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Recent insights into human coronary collateral development

M Fujita, K Tambara

Enhancement of coronary collateral function is an
intriguing approach to the preservation of ischaemic
myocardium. Coronary collateral development consists of
collateral recruitment and collateral growth. Collateral
growth encompasses proliferation of capillaries in the
ischaemic area (angiogenesis) and maturation of pre-
existing collateral vessels (arteriogenesis), with the latter
being more relevant in humans. Therefore, treatment
intended directly for arteriogenesis of collateral vessels
appears to be more effective. Promotion of coronary
collateral growth has many attractive features, por’ricular|y
in patients with angina who are not indicated for
percutaneous coronary intervention or coronary artery
bypass grafting surgery. A complete elucidation of the
remaining practical and mechanistic questions of
arteriogenesis may lead to a new remedy capable of
developing collateral vessels more effectively.
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new treatment option to conventional
Acoronary interventions is angiogenic treat-

ment, which is defined as enhancement of
collateral function by acute or chronic adminis-
tration of some agents for the preservation of
ischaemic myocardium.' > Augmentation of col-
lateral circulation is achieved by collateral
recruitment or arteriogenesis. Collateral recruit-
ment means that pre-existing collateral vessels
increase their lumen by passive dilatation so as
to enhance collateral flow to the jeopardised
ischaemic regions. Arteriogenesis of collateral
vessels means that the lumen of pre-existing
collateral arterioles increases with proliferation
of vascular smooth muscle cells so as to provide
enhanced perfusion to the collateral dependent
ischaemic regions.”” Angiogenesis, the prolifera-
tion, migration, and tube formation of capillaries
in the central area of ischaemic regions, is a
different concept from collateral development.’”
Until 10 years ago, methods for assessing
collateral function were limited to surrogate
markers of collateral flow—that is, parameters
of regional myocardial ischaemia and angio-
graphic visualisation of collateral channels,
which is a poor indicator of collateral flow. The
advent of intracoronary pressure or Doppler
wires has enabled assessment of collateral
function more accurately and quantitatively.®™®
Although the importance of a well developed
coronary collateral circulation is documented by
numerous clinical reports,” ' precise mechan-
isms for coronary collateral development remain
to be clarified. Recent advances in molecular
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biology and genetic technology have provided
some clues for defining the conditions and
mechanisms for collateral development in the
clinical setting. Moreover, the advent of angio-
genic treatment for ischaemic patients who are
not candidates for revascularisation procedures
has shed light on the importance of collateral
development. This review summarises the cur-
rent knowledge of human coronary collateral
development. Data defining the conditions and
mechanisms for collateral development are also
discussed.

CONDITIONS FOR COLLATERAL
RECRUITMENT IN HUMANS

Well developed collateral vessels with several
layers of muscular media change their vascular
tone in response to various endogenous vaso-
active substances and drugs. Collateral recruit-
ment—progressive increase in collateral flow
after the establishment of a pressure gradient
across the collateral network—may account for
walk-through angina in patients with a well
developed collateral circulation. Cribier et al"
have shown that collateral flow is progressively
augmented by repeated coronary artery occlusion
by an angioplasty balloon. Glyceryl trinitrate is a
potent vasodilator of coronary collateral vessels
as well as of coronary conduit arteries.”” We
observed that isosorbide dinitrate increased
exercise capacity in patients with coronary artery
disease only if collateral circulation was evident
during coronary angiography.” Aggregating pla-
telets can release serotonin, which causes vaso-
constriction of the collateral circulation. We
reported that a serotonin blocker, sarpogrelate,
had a positive effect, improving workload as well
as myocardial perfusion (as measured by scinti-
graphy) in patients with good coronary collateral
circulation, whereas it had no effect in patients
without or with poor collateral circulation."
Thus, administration of both nitrates and the
serotonin blocker probably causes dilatation of
collateral vessels and enhances blood flow to the
collateral dependent myocardium. However,
these findings should be confirmed by direct
quantitative measurements of collateral circula-
tion in future studies.

CONDITIONS FOR COLLATERAL GROWTH
IN HUMANS

It is conceivable that a high grade gradual
coronary stenosis can induce collateral vessel
growth. Cohen ef al”” found that a coronary
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stenosis of less than 80% luminal narrowing was rarely
associated with angiographically demonstrable collateral
circulation, whereas lesions of 95% or more narrowing nearly
always were associated with good collateral filling after
establishment of a pressure gradient across the collateral
network by angioplasty balloon catheter. More recently, it
has been shown that coronary lesion severity is the only
independent variable related to collateral growth.' A high
grade coronary stenosis results in an increased transcollateral
pressure gradient associated with increased collateral blood
flow. Concomitantly, severe coronary stenosis provokes
myocardial ischaemia in the area perfused by the culprit
artery. Over the past decade, the relative importance for
collateral growth of mechanical factors at the site of pre-
existing collateral vessels and myocardial ischaemia have
been investigated. Figure 1 presents a proposed mechanism
of how severe coronary stenosis results in arteriogenesis and
angiogenesis. A high grade coronary stenosis decreases the
intra-arterial pressure at the distal site of the culprit lesion,
resulting in an increased pressure gradient across the pre-
existing collateral network. This change in the haemo-
dynamic milieu causes increased collateral blood flow and
resultant increased shear stress at the site of pre-existing
collaterals. The increased shear stress develops collateral
vessels through the promotion of angiogenic growth factors
such as basic fibroblast growth factor (bFGF) produced by
activated monocytes.” A high grade coronary stenosis also
provokes myocardial ischaemia, and ischaemic cardiomyo-
cytes produce and release vascular endothelial growth factor
(VEGF), which is a key substance for angiogenesis.'"”

THERAPEUTIC MODULATIONS OF COLLATERAL
GROWTH

Effort angina is frequently observed in patients with
collaterals, suggesting that coronary flow reserve through
the collateral circulation to the collateral dependent zone is
limited. In these patients, treatment to promote collateral
growth would be of merit in terms of quality of life and
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attenuation of the deleterious sequelae of coronary artery
disease. Many attempts have been made to search for
evidence that exercise training may enhance myocardial
oxygen delivery by improving the coronary collateral circula-
tion in patients with coronary artery disease. In a randomised
trial, Nolewajka ef al'® repeated coronary angiography to
evaluate the changes in coronary collateral visualisation.
However, angiographic evaluation of the coronary collateral
circulation before and after the exercise programme showed
no significant change. As already indicated, coronary
angiography does not result in opacification of all collaterals
and therefore the extent of collateralisation may have been
underestimated. To clarify the benefits of an exercise
programme on coronary collateral growth, Ehsani et al"
compared the double product at the time of 0.1 mV ST
segment depression before and after a vigorous 12 month
training programme. In fact, exercise training provided a 22%
higher double product at 0.1 mV ST segment depression.
They speculated that the increased double product necessary
to provoke electrocardiographic evidence of myocardial
ischaemia may suggest that myocardial oxygen delivery
increases to keep supply and demand in balance. This
speculation implicates the presence of further developed
collateral vessels supplying the potentially ischaemic myo-
cardium. It is desirable that future studies use more sensitive
and direct techniques to analyse coronary collateral function;
then a more accurate assessment of the beneficial effect of
exercise training on the coronary collateral circulation will be
possible. It is tempting to speculate about the underlying
mechanisms by which intense exercise induces collateral
growth in patients with severe coronary artery stenosis.
Exercise increases metabolic demand in the collateral
dependent myocardium, causing maximal dilatation in the
resistance vessels. As a result, collateral blood flow increases
and collateral growth is achieved with the cascade shown in
fig 1.

The importance of heparin on collateral growth has been
reviewed in detail.” In the process of collateral growth shown

Figure 1 Mechanisms by which a high
grade coronary stenosis causes
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in fig 1, heparin potentiates the action of angiogenic growth
factors as described elsewhere.*® From this conceptual
framework, the combined use of exercise and pharmacolo-
gical agents may be proposed to augment collateral growth.
In fact, the clinical effectiveness of combining heparin
treatment with exercise stress has been reported and
confirmed.”" Since there are many patients with intractable
angina pectoris who are not candidates for percutaneous
coronary intervention and coronary bypass surgery, the
search for more treatment options for these patients is of
great importance.

INDIVIDUAL DIFFERENCES IN COLLATERAL
GROWTH

Although it is clear that a longstanding high grade coronary
stenosis is responsible for collateral vessel growth,” ' it
remains unclear as to which factors affect the extent of
collateral growth in the presence of severe coronary artery
disease. Recently, we have reported that the extent of
collateral growth is influenced largely by the age of patients.”
We evaluated the extent of angiographically demonstrable
collateral vessels in patients with acute myocardial infarction
with a history of longstanding effort angina. The prevalence
of a well developed collateral circulation was significantly
lower in the elderly group (39%, older than 65 years) than in
the younger group (69%, younger than 65 years). In contrast,
in a study of a large cohort of patients, age did not affect the
degree of coronary collateral growth.'® The difference may be,
at least in part, explained as follows. Firstly, we included only
patients with a completely occluded collateral receiving
vessel. Pohl ef al'® studied patients with variable extents of
stenosis in the collateral receiving vessel. Secondly, we used
the Rentrop grading system of 0 to 3 based on angiographic
opacification of the collateral receiving artery. On the other
hand, Pohl et al'® assessed collateral function with intra-
coronary Doppler flow or pressure wires, or both.

Abaci et al”” have shown that patients with diabetes
mellitus have a lesser ability to create collateral vessels. The
authors speculated that endothelial dysfunction in diabetic
patients may explain poorer collateral growth. Because the
endothelium is one key element in the cascade of collateral
growth (fig 1), the hypothesis raised by these authors appears
to be reasonable. Waltenberger et al** have recently docu-
mented that the ability of monocytes to migrate towards a
gradient of VEGF-A is severely impaired in diabetic patients.
In contrast, Melidonis ef al”® have reported that diabetic
patients develop more extensive coronary collateral circula-
tion than non-diabetic patients. Furthermore, Pohl et al'
have shown that diabetic and non-diabetic patients have a
comparable extent of coronary collateral development. The
discrepant findings in these studies may be accounted for by
the differences in the methods to evaluate coronary collateral
function and the extent of stenosis of the collateral receiving
artery.

Hypercholesterolaemia also impairs endothelial function;
therefore, it is possible that the extent of collateral vessel
growth is poorer in hypercholesterolaemia. Although
attenuation of collateral vessel growth was clearly shown in
the hind limb artery ligation model of the Watanabe heritable
hyperlipidaemic rabbit,* there are no clinical reports of a
negative correlation between total plasma cholesterol con-
centration and collateral growth.

CORONARY COLLATERAL REGRESSION

Collateral regression involves two different concepts: func-
tional and anatomical regression. Functional regression
means that collateral vessels close after reperfusion of the
recipient coronary artery, presumably due to the disappear-
ance of collateral flow. It takes several minutes before
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pre-existing collateral vessels reopen completely after the
re-establishment of a pressure gradient across the collateral
network.”” Functional regression therefore depends on the
interval between coronary occlusions. On the other hand,
anatomical regression means that matured collateral vessels
lose, in part, their well developed media and luminal size,
and the conductance of collateral flow decreases despite a
sufficient pressure gradient and time for collateral recruit-
ment. Functional regression was reported in patients with
successful coronary artery bypass surgery or coronary
angioplasty.”®

We have shown, for the first time, in the clinical setting
that collateral vessels do regress anatomically.”” We re-
occluded the culprit lesions in 12 patients who had severe
initial stenosis and relatively mild restenosis at an interval of
109 days. We assumed that the extent of ST segment
elevation during angioplasty balloon inflation reflected
collateral flow in the presence of comparable rate—pressure
products. In these patients, the average ST segment elevation
was 0.13 mV at initial angioplasty, which is significantly less
than the 0.19 mV at repeat angioplasty. Thus, incompletely
matured collateral vessels probably are prone to anatomical
regression. A limitation of this study must be acknowledged
because we used ST segment elevation as a surrogate marker
of collateral flow. However, it has recently been confirmed
with use of quantitative collateral measurements that the
recruitable collateral function is attenuated after successful
recanalisation.”

A CRITICISM OF PREVAILING ANGIOGENIC
TREATMENT

Despite remarkable advances in medical treatment and
revascularisation procedures, a large number of patients with
severe coronary artery disease remain symptomatic. Recently,
the concept of therapeutic angiogenesis has been proposed by
several investigators as an option for the management of
these patients.' > Therapeutic angiogenesis stimulates the
growth of new vessels that collateralise the affected vessel
and attenuates myocardial ischaemia in the jeopardised
region. It has been shown that administration of angiogenic
growth factors, either as a recombinant protein or by gene
transfer, can enhance regional myocardial blood flow in
animal models. Clinical trials of therapeutic angiogenesis
have also indicated not only increases in exercise tolerance
associated with reductions in anginal episodes, but also left
ventricular functional improvement with evidence of
improved perfusion in a number of small open label trials.” *'
However, in two recent double blind, placebo controlled trials
with intracoronary recombinant bFGF and intracoronary and
subsequent intravenous recombinant human VEGF there was
no improvement beyond placebo in exercise tolerance and
angina symptoms.* >’

One promising agent for angiogenic treatment, VEGF, is a
potent mitogen for endothelial cells. VEGF produced by
ischaemic cardiomyocytes stimulates capillary proliferation,
and thus contributes to angiogenesis in the ischaemic area.
The effects of VEGF are limited to the endothelial cells.
Figure 2 is a schematic representation of changes in the
resistance of collateral circulation and collateral blood flow
before (fig 2A) and after arteriogenesis (fig 2B) and
angiogenesis (fig 2C) in patients undergoing these treatment
approaches. It is supposed that the resistance in conduit
arteries and resistance vessels is equal during reactive
hyperaemia and that resistance in resistance vessels increases
ninefold in the resting condition.** Thus, in healthy humans,
the coronary flow reserve is approximately 5. In patients with
immature collateral vessels, flow reserve is already exhausted
at rest in the presence of maximally dilated resistance
vessels in the collateral dependent zone (fig 2A). When
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arteriogenesis of collateral vessels is induced, the resistance
of collateral circulation decreases and collateral blood flow
increases substantially in the case of reactive hyperaemia
(fig 2B). In contrast, angiogenesis in the collateral dependent
ischaemic area causes a slight decrease in the vascular
resistance in this area. As a result, a definite increase in
collateral flow is not expected in this situation (fig 2C).

The electrical analogy is based on experimental studies
conducted by Scheel et al””** with the use of an isolated
canine heart preparation with maximal vasodilatation. They
showed that arteriogenesis rather than angiogenesis is most
likely to link the increased collateral flow. Thus, arteriogen-
esis of collateral vessels appears to be much more effective
than angiogenesis of resistance vessels in the ischaemic zone
in terms of collateral flow reserve. Although a slightly
increased collateral flow with angiogenesis may lead to
arteriogenesis of collaterals by the aforementioned mechan-
ism, treatment intended directly for arteriogenesis of
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Reactive hyperaemia Figure 2 Schematic representation of

the mechanisms by which either
arteriogenesis or angiogenesis causes
an increase in collateral flow reserve.
The left coronary artery in the diagram
is totally occluded and dependent on
1U collateral channels for perfusion. (A) At
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collateral dependeni zone are
maximally dilated at rest, resulting in no
8 U collateral flow reserve. (B) After
arteriogenesis, collateral vessel growth
causes a 2.5-fold increase in collateral
flow reserve. (C) After angiogenesis, the
1 increase in resistance vessels in the
collateral dependent zone causes only a
10% increase in collateral flow reserve.
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collateral vessels appears to be more reasonable.”” In this
sense, granulocyte macrophage colony stimulating factor or
bFGF may be superior to VEGF because both factors are
heavily involved in the process of arteriogenesis.””

FUTURE DIRECTIONS

Collateral vessel recruitment and growth constitute an innate
self protective mechanism for severe coronary artery disease.
Although strenuous exercise combined with heparin and
angiogenic treatment with growth factors is attractive and
promising, no treatments to definitely enhance collateral
vessel growth are available. In future clinical trials, newly
developed realistic methods of assessing collateral growth
should be applied.®® ' *° > ** Furthermore, the fundamental
concept that an intact supplying artery of collateral circula-
tion is indispensable for sufficient collateral flow should not
be forgotten. In this regard, the combination of collateral
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vessel growth treatment and revascularisation procedures
appears to be encouraging.

The rapidly growing alternative strategy for therapeutic
angiogenesis is intramyocardial transplantation of cellular
components. Kamihata ef a/** reported using a swine model in
which implantation of bone marrow derived mononuclear
cells into the ischaemic area by coronary artery ligation
caused improvements in regional blood flow, capillary
density, number of angiographically visible collateral vessels,
and regional myocardial function. Kawamoto et al* also
showed in a swine ameroid constrictor model that intramyo-
cardial transplantation of autologous endothelial progenitor
cells into ischaemic myocardium offered improvements in
capillary density in the ischaemic area, Rentrop grade
angiographic collateral development, and echocardiographic
left ventricular ejection fraction. Clinical application of such a
treatment strategy will require further investigation into
techniques for harvesting and separating these cells and their
ex vivo expansion before intramyocardial transplantation.

Promotion of collateral growth in patients with intractable
anginal pain, for whom no effective treatment exists, has
many attractive features. If clinicians and researchers work-
ing in this field can resolve the remaining practical and
mechanistic questions, fruitful progress will be realised in the
near future.
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