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Abstract

This article summarizes a 2-day workshop on the coronary microcirculation held in Bethesda, Md,

in September 1994 and sponsored by the National Heart, Lung, and Blood Institute of the National

Institutes of Health. The workshop explored a variety of topics pertaining to coronary

microvascular physiology and pathophysiology. The latest methodologies that are being used to

investigate the coronary microvasculature, including endoscopic microscopy of the intramural

coronary microvasculature and micro–x-ray computerized tomography, were discussed. The most

recent advances in the regulation of the coronary microcirculation—for example, myogenic and

flow-dependent responses, KATP channels, and regional heterogeneity—were reported. The

workshop touched on the relation of the microcirculation to clinically important conditions and

offered recommendations for future research in this important area. Comparisons are made to

recent advances in the peripheral circulation and current gaps in our knowledge concerning the

coronary microcirculation. In recent years, research on the coronary microcirculation has made

substantial advances, in part as a result of investigations in the peripheral microcirculation but also

because of the application of unique methodologies. This research is providing new ways to

investigate abnormalities of myocardial perfusion, an area of inquiry that until recently has been

limited to examination of coronary pressure-flow relationships.
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This article represents a summary of a 2-day workshop on the coronary microcirculation

held in Bethesda, Md, in September 1994 and sponsored by the National Heart, Lung, and

Blood Institute of the National Institutes of Health. The workshop explored the

characteristics of the coronary microcirculation that distinguish it from other

microcirculatory beds, discussed the latest methodology being used to investigate this

vascular bed, touched on its relation to clinically important conditions, and offered

recommendations for future research in this important area. In recent years, our

understanding of the coronary microcirculation has advanced substantially, in part as a result

of investigations in the peripheral microcirculation but also because of the application of

unique methodologies. This research is providing new ways to investigate abnormalities of
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myocardial perfusion, an area of inquiry that until recently has been limited to examination

of coronary pressure-flow relationships.

This article is organized into five topic areas: (1) recent methods that enable new

measurements of coronary microvascular function, (2) heterogeneity of the coronary

microcirculation, (3) recent physiological findings, (4) clinical aspects of the coronary

microcirculation, and (5) future directions. Within each of these areas, comparisons are

made to recent advances in the peripheral circulation, and gaps in our knowledge about the

coronary microcirculation are identified.

Methodology and Measurements in the Coronary Microcirculation

The investigation of coronary microcirculatory function entails several difficulties, notably

gross movement attributed to cardiac contraction, that are not found in other

microcirculatory beds. For this reason, the development of unique methodological

approaches for visualizing and manipulating these vessels has significantly advanced the

field. Microvessels on the epicardial surface of the beating heart have been studied since

about 1980 with a microscope-video system that freezes motion of the vessel through the

use of stroboscopic epi-illumination synchronized with the heart cycle.1 Drawbacks of the

method are that the measurements are restricted to the subepicardial microcirculation, which

most likely has attributes that render it different from the microvasculatures from other

ventricular regions, and that the procedure is invasive.

Recently, a method for directly viewing subendocardial and intramural vessels in the beating

heart was developed.2,3 This technique uses a video microscope with a needle probe

(image-transferring conduit) that serves to project an image over a distance of several

centimeters to the objective lens. The needle probe can be placed near the endocardial

surface in a protected blood-free space created by a dough-nut-shaped balloon, or it can be

inserted directly into the myocardium. This procedure, too, is invasive. The temporal and

spatial limits of this methodology are being improved by high-definition and high-speed

video systems, and ultimately, measurements of flow should be feasible. This technique is

most valuable in assessing the impact of various regulatory mechanisms on subepicardial

and subendocardial vascular diameters, and it opens investigations into areas of the coronary

microcirculation that were previously unapproachable.4,5

The only current experimental methodology that has the potential to noninvasively provide

images of the coronary microcirculation is x-ray microcomputerized tomography (micro-

CT).6 Micro-CT imaging allows three-dimensional views of the entire coronary

microcirculation and provides a useful means of studying vascular structure and function.7

For example, when the coronary vascular tree of a rat is injected with a polymerized contrast

material, one can visualize the entire tree in three dimensions. Micro-CT can scan 1-mL

volumes at resolutions down to ≈10 µm.3,8 The potential for imaging the intramural

vasculature by micro-CT is enormous. Not only can detailed analyses of coronary

morphometry in intact tissues be evaluated in three dimensions, but noninvasive studies of

regulation of the intramural coronary microcirculation also are theoretically possible. This
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technique, however, is still in its infancy, and measurements have been obtained only from

arrested preparations.

In vitro methodologies also have been used to study the coronary microcirculation. These

strategies have been applied as a way to avoid the limitations imposed by the motion and

thickness of the intact heart. Microvessels of interest can be dissected from any region of the

heart, including the human heart, and can be cannulated and perfused at varied pressures and

flows.9–11 Isolated vessels have been used to measure many vasomotor responses of

coronary arterioles and muscular venules and the regulation of permeability in isolated

venules.12 Results of investigations using this technique to measure vasoactive responses

will be described later in this article. In addition, technological advances in cell isolation and

identification involving fluorescence cell sorting, magnetic beads, and antibodies have

greatly facilitated the feasibility of isolating endothelial cells from specific microvascular

beds.13–15 The newest methods offer the promise of isolating endothelial cells derived from

specific segments of the microcirculation with high yields without requiring extensive

dissection.

Heterogeneity in the Coronary Microcirculation

Heterogeneity of pathophysiological changes in the heart is evidenced by the well-known

vulnerability of the left subendocardium to ischemia, and it is of great clinical importance

not only in coronary heart disease but also in the case of subendocardial ischemia seen in

many congenital or acquired heart diseases in which the coronary arteries are normal.16

Spatial variability of flow may account for the greater susceptibility of the subendocardium

to various vascular and cardiac pathological conditions. Experimental observations suggest

that the distribution of regional flows in the heart is not random but rather exhibits a pattern:

regional flows are more similar to those of near-neighbor regions than they are to more

distant locations.17–20 The degree of near-neighbor correlation and its diminution with

distance are independent of the size of the volume elements in which the flows are averaged,

a pattern of self-similarity shown by fractal structures. Studies using artificial networks of

vessels based on the known pattern of vessel branching indicate that this self-similarity

arises from the dichotomous branching of vessels according to simple recursion rules.21,22

Heterogeneity of flow has important implications for the measurement of flows in the

myocardium. The response of the whole heart to a submaximal perturbation (such as

hypoxia) can be misleading, because it will include both responding and nonresponding

regions; reliable correlations can be drawn only from the use of sufficiently small tissue

samples.23 Clinically, this represents a problem for defining an adequate average flow, eg,

determining the adequacy of coronary flow in a patient from a spatially averaged sample.

The cause of spatial variations in heterogeneity of myocardial perfusion has not yet been

completely resolved, but it appears that spatial variations can be attributed to regional

variations in metabolism. This suggestion was made from results indicating that regional

flow and transport capacity are closely related.24 Heterogeneity is also evident in the

structural, biochemical, and functional features of individual endothelial cells and is, to a

great extent, determined by the organ of origin and by the vascular level (artery, arteriole,

venule, capillary) at which they occur. Thus, understanding the mechanisms responsible for
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heterogeneity is imperative for complete comprehension of coronary microvascular structure

and function.25

Recent Physiological Findings

Anatomically and functionally distinct categories of myocardial vessels segregated into

discrete areas have been called vascular microdomains because they are reminiscent of the

protein microdomains that provide for specialization of functions. For example, water and

solutes are exchanged primarily in capillaries and postcapillary (pericytic) venules, whereas

coronary vascular resistance resides predominantly in arterioles. These functional domains

can be further distinguished by the regulatory mechanisms that dominate a specific function.

For instance, neurogenic, metabolic, myogenic, and shear stress–induced mechanisms

dominate resistance at specific microvascular sites.26 The organization of vascular

microdomains appears to be influenced by factors that induce phenotypic specialization of

endothelial and smooth muscle cells. For example, the expression of α1- and α2-adrenergic

receptors, which differs among various vascular segments of the intact microcirculation,

27,28 is modulated by stretch in cultured coronary vascular smooth muscle.29 It is worth

emphasizing that the causal factors for this organizational scheme in the intact coronary

vasculature have not been unequivocally identified.

Traditionally, the close matching of coronary blood flow to myocardial oxygen consumption

has been attributed to metabolic mechanisms, although the precise mediators have eluded

discovery.30 Recent studies indicate that myogenic and endothelial mechanisms strongly

influence diameters of coronary microvessels through the transduction of intravascular

pressure (stretch) and flow (shear stress). Myogenic responsiveness in the coronary

microcirculation was demonstrated directly in 1988 and was shown to involve vessels of a

size that contributes significantly to coronary microvascular resistance in vivo.10 Myogenic

dilatation and constriction are potentially autoregulatory, and a fall in arteriolar pressure

during either coronary occlusion or metabolic vasodilatation would be expected to reduce

coronary vascular resistance through this mechanism. Although it is difficult to invoke flow-

dependent dilation in autoregulation, this mechanism may potentially affect the network

response to metabolic vasodilation (discussed below).9,31 Flow-induced dilatation was also

demonstrated in isolated coronary venules; this behavior may be important during arteriolar

dilatation, when the venous contribution to total coronary resistance increases from about

10% to 30%.32 In this situation, flow-dependent dilatation of coronary venules would limit

the rise in capillary pressure that occurs when arteriolar resistance decreases and thus would

help prevent excessive trans-capillary filtration and the possibility of myocardial edema.

Longitudinal gradients for pressure- and flow-dependent responses can be integrated into a

hypothetical system that could match coronary blood flow to myocardial metabolic

demands.26,33 Coronary arterioles with diameters between 120 and 150 µm are the

segments most sensitive to flow, whereas small arterioles (30 to 60 µm) seem to exhibit the

greatest myogenic responsiveness, and arterioles <30 µm appear to be the most sensitive to

metabolic stimuli.26 According to this scheme, the smallest arterioles dilate during

increased metabolic demand, lowering microvascular resistance so that myocardial

perfusion increases. As the upstream arteriolar pressure falls, myogenic dilatation of slightly
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larger arterioles and thus a further decrease in resistance occur. Increased flow in larger

arterioles upstream stimulates flow-dependent dilatation, further reducing network

resistance. Flow-dependent dilatation of upstream arterioles also would transmit increased

pressure and flow to downstream arterioles so that the latter retain tone and thus their

sensitivity to further changes in metabolic demand, although on the basis of recent

observations, this scheme remains hypothetical, because there is still no information about

the role of myogenic and flow-dependent regulation of arteriolar tone in the intact heart.

Even metabolic vasodilation, a seminal mechanism involved in the balance between oxygen

supply and demand, remains poorly understood. Elucidating the contributions of these

microvascular mechanisms to metabolic hyperemia is imperative for understanding coronary

vascular physiology.

In the peripheral circulation, communication of vasoactive responses via cell-cell

communication has been widely acknowledged for several years. These mechanisms,

although not yet identified in coronary microvessels, may participate in the coordination of

coronary vasomotor responses. Electrical communication between cells in arterioles was

suggested from measurements of intracellular potentials, which revealed that resting

membrane potentials are virtually identical in smooth muscle and endothelium.34 Transient

changes in membrane potential induced with agonists were identical in smooth muscle and

endothelial cells, and the electrical signal traveled with a similar conduction velocity in both

types of cells. These results suggest that in the arteriolar wall, endothelial and vascular

smooth muscle cells are united into an electrical syncytium. This hypothesis was

strengthened by the demonstration that antibodies to connexin 43 and connexin 40 revealed

pericellular plaques of both gap junctional proteins35 and that gap junctional tracers moved

bidirectionally between adjacent smooth muscle or between adjacent endothelial cells.36–37

A surprising finding was that tracers moved from endothelial cells to the overlying smooth

muscle but not in the reverse direction.38 This system has the potential to unite endothelial

and smooth muscle cells, thus converting the actions of discrete cellular elements into a

functional microvessel, and could provide for longitudinal coordination of the vasculature.

Again, it should be emphasized that, to date, there have been no such studies of propagated

responses or intercellular communication in the coronary microcirculation. Therefore, the

importance of these modes of network communication for coronary vasomotor control is

unresolved.

Relative to our knowledge of the vasomotor control in the coronary microcirculation of

experimental models, there is a paucity of knowledge concerning such regulation in human

coronary microvessels. In addition, there are indications of important species differences in

the behavior of the myocardial microcirculation. For example, in human coronary vessels,

acetylcholine shows pharmacological asymmetry; it is a dilator when administered

intraluminally but a constrictor when applied adventitially.39–40 This asymmetry is not

shown by other endothelium-dependent dilators, such as histamine and bradykinin.39,40

Another unique characteristic of human coronary artery contractile responses is the

development of endothelium-independent oscillatory contractions in both epicardial conduit

and intramyocardial resistance arteries.41 Studies showing that these oscillatory contractions

can be abolished with ouabain, inhibition of the slow, voltage-dependent calcium channels

with nifedipine, or activation of nitric oxide production with histamine and thrombin provide
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only limited clues to the mechanisms responsible for this phenomenon. Attempts to

associate this behavior with pathological processes have also met with little success; studies

so far have failed to show a link between the oscillations and presence of free fatty acids,

cholesterol, leukotriene metabolites, lipid accumulation, or the presence of inflammatory

cells.

The preceding discussion addresses primarily the adaptation of coronary resistance vessels

to acute physiological stresses, such as an increase in myocardial metabolism. Yet it is

important to emphasize that the coronary micro-circulation also appears to adapt to chronic

physiological stresses. Exercise appears to induce numerous adaptive changes in the

coronary circulation that may be responsible, in part, for the reduction in coronary heart

disease that is attributed to exercise training.42 Blood flow capacity and transvascular

exchange capacity are increased by exercise training, possibly because of remodeling of the

coronary vascular bed and as a result of alterations in vascular control.43 Although it is

known that exercise training results in growth of proximal coronary arteries, little is known

about remodeling in the microcirculation.42,44 Exercise-trained pigs have increased

numbers and lengths of arterioles, but training does not appear to alter coronary capillarity.

42,44 Exercise training may also alter vascular control processes in the coronary

microcirculation.42,45,46 Microvascular responses to mechanical stimuli such as stretch and

flow also appear to be altered by exercise training,45,46 and training may increase the

amount of nitric oxide synthase in the coronary microvasculature.47 There is now

preliminary evidence that exercise training alters the regulation of coronary vascular

permeability.

In the coronary circulation, the regulation of permeability is relatively unexplored. Only a

few studies have examined this quantitatively (in isolated venules), in contrast to the

peripheral circulation, on which there is a large body of literature.12,48–50 When

endothelial cells of mesenteric microvessels are exposed to inflammatory agents, there

appears to be an association between intracellular calcium and permeability.51 Most of the

initial increase in intracellular calcium is due to influx from a passive conductance channel,

although a portion of the intracellular increase is due to release from internal stores.52,53

Thus, hyperpolarization of the endothelial cell membrane potentiates the initial increase in

intracellular calcium and microvessel permeability, whereas depolarization has the opposite

effect.54 Elevated levels of intracellular calcium do not directly increase permeability: a

cAMP analogue attenuated the increase in permeability caused by ATP but did not affect

calcium kinetics.55 Two of the fundamental unanswered questions about the regulation of

permeability in the heart are, What are the primary regulatory mechanisms, and Can

alterations in exchange vessels contribute to the manifestations of various cardiac

pathologies? Further observations are needed to gain insight into which calcium-dependent

and -independent enzymes modulate structures that determine microvessel permeability.

Targets of regulation might include the proteins forming the tight junctional complex and

the adherens region of the intercellular junction, the proteins regulating integrin–

extracellular matrix interactions, proteins of the endothelial cell glycocalyx, and factors that

modulate the production of nitric oxide.
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Another important factor in the regulation of vascular permeability in all microcirculatory

beds is the production of reactive oxygen species by adherent neutrophils.56,57 This is

considered an especially significant determinant of events produced by reperfusion after

ischemia, both to vascular function and to the well-being of the underlying tissue. An

important area of research relates to the mechanisms of neutrophil-induced changes in

vascular permeability. Are the increase in permeability and the breakdown of the endothelial

barrier related to the production of free radicals? Secretion of proteases? Production of nitric

oxide? The process of diapedesis? Furthermore, even the extent to which neutrophils

contribute to myocardial reperfusion injury is controversial.58–60 These and many other

questions must be answered to more fully understand the pathophysiological sequelae of

reperfusion injury in the heart.

Clinical Importance of the Coronary Microvascular Pathologies

Although acute and chronic ischemic syndromes are commonly due to coronary flow–

limiting atherosclerotic plaques in epicardial coronary arteries, ≈10% to 20% of patients

undergoing cardiac catheterization are found to have normal coronary angiograms.61 In

some, cardiomyopathies such as familial hypertrophic cardiomyopathy and hypertensive left

ventricular hypertrophy produce morphological changes in the intramyocardial small arteries

that may limit appropriate flow delivery to the myocardium during stress, resulting in

ischemia.62,63 However, in the majority of patients with angina-like chest pain, there is no

cardiomyopathy or other identifiable organic heart disease or pathological changes in the

coronary microcirculation to account for the limited increases in coronary flow in response

to vasodilators and pacing stress reported by several groups.61 Thus, many investigators

since the 1960s have speculated that disease or dysfunction of the coronary microcirculation

may be responsible for angina-like chest pain symptoms and abnormal test results, often

referred to as “syndrome X,” in this patient population.63

In recent years, attention has focused on the role of the endothelium in modulating coronary

microvascular function, after recognition of the importance of the endothelium in regulating

epicardial coronary artery vasomotor tone. Several groups have shown that risk factors for

coronary atherosclerosis, including hypercholesterolemia, hypertension, diabetes, and

cigarette smoking, can diminish the coronary flow response to endothelium-dependent

vasodilators such as acetylcholine in the absence of significant atherosclerosis of epicardial

coronary arteries.64–67 Other studies suggest that sympathetic stimuli, such as mental

stress, may provoke coronary microvascular constrictor responses.68 In addition, coronary

microvascular dysfunction may coexist with atherosclerotic coronary artery disease and

contribute to acute and chronic ischemic syndromes,69,70 as has been demonstrated in

patients with dilated cardiomyopathy.71

Although these studies support the role of coronary microvascular endothelial dysfunction in

explaining chest pain symptoms in patients with normal coronary angiograms or minimal

coronary atherosclerosis, convincing evidence of a causal relationship between coronary

microvascular dysfunction and myocardial ischemia is lacking at present. In part, such

demonstration is hampered by methodological issues regarding measurement of coronary

blood flow and detection of mild degrees of myocardial ischemia in humans, as well as by
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the absence of normal control subjects who, for ethical reasons, cannot undergo cardiac

catheterization. Finally, we strongly emphasize that investigations designed to elucidate the

regulation of the coronary microcirculation in health and disease should incorporate the

many technological advances of molecular biology, biochemistry, imaging, and modeling

with physiological measurements.

Some experimental animal models seem to mimic the clinical picture of syndrome X

described above and may be appropriate for investigating mechanisms underlying the

microvascular pathology. For example, endothelium-dependent dilation of the coronary

microcirculation is impaired in a canine model of diabetes,72 whereas dilation to

endothelium-independent agonists is preserved. It has recently been shown that responses of

the diabetic coronary microvasculature to hypoperfusion are substantially blunted in dogs

with diabetes.73 The mechanisms responsible for these alterations and the influences of

other pathological conditions on the coronary microcirculation, eg, hypertension, are not

known. In cats with experimental hypertension and left ventricular hypertrophy, coronary

microvascular resistance is shifted to the smaller coronary microvessels.74 These results

contrast with those seen in the cerebral,75 mesenteric,76 and skeletal77 microvascular beds

of rats, in which resistance is shifted upstream. Clearly, species variability needs to be ruled

out as a reason for these differences, and definitive studies ultimately must be carried out

with human coronary vessels.

The pattern of blood flow to the myocardium is also influenced by coronary collateral

vessels. Microvascular arterial anastomoses can enlarge into major conduits that modify the

effects of an atherosclerotic obstruction. In human hearts, the distribution and extent of

collateral vessels are quite variable. In dogs, native collateral vessels average 40 µm in

diameter78 and appear to have little or no function. However, when myocardial perfusion is

compromised by obstruction of major vessels, the collaterals enlarge and the blood flow

through them increases. Collaterals become angiographically visible only when coronary

occlusion is complete or virtually so.79 In the event of a coronary occlusion, collaterals can

provide perfusion sufficient to maintain myocardial viability or to prevent myocardial

infarction or even sudden ischemic death.80 Many unanswered questions related to the

enlargement of existing collaterals and the development of new ones remain. For example,

What are the signals that induce coronary collateral development? Are there different signals

that initiate the development versus those that continue the growth? What causes growth to

stop? All of these questions remain unanswered but are of cardinal importance to the

understanding of vascular adaptations to myocardial ischemia.

Regulation of tone in collateral vessels would appear to have importance in modulating

blood flow to a collateral-dependent region after a coronary occlusion or severe stenosis. In

the beating canine heart, collaterals <100 µm are not maximally dilated immediately after

coronary occlusion; rather, this occurs over a period of many minutes.81 This vasodilation

appears to involve opening of ATP-sensitive K+ channels, but many other factors may also

play critical roles. Reactivity of collateral vessels to both vasodilators and vasoconstrictors

shows similarities to and differences from comparably sized noncollateral vessels.82 These

investigations, although crucial to the understanding of vasomotor control of collaterals,
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have only begun to examine the contributions of species differences, maturity of collateral

vessels, and the inciting stimulus.

Future Directions

Future research needs to encompass both basic and clinical investigations. As indicated

throughout the above discourse, there is a great need for inquiry into basic mechanisms at a

variety of scientific levels, from integrative techniques of modeling complex systems to

reductionist approaches that can decipher complexities of gene expression at all levels of the

coronary vasculature. It cannot be emphasized strongly enough that many important

fundamental mechanisms, such as metabolic hyperemia, are still poorly understood and that

eventual understanding will most likely arise from integrative approaches. Areas such as

phenotypic specialization of vascular cells in various sites of the microcirculation and

angiogenesis also deserve emphasis, with relevant models. Furthermore, the use of

transgenic and gene knockout models has enormous potential for providing fresh insight into

the physiology and pathophysiology of the coronary microcirculation. Conversely, clinically

oriented investigations will be indispensable to understanding the role of the coronary

microcirculation in human disease and to determining whether there is a link between

coronary microvascular dysfunction and inducible myocardial ischemia. There is a strong

need for further refinement of noninvasive methodologies, such as PET and MRI, that can

measure flow and cellular metabolism. These techniques, with higher resolution and greater

sensitivity, will be central to documenting clinical consequences of coronary microvascular

pathological conditions and establishing the relationship between heterogeneity of flow and

metabolism in humans. Therapies that might improve microvascular endothelial vasomotor

responsiveness, such as cholesterol reduction, antioxidant therapy, estrogen replacement, L-

arginine supplementation, and use of nitric oxide donors, should be tested in patients with

evidence of coronary microvascular dysfunction and evidence of myocardial ischemia

during stress. The workshop participants perceived that there is an imposing discrepancy

between current experimental studies of the coronary microcirculation and the needed

clinical investigations in this area and suggest that future initiatives sponsored by the

National Institutes of Health should emphasize bridging this gap. Finally, we strongly

emphasize that investigations should incorporate the many technological advances of

molecular biology in conjunction with physiological measurements to best elucidate the

regulation of the coronary microcirculation in health and disease.
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