myocardial infarction treated with primary
PCI found an inverse relation between angiographic collateral score (0/1, 2
and 3) and cumulative lactate dehydrogenase release, 36 hours after chest pain
onset.''> The debate on the relevance of collaterals has been revived very
recently by an apparently well-powered study including 501 patients with
acute myocardial infarction within 6 hours of symptom onset, who underwent
successful primary PCI.'?° Sorajja et al. obtained myocardial infarct size by
PMechnetium and the collateral presence by angiography, and observed an
infarct size of 16£16% of the LV among patients with collateral supply as
compared to 21421% in the absence of collaterals (p =0.02)."?® Despite that
result, which was supported by an analogue pattern for enzymatic infarct size,
the authors concluded that there was no relationship between baseline collat-
eral flow and infarct size. The more appropriate interpretation of the study
results would have been that the instrument employed for collateral
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characterization was too blunt to render the investigation powerful enough
for detecting the mentioned differences also in the subgroups of anterior and
non-anterior myocardial infarction.

Hirai et al. investigated the effect of pre-existent angiographic collaterals on
the prevention of LV aneurysm formation in 47 patients who underwent
intacoronary thrombolysis within 6 hours after onset of chest pain during a
first anterior myocardial infarction.'* In 22 patients, thrombolysis was unsuc-
cessful, and among those with collateral supply to the occluded artery (n = 10),
LV aneurysm developed in only 1, whereas it occurred in 7 of 12 patients
without collaterals (p < 0.05). Apparently, even collateral channels developing
only after an acute myocardial infarction (n=11; n=10 without collaterals
1 month after infarct) may prevent LV dilatation within 2 years of the event,'"”
the fact of which is not related to myocardial salvage but probably to a mitiga-
tion of LV wall stress by the epicardially located network of ‘pressurized’
collateral arteries.

The LV ejection fraction as a variable, potentially influenced by collaterals,
was co-examined by two of the above-cited studies.''*!** Habib et al. docu-
mented a higher LV ejection fraction of 54% in 51 patients with failed throm-
bolysis and good collaterals as compared to 50% among the 74 patients without
collaterals.'? It is not unexpected that Kodama et al. did not find a relationship
between collateral flow and LV ejection fraction late after myocardial infarc-
tion, since they focused on a group of patients in whom collateral channels had
developed only after infarct.''® Similarly, it has been shown recently that
recovery of systolic LV dysfunction following revascularization of a chronic
total coronary occlusion is not directly related to the collateral supply to that
region, because collateral development may occur before or after coronary
occlusion.'" Naturally, the relevance of collateral supply to a region jeopar-
dized by myocardial ischaemia is only given if it exists before ischaemia devel-
opment, and collaterals do not salvage myocardium if they grow afterwards
during the course of 1-2 weeks in response to the existing physical coronary
perfusion pressure difference along small preformed anastomoses between a
normal and the occluded vessels. Thus, a controversy on the significance of
coronary collaterals may also ensue on the basis of failure to distinguish
between preformed and subsequently developed collaterals with regard to
coronary occlusion. Along the same line of argument, Elhendy et al. were
able to predict by low dose dobutamine stress echocardiography, with reason-
able accuracy, the recovery of systolic LV function following coronary artery
bypass grafting, but recovery was not influenced by angiographic collateral
grades in patients with total coronary occlusion.'*’

1.4.2.2 Clinical Endpoints

Studies on the occurrence of clinical adverse events during follow-up in
relation to the coronary collateral circulation are presented below and
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subdivided according to their focus on patients with acute coronary
syndrome and with chronic CAD.

1.4.3 Acute Coronary Artery Disease and Clinical Events
in Relation to Collaterals

Angiographic collaterals to myocardium distal to an acutely occluded coronary
artery have been detected in 334 of 626 patients (69%) during the acute infarct
phase (242/626 = 38% with grade 2 or 3 collaterals), whereby the prevalence has
been shown to increase between 3 and 6 hours following symptom onset (from
66 to 75%), and the absence of collaterals has been related to the early occur-
rence of cardiogenic shock in patients with inferior myocardial infarction.'?®
Earlier investigations have observed collateral vessels at the onset of acute
myocardial infarction less frequently, i.e. in about 40% of patients.'*'°
Schwartz et al. reported an analysis of the coronary collateral circulation in a
consecutive series of 116 post-infarction angiograms from patients with persis-
tent 100% occlusion of their infarct artery.'** Of 42 patients studied within
6 hours of infarction, 52% had no angiographic evidence of any coronary
collateral development as compared with only 8% (1 of 16 patients) studied
1 day to 2 weeks after infarction.'*® Virtually all patients studied beyond
2 weeks after myocardial infarction (1445 days) and later than 45 days had
visible collateral flow. As outlined above,'' collaterals developing late after
acute infarct into an area of necrotic myocardial tissue may exert a beneficial
effect on LV dilatation or aneurysm expansion, but not on LV systolic function.
Conversely, residual blood flow carried by collaterals at the time of acute
myocardial infarction implies reduced infarct size and improved residual LV
ejection fraction.'?>!?> However, whether collateral circulation improves clin-
ical prognosis after acute myocardial infarction remains rarely investigated and
seems to be controversial.'®*!'*! Considering the described, numerous variables
influencing the relevance of collateral supply in acute coronary syndrome, such
as the time window of study inclusion after symptom onset, the mode of
revascularization (none, thrombolysis, PCI), the differentiation of preformed
or subsequently grown collaterals, the mode of collateral assessment, the debate
is not unexpected.

1.4.3.1 Studies in the Pre-angioplasty Era

In this context, Gohlke et al. investigated the prognostic importance of a
residual stenosis of the infarct artery and of collateral flow to the infarct
area in a group of 102 young patients who had survived an anterior wall
Q-wave acute myocardial infarction.''® In that study, patients with at least
moderate collateral flow had a higher mortality rate of 21% than patients
without or with faint collateral flow (8%, p < 0.05),''” whereby this finding
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did not reflect the absence of a protective effect of collaterals as the authors
concluded, but it indicated the diagnostic relevance of collaterals as a marker
for the severity of atherosclerotic lesions. Thus, in the study by Gohlke et al.,
the actual prognostic comparison was between patients with different degrees
of residual LAD stenoses and not between different degrees of collateral
flow.''° Similarly, the investigation by Nicolau et al. was not one examining
the prognostic relevance of a well-developed coronary collateral circulation at
the time of acute myocardial infarction (n =422 treated with thrombolysis
and followed for 8 years) (Fig. 1.44), but one comparing the prognosis in
patients with successful (fully restored antegrade flow) and partly or unsuc-
cessful thrombolysis (survival rates of 89 and 80%, p < 0.04)."'* By Cox
multivariate analysis in that study ''* the following independent variables
showed significant correlations with long-term survival: global LV ejection
fraction (p=0.0003), antegrade flow degree (p=0.0006), collateral flow
degree (negative correlation, p=0.0179) and medical treatment (negative
correlation, p=0.0464). To perform a multivariate analysis with two variables
biologically so intimately linked as residual antegrade flow and the degree of
collaterals cannot provide the result of ‘independent variables” and is unrea-
sonable. Using a methodologically more favourable study design, Boehrer
et al. assessed the influence of collateral filling of the infarct artery on long-
term morbidity and mortality in 146 surviving patients of initial acute myo-
cardial infarction in whom the infarct artery was occluded.''! Of 120 patients
with angiographic evidence of collaterals, 16% suffered cardiac death during
the average follow-up of 42 months, while 19% died from cardiac causes in the
group of 26 patients without collaterals.'!!
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Fig. 1.44 Cumulative survival curves according to the presence (solid line) or absence (dashed
line) of well-developed collaterals to the infarct-related coronary artery as evidenced by
angiography
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1.4.3.2 Studies in Patients Undergoing Primary PCI

Investigations on the prognostic effect of collaterals in patients with successful
primary PCI within the 6-hour window of symptom onset are methodologically
advantageous over the above-described pre-PCI studies, because their popula-
tions are much more homogeneous and thus better comparable. However, they
are scarce and the results appear to be controversial. In a study including
238 patients with acute myocardial infarction due to mid- or proximal LAD
occlusion, Pérez-Castellano et al. found a significantly higher in-hospital mor-
tality among patients without as compared to those with collaterals on the
angiogram obtained during primary PCI (Fig. 1.45; 58 excluded due to residual
antegrade flow)."*! On first sight and compared to, e.g., the above-cited study
by Boehrer''!, the one by Pérez-Castellano et al. appears similarly underpow-
ered (n = 146 vs. n = 180; absolute number of deaths: n =23 vs. n=31)."3! The
principal numerical disparity consists of the varying number of patients with
angiographically absent collaterals: 26 of 146 (18%) in the study by Boehrer
et al. and 115 of 180 (64%) in that by Pérez-Castellano''"""*!. This difference
exemplifies the influence of the time course of collateral development following
acute myocardial infarction on their prognostic relevance, i.e. late angiographic
appearance is more frequent than early manifestation, but it signifies less
prognostic benefit, because collaterals supplying necrotic myocardium do not
salvage it. The study by Pérez-Castellano et al. focused on collaterals present
during the 6-hour time window after symptom onset, and thus more appro-
priately, examined the relevance of preformed collaterals.'*' The study by
Antoniucci et al.'® is comparable to that by Pérez-Castellano et al.,'*' since
both studied the outcome in patients with acute myocardial infarction who
underwent primary PCI within 6 hours from symptom onset, and the rate
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of angiographic collaterals in both was similar, i.e. 23% respectively 36%.
However, Antoniucci et al.’s work included a much larger study population
of 1,164 patients who presented with acute infarct of any territory, and the
follow-up of clinical events was registered until 6 months after initial revascu-
larization.'”® At 6 months, 11 of 264 patients in the group with visible collat-
erals (4%) and 80 of 900 patients without collaterals (9%) had died
(Fig. 1.46)."%. Due to an erroneous inclusion procedure of clinical variables
in the multivariate logistic regression analysis, the authors concluded that
the coronary collateral circulation did not exert a protective effect in patients
who underwent revascularization in the first 6 hours of acute myocardial
infarction onset.'®® The variables falsely entered in the regression model
were factors not statistically different in univariate analysis between patients
with and without collaterals (age, gender, previous myocardial infarction, PCI
failure, infarct artery stenting, multiple stents) and factors not independent of
each other (collateral circulation dependent on chronic total occlusion, on
multivessel CAD). Thus in essence, both studies on the prognostic effect of
collaterals in acute myocardial infarction have reported a statistically relevant
reduction in cumulative 6-month mortality from 9-23% to 4-7%. However,
the above-mentioned study by Elsman et al. in 1,059 patients with acute ST-
segment-elevation myocardial infarction treated with primary PCI within < 6
hours of chest pain onset found cumulative l-year survival rates among
patients with angiographic collateral grades 0, 1 and 2 or 3 of 95, 96.2 and
97.2% respectively (p =0.66)."'"
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Fig. 1.46 Cumulative survival curves of 264 patients with acute myocardial infarction and
angiographic evidence of coronary collaterals supplying the infarct area (collaterals present;
solid line), as compared to 900 patients without collaterals (collaterals absent; dashed line)
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1.4.4 Chronic Coronary Artery Disease and Clinical Events in
Relation to Collaterals

With regard to the practical dilemma of the collateral circulation being an
indicator of the severity of CAD or a predictor of future cardiac events, the
setting of acute or chronic CAD does not make a difference. Thus in both
situations, an investigation focusing on the prognostic relevance of collaterals
should correct for their role as markers for CAD severity, i.e. it ought not be
ambiguous whether an unfavourable outcome is due to high coronary athero-
sclerotic lesion severity as indicated by extended collaterals or because of
well-developed collaterals. For example, the above-discussed study by Nicolau
et al. of early infarct artery collateral flow after thrombolysis found conflicting
results even wirhin itself''*: antegrade coronary flow grade was observed to be
directly, but collateral flow to be inversely related to survival. With regard to
myocardial perfusion, this finding does not make sense, because it must be
irrelevant whether an ischaemic territory is supplied via native or collateral
vessels as long as it is adequately subtended. While in acute CAD, the collateral
circulation as an indicator for CAD can be corrected for by primary PCI, thus
rendering the study population homogeneous with regard to the variable ste-
nosis severity, a similar effect can be reached in chronic CAD by focusing
exclusively on chronic total coronary occlusions. However, strictly speaking,
chronic total occlusion with downstream infarcted myocardium ought to be
excluded from such an analysis.

1.4.4.1 Angiographic Collateral Grading

The study by Hansen on the prognostic relevance of collaterals in chronic CAD
did account in part for the mentioned pitfall by including only patients with
occluded coronary arteries out of a series of 300 patients examined for the
presence of chest pain, suspicion of previous acute myocardial infarction and
heart failure from 1968 to 1975 (no bypass grafting, no PCI).'” However, 52 of
the 96 patients included in the study had had a history of myocardial infarction
(unclear how many in the region of interest). Of the 96 patients, 67 revealed
angiographically good and 29 poor collaterals. Cumulative survival rates dur-
ing a follow-up duration between 11 and 19 years were 51.5% at 10 years in
patients with well-developed collaterals and 34.5% among those with poor
collaterals (Fig. 1.47; p < 0.10).'° The majority of studies on the prognostic
relevance of collaterals in chronic CAD have used angiographic grading for
characterizing the degree of collateral perfusion. Following the work by Han-
sen,'?” the subject was re-investigated only after several years using a refined
method for collateral assessment, i.e. quantitative, coronary pressure-derived
collateral measurement (see below).''”-!'8 However, it was not before 2004 that
the topic regained heightened interest using the tool of angiographic collateral
qualification in relation to their prognostic relevance.'> In 281 patients



1.4 Collective Prognostic Relevance 57

100 — = Good Collaterals (n=67)
—— Poor Collaterals (n=29)
80 —
S
= 60+
>
15
5 40—
(7]
20 -
0 p<0.10
0 | | | | |
0 3 6 9 12 15

Follow-up (yrs)

Fig. 1.47 Cumulative survival curves in patients with chronic total coronary occlusion depending
on the presence of angiographically qualified ‘good collaterals’ (blue line) or ‘poor collaterals’
(black line). None of the patients had had acute myocardial infarction within 3 months prior to
coronary angiography. However, 29 of the patients with well-developed collaterals and 23 of
those with poorly developed collaterals had had a history of myocardial infarction

randomized to off-pump or on-pump coronary artery bypass grafting, Nathoe
et al. found angiographic collaterals to be present in close to 50%.'°* Cumula-
tive rates of event-free survival at 1 year were 87% in patients with collaterals
and 69% in those without collaterals after off-pump bypass surgery (p =0.01),
and 66 and 63%, respectively (p=0.79), following on-pump surgery.'®® The
protective effect of collaterals in the off-pump group appeared to be conveyed
by fewer peri-operative myocardial infarcts than in the on-pump group. In an
attempt to untangle the relevance of the collateral circulation as a marker of
CAD severity from that as a prognostic determinant, Koerselman et al. per-
formed a case—control study in 244 patients admitted for elective PCI.'**
Angiographic collaterals were absent in 153 and present in 91 patients, and
the results indicated that in chronic CAD, the presence of angiographic collat-
erals may indicate a prognostically adverse outcome, in particular, if present to
a limited extent (grade 1 of 3).'% The authors of that study vaguely proposed
that the fate of a patient is determined by the balance between CAD severity and
the presence and extent of the coronary collateral circulation. The same
research group studied the relationship between angiographic collaterals and
cardiac death or myocardial infarction, at 1 year after coronary revasculariza-
tion, in 561 patients who were enrolled in a randomized study that compared
stent implantation with bypass grafting.'®® Collaterals were present in
176 patients (31%). The adjusted odds ratio of cardiac death or infarction
was 0.18 (95% confidence interval 0.04—0.78) in the presence of collaterals,
and the cumulative survival free of death or infarction with and without
collaterals was 1.land 5.3%, respectively(p =0.01).'"* Considering the very
low absolute numbers of cardiac death and myocardial infarction of 3 and 4,
and of 26 and 21, respectively, in both studies by Koerselman et al.'* and by
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Nathoe et al.,'® the opposing conclusions the authors drew are difficult to
appreciate. In comparison to the latter, underpowered investigations, the one
by Abbott et al. compared the baseline characteristics and cumulative 1-year
event rates of 6,183 consecutive patients who underwent PCI by target vessel
collateral status.'”” Collateral status was defined angiographically as absent
(n=5,051), as treated artery supplied collaterals (n = 239) and received collaterals
(n=2893). The major limitation of this study is that the discriminations between
the absence of angiographic collaterals to the artery of interest and collaterals
taking off that vessel (i.e. supplying another artery) lack any clear definition, and
has to be regarded as very difficult especially in the context of a data registry.
Compared with the no-collaterals group, those with PCI of a collateral receiving
artery had lower adjusted death/myocardial infarction rates (relative risk of
0.72, 95% CI 0.54-0.96, p=0.02) and repeat revascularization rates (relative
risk 0.73, 95% CI 0.59-0.91, p=0.005)."” Cumulative 1-year mortality was
4.7% and 4.1% in the group without and with collaterals, respectively, to the
vessel undergoing PCI (p=0.70). Due to the weird angiographic collateral
definition, the important all-cause mortality data are not usable.

Very recently, Grobbee et al. (first author: Regieli) retrospectively ana-
lysed the data from a lipid-lowering trial involving 879 male participants
who underwent coronary angiography and being followed for 24 months.'*
Presence of coronary collaterals spontaneously visible on angiography was
assessed. Event-free survival after 2 years was 84% in patients without
collaterals and 92% in patients with collaterals (p =0.0020; events: CAD
death, myocardial infarction, repeat PCI, coronary artery bypass grafting;
Fig. 1.48). Despite the fact that the absolute numbers of death and myocar-
dial infarction were still very low and similar to the above-mentioned figures
(eight deaths, 19 infarcts),'*? the authors now firmly concluded that the
‘protective effect is independent of disease burden, and remains present in
patients with extensive CAD’.
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1.4.4.2 Quantitative Collateral Assessment

In a small patient cohort of 120 individuals with chronic CAD who underwent
PCI and followed-up for cardiovascular ischaemic events for 6-22 months, Pijls
et al. performed a quantitative measurement of collateral relative to normal
antegrade flow recruitable during a 2-minute PCI-related vessel occlusion.''” In
90 of the 120 patients, ischaemia was present at balloon inflation, and in 82 of
these patients, relative collateral flow was <23%. During the follow-up period,
16 patients had an ischaemic event (death, myocardial infarction or unstable
angina pectoris). Fifteen of these 16 patients were in the group with insufficient
collateral flow (p < 0.05).""7 This study would be irrelevant with regard to the
question of prognostic significance of collaterals in chronic CAD because of its
inferior statistical power. However, it illustrates that the introduction of a
more precise measurement technique than angiography for assessing collaterals
(coronary pressure-derived relative collateral flow) may partly compensate for
small patient sample size and brief follow-up duration.

In 403 patients with stable angina pectoris who underwent PCI and quantita-
tive collateral assessment, our laboratory monitored the occurrence of major
adverse cardiac events (cardiac death, myocardial infarction, unstable angina
pectoris) and stable angina pectoris during an average follow-up of 94+56
weeks.'"® Relative collateral flow was determined using intracoronary pressure
or Doppler guide wires. The overall cardiac ischaemic event rate (above events
and stable angina pectoris) during follow-up was 23% in patients with high
collateral flow (>0.25 relative to normal flow) and 20% in patients with low
collateral flow (p = not significant). However, only 2.2% of patients with good
collateral flow suffered a major cardiac ischaemic event compared with 9.0%
among patients with poorly developed collaterals (p =0.01; Fig. 1.49). The inci-
dence of stable angina pectoris was higher in patients with well than in those with
poorly developed collaterals (21% vs. 12%: p=0.01)."'® The latter finding of this
study reflects the relevance of sufficient collaterals as indicator for CAD severity
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in vessels not treated by PCI, whereas the former suggests their significance as
prognostic factor. However, as several other investigations cited in this para-
graph, the one by Billinger et al. was also insufficiently powered to answer the
question whether collaterals are lifesaving in patients with chronic CAD.''®

Analysis of our database on quantitative invasive collateral assessment
provided clinical and haemodynamic data of 845 individuals (aged 62411
years), 106 patients without CAD and 739 patients with chronic stable CAD,
who underwent a total of 1,053 quantitative, coronary pressure-derived collat-
eral measurements between March 1996 and April 2006.'°° All patients were
prospectively included in the CFI database containing information on recrui-
table collateral flow parameters obtained during a 1-minute coronary balloon
occlusion. CFI was calculated as follows:

CFI = (Pyee-CVP)/(P,o—CVP), where P, is mean coronary occlusive pres-
sure, P, is mean aortic pressure and CVP is central venous pressure (see also
Chapter 2). The frequency distribution of CFI is depicted in Fig. 1.50, whereby it
is evident that there are preformed functional collaterals in about one-fourth of
individuals even in the absence of CAD (i.e. no coronary artery stenotic lesion)
and that there is a rightward shift of CFI with increasing CAD severity (number
of vessels with CAD). This illustrates the well-known observation of collateral
flow being an indicator for CAD, which is further exemplified by the result that
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Fig. 1.50 Frequency distribution (vertical axes in percent) of collateral relative to normal
antegrade coronary flow values (collateral flow index, CFI; horizontal axes) obtained in 106
individuals without angiographic evidence of coronary artery disease (CAD) and in 739
patients with one- to three-vessel CAD
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CAD patients with chronic total coronary occlusions have higher collateral flow
than individuals without chronic total occlusion (Fig. 1.51). In the study by Meier
etal.', patients were divided into groups with poorly developed (CFI < 0.25) or
well-developed collateral vessels (CFI>0.25). Follow-up information on the
occurrence of all-cause mortality and major adverse cardiac events after study
inclusion was collected. Cumulative 10-year survival rates in relation to all-cause
deaths and cardiac deaths were 71 and 88%, respectively, in patients with low
CFI and 89 and 97% in patients with high CFI (»p = 0.0395, p =0.0109; Fig. 1.52).
The cumulative survival rate free of cardiac death or infarct and free of cardiac
death, infarct or unstable angina pectoris is shown in Fig. 1.53. As an alternative
to the described quantitative measurement of CFI, an intracoronary ECG was
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Fig. 1.52 Cumulative survival rates in patients with chronic stable coronary artery disease
related to all-cause (left side) and cardiac (right side) mortality according to the presence of low
and high collateral flow index (CFI, i.e. collateral relative to normal antegrade coronary flow)
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Fig. 1.53 Cumulative event-free survival rates related to major adverse cardiac events: cardiac
death or myocardial infarction (left side), cardiac death, myocardial infarction or unstable
angina pectoris (right side) according to the presence of low and high collateral flow index
(CFI, i.e. collateral relative to normal antegrade coronary flow)

obtained during coronary occlusion in all patients from the angioplasty guide
wire in addition to the surface leads (Fig. 1.54). For that purpose, an alligator
clamp was attached close to the end of the wire and connected to ECG lead V1.
Thus, coronary collaterals without or with intracoronary ECG signs of ischaemia
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Fig. 1.54 Intracoronary ECG (upper part) and pressure tracings (lower part) in a patient
without evidence of myocardial ischaemia during a 1-minute coronary balloon occlusion (/eft
side; no ECG signs of ischaemia, i.e. sufficient collaterals), and in a patient with marked ECG
ST-segment elevations during the 1-minute coronary occlusion (right side; insufficient collat-
erals). Concomitantly, mean and phasic distal coronary pressure decreased much less during
coronary occlusion (P, red pressure curves) in the patient with sufficient collaterals than in
the patient with insufficient collaterals (right side). P, aortic pressure (black pressure curve),
CV'P central venous pressure (black pressure curve)
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(i.e. ST-segment elevation of > 1 mm or > 0.1 mV) at the end of the I-minute
coronary occlusion were determined (Fig. 1.54). Employing this independent
dichotomous method for collateral qualification, cumulative survival free of
cardiac death at 10 years of follow-up was 96% in patients with sufficient
collaterals to prevent signs of ischaemia during occlusion and 89% among
patients with insufficient collaterals.'® Using Cox proportional hazards analysis,
the following variables independently predicted elevated cardiac mortality: age,
low CFI (as continuous variable) and current smoking. This study provides firm
evidence that a well-functioning coronary collateral circulation saves lives in
patients with chronic stable CAD.

Abbreviations

CAD coronary artery disease

CFI collateral flow index (no unit)
CK creatine kinase

CVP central venous pressure (mmHg)

HOCM  hypertrophic obstructive cardiomyopathy
LAD left anterior descending artery

LCX left circumflex coronary artery

LV left ventricle, left ventricular

P, mean aortic pressure (mmHg)

PCI percutaneous coronary intervention

Pocel mean coronary occlusive or wedge pressure (mmHg)

RCA right coronary artery
TASH  transcoronary ablation of septal hypertrophy
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Chapter 2
Assessment of the Human Coronary Collateral
Circulation

2.1 Theoretical Aspects in the Assessment of the Coronary
Collateral Circulation

The reference method for coronary blood flow measurements in the experi-
mental animal model is the microsphere indicator deposition method. The
principle of deposition methods is that the microsphere deposition is propor-
tional to the flow per unit mass of tissue. Using microsphere methods and small
myocardial pieces, regional flow values vary considerably between one-third
and twice the average flow. This fractal vascular tree geometry is present
throughout the plant and animal world, and its conservation across species is
thought to be due to evolutionary advantages conferred through efficient
distribution of nutrients. In that context, the coronary artery tree is structured
according to the law of minimum viscous energy loss during the transport of
blood, a design which principally accounts also for the option of intercoronary
anastomoses. The collateral circulation is a major determinant of myocardial
infarct size (IS) reduction in case of a coronary occlusion.

Coronary arterial vasomotion allows the adaptation of blood supply to the
myocardium under different conditions of demand. In the assumed absence of
coronary collateral flow, a brief coronary occlusion normally induces a four- to
fivefold increase in blood flow above resting level immediately after release of the
occlusion. Analogous to the structural option of intercoronary anastomoses
crossing the boundaries of vascular territories, there is the possibility of a vaso-
motor response of collateral vessels to hyperaemic stimuli. The clinical equivalent
of such functional collateral response can be the development of tolerance to
repetitive bouts of myocardial ischaemia, manifesting as relief of angina pectoris
or diminishing electrocardiogram (ECG) signs of ischaemia. Assuming a con-
stant myocardial oxygen utilization, the only determinants of ECG signs of
ischaemia or IS are time of coronary artery occlusion, collateral supply and
myocardial preconditioning, the protagonists in the list of contributors to the
development of myocardial tolerance to repetitive ischaemia. The variable
response of ECG signs of myocardial ischaemic adaptation to collateral recruit-
ment points to ischaemic preconditioning as another relevant factor responsible
for ischaemia attenuation following repetitive coronary occlusions.

C. Seiler, Collateral Circulation of the Heart, DOI 10.1007/978-1-84882-342-6_2, 71
© Springer-Verlag London Limited 2009
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2.1.1 Introduction

The functional relevance of coronary collateral vessels in humans had been a
matter of debate for many years.! Much of this controversy was likely due to
inadequate means for gauging human coronary collaterals,>* and to the inves-
tigation of populations too small to be representative for all the patients with
coronary artery disease (CAD). Mostly for ethical reasons, assessment of the
coronary collateral circulation in man is different from the methods employed
in the experimental animal model. Yet, knowledge of the gold standard for
coronary perfusion measurement is mandatory for understanding the assess-
ment of the human coronary collateral circulation, such as is insight into the
structural design principles of the coronary artery tree and into the relationship
between signs of myocardial ischaemia and its determinants.

2.1.2 Coronary Blood Flow Measurements in the Animal Model

In the experimental animal model, the measurement of coronary flow can be
performed using a number of widely differing methods, such as washout of
radioactive inert gases, uptake of radioisotopes of potassium and its analogues,
thermoelectrical flow probes, electromagnetic and Doppler flow meters and
angiography. However, measurement of blood flow and its distribution to small
myocardial regions cannot be made with the flow meters or the direct Fick
technique, since the vascular inflow to and outflow from these areas cannot be
isolated. It is, therefore, necessary to use the techniques involving an indicator
which is distributed to various myocardial territories proportional to the regio-
nal blood flows. The amounts of indicator entering the area, retained in it, and
leaving it must be determined. This prerequisite of regional flow measurement is
fulfilled by the microsphere deposition method.* It is obvious that, for ethical
reasons, microsphere deposition methods, i.e. capillary embolization with par-
ticles 5-25 pum in size cannot be used in humans. The basic principle of all
deposition methods for regional flow measurement is that the deposition is
proportional to the flow per unit mass of tissue, i.e. that the fraction of the
cardiac output going to a particular region is defined by the fractional deposi-
tion of a marker in that region. Hence, deposited markers give a measure of flow
per unit mass of tissue at the level of capillaries.

Regional myocardial blood flow (ml/min)
= cardiac output X regional # microspheres/total #
microspheres

In the case of radiolabelled microspheres, the number (#) of microspheres is
derived from the measured radioactivity of the tissue sample and of the arterial
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reference sample injected into the left atrium. If in addition, the coronary sinus is
sampled at a certain flow rate and if coronary venous radioactivity is obtained,
total myocardial blood flow can be corrected for incomplete microsphere trap-
ping,’ which may occur using very small microspheres between 5 and 10 pum.
Absolute flow per unit mass of tissue (i.e. perfusion in ml/min/g, the reference
parameter for coronary blood flow) is calculated by weighing the tissue sample.
Following the advent of radiolabelled microspheres.® they have become the gold
standard for blood flow measurements.* Because the use of radioactivity has
turned out to be increasingly problematic due to restrictive legislation and high
costs of storage and disposal as well as due to the desire of reducing radiation load
to personnel, non-radioactive coloured and fluorescent microspheres have been
developed.* The principles of microsphere deposition methods just described also
apply in the case of coloured and fluorescent microspheres. Hale et al. introduced
the method for obtaining blood flow with coloured microspheres,” whereby
blood and tissue samples were digested and the spheres isolated by centrifugation
and then counted in a haemocytometer. Fluorescent microspheres were intro-
duced 2 years later.® Using five or six different fluorescent labels in the same
experiment, good correlations were demonstrated between radioactive and fluor-
escent microspheres for blood flow in heart, ischaemic and non-ischaemic myo-
cardium, kidneys and lungs and a variety of other organs.®

Employing microsphere deposition techniques, it has also been shown very
consistently that regional myocardial perfusion is spatially heterogeneous.’
Using myocardial pieces less than 1% of the ventricular mass, it has been
found that local flow values range between one-third and twice the average
flow.” Furthermore, a mathematical relationship between the size of the pieces
and the heterogeneity of flow values has been documented, to the effect that the
finer the myocardium is cut, the broader the distributions of regional flows
become. Such behaviour of increasing variability or dispersion of the observed
parameter with growing resolution of the observational method is a fractal
phenomenon when the changes are proportional (dispersion is related to size of
myocardial pieces by a non-integer power function).” Fractal vascular tree geo-
metry is found throughout the plant and animal world, and the conservation of
these structures across species is thought to be due to evolutionary advantages
conferred through efficient distribution of nutrients.'®'* Although the functional
consequences of the coronary tree structure as observed by the mentioned micro-
sphere studies are biologically more important than its underlying geometry,
grasping the design principles of the coronary circulation is crucial for under-
standing several concepts of assessing coronary collateral pathways.

2.1.3 Structural Design and Function of the Coronary Circulation
The structure of the coronary arterial circulation can be described on the basis

of the above-mentioned ubiquitous principle of efficient nutrient distribution.
One of the principal nutrients for the myocardium is oxygen. Normally, there is
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a match between the myocardial oxygen requirements and coronary supply, the
reason for which lies not only in the unique structural design but also in the
functional adaptability of the coronary artery circulation and the interrelation-
ship between the two.'> Myocardial oxygen demand is mostly determined by
ventricular wall stress, heart rate and myocardial contractility.'® Additionally,
it is directly determined by the amount of myocardium requiring oxygen. Oxy-
gen supply meets the respective demand by the capacity of the blood to carry
oxygen and by the rate of coronary blood volume flow (in ml/min). Since the
oxygen-carrying capacity remains quite constant in the coronary circulation,
varying oxygen demands by the myocardium are predominantly satisfied by
altering coronary flow rates (Q). Delivering blood volume at a certain rate Q is
an energy-consuming process. In the context of the above-mentioned fractal
vascular tree structures omnipresent in nature, energy-efficiency in the fluid
distribution appears to be the underlying axiom. Illustration of this principle
was indirectly provided by Murray as early as 1926, when he investigated nine
kinds of botanical trees for the relationship between the circumference of stems
and branches and the weight of all the parts peripheral to those points.!”'8 A
non-integer power law was found: cross-sectional area of the stems and
branches = k x weight”® (k being a constant; Fig. 2.1).

In a circulatory system built by connecting and branching tubes, the perfu-
sion pressure drop along increasingly smaller tubes is an indicator for the energy
consumed or dissipated during the transport of fluid within the circulation.
According to Ohm’s law, the perfusion pressure drop can be described as the
product of the vascular resistance (R) to flow and the flow rate Q:

AP=RxQ
20 | _
Weight = 7.08 Circumference?#? /_./'
15 |
Fig. 2.1 Power law relation g &
between the weight of nine & 10 - _,./‘A
different kinds of trees 2 ‘:‘!
(horizontal axis; logarithmic i -
scale) and the stem g 1&}4‘
circumference (vertical axis; 8 e,
logarithmic scale). Rangeof O ¢ [ ‘4‘5
circumference of branch 8 A 9,;;35#
stems to the main stem of the &
tree: 0.25-56.4 cm; range of 05 - a 04
weight of leaves to the entire A~
tree: 0.18 g to 120 kg. ‘o ‘ 1 2 8 : 2 i

Number of measurements:
116!7-18 log Weight (g)
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In the systemic circulation, AP is the difference between aortic perfusion
pressure (P,,, mmHg) and central venous pressure (CVP, mmHg). In the
normal blood circulation, vascular resistance R is mainly due to viscous friction
between the blood and the vascular wall. Based on Ohm’s law, pressure drop
along the vascular path is further described by Hagen-Poiseuille’s law, which
specifies the components of vascular geometry contributing to its resistance
against flow (Fig. 2.2). If the principle of energy efficiency for the transport of
blood in the coronary circulation governs its structural design as it is demon-

P,-CVP=R~Q

Fig. 2.2 Ohm’s law (black figures) of the relationship between the perfusion pressure drop
(P,o—CVP) in the systemic circulation and the product of vascular resistance and volume flow.
Vascular resistance to flow (R) is specified by Hagen-Poiseuille’s law (red figures).
Abbreviations: CVP =central venous pressure (mmHg); L =vascular branch length (cm);
P,,=aortic pressure (mmHg); O =volume flow rate of blood (ml/min or cm®/min);
R =vascular resistance to flow (dyn s cm °); r=vascular radius (cm); p=blood viscosity
(0.03 dyne s cm ?); m=3.14159 26535 89793. ..

strated for a multitude of different organs and species,'* then the law of mini-
mum energy dissipation applies. The term ‘minimum energy dissipation’ is
defined by the balance between two energy-consuming factors related to the
transport of blood'>!7!8: the Hagen-Poiseuille law on one hand (the bigger the
tubes, the less energy is dissipated), and the energy delivered by the organism for
the building and maintenance of the tubing and its content on the other hand
(called energy content of blood; the bigger the tubes, the more energy is
necessary). Energy loss or dissipation is optimal with regard to vessel size in
case of a balance between viscous friction energy loss and the energy content of
blood (Fig. 2.3). Mathematically, optimal vessel radius for a given blood flow
rate Q at any point of interest in the vascular tree is equal to the first derivative
of the two energy components being zero. Consequently, the following non-
integer power law can be derived describing the relationship between cross-
sectional vascular area (4, mm?) at any point in the coronary artery tree and the
respective flow rate Q:

A=04x0*

Using various measurement techniques, normal myocardial perfusion under
resting conditions has been documented to be close to 1 ml/min/g of tissue
(Fig. 2.4)."°2" Thus numerically, O can be replaced by regional myocardial
mass M, supplied by blood at any point of interest in the coronary tree. The
regional myocardial mass M located downstream of a certain point in the
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Design of the coronary artery tree structure
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Fig. 2.3 Principle of minimum viscous energy loss during the transport of blood. Relationship
between energy loss per second (vertical axis) due to viscous friction (W; black line) and the
radius of a coronary artery (r; horizontal axis) at an assumed flow rate of 250 cm’/min
(perfusion of a left ventricle with a mass of 250 g). On the same scale, the energy content of
blood plus the vascular structure (B; blue line) and the sum of both (E; red line) are plotted.
Total energy loss (W + B; red line) becomes minimal when the first derivative d(W + B)/dr is
equal to zero, indicating the least energy loss per unit of time at the lowest point of the curve.
The corresponding vessel radius of the theoretical coronary artery (left main coronary artery)
carrying the mentioned flow would be 0.27 cm'>. Abbreviations: see Fig. 2.2
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Fig. 2.4 Frequency distribution of uncorrected baseline myocardial blood flow values
(horizontal axis) at rest as obtained by positron emission tomography (PET) using oxygen-15
labelled water in 169 healthy human individuals®
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Fig. 2.5 Post-mortem coronary angiography of a canine left ventricle. The left coronary artery
circulation is filled with barium-sulfate—gelatine mass and dissected according to the method of
the ‘unrolled heart’, whereby the right ventricle was separated from the left ventricle (LV). The
red perimeter indicates the area at risk for myocardial infarction or the ischaemic territory in
case of an occlusion of the large diagonal branch of the left anterior descending coronary artery
(LAD), and in the absence of inter-arterial anastomoses from the left circumflex coronary artery
(LCX). Abbreviations: IVS =inter-ventricular septum; LV = left ventricle

coronary artery tree is equal to the anatomic area of risk (AR) for myocardial
infarction (Fig. 2.5). The robustness of the power law describing the coronary
artery tree structure in terms of vessel size and M has been confirmed using
echocardiographic measures of left main coronary artery size and total left
ventricular (LV) mass (Figs. 2.6 and 2.7%%), as well as endurance exercise-
induced change of left main coronary artery size relative to the corresponding,
physiologic LV hypertrophy (Fig. 2.8%).

Fig. 2.6 Trans-oesophageal
short-axis view of the aortic
root (Ao) showing the
proximal segment of the left
main coronary artery (—).
Abbreviation: LA =left
atrium
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Fig. 2.7 Correlation between the left main coronary artery cross-sectional area (vertical axis) as
obtained by trans-oesophageal echocardiography (see Fig. 2.6) and left ventricular mass as
obtained by M-mode echocardiography in 200 individuals (100 women) without cardiac disease.
The thick line represents the actual regression line fitted to a power equation; the thin line
represents the theoretical power law equation according to minimum viscous energy dissipation
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Fig. 2.8 Correlation between nitroglycerin (NTG)-induced left main coronary artery cross-
sectional area (vertical axis) and left ventricular mass before and after an endurance exercise
programme (horizontal axis). The bold line indicates the significant curvilinear regression
between the two parameters. The thin lines connect individual ventricular mass-coronary
calibre values before and after the exercise programme

The AR for myocardial infarction or regional myocardial mass M can be
defined angiographically in terms of summed coronary artery branch lengths
distal to any point in the coronary tree (L, cm) relative to the entire coronary
artery tree length (Lo)>*:
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M/Mtol = L/Lt017

whereby M, corresponds to LV mass. Semiquantitatively, AR or M can also
be estimated on the basis of the number of vascular branching points distal to
the site of interest (Fig. 2.5). With regard to the absence or presence of (epicar-
dial) anastomoses within the coronary tree, the traditionally hold view of the
normal human coronary circulation as an end-arterial system>>*® would have
no adjacent myocardial regions with overlapping supply (Fig. 2.9), and thus,
AR (=M) would correspond to the summed coronary artery branch lengths
distal to any point within the coronary tree.>* In comparison, an anastomotic
system?’ would be built with overlapping risk areas by epicardial collateral
arteries or arterioles extending beyond the vascular territorial borders
(Figs. 2.9, 2.10 and 2.11).

Since the heart can hardly increase oxygen extraction from haemoglobin on
demand, increased acute requirements have to be fulfilled by instantaneous
augmentation of coronary blood flow. Thus, ‘on top’ of the structure of
coronary blood supply described above, there is functional adaptability of the
coronary circulation. Coronary blood flow regulation including autoregulation
occurs via coronary micro-vascular resistance changes (R,; Fig. 2.12). Auto-
regulation refers to the intrinsic mechanism that maintains blood flow constant
at varying aortic perfusion pressures between 60 and 130 mmHg.*® Acute
regulation of myocardial blood flow is mediated by extrinsic, but mainly by

Fig. 2.9 Schematic drawing of the coronary artery circulation without (/eft panel) and with
inter-arterial anastomoses (right panel) between the right coronary artery and the occluded
left anterior descending artery (LAD; occluded beyond the third diagonal branch). The grey
area indicates the area at risk for myocardial infarction (AR) in case of the LAD occlusion and
in the absence of collaterals (corresponding to the infarct size in the example on the left side).
The AR in the example on the right side is equal to zero because of the extended collaterals
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Fig. 2.10 Right coronary
artery (RCA) angiogram
(left anterior oblique, cranial
view) in an individual
without coronary
atherosclerotic lesions
showing collateral arteries
(—) between the RCA and
left circumflex coronary
artery (LCX)

Fig. 2.11 Right coronary
artery (RCA) angiogram
(left anterior oblique, cranial
view) in an individual with
agenesis of the left main
coronary artery. The left
coronary artery system is
filled with contrast medium
via collateral arteries (—)
originating from the RCA.
Abbreviation: LAD =left
anterior descending artery

the following intrinsic factors: accumulation of local metabolites (mostly ade-
nosine), neural innervation (sympathetic stimulation) and endothelium-derived
substances (nitric oxide, endothelin and acetylcholine). In the absence of col-
lateral flow, a brief coronary occlusion of 1 minute normally induces a four- to
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Fig. 2.12 Schematic drawing of the coronary epicardial, microcirculatory (red part) and
venous system with the fluid mechanical components relevant for the description of

coronary flow: aortic pressure (P,,), central venous or right atrial pressure (CVP), coronary
flow rate (Q) and microcirculatory resistance (R,)

fivefold increase in blood flow or flow velocity above resting level immediately
after release of the occlusion (Fig. 2.13). Initially, it was thought that short-
lasting myocardial ischaemia is the most potent stimulus to achieve maximum
flow or minimal myocardial resistance.>” However, in animals, it appears that
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Fig. 2.13 Instantaneous coronary Doppler flow velocity spectrum (upper part) during four
cardiac cycles, and average peak flow velocity trend (lower part) at baseline (B) and during
hyperaemia (P) induced by intracoronary injection of adenosine. The coronary flow velocity
reserve (maximum-to-baseline average peak flow velocity) in this case is equal to 4.1
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even during low-flow ischaemia the resistance vessels retain some degree of
vasomotor tone.”® Analogous to the just-mentioned structural possibility of
coronary arterial or arteriolar anastomoses (collateral arteries or arterioles)
crossing the boundaries of vascular territories, there is, principally, the possi-
bility of a functional or vasomotor response of collateral vessels to hyperaemic
stimuli such as brief vascular occlusion. The clinical equivalent of such func-
tional collateral response or collateral recruitment would be the development of
tolerance to repetitive bouts of myocardial ischaemia, e.g. a relief of angina
pectoris or warm-up angina pectoris.

2.1.4 Signs of Developing Tolerance to Myocardial Ischaemia

In 1802, William Heberden wrote in the context of the topic ‘pectoris dolor™':
‘With respect to the treatment of this complaint, I have little or nothing to
advance: nor indeed is it to be expected we should have made much progress in
the cure of a disease, which has hitherto hardly had a place, or a name in medical
books. ...Opium taken at bed-time will prevent the attacks at night. I know one
who set himself a task of sawing wood for half an hour every day, and was
nearly cured’. The last sentence cited is regarded as the first description of the
symptom of developing tolerance to recurring episodes of myocardial ischaemia
(i.e. warm-up or walking through angina pectoris). However, collateral recruit-
ment in response to multiple episodes of ischaemia is just one of the three
possible explanations for the description by Heberden. The second is that of a
cardiac mechanism different from collateral recruitment responsible for myo-
cardial tolerance to ischaemia (ischaemic preconditioning; see below) and the
third is exercise-induced permanent structural growth of coronary anastomoses
(the latter would actually be less ischaemia). Fourthly, a combination of all
could confer the perceived tolerance to ischaemia. As an alternative to angina
pectoris, the degree of ECG ST elevation in response to a brief coronary artery
occlusion is a more precise and robust means for the measurement of myocar-
dial ischaemia (Fig. 2.14). As a surrogate for IS, clinical studies on the effect of
various procedures of myocardial salvage have ubiquitously employed the
magnitude of electrocardiographic changes during artificial coronary occlu-
sion.* For example, during acute myocardial infarction, ‘tombstone’ ECG
ST segment elevation (Fig. 2.14) is tightly associated with a large infarct in
the left anterior descending coronary artery (LAD) region, the fact of which can
be explained in part by the large area at risk of this territory, by site-specific
myocardial vulnerability to ischaemia or both®*** (see also below).

In CAD patients, the size of myocardial infarction most importantly deter-
mines outcome after such an event.>> Accordingly, it is the primary therapeutic
goal to reduce cardiovascular mortality by shrinking IS (Fig. 2.15). The IS
increases with coronary arterial occlusion time (¢), myocardial AR, the lack of
collateral supply, absence of preconditioning and myocardial oxygen demand
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Fig. 2.14 ECG P-wave, “Tombstone ECG”
QRS-, T-wave curve with

marked ST-elevation
(‘tombstone’ ECG with

defining criteria) indicating
very severe myocardial Convex upward ST merges

ischaemia with descending limb of R |

Peak of convex ST > R (if present)

Absent/short B_wave | \/\_
\.r\
s

Fig. 2.15 Post-mortem coronary angiogram (short axis view) in a patient with infero-posterior
myocardial infarction involving the left as well as the right ventricular wall. The infarct size
(IS) is indicated by the extension of the myocardial area without contrast-filled coronary
arteries. As an additional feature of the infarct area, the left ventricular posterior wall is
thinned (—)
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(i.e. the product of contractility, heart rate and ventricular wall stress)*®*’; this
can be expressed as follows:

IS ~  x AR x coll™! x preconditioning™' x O, consumption

According to the above-mentioned design principles of the coronary artery
circulation, regional myocardial mass M or AR is equal to Mo X L/ Liot.** In
the presence of collateral arteries supplied by an adjacent vascular area to an
occluded coronary artery, L of the collateral supplying or contralateral artery is
extended across regional boundaries toward the collateral receiving or ipsilat-
eral artery, thereby diminishing or replacing AR of the occluded vessel and
preventing infarction, i.e. reducing IS to zero (Figs. 2.16 and 2.17). As a
consequence, AR is inversely related to the collateral flow (i.e. AR is a function
of coll™"), the fact of which has recently also been confirmed using cardiac
magnetic resonance imaging (MR).*® Thus, the mentioned equation describing
IS can be simplified as follows:

IS ~ 1 x coll ! x preconditioning™! x O, consumption

Furthermore, if L of the collateral supplying artery is ‘shrinking’ AR of the
collateral receiving artery, then L of collateral vessels may be employed as a
measure of collateral supply. This can be regarded as the theoretical basis for
the angiographic method of collateral grading according to the retrograde
filling of the occluded ipsilateral artery (see below).*

Traditionally, therapeutic strategies for IS reduction consist of lowering O,
consumption (heart rate reduction), and, above all, of minimizing coronary artery

Fig. 2.16 Left coronary
angiogram (lateral view)
with extensive collateral
supply of the chronically
occluded right coronary
artery (RCA) by a branch
collateral artery (—)
originating from the left
anterior descending
coronary artery (LAD) and
connecting to a right
ventricular branch of the
RCA. The summed
coronary branch length of
the LAD is, thereby,
stretched by the length of the
collateral artery plus the
length of the RCA
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Fig. 2.17 Normal left ventricular angiogram (upper panels; right anterior oblique view) in a
patient with three-vessel coronary artery occlusion (red circles; imaging of the right coronary
artery during left coronary contrast injection; —; lower panels). The occluded left circumflex
coronary artery (LCX) is filled by contrast via collaterals originating from the intermediary
branch. Abbreviation: LAD = left anterior descending coronary artery

occlusion time until revascularization. However, in the presence of a chronic
proximal total coronary occlusion with normal systolic LV function (Fig. 2.17),
the duration of the occlusion is, obviously, irrelevant for IS. It is estimated that in
patients undergoing coronary angiography, such a situation is encountered in up
to one-third.*>*' Similarly, it has been found in patients with acute myocardial
infarction undergoing a brief coronary balloon occlusion with invasive collateral
measurement that, in the presence of high collateral flow, the time to vascular
reperfusion is not related to a functional measure of IS (ventricular wall motion
recovery index) (Fig. 2.18*%). In the settings described and assuming a constant O,
utilization, the only determinants of IS are collateral supply and myocardial
preconditioning, i.e. the protagonists in the list of contributors to the development
of myocardial tolerance to repetitive ischaemia. In humans, the question, whether
it is collateral recruitment, preconditioning or both which are responsible for
reduced ECG ST elevation (surrogate for reduced IS) upon repetitive coronary
occlusions, has been studied using the coronary angioplasty model with repetitive
1- to 3-minutes vascular occlusions® (Fig. 2.19).
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Fig. 2.18 Left ventricular wall-motion recovery index at 30-day after acute myocardial
infarction (vertical axis) in relation to time to coronary reperfusion by primary percutaneous
coronary intervention (horizontal axis). Wall-motion recovery index is independent of time to
reperfusion among patients with well-developed coronary collaterals (left panel ). There is an
inverse correlation between wall-motion recovery index and time to reperfusion in patients
with insufficient collaterals (right panel )
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In 1986, Murry et al. introduced the term ‘ischaemic preconditioning’, and
referred to it as myocardial adaptation to ischaemic stress induced by recurring
short periods of ischaemia and reperfusion.** The results of that study in dogs
have been that, irrespective of collateral flow to the AR, four repetitive 5-
minutes coronary occlusions followed by a 40-minutes permanent occlusion
limits IS to one-fourth when compared to the situation without ischaemic
preconditioning. However, what routinely remains concealed during citation
of this landmark study is that its second protocol (identical preconditioning
procedure followed by a more realistic 3-hours occlusion) has not documented
myocardial protection by preconditioning but exclusively by collateral flow at a
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Fig. 2.20 Relationship between infarct size (vertical axis) and collateral flow to the occluded
left circumflex coronary artery (LCX) region (horizontal axis). Preconditioned animals (n =9
dogs) were treated by four 5-minute LCX occlusions (separated by 5 minutes of reperfusion)
and then a sustained 3-hour occlusion. Control animals (n = 7) received a single 3-hour LCX
occlusion. There is no difference in infarct size between preconditioned and control animals**

level above ~0.3 ml/min/g (Fig. 2.20).** All the same, warm-up and walking
through angina pectoris, traditionally ascribed to coronary vasodilation with
opening of collateral channels, have recently been attributed more often to
preconditioning, a biochemical process triggered and mediated by the release
of adenosine from ischaemic myocytes, and by the subsequent activation of
adenosine Al receptors.*>**® Ischaemic preconditioning has been extensively
studied and yet the exact mechanism of protection remains unclear.*” The
earlier, biomechanical interpretation for the development of ischaemic toler-
ance has been even temporarily abandoned because the presence of collateral
vessels on angiography could not be shown to predict warm-up angina.*®
However, Rentrop et al. in 1985 demonstrated augmented filling of collateral
channels during coronary angiography (contralateral dye injection) in
response to angioplasty balloon occlusion when compared to the situation
before occlusion.®® Similarly as in many studies focusing on the effect of
ischaemic preconditioning,* % Rentrop et al. investigated only one of the
potential contributors to the development of myocardial ischaemia tolerance,
i.e. collateral recruitment without assessing the degree of ischaemia. Billinger
et al. performed a study with simultaneous measurement of intracoronary
ECG ST elevation and quantitative collateral assessment during 120 seconds
of coronary balloon occlusion in 30 patients undergoing percutaneous cor-
onary intervention (PCI).** The results of that study in patients with poorly
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developed collaterals revealed a majority of patients (23 of 30) with collateral
recruitment between the first and third coronary balloon occlusions
(Fig. 2.19); a minority showed no change (Fig. 2.21) or even a decrease in
collateral flow. In association with collateral recruitment, ECG ST signs of
developing tolerance to repetitive bouts of myocardial ischaemia have been
observed (Fig. 2.22). However, the variable response of ECG signs of
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Fig. 2.22 Relationship between change of ECG ST segment shift during three subsequent 2-
minute coronary occlusions (vertical axis; ST shift normalized for QRS amplitude) and
change of collateral flow index (horizontal axis; collateral flow index during the third minus
that during the first occlusion). Abbreviation: i.c. =intracoronary
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myocardial ischaemic adaptation to collateral recruitment (the latter account-
ing for only about one-third of the association) has indicated ischaemic
preconditioning as another relevant factor responsible for ischaemia attenua-
tion following repetitive coronary occlusions.*?

Therefore, the phenomenon of warm-up angina pectoris first described by
Heberden®' is most likely related to both ischaemic preconditioning and col-
lateral recruitment. For the non-invasive coronary collateral characterization in
humans, the search for signs of developing tolerance to myocardial ischaemia is
quite suitable though not entirely specific.

2.2 Non-invasive Characterization of Collaterals

The factors related to the extent of collateralization are the duration of
myocardial ischaemic symptoms and the severity of coronary artery stenoses.
Thus, non-invasively detectable factors indicative of severe coronary artery
stenoses point towards a well-developed collateral circulation, whereby the
large variability of collateral flow for a given stenosis severity suggests low
accuracy of such indicators. The following ECG parameters have been
employed for characterizing the human coronary collateral circulation: sinus
bradycardia, ventricular ectopic beats, the presence of a U wave and the
amount of QT-dispersion. Using exercise-induced ECG U wave alterations,
complete absence of myocardial ischaemia during coronary balloon occlusion
has been predicted with a sensitivity of 69% and a specificity of 72%.

In comparison to non-occlusive chronic CAD, the setting of acute ECG ST
segment elevation myocardial infarction is more distinctive for the purpose of
non-invasive collateral assessment, since the total coronary occlusion allows the
interpretation of the extent and the degree of ST elevation on the basis of its
contributing factors, area at risk and collateral circulation. However, infarct
location by ECG may no longer identify the coronary artery responsible for the
event when abundant collaterals are present.

2.2.1 Indicators for the Coronary Collateral Circulation

As mentioned, the patient’s history does not provide a high likelihood of
detecting a well-developed coronary collateral circulation. In the positive
event, warm-up or walking through angina pectoris may indicate best the
existence of functionally relevant collateral arteries. The question is whether
there are clinical symptoms and signs indirectly pointing to a competent collat-
eral circulation, i.e. whether certain clinical variables are associated with well-
developed collaterals. Well-established factors positively determining the extent
of collateralization are the duration of myocardial ischaemic symptoms and the
severity of coronary artery stenoses, i.e. indicators for the severity of CAD.3->*
Thus, non-invasively detectable factors indicative of severe coronary artery
stenoses could point towards a well-developed collateral circulation, whereby
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the known large variability of collateral flow for a given stenosis severity
suggests low accuracy of such indicators in detecting conductive collaterals
(Fig. 2.23). In chronic stable CAD, indicators for severely narrowed coronary
arteries are the degree of angina pectoris, the level of physical effort at which
ECG signs of ischaemia or chest pain occur and the incidence of specific ECG
signs during exercise (see below). In the event of an acute myocardial infarction,
the ‘model” for non-invasive collateral assessment becomes more distinctive as
compared to chronic non-occlusive CAD, because the coronary artery is
occluded, and the signs of ischaemia, e.g. on the surface ECG, can be related
solely to collateral supply and ischaemic preconditioning and not to varying
degrees of stenoses.

In both chronic CAD and the acute coronary syndrome, to use the ECG for
non-invasive collateral assessment is reasonable because of the tight relation-
ship between ECG signs of ischaemia and the status of the collateral circulation,
and because it reflects the degree of ischaemia as well as the subsequent IS much
more precisely than the symptomatic status of the patient.

2.2.2 The Surface Lead ECG for Estimation of the Collateral
Circulation

2.2.2.1 Chronic CAD

Except for the situation with a chronic total coronary occlusion, the contribu-
tion to net myocardial perfusion of antegrade flow via the stenotic native
coronary artery and collateral flow cannot be differentiated non-invasively
(see also Section 2.3). Conversely and theoretically, it can be expected that in
a collateral supplying artery there is more flow or a higher flow velocity during
resting conditions than in the situation without collaterals, the fact of which has



2.2 Non-invasive Characterization of Collaterals 91

been confirmed in the literature.”>® As a consequence, the capacity to increase
flow (coronary flow reserve) in the collateral supplying artery may be impaired,
but no exact conclusions can be drawn from that on the amount of collateral
perfusion taking off the vessel of interest. Accordingly, it is not feasible to
decide whether signs of myocardial ischaemia are caused by the stenosis of
the native vessel, by insufficiently conductive collaterals or both. Nevertheless,
the following ECG parameters have been employed more or less usefully for
characterizing the human coronary collateral circulation: sinus bradycardia,
ventricular ectopic beats, the presence of a U wave and the amount of QT-dis-
persion. In general, all of these ECG signs are indicators of myocardial elec-
trical stability (bradycardia) or instability in response to ischaemia, i.e. hetero-
geneity of repolarization or variable regional repolarization delay. In this
context, early experimental work in dogs has elegantly documented that the
electrical current required to induce ventricular fibrillation is lowered from
approximately 6 milliampeére during coronary artery patency to 3.5 milliampére
immediately after coronary occlusion.’’ During the course of that study,
the ventricular fibrillation threshold increased relative to the development of
coronary collateral anastomoses (Fig. 2.24).%7

Fig. 2.24 Relationship
between anastomotic index
and ventricular fibrillation
threshold (vertical axes)
before (‘control’), 15
minutes, 2 weeks and 1
month after coronary
occlusion in open-chest
dogs. The current in
milliampére (ma) required to
induce ventricular
fibrillation was obtained by
passing constant current Control 156 2wesks T ikoni
pulses through left
ventricular myocardium®

L]

T

1
Anastomotic index

(units)

threshold (ma)

D Ventricular fibrillation

7 occlusion time

Bradycardia has been described to be a particularly good model of coronary
angiogenesis in the experimental animal model,”®>® and in rats it has been
found to be dependent on vascular endothelial growth factor activation.®
Slowing the heart rate results in augmented coronary blood flow due to over-
proportional diastolic prolongation leading to increased tangential vascular
shear stress. Such mechanical factors have been hypothesized to induce angio-
genesis.®' Alternatively, resting bradycardia as a marker of a physically well-
conditioned organism could just indicate the angiogenic or arteriogenic effect of
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regular physical exercise. It is in part due to this conceptual uncertainty that in
humans there has not been much evidence of bradycardia being associated with
coronary collateral development.®”> Even to a lesser extent, the presence of
bradycardia is feasible to serve as a diagnostic tool for the detection of a well-
developed coronary collateral circulation.

Ventricular arrhythmias precipitated by myocardial ischaemia due to acute
coronary occlusion are the cause of a majority of sudden cardiac deaths.®* In
the context of the above-mentioned direct relationship between ventricular
fibrillation threshold in response to acute coronary occlusion and the state of
the collateral circulation in animals,’” studies in humans on this topic have
focused on coronary stenosis severity and the occurrence of ventricular ectopic
activity during balloon angioplasty,®® or they have looked for angiographic or
clinical determinants for out-of-hospital ventricular fibrillation in patients with
acute myocardial infarction.®>°® While Airaksinen et al. did find an association
between the presence of ischaemia-induced ventricular arrhythmia and the lack
of angiographic collaterals,** Gheeraert et al. showed that the frequency of
collateral vessels to the infarct-related artery did not differ among patients with
and without ventricular fibrillation.®®> However, in a meta-analysis on risk
factors for primary ventricular fibrillation during acute myocardial infarction
performed subsequently, the same group found absence of a history of angina
pectoris (vaguely indicative of poorly developed collaterals) to be related to
ventricular fibrillation.®® In accordance with these controversial results, the use
of ventricular ectopic beats for the non-invasive characterization of collaterals
is likely not feasible. However, indicators of repolarization heterogeneity have
been documented to be more promising for the non-invasive assessment of the
collateral circulation.

Appearance of ECG U wave (Fig. 2.25) at rest or during exercise is known to
point to significant CAD with critical arterial narrowing.®” Miwa et al. speci-
fically investigated whether exercise-induced U wave alterations in patients
with angina pectoris occur in the context of well-functioning collateral vessels.®®
In 125 patients with stable effort angina pectoris who underwent a 1-minute
coronary balloon occlusion during their PCI, the authors have found less
ischaemic ECG ST changes and chest pain during coronary occlusion in those
with (n = 46) versus those without (n = 79) exercise-induced U wave changes.®®
In predicting complete absence of myocardial ischaemia during balloon infla-
tion by the presence of U wave alterations, the sensitivity has been 69% and the
specificity 72%.%® It has been speculated that U waves are related to regional
heterogeneity of recovery from transient severe transmural myocardial ischae-
mia or regional repolarization delay in ischaemic but viable myocardium. It is,
however, not entirely plausible that absence of signs of myocardial ischaemia
during a brief coronary occlusion due to well-developed collaterals should then
manifest as pronounced U waves, i.e. an indicator of severe ischaemia.

The ECG QT interval dispersion (maximal minus minimal QT interval on a
12-lead ECG) has become a non-invasive measure for assessing the degree of
myocardial repolarization heterogeneity, which itself has been interpreted as a
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Fig. 2.25 ECG with Baseline Exercise
exercise-induced negative U BP 1 25};86 BP 154}{92

waves in a patient with
extertional angina pectoris

(arrows positioned at the vV
end of the T-wave in lead 1 [ U W

%))

455
450

445 ]

440 ] | @ LD
435 [ _@- Lcx
430 . RCA
425 ] !

Corrected QT interval, QTc (ms)

420 | ¢ L
415 | ! t .
410

Before During After

1-minute vessel occlusion

Fig. 2.26 Corrected QT interval (QTc; vertical axis) before, during and after (horizontal aixs)
a l-minute angioplasty balloon occlusion in 150 patients with chronic stable CAD at a
proximal site of the left anterior descending coronary artery (LAD), the left circumflex
(LCX) and the right coronary artery (RCA). There is no significant change in QTc during
occlusion of the RCA
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substrate supporting the development of serious ventricular arrhythmias and
sudden cardiac death.®” There has been an almost complete lack of clinical
studies investigating the relationship between QT interval and the status of the
collateral circulation. Tandogan et al. examined 100 patients with chronic CAD
who had at least an 85% stenosis in the left anterior descending artery (LAD) or
in the proximal right coronary artery (RCA).”® The surprising main result of
that study has been that the patients without angiographic collaterals revealed a
shorter QTc dispersion (corrected QT dispersion = 47 ms) than the patients
with collateral vessels (QTc dispersion = 64 ms; p = 0.003). Conversely,
preliminary data from our laboratory indicate that the QTc extension observed
during a 1-minute coronary balloon occlusion in the left (but not in the right)
coronary artery (Fig. 2.26) is absent or even manifests as an abbreviation
among patients with a well versus poorly developed coronary collateral circula-
tion (Fig. 2.27).
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Fig. 2.27 Correlation between change of corrected QT interval (AQTc, i.e. QTc during
minus QTc before occlusion; vertical axis) in response to a 1-minute coronary occlusion
of the left (left panel) and the right coronary arteries (right panel) and the simultaneously
obtained coronary collateral function (collateral flow index; horizontal axis). There is an
inverse relationship between the two parameters in the left but not the right coronary artery
territory

2.2.2.2 Acute Myocardial Infarction

In comparison to chronic CAD and except for chronic total coronary occlusion,
the setting of acute ECG ST elevation myocardial infarction is much more
distinctive for the purpose of non-invasive collateral assessment, since the total
coronary occlusion allows the interpretation of the extent and the degree of ST
elevation on the basis of its contributing factors, i.e. duration of occlusion
(symptoms of continuous chest pain), collateral supply to the occluded vascular
territory and myocardial area at risk for infarction, which itself is inversely
related to collateral supply (see above). In this context, Christian et al.
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investigated the relationship between an ECG ST segment elevation score and
radionuclide (**™technetium sestamibi) measures of myocardial AR (= perfu-
sion defect size) and collateral flow (= perfusion defect severity) in 67 patients
with acute myocardial infarction who underwent primary PCI.”" The principal
results of this study have been that the initial standard 12-lead ECG provides
insight into AR, and, even more so, collateral flow, and can estimate subsequent
IS. The ECG score employed for the estimation of ST segment elevation is
calculated as follows:
For anterior myocardial infarction,

AR = 4.5 (number of leads with ST elevation >1 mm) — 1.2;
for inferior myocardial infarction,
IS/AR = 1.8 (mm of ST elevation in leads II, III, aVF) + 6.0

These formulas have been developed to predict the extent of jeopardized
myocardium at admission with an acute myocardial infarction.”*”* Christian et
al. also demonstrated that using an ECG multivariate model, the following
factors independently determined final IS as measured by **™technetium sesta-
mibi: infarct location as a measure of area at risk (p < 0.0001), ST segment
elevation score as a measure of residual blood flow via collaterals (p = 0.003) and
time elapsed from chest pain onset (p = 0.06).”" Figure 2.28 provides an example
for the calculation of ST segment elevation score in a patient with acute ante-
roseptal myocardial infarction according to the ECG (symptom onset 8.5 hours
before admission): AR = 4.5 (three leads with ST elevation >1 mm)—1.2 = 12.3
(i.e. AR = 12.3% of LV myocardium). The suspected lesion in this case was the
subtotal proximal stenosis of the RCA which supplied collateral flow to the
chronically occluded LAD (Fig. 2.29). Due to an additional, severe stenotic lesion
of the mid-LAD, the first diagonal-branch-area as the ‘last meadow’ supplied
by the collateral-spending RCA became severely ischaemic (Fig. 2.29; no
infarction according to normal creatine kinase and troponin I levels immediately
before coronary intervention). The LV angiography revealed no wall motion
abnormalities of the anterolateral wall and an ejection fraction of 60%. This
case illustrates several aspects with regard to the ECG use for collateral char-
acterization in acute coronary syndrome and are as follows: (a) As in the
univariate analysis of Christian et al.’s study,”' the presence of well-developed
collaterals most strongly predicts the lack of ST segment elevation, whereas time
to presentation in the catheterization laboratory only weakly relates to ST eleva-
tion. (b) AR is less tightly associated with ST segment elevation than collateral
supply, because AR ‘shrinks’ with collateral supply, and, thus, is dependent on
collateral supply. AR in the sense of infarct location may no longer identify the
coronary artery responsible for the event when abundant collaterals are present.
(c) In the individual case, final IS may not be foretold by ST segment elevation.
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