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Abstract

The major factors determining myocardial perfusion and oxygen delivery have been elucidated 

over the past several decades, and this knowledge has been incorporated into the management of 

patients with ischemic heart disease (IHD). The basic understanding of the fluid mechanical 

behavior of coronary stenoses has also been translated to the cardiac catheterization laboratory 

where measurements of coronary pressure distal to a stenosis and coronary flow are routinely 

obtained. However, the role of perturbations in coronary microvascular structure and function, due 

to myocardial hypertrophy or coronary microvascular dysfunction, in IHD is becoming 

increasingly recognized. Future studies should therefore be aimed at further improving our 

understanding of the integrated coronary microvascular mechanisms that control coronary blood 

flow, and of the underlying causes and mechanisms of coronary microvascular dysfunction. This 

knowledge will be essential to further improve the treatment of patients with IHD.
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The left ventricle (LV) is responsible for generating the arterial blood pressure, which is 

required to sustain blood flow in the systemic circulation. Among the regional vascular beds 

within the systemic circulation, the coronary circulation is unique in that its perfusion is 

impeded during the systolic phase of the cardiac cycle by the contracting muscle that 

surrounds it. Because the LV utilizes most of the oxygen (O2) delivered through the 

coronary vasculature to sustain its function, myocardial contraction is closely connected to 
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coronary blood flow (CBF). As a result, O2 delivery, and the balance between O2 supply and 

demand are critical determinants of normal LV function. Knowledge of the regulation of 

CBF in health and disease is therefore essential for proper understanding of the 

pathophysiological basis and management of many cardiovascular (CV) disorders,1–3 

including obstructive coronary artery disease (CAD),4–6 metabolic dysfunction,7–9 and 

cardiac hypertrophy.10–12 In this review we discuss the control of CBF in the normal healthy 

heart and in CV disease (CVD) states that are associated with chronic ischemic heart disease 

(IHD). We will briefly discuss the impact of these disease states on clinical measurements of 

flow capacity and stenosis severity in the setting of CAD.

Regulation of CBF in the healthy heart

CBF is characterized by marked phasic variations during the cardiac cycle with coronary 

arterial inflow out of phase with venous outflow.13 Systolic contraction increases LV wall 

tension and compresses the intramyocardial microvessels, thereby impeding coronary 

arterial inflow and increasing coronary venous outflow. Systolic compression is not 

uniformly distributed across the LV wall, resulting in a redistribution of blood flow from the 

subendocardial to the subepicardial layers of the LV.14 Conversely, during diastole, coronary 

arterial inflow increases with a transmural gradient that favors perfusion to the 

subendocardial layers, at which time the coronary venous outflow falls.13

Myocardial oxygen extraction in the LV at rest averages 60–80% of arterially delivered 

O2,15,16 implying that the ability to increase O2 extraction to increase O2 consumption is 

limited. Consequently, increases in myocardial O2 consumption, for example during 

physical activity, are principally met through proportional increases in CBF and hence O2 

supply,15,16 that is also dependent on arterial O2 content, which is the product of hemoglobin 

concentration and arterial O2 saturation plus a small amount of O2 dissolved in plasma that 

is directly related to arterial O2 tension. This implies that for any given flow level, anemia 

results in proportional reductions in O2 delivery whereas hypoxia, due to the nonlinear O2 

dissociation curve, results in relatively small reductions in O2 content until arterial O2 

tension falls to the steep portion of the O2 dissociation curve, i.e. below 50 mm Hg.

Autoregulation of CBF

CBF remains relatively constant over a wide range of perfusion pressures, provided that the 

determinants of myocardial O2 consumption are kept constant (Fig 1A).17 This is 

accomplished by changes in diameter of the coronary microvasculature, which involves both 

myogenic and metabolic mechanisms.3 This autoregulation of blood flow is especially 

important to maintain myocardial perfusion when coronary pressure is reduced distal to a 

coronary artery stenosis. The pressure at which the resistance vessels become maximally 

dilated is the lowest pressure at which normal myocardial perfusion can be sustained and is 

referred to as the lower limit of autoregulation. Below this pressure, flow decreases in a 

pressure-dependent way, resulting in the onset of myocardial ischemia.

Under normal hemodynamic conditions, resting LV-CBF averages 0.7–1.0 ml/min per g of 

myocardium and can increase 4–5 fold during vasodilation in the absence of 

microcirculatory dysfunction.15,16,18 The ability to increase CBF above resting values in 
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response to pharmacological vasodilation is termed coronary flow reserve (CFR).6 

Maximum perfusion and CFR are reduced when the diastolic time available for 

(subendocardial) perfusion is decreased (e.g. during an increase in heart rate) or the 

compressive determinants of diastolic perfusion (preload and hence, radial wall stress) are 

increased (Fig 1B).15,16,18 Coronary reserve is also reduced when resting flow is increased, 

for example in response to increases in the hemodynamic determinants of O2 consumption 

(systolic pressure, heart rate, and contractility) or with reductions in arterial O2 supply 

(anemia and hypoxia). Hence, conditions can develop that favor the development of 

subendocardial ischemia in the presence of normal coronary arteries.1 Studies in conscious 

dogs in the basal resting state have shown that autoregulation of coronary flow can maintain 

resting flow in the presence of mean coronary pressures as low as 40 mm Hg.17 These 

coronary pressure levels are similar to those recorded in humans without symptoms of 

ischemia during balloon occlusions, using pressure wire micromanometers.19 The lower 

pressure range of autoregulation increases to higher pressure values during tachycardia due 

to an increase in flow requirements in conjunction with a decrease in diastolic perfusion time 

(Fig 1B).20

Mechanical and hemodynamic determinants of CBF

CBF is dependent upon the effective perfusion pressure and the resistive properties of the 

coronary vascular bed. The effective perfusion pressure of the coronary bed is the pressure-

drop (ΔP) across the coronary vascular bed, with the input pressure being arotic pressure. 

However, because extravascular forces are exerted on the compressible intramural coronary 

vasculature by the surrounding myocardium, the effective output- or backpressure, i.e. the 

pressure at which flow becomes zero (termed zero flow pressure or Pf = 0), cannot simply be 

equated to right atrial pressure (Fig 1A). In LV hypertrophy (LVH), compressive effects 

from elevated LV diastolic pressure also impede perfusion via passive compression of 

microcirculatory vessels by elevated extra-vascular tissue pressure during diastole.

Extravascular compressive forces—During systole, cardiac contraction raises 

myocardial tissue pressure to values equal to LV pressure at the subendocardium. This 

declines to values near pleural pressure at the subepicardium.15 The increased extravascular 

pressure is transmitted across the vessel wall and provides an effective backpressure to flow, 

which produces a time-varying reduction in the driving pressure for coronary flow that 

impedes perfusion particularly to the subendocardium. Although this paradigm can explain 

variations in systolic coronary inflow, it is not able to account for the increase in coronary 

venous systolic outflow. To explain both impaired inflow and accelerated venous outflow, 

some investigators have proposed the concept of the intramyocardial pump.14 In this model, 

micro-circulatory vessels are compressed during systole and produce a capacitive discharge 

of blood that accelerates flow from the microcirculation to the coronary venous system. At 

the same time, the upstream capacitive discharge impedes systolic coronary arterial inflow. 

Although this explains the phasic variations in coronary arterial inflow and venous outflow, 

as well as its transmural distribution in systole, vascular capacitance cannot explain 

compressive effects related to elevated tissue pressure during diastole. This concept is 

supported by observations that increases in preload effectively raise the normal backpressure 

to coronary flow above coronary venous pressure levels.14 Thus, intramyocardial 
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capacitance, compressive forces changing effective coronary backpressure as well as 

coronary resistance, and a time-varying driving pressure all contribute to the mechanical 

compressive determinants of phasic CBF.

Coronary vascular resistance—Coronary vascular resistance (CVR) can be divided 

into several components.18 Under normal circumstances, there is no measurable pressure 

drop in the epicardial arteries, indicating negligible conduit resistance. With the 

development of hemodynamically significant epicardial artery narrowing (more than 50% 

diameter reduction), the fixed conduit artery resistance begins to contribute significantly to 

total CVR and, when the vessel is severely narrowed (more than 90% diameter reduction), 

may reduce basal resting flow. The major component of CVR under normal conditions 

primarily arises from small arteries and arterioles, so called resistance vessels.21 This 

resistance is dynamic and distributed throughout the myocardium across a broad range of 

vessel sizes (20–400 μm in diameter). Because the diameter of these vessels, and hence their 

resistance can be changed substantially both by passive and active mechanisms they play a 

pivotal role in the regulation of CBF. Interestingly, there is normally little resistance 

contributed by capillaries and coronary venules, and their resistance remains fairly constant 

during changes in vasomotor tone.21 Thus, minimal CVR of the microcirculation is 

principally determined by the size and density of arterial resistance vessels, while changes in 

vasomotor tone enable substantial variations in CBF in the healthy heart.

Transmural variations in minimum CVR and diastolic driving pressure—The 

vulnerability of the LV subendocardium to compressive forces1 is partially compensated for 

by a lower minimal vascular resistance in the innermost LV layer, which is the result of 

increased densities of arterioles and capillaries as compared to the subepicardium. Because 

of this vascular gradient, subendocardial flow during maximal pharmacological vasodilation 

of the non-beating heart is greater than subepicardial perfusion14; CVR in the maximally 

vasodilated heart is also pressure-dependent, reflecting passive distention of arterial 

resistance vessels.14 Thus, minimal CVR obtained at a normal coronary distending pressure 

will increase when coronary pressure is reduced.19 The precise determinants of the effective 

driving pressure for diastolic perfusion continue to be controversial.14 Most experimental 

studies demonstrate that the effective backpressure Pf = 0 to LV-CBF is higher than right 

atrial pressure, and its minimum value is approximately 10 mm Hg in the maximally 

vasodilated heart. This increases to values close to LV diastolic filling pressure when preload 

is elevated above 20 mm Hg.22 Elevated preload reduces coronary driving pressure and 

diminishes subendocardial perfusion. It is particularly important in determining flow when 

coronary pressure is reduced by a stenosis, as well as in the severely hypertrophied or failing 

heart.16,23

Transmural variations in autoregulation—Figure 2 shows transmural variations in the 

lower autoregulatory pressure limit, which are responsible for the increased vulnerability of 

the subendocardium to ischemia.1 Subendocardial flow primarily occurs in diastole and 

resistance vessels are maximally vasodilated below a mean coronary pressure of 40 mm Hg.
17 In contrast, subepicardial flow occurs throughout the cardiac cycle and is maintained until 

coronary pressure falls below 25 mm Hg. This difference arises from the more pronounced 
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effects of systolic contraction on subendocardial vasodilator reserve,1 as well as the higher 

subendocardial oxygen consumption, requiring a higher resting flow level (Fig 2). The 

transmural difference in the minimal autoregulatory pressure translates into vulnerability of 

the subendocardium to ischemia in the presence of a coronary stenosis. Although there is no 

pharmacologically recruitable flow reserve during ischemia in the normal coronary 

circulation under resting conditions with low sympathetic activity,24 reductions in coronary 

flow below the lower limit of autoregulation can occur in the presence of pharmacologically 

recruitable coronary flow reserve during exercise.4,16

Structure and function of the coronary microcirculation

Individual coronary resistance arteries are a longitudinally distributed network and 

experimental studies of the coronary microcirculation have demonstrated considerable 

spatial heterogeneity of specific resistance vessel control mechanisms.4,25 To meet the 

metabolic requirements of the myocardium supplied by the downstream vascular bed, all 

resistance vessel segments need to dilate in an orchestrated manner, with a significant part of 

the resistance vessels being upstream of the site of metabolic control of coronary resistance. 

This is achieved independently of “metabolic signals” by sensing hemodynamic forces, such 

as intraluminal flow (shear stress–mediated control) or intraluminal pressure changes 

(myogenic control). Epicardial arteries (>400 μm in diameter) serve as conduit arteries that 

contribute little pressure drop (<5%) over a wide range of flows.21 Coronary arterial 

resistance vessels can be divided into small arteries (100–400 μm), which regulate their 

diameter in response to changes in wall shear stress and transmural pressure (myogenic 

response), and arterioles (<100 μm), which are sensitive to changes in local tissue 

metabolism and directly control perfusion of the low-resistance coronary capillary bed.26 

Capillary density of the normal myocardium averages 3500/mm2, and is greater in the 

subendocardium than the subepicardium, enabling a higher O2 extraction in the 

subendocardium (83%) than in the subepicardium (70%).27

Most of the pressure drop in the microcirculation under basal conditions occurs across 

resistance arteries with a diameter of 50–200 μm, with little pressure drop occurring across 

small arteries of 200–400 μm.21 During pharmacological vasodilation with dipyridamole, 

vasodilation attenuates the pre-capillary drop in pressure across arterioles, while increasing 

the pressure drop across resistance arteries of 200–400 μm. Under these conditions, as much 

as 40% of the total CVR can reside in these small resistance arteries.28 There is also 

considerable heterogeneity in microcirculatory vasodilation to other stimuli. For example, as 

coronary pressure is reduced during autoregulation, vasodilation principally occurs in 

arterioles (<100 μm), whereas larger resistance arteries tend to decrease in diameter in 

response to the reduction in intraluminal distension pressure.29 In contrast, an increase in O2 

consumption elicits a more uniform vasodilation of resistance vessels of all sizes.30 Similar 

heterogeneity in resistance vessel dilation is observed in response to endothelium-dependent 

agonists as well as pharmacological vasodilators.28 A special subset of coronary resistance 

vessels are the transmural penetrating arteries that course from the epicardium to the 

subendocardial plexus.4 These vessels are not only less sensitive to metabolic signals, but 

they are also beyond the reach of metabolic stimuli, when subendocardial ischemia occurs. 

Consequently, local vascular control mechanisms (i.e. flow and pressure) are critical 
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determinants of diameter in this upstream resistance segment. This is particularly important 

since, even during maximal vasodilation, this segment harbors an additional longitudinal 

component of CVR that must be traversed before the subendocardial arteriolar 

microcirculation is reached. Due to this greater longitudinal pressure drop, pressures in 

coronary arterioles are lower in the subendocardium than in the subepicardium.28 This may 

contribute to vulnerability to subendocardial ischemia in pathophysiological states affecting 

the coronary microcirculation.

Hemodynamic forces regulating CVR

Because a significant part of CVR can be upstream from the segments that are under direct 

metabolic control, local vascular control mechanisms are critically important in 

orchestrating adequate regional tissue perfusion to the distal microcirculation. These 

mechanisms vary among different sizes and classes of coronary resistance vessels, which 

serves their diverse functions.

Resistance vessel responses to changes in shear stress—Small arteries and 

arterioles regulate their diameter in response to changes in local shear stress. This so called 

“flow-induced” dilation in isolated coronary arterioles was originally demonstrated by Kuo 

et al.25,31 They found this to be endothelium-dependent and mediated by nitric oxide (NO), 

as it could be abolished with NO synthase-inhibition. In contrast, in small arteries isolated 

from patients undergoing cardiac surgery flow-induced dilation is mediated by an 

endothelium-derived hyperpolarizing factor (EDHF).32,33 The disparity with animal studies 

may reflect age or species variability in the relative importance of EDHF versus NO in the 

coronary circulation and illustrates the presence of redundant mechanisms.34 Mechanisms 

also appear to vary as a function of vessel size, with studies in pigs demonstrating that 

EDHF is more important in epicardial conduit arteries,35 while NO dominates in the smaller 

arterial vessels.31 It also appears that EDHF represents a compensatory pathway that is 

normally inhibited by NO and becomes upregulated in disease states or exposure to risk 

factors, in which NO-mediated vasodilation is impaired.33,34 The exact identity of EDHF is 

subject to debate. Several studies have suggested that EDHF may be hydrogen peroxide 

(H2O2).34 Interestingly, a recent study by Gutterman and co-workers suggests that ceramide 

(a bioactive sphingolipid) is responsible for the shift from NO-mediated to H2O2-mediated 

flow-induced dilation.36 Notwithstanding the variability in isolated blood vessels, blocking 

NO synthase in the coronary circulation of humans reduces vasodilation to pharmacological 

endothelium-dependent agonists and blunt increases in CBF during metabolic vasodilation, 

indicating that NO-mediated vasodilation provides some contribution to overall CVR control 

in vivo.37

Resistance vessel responses to changes in wall stress—The myogenic response 

is the ability of vascular smooth muscle to respond to changes in vascular transmural 

pressure and, hence, wall stress changes.26 Thus, vessels decrease tone when pressure 

decreases and constrict when pressure increases. The myogenic response is a general 

property of vascular smooth muscle and is therefore present across a large range of coronary 

resistance artery sizes in animals as well as in humans,38 but in the coronary 

microcirculation in vivo it is particularly prominent in arterioles <100 μm. While the exact 
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cellular mechanism remains incompletely understood, it is clear that the myogenic response 

depends on vascular smooth muscle calcium entry, possibly through stretch-activated L-type 

Ca2+- channels, leading to an increase in intracellular Ca2+-concentration that activates 

several downstream signaling pathways, ultimately eliciting cross-bridge activation.26 The 

changes in coronary resistance arising from the myogenic response restore local coronary 

flow back to the original level, supporting the concept that the myogenic response is a key 

mechanism in coronary autoregulation.29

Endothelium-dependent modulation of CVR

Coronary resistance vessels are modulated by a wide variety of paracrine factors that can be 

released from erythrocytes or platelets, circulating neurohormonal agonists, neural tone, and 

local control through vascular shear stress (Fig 3).3,4,6,39 The net effect of many of these 

factors depends critically on the presence of a functional endothelium. Furchgott and 

Zawadzki originally demonstrated that acetylcholine normally dilates arteries via an 

endothelium-dependent relaxing factor that was later identified to be NO.40 This binds to 

guanylyl cyclase and increases cyclic guanosine monophosphate (cGMP), resulting in 

vascular smooth muscle relaxation.41 When the endothelium is removed, the dilation to 

acetylcholine is converted to vasoconstriction, reflecting the effect of muscarinic receptor 

mediated vascular smooth muscle contraction. Subsequent studies have demonstrated that 

coronary resistance arteries also exhibit endothelial modulation of diameter and that the 

response to physical forces such as shear stress, as well as paracrine mediators, varies with 

resistance vessel size.25 The major endothelium-dependent biochemical pathways involved 

in regulating coronary resistance artery diameter include nitric oxide, prostaglandins, and 

EDHF (Fig 3). For an in-depth review of the role of these mediators in endothelium-

dependent control of coronary resistance vessels the reader is referred to several recent 

reviews.3,6,34

Neural control of CVR

Sympathetic and parasympathetic (vagal) nerves innervate coronary resistance vessels and 

can affect tone through mechanisms directly on vascular smooth muscle cells as well as by 

stimulating the release of NO from the endothelium (Fig 3).3,39 The physiological role of 

vagal nerve control of CBF is uncertain, but coronary resistance arteries of humans and dogs 

are known to dilate to acetylcholine resulting in increases in CBF.3,39 In humans with 

atherosclerosis or risk factors for CAD the resistance vessel dilation to acetylcholine is 

attenuated.42

There is negligible sympathetic tone in the heart and coronary vessels under basal resting 

conditions. However, during sympathetic activation, coronary tone is modulated by 

norepinephrine released from sympathetic nerves innervating the myocardium and the 

coronary circulation, as well as by circulating norepinephrine and epinephrine.15,43 The 

effects of sympathetic activation on myocardial perfusion and coronary resistance vessel 

tone are complex and dependent on the net actions of β1-mediated increases in myocardial 

O2 consumption, direct β1 and β2-mediated coronary resistance vessel dilation, and α1-

mediated constriction.3,39 Under normal healthy conditions, exercise-induced β-adrenergic 

receptor mediated “feed forward” dilation predominates, resulting in an increase in flow that 
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is commensurate with the increase in myocardial O2 consumption.16 This neural control 

mechanism produces transient vasodilation, thereby preventing the development of 

subendocardial ischemia and buildup of local vasoactive metabolites during sudden 

increases in demand from exercise for example. In the presence of nonselective β-

adrenoceptor blockade, sympathetic activation unmasks α1-mediated coronary artery 

constriction.16 Although flow is only mildly decreased, O2 delivery is maintained by 

increased O2 extraction resulting in a reduction in coronary venous O2 tension at similar 

levels of cardiac workload. Intense α1-adrenergic constriction can overcome intrinsic stimuli 

for metabolic vasodilation to result in ischemia in the presence of pharmacological 

vasodilator reserve.43 The role of pre- and postsynaptic α2 receptors in controlling CBF 

appears to be less significant, which may, at least in part be due to inhibition of 

norepinephrine release by presynaptic α2 receptor stimulation, as well as the presence of α2 

receptors on the endothelium, leading to reduced vasoconstriction.16

Metabolic control of CVR

Despite increasing knowledge there is still no consensus regarding specific mediators of 

metabolic vasodilation, and CVR in any segment of the microcirculation is determined by 

the integration of local physical factors (e.g., pressure and flow), vasodilator metabolites 

(e.g., adenosine, PO2, and pH), autacoids, and neurohumoral modulation (Fig 3).3,39 Each of 

these mechanisms contributes to form the net coronary vascular smooth muscle tone, which 

may ultimately be controlled by opening and closing vascular smooth muscle ATP-sensitive 

K (KATP) channels,44 although other K+ channels are also likely involved.3 There is 

considerable redundancy in the available local control mechanisms.3,4 Thus, eliminating a 

single mechanism in experimental conditions by use of specific blockers or the early state of 

pathological conditions does not necessarily impair coronary autoregulation or metabolic 

flow regulation at normal coronary pressures.3,16 The lack of an important vasomotor 

mechanism can, however, be unmasked by stressing the heart and evaluating flow regulation 

at reduced pressures distal to a coronary stenosis at rest or during exercise.4 For an in depth 

review of this topic the reader is referred to elsewhere.2,3,39,44

Regulation of CBF in pathophysiological states

An epicardial artery stenosis arising from atherosclerosis increases total coronary resistance 

and thus reduces maximal CBF. In addition, abnormalities in coronary microcirculatory 

control can also contribute to causing myocardial ischemia in many patients with a coronary 

artery stenosis. For example, LVH is associated with lower CBF reserve due to failure of the 

coronary vascular tree to grow commensurate with the degree of LVH. Separating the role of 

an epicardial stenosis from coronary resistance vessels can be accomplished by 

simultaneously assessing coronary flow and distal coronary pressure using intracoronary 

transducers that are currently available for clinical care and reviewed elsewhere.19,45,46

Coronary artery stenosis

Stenosis pressure-flow relation—In the healthy heart, the angiographically visible 

epicardial coronary arteries are able to accommodate large increases in coronary flow 

without producing a significant drop in pressure and hence serve truly as conduit vessels to 
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transport blood to the coronary resistance vasculature. This changes dramatically in CAD 

where the epicardial artery resistance (which increases with stenosis severity), becomes 

dominant and limits maximal myocardial perfusion.47

It is helpful to consider the idealized relation between stenosis severity, pressure drop, and 

flow, which has been validated in animals as well as humans studied in circumstances in 

which diffuse atherosclerosis and risk factors that can impair microcirculatory resistance 

vessel control are minimized.48 Fig 4A summarizes the major determinants of stenosis 

energy losses. The relation between pressure drop across a stenosis and coronary flow for 

stenoses between 30% and 90% diameter reduction can be described using the Bernoulli 

principle. The total pressure drop across a stenosis is governed by three hydrodynamic 

factors — viscous losses, separation losses, and turbulence. The single most important 

determinant of stenosis resistance for any given level of flow is the minimum lesional cross-

sectional area within the stenosis.48 Because resistance is inversely proportional to the fourth 

power of radius, small dynamic changes in luminal area caused by thrombi or vasomotion in 

eccentric lesions (where vascular smooth muscle can relax or constrict in a portion of the 

stenosis) lead to major changes in the stenosis pressure-flow relation and impact on maximal 

perfusion. Separation losses determine the curvilinearity or “steepness” of the stenosis 

pressure-flow relation and become increasingly important as stenosis severity and/or flow 

rate increases.

Stenosis pressure drop and resistance increase exponentially as minimum cross-sectional 

area of the lesion decreases (Fig 4B). This reflects the fact that it becomes flow-dependent 

and varies with the square of the flow or flow velocity. As a result, the instantaneous stenosis 

resistance progressively increases during resistance vessel dilation. This becomes 

particularly important in determining the stenosis pressure-flow behavior for severely 

narrowed arteries and leads to a situation in which small reductions in luminal area result in 

large reductions in post-stenotic coronary pressure that limit maximum coronary perfusion.

Interrelation among distal coronary pressure, flow, and stenosis severity—
Because maximum myocardial perfusion is ultimately determined by the coronary pressure 

distal to a stenosis, it is helpful to place the epicardial stenosis pressure-flow relation into the 

context of the coronary autoregulatory and vasodilated coronary pressure-flow relations, as 

depicted in Fig 4C. The effects of a stenosis on resting and vasodilated flows as a function of 

percentage diameter reduction, when diffuse intraluminal narrowing is absent and coronary 

microcirculatory resistance is normal, are summarized in Fig 4C. In the absence of 

microcirculatory dysfunction coronary flow can normally increase approximately five times 

from the resting flow values.47 As illustrated in Fig 4C, there is no significant pressure drop 

across a stenosis (ΔP) or stenosis-related alteration in maximal myocardial perfusion until 

stenosis severity exceeds a 50% diameter reduction (cross-sectional area reduction of 75%). 

As stenosis severity exceeds 50%, the curvilinear coronary stenosis pressure flow relation 

steepens and increases in stenosis resistance are accompanied by concomitant increases in 

ΔP across the stenosis (Fig 4B). This reduces distal coronary pressure, the major determinant 

of perfusion to the microcirculation, and maximum vasodilated flow (and CFR) decreases. A 

critical stenosis, one in which subendocardial flow reserve is completely exhausted at rest, 

usually develops when stenosis severity exceeds 90%. Under these circumstances, 
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pharmacological vasodilation of subepicardial resistance vessels results in a reduction in 

distal coronary pressure that actually redistributes flow away from the subendocardium, 

leading to a “transmural steal” phenomenon.16

Concept of maximal perfusion and CFR—The concept of CFR was originally 

proposed by Gould.45 With technological advances, it has become possible to characterize 

this in humans using invasive catheter-based measurements of intracoronary pressure and 

flow as well as with noninvasive imaging of myocardial perfusion with positron emission 

tomography (PET), single-photon emission tomography (SPECT) and, more recently, 

cardiac magnetic resonance imaging (CMR). With these measurements, it has also become 

increasingly apparent that abnormalities in coronary microcirculatory control contribute to 

the functional significance of isolated epicardial artery stenosis in many patients with CAD, 

as well as lead to impaired CBF responses in the presence of normal coronary arteries. 

Because of these complexities, multiple complimentary approaches are frequently required 

to define limitations in myocardial perfusion that arise from stenosis severity vs. 

abnormalities of the coronary microcirculation6,45,49 The major indices currently used to 

quantify CFR are absolute flow reserve (maximal flow divided by basal flow), relative flow 

reserve (maximal myocardial perfusion in the stenosis region divided by maximal 

myocardial perfusion in the non-stenosis region) and fractional flow reserve (post-stenotic 

coronary pressure divided by aortic pressure during maximal vasodilation). For an in depth 

discussion of these indices the reader is referred to recent reviews published elsewhere.6,45

Impact of a chronic epicardial stenosis on the coronary microcirculation

As discussed above, an acute coronary artery inflow obstruction produces potent coronary 

resistance vessel dilation. In contrast, there is evidence that a chronic coronary artery 

stenosis, not only results in myocardial and interstitial,6,50 but also in structural and 

functional microvascular alterations distal to the stenotic artery. Thus, arteriolar inward 

remodeling5 and rarefaction51 have been reported, as well as increased vasoconstrictor 

responses to endothelin (due to a loss of ETB-mediated vasodilation) and blunting of 

myogenic responses.52 These findings support the concepts that endothelial dysfunction 

contributes to microvascular dysfunction distal to a stenosis, and does so via alterations in 

the control of vascular tone as well as through structural changes in microvessel diameter5 

and densities.51 These findings indicate that a chronic epicardial stenosis may not only limit 

flow reserve by increasing proximal artery resistance, but also by producing microvascular 

dysfunction. This explains, at least in part, the observation that many patients with a 

significant coronary artery stenosis show an exaggerated reduction in coronary flow reserve 

for the level of stenosis severity.46

Impact of a chronic coronary artery occlusion on the coronary microcirculation

Following a total occlusion of a coronary artery, residual perfusion to the affected 

myocardium can be provided by pre-existing coronary collateral channels that are recruited 

when an intercoronary pressure gradient between the source and recipient vessel develops. 

In most animal species, the collateral flow during occlusion is less than 10% of the resting 

flow levels and is insufficient to maintain tissue viability for longer than 20 minutes. 

Coronary pressure during balloon angioplasty occlusion in patients undergoing percutaneous 
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coronary intervention (PCI) is indicative of coronary collateral flow and exhibits 

considerable variability. In humans in which the existing coronary collaterals are sparse, 

coronary pressure during balloon angioplasty occlusion falls to ~10 mm Hg, and ischemia 

develops. However in some patients, collaterals develop to the point where they are 

sufficient to not only maintain resting perfusion normal but also prevent stress-induced 

ischemia at submaximal cardiac workloads. The “collateral flow index” is calculated as 

coronary wedge pressure during PCI balloon occlusion minus venous pressure divided by 

the mean arterial blood pressure. If this index is greater than 0.25, collateral flow is 

sufficient and ischemia does not develop during PCI balloon occlusion at rest.19 These 

patients have a lower CVD event rate and improved survival in a large observational cross 

sectional study.53

Regulation of CBF in the collateralized heart

The control of CBF to collateral-dependent myocardium is governed by a series resistance 

arising from interarterial collateral anastomoses, largely epicardial, as well as the native 

downstream microcirculation. Collateral resistance is therefore the major determinant of 

perfusion and coronary pressure distal to a chronic occlusion which is already near the lower 

autoregulatory pressure limit. Because of this, subendocardial perfusion is critically 

dependent on mean aortic pressure and LV preload with ischemia easily provoked by 

systemic hypotension, increases in LV end-diastolic pressure, and tachycardia. Like the 

distal resistance vessels, collaterals constrict when NO synthesis is blocked, which 

aggravates myocardial ischemia and can be overcome by nitroglycerin.4,16 Experimental 

studies have demonstrated that coronary collaterals are under tonic dilation from vasodilator 

prostaglandins, and blocking cyclooxygenase with aspirin exacerbates myocardial ischemia 

in dogs.23 The role of prostanoids in human coronary collateral resistance regulation is 

unknown.

The distal microcirculatory resistance in collateral-dependent myocardium appears to be 

regulated by mechanisms similar to those present in the normal circulation but is 

characterized by attenuated endothelium-dependent vasodilation as compared to normal 

vessels,16 similar to what has been observed with a chronic coronary artery occlusion.52 

Interestingly, the remote normally perfused zone in collateralized hearts also shows 

alterations in coronary resistance vessel control, suggesting that abnormalities are not 

restricted to the collateral-dependent region. The extent that these microcirculatory 

abnormalities alter the normal metabolic and coronary autoregulatory responses in 

collateral-dependent and remote myocardial regions is unknown.16

Impact of cardiac hypertrophy on the coronary microcirculation

The effects of cardiac hypertrophy on CBF and its regulation are complex (Fig 5) and need 

to be thought of in terms of the absolute flow level (e.g., measured with an intracoronary 

Doppler probe) as well as the flow per gram of myocardium (e.g. measured by positron 

emission tomography). With acquired LVH (such as in hypertension), resting flow per gram 

of myocardium remains constant, but the increase in LV mass necessitates an increase in the 

absolute level of resting flow (ml/min) through the coronary artery.10,54 In terms of maximal 

perfusion, pathological LVH does not result in appreciable vascular proliferation (as 
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opposed to physiological LVH produced by exercise training) and coronary resistance vessel 

densities remain essentially unchanged. Thus, while maximum absolute flow (ml/min) 

during vasodilation remains unchanged, the increase in LV mass reduces the maximum 

perfusion per gram of myocardium. The net effect of LVH is that CFR at any given coronary 

arterial pressure is reduced in a fashion that is inversely related to the change in LV mass. 

For example, in the absence of a change in mean aortic pressure, a two-fold increase in LV 

mass, as is associated with severe LVH, can reduce CFR in a non-stenotic artery from 4 to 2. 

This will increase the functional severity of any anatomical degree of coronary artery 

narrowing and can even precipitate subendocardial ischemia with normal coronary arteries. 

Moreover, structural alterations in microvessels, most notably medial hypertrophy in 

arterioles in pressure-overload hypertrophy,2,11 will further contribute to a reduction in 

coronary reserve. Finally, it is likely that the increased diffusion distance due to the 

increased size of cardiac fibers and reduced capillary density also contribute to the 

development of tissue hypoxia.10

In patients with coronary artery disease, some degree of LVH is common, as hypertension is 

an important risk factor for CAD. The presence of LVH will contribute to reductions in 

CFR, independently of stenosis severity.55 The actual CFR in LVH will be critically 

dependent on the underlying cause of LVH and its effects on coronary driving pressure. A 

similar degree of hypertrophy caused by untreated systemic hypertension will have a higher 

CFR than in aortic stenosis, in which mean arterial pressure remains normal.10 Similarly, 

when LVH is from systolic hypertension with increased pulse pressure caused by reduced 

aortic compliance, the accompanying reduction in diastolic pressure will result in a lower 

coronary flow reserve, as myocardial perfusion occurs primarily in diastole. Conversely, the 

increase in LV diastolic filling pressure that typically accompanies LVH results in elevated 

Pf = 0, thereby further contributing to a reduction in CFR.23 Finally, there is also evidence 

that alterations in the control of coronary microvascular tone may occur in hearts with 

pathological LVH. These include endothelial dysfunction, enhanced α-adrenergic 

vasoconstriction, downregulation of K+ channels and enhanced expression of smooth muscle 

Ca2+ channels.3,11 These observations suggest that not only structural but also functional 

abnormalities of the coronary microcirculation contribute to perturbations in the regulation 

of CBF in the hypertrophied heart.

Coronary microvascular dysfunction

Measurements of coronary flow reserve in humans with risk factors for atherosclerosis are 

systematically lower than in healthy individuals without CAD risk factors.54,56,57 Much of 

this may arise from abnormal local resistance vessel control via impaired endothelial-

dependent vasodilation arising from NO inactivation associated with risk factors for CAD.3 

Kuo and colleagues have demonstrated that experimental hypercholesterolemia markedly 

attenuates the dilation of coronary arterioles in response to shear stress as well as 

pharmacological agonists that stimulate NO synthase in the absence of epicardial stenosis.58 

This was reversed with L-arginine, suggesting reduced substrate availability or overcoming 

the effect of endogenously produced methylated L-arginines, such as ADMA that are 

responsible for impaired NO synthesis or availability.59
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These in vitro abnormalities in NO-mediated vasodilation can be functionally significant and 

impair the ability of the cardiac muscle to regulate CBF. Fig 6A shows the effects of 

inhibiting NO on the regulation of CBF in normal healthy dogs.60 Although resting blood 

flow is not altered, there is a marked increase in the coronary pressure at which intrinsic 

autoregulatory adjustments become exhausted, with flow beginning to decrease at a distal 

coronary pressure of 60 versus 45 mm Hg, approximately similar to the shift occurring in 

response to a twofold increase in heart rate. In vivo microcirculatory studies have 

demonstrated that inhibiting NO production prevents resistance arteries from dilating 

maximally in response to shear stress.62 This likely reflects excess resistance in the 

transmural penetrating arteries, which are upstream of metabolic stimuli for vasodilation and 

extremely dependent on shear stress as a stimulus for local vasodilation. These functional 

abnormalities amplify the physiological effects of a coronary stenosis, resulting in the 

development of subendocardial ischemia at a lower workload (Fig 6B).61

The prognostic importance of abnormalities in coronary resistance vessel control is 

underscored by data in women evaluated for chest pain felt to be of ischemic origin.63,64 

Abnormalities in CFR and endothelium-dependent vasodilation are common in women with 

insignificant epicardial CAD. These changes negatively affect prognosis and can produce 

metabolic evidence of myocardial ischemia as assessed by CMR spectroscopy.65 While 

these findings underline the importance of understanding gender differences in the 

regulation of CBF and development of CAD,64 a recent study indicates that coronary 

microvascular dysfunction is equally prevalent in both men and women and imparts a 

similarly poor prognosis.66

Impact of coronary microvascular dysfunction on physiological measures of stenosis 
severity

If microcirculatory function is normal, quantitative measures of stenosis severity during 

vasodilation that are derived using absolute flow reserve and fractional flow reserve should 

all be closely related. Unfortunately, this is the exception rather than the rule and 

microvascular dysfunction and/or variability in the microcirculatory response to 

pharmacological vasodilation dissociate the idealized relations between various indices of 

CFR for a given stenosis severity. Fig 7A summarizes the observed variability, showing the 

relation between paired invasive measurements of absolute flow reserve vs. distal coronary 

pressure derived FFR.46 These measurements demonstrate several points. As shown in Fig 

7A, hemodynamically insignificant stenoses (i.e. FFR > 0.8) can have absolute flow reserves 

that vary between 1 and over 5. While this variability decreases when FFR is less than 0.8 it 

is still considerable until FFR falls below 0.5. There is also a wide variation between indices 

of absolute flow reserve and relative perfusion differences derived from quantitative PET 

perfusion measurements.46

Experimental studies show that the variability in microvascular dysfunction and submaximal 

pharmacological vasodilator responses can have a significant impact on assessing the 

physiological significance of a coronary stenosis using FFR (or relative perfusion with 

imaging). This is schematized in Fig 7B. The two dashed lines show idealized relations 

between absolute flow reserve and FFR. Microvascular dysfunction in the presence of 
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normal coronary arteries (0% stenosis) attenuates CFR despite an FFR of 1. Conversely, for 

any given stenosis, the FFR measured in the presence of microvascular disease will be 

higher than when vasodilator responses are normal. As the pressure-drop across the stenosis 

is flow-dependent, FFR will underestimate the physiological severity of the stenosis when 

maximum vasodilation is not achieved. All of these factors contribute to at least some of the 

discordance between FFR and CFR observed in clinical studies and underscore the 

importance of combining both pressure- and flow-derived indices to assess vasodilator 

reserve of the total coronary vascular bed. Indeed, the availability of high-fidelity pressure 

and flow measurements on a single wire has now facilitated the development of approaches 

to assess the stenosis pressure-flow relation as well as abnormalities in microcirculatory 

reserve by determining FFR and absolute CFR simultaneously.49,67 When assessed together, 

these measurements have the potential to identify circumstances in which mixed 

abnormalities from a stenosis and abnormal microcirculation contribute to the functional 

impact of a coronary stenosis.

Future perspectives

The major factors determining myocardial perfusion and O2 delivery that were established 

several decades ago have been incorporated into how we manage patients with angina and 

have stood the test of time. The basic understanding of the fluid mechanical behavior of 

coronary stenoses has also been translated to the cardiac catheterization laboratory where 

measurements of coronary pressure distal to a stenosis and CBF are routinely obtained. 

These physiological concepts now facilitate routine clinical decision making in a fashion 

that favorably impacts outcomes.

Despite progress in advancing our mechanistic understanding of the coronary circulation in 

health and CAD, important gaps remain in our basic knowledge as well as the translation of 

this to the clinical setting. For example, while basic research has identified the importance of 

physical factors such as shear stress and local coronary pressure in regulating isolated 

coronary resistance vessels, how these mechanisms interact in a complex vascular network 

to bring about the phenomenon of autoregulation and metabolic coronary vasodilation 

remains unanswered. Finally, although the role of microcirculatory dysfunction in symptoms 

as well as prognosis of patients with CAD is increasingly recognized, the mechanisms 

behind the cross-talk between the different cell-types in the heart and their impact on cardiac 

structure and function are a particularly important area of future investigation. For example, 

there is evidence that risk factors resulting in endothelial dysfunction in the coronary micro-

circulation can adversely affect fibroblast and cardiomyocyte function through paracrine 

signaling,68,69 contributing to myocardial stiffening and possibly heart failure with preserved 

ejection fraction.70 These observations underscore the importance of the need for continued 

bench to bedside translational investigation in these and other areas in order to expand our 

fundamental knowledge and improve the care of patients with chronic IHD.
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Abbreviations and Acronyms

CAD coronary artery disease

CBF coronary blood flow

CFR coronary flow reserve

cGMP cyclic guanylyl-monophosphate

CMR cardiac magnetic resonance

CVD cardiovascular disease

CVR coronary vascular resistance

EDHF endothelium-derived hyperpolarizing factor

FFR fractional flow reserve

H2O2 hydrogen peroxide

HF heart failure

IHD ischemic heart disease

KATP ATP-sensitive potassium channel

LV left ventricle

LVH left ventricular hypertrophy

NO nitric oxide

O2 oxygen

PCI percutaneous coronary intervention

PET positron emission tomography

SPECT single photon emission computed tomography
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Fig. 1. 
Autoregulatory relation under basal conditions and following metabolic stress (e.g., 

tachycardia). The normal heart maintains CBF constant (left panel) as regional coronary 

pressure is varied over a wide range when the global determinants of oxygen consumption 

are kept constant (red lines). Below the lower autoregulatory pressure limit (approximately 

40 mm Hg), subendocardial vessels are maximally vasodilated and myocardial ischemia 

develops. During vasodilation (blue lines), flow increases four to five times above resting 

values at a normal arterial pressure. Coronary flow ceases at a pressure higher than right 

atrial pressure (PRA), called zero flow pressure (Pf = 0), which is the effective back pressure 

to flow in the absence of coronary collaterals. Following stress (right panel), tachycardia 

increases the compressive determinants of coronary resistance by decreasing the time 

available for diastolic perfusion and thus, reduces maximum vasodilated flow. Increases in 

myocardial oxygen demand or reductions in arterial oxygen content (e.g. from anemia or 

hypoxemia) increase resting flow. These changes reduce coronary flow reserve, the ratio 

between dilated and resting coronary flow, and cause ischemia to develop at higher coronary 

pressures. Abbreviations: LV, left ventricular; HR, heart rate; SBP, systolic blood pressure; 

Hb, hemoglobin. Reprinted from Canty and Duncker6 with permission.
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Fig. 2. 
Transmural variations in coronary autoregulation and myocardial metabolism. Increased 

vulnerability of the subendocardium (ENDO; red) versus subepicardium (EPI; gold) to 

ischemia reflects the fact that autoregulation is exhausted at a higher coronary pressure (40 

versus 25 mm Hg). This is the result of increased resting flow and oxygen consumption in 

the subendocardium and an increased sensitivity to systolic compressive effects because 

subendocardial flow only occurs during diastole. Subendocardial vessels become maximally 

vasodilated before those in the subepicardium as coronary artery pressure is reduced. These 

transmural differences can be increased further during tachycardia or during conditions with 

elevated preload, which reduce maximum subendocardial perfusion. Modified from Canty 

and Duncker6 with permission.
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Fig. 3. 
Schematic drawing of an arteriole (top) and of endothelium, vascular smooth muscle and 

cardiomyocyte (at the bottom) illustrating mechanisms for control of vasomotor tone and 

diameter. Neurohumoral, endothelial, and metabolic influences are detailed in the bottom 

part of the figure. Abbreviations: KCa, calcium-activated K+ channel; KATP, ATP-sensitive K
+channel; KV, voltage-gated K+ channel; KIR, inward rectifying K+ channel; Trp, transient 

receptor potential channels; O2, oxygen; ATP, adenosine triphosphate; NO, nitric oxide; 

TXA2, thromboxane A2 and receptor; 5HT, 5-hydroxytryptamine and receptor; P2, 

purinergic type 2 receptor; M, muscarinic receptor; H1 and H2, histamine type 1 and 2 

receptors; B2, bradykinin type 2 receptor; ECE, endothelin-converting enzyme; bET-1, big 

endothelin-1; ET-1, endothelin-1; eNOS, endothelial nitric oxide synthase; L-arg, l-arginine; 

COX-1, cyclooxygenase 1; CYP450, cytochrome P450; ACE, angiotensin-converting 

enzyme; AI, angiotensin I; AII; angiotensin II; AT1, angiotensin type 1 receptor; AT2, 

angiotensin type 2 receptor; ETA, endothelin type A receptor; ETB, endothelin type B 

receptor; PG, prostaglandins; AA, arachidonic acid; EDHF, endothelium-derived 

hyperpolarizing factor; O2
−, superoxide anion; VGCC, voltage-gated calcium channels; IP, 

prostacyclin receptor; EETs, epoxyeicosatrienoic acids; HETEs, hydroxyeicosatetraenoic 
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acids; H2O2, hydrogen peroxide; α1, α1-adrenergic receptor; α2, α2-adrenergic receptor; β2, 

β2-adrenergic receptor; ACh, acetylcholine; NE, norepinephrine; NPY, neuropeptide Y; P1, 

purinergic type 1 receptor; and Y1, neuropeptide Y receptor. Reproduced from Laughlin et 

al.39 with permission.
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Fig. 4. 
A. Fluid mechanics of a stenosis. The pressure drop across a stenosis can be predicted by the 

Bernoulli equation. It is inversely related to the minimum stenosis cross-sectional area and 

varies with the square of the flow rate as stenosis severity increases. Abbreviations: ΔP, 

pressure drop; Q = flow; f1, viscous coefficient; f2, separation coefficient; As, area of the 

stenosis; An, area of the normal segment; L, stenosis length; μ, viscosity of blood; ρ, density 

of blood. Interrelation among the epicardial artery stenosis pressure flow relation (B), and 

the distal coronary pressure-flow relation (C). Red circles and lines depict resting flow and 

blue circles and lines maximal vasodilation for stenoses of 50, 70, and 90% diameter 

reduction. As shown in panel B, the stenosis pressure flow relation becomes extremely 

nonlinear as stenosis severity increases. As a result, there is very little pressure drop across a 

50% stenosis, and distal coronary pressure and vasodilated flow remain near normal. 

However, a 90% stenosis critically impairs flow and, because of the steepness of the pressure 

flow relation, causes a marked reduction in distal coronary pressure. Modified from Canty 

and Duncker6 with permission.
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Fig. 5. 
Effects of hypertrophy on absolute flow (ml/min) and flow per gm of tissue (ml/min/gm). A. 

With acquired hypertrophy, myocardial mass increases without proliferation of the 

microcirculatory resistance arteries. Absolute LV flow is shown in panel A. The increase in 

LV mass causes a proportional increase in absolute flow at rest although the maximum 

absolute flow per minute during vasodilation remains unchanged. B. When tissue perfusion 

is assessed using flow per gm of myocardium (as obtained using PET for example), the 

maximum flow per gram of tissue falls inversely with the increase in LV mass. In contrast, 

the resting flow per gram of myocardium remains constant since the increase in absolute 

resting flow is proportional to the increase in LV mass. Regardless of whether absolute flow 

or flow per gm is measured, the net effect of these opposing actions is to decrease coronary 

flow reserve at any coronary pressure in LVH. As a result of the reduction in 

microcirculatory reserve in the absence of a coronary stenosis, the functional significance of 

a 50% stenosis (triangles) in the hypertrophied heart could approach a more severe stenosis 

(in the example, 70%, circles) in normal myocardium. This can even result in ischemia with 

normal coronary arteries during stress. Modified from Canty and Duncker6 with permission.
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Fig. 6. 
Impaired microcirculatory control with abnormal NO-mediated endothelium-dependent 

resistance artery dilation. A. Effects of blocking nitric oxide synthase (NOS) with the L-

arginine analog LNAME in chronically instrumented dogs. There is an increase in the lower 

autoregulatory pressure limit, resulting in the onset of ischemia at a coronary pressure of 61 

mm Hg versus 45 mm Hg under normal conditions that occurred without a change in heart 

rate (modified from Smith and Canty60). B. Transmural perfusion before and after blocking 

NO-mediated dilation with LNNA in exercising dogs subjected to a coronary stenosis. 

Although coronary pressure and hemodynamics were similar, blood flow was lower in each 

layer of the heart after blocking NOS and was not overcome by metabolic dilator 

mechanisms during ischemia. Collectively, these experimental data support the notion that 

abnormalities in endothelium-dependent microvascular vasodilation can amplify the 

functional effects of a proximal coronary stenosis (modified from Duncker and Bache61). 

Abbreviations: Endo, endocardium; Epi, epicardium; LNAME, NG-nitro-L-arginine methyl 

ester; LNNA, NG-nitro-L-arginine. Reprinted from Canty and Duncker6 with permission.
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Fig. 7. 
A. There is a wide variation in paired measurements of functional stenosis severity using 

different indices of flow reserve in the same patient. Simultaneous intracoronary catheter 

based measurements of absolute flow reserve are compared to fractional flow reserve (FFR). 

This variability reflects differences in the contribution of the microcirculation and stenosis in 

individual patients (adapted from Johnson et al.46). B. Hypothetical effects of microvascular 

dysfunction on the stenosis pressure flow relation and measurements of fractional flow 

reserve. The upper blue dashed line shows the idealized linear relation between absolute 

flow reserve and FFR when the coronary microcirculation is normal and maximally 

vasodilated. The lower red dashed line indicates the relation between absolute flow reserve 

and FFR when there is microvascular dysfunction. Individual stenoses are illustrated by the 

solid blue lines. The presence of microvascular dysfunction will limit vasodilation. Thus, 

absolute flow reserve will be reduced and overestimate stenosis severity. In contrast, since 

distal coronary pressure is higher with submaximal vasodilation, fractional flow reserve, and 

relative flow reserve will underestimate stenosis severity. It is likely that these interactions 

contribute to the variability demonstrated in Fig 7A. Modified from Canty and Duncker6 

with permission.
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