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and Potential Gender Differences

George J. Crystal*' and Lloyd W. Klein®

!Section of Cardiology and Department of Anesthesiology, Advocate Illinois Masonic Medical Center,
Chicago, IL; Departments of Anesthesiology and of Physiology and Biophysics, University of Illinois 3

College of Medicine, Chicago, IL, USA: *Department of Internal Medicine and Section of Cardiology, {
Advocate Illinois Masonic Medical Center, Chicago, IL; Department of Internal Medicine, Rush Medli- .

cal College, Chicago, IL, USA

Abstract: Fractional flow reserve (FFR) is a physiological index of the severity of a stenosis in an
epicardial coronary artery, based on the pressure differential across the stenosis. Clinicians are increas-
ingly relying on this method because it is independent of baseline flow, relatively simple, and cost ef-
fective. The accurate measurement of FFR is predicated on maximal hyperemia being achieved by
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pharmacological dilation of the downstream resistance vessels (arterioles). When the stenosis causes FFR to be impaired
by > 20%, it is considered to be significant and to justify revascularization. A diminished hyperemic response due to
microvascular dysfunction can lead to a false normal FFR value, and a misguided clinical decision. The blunted vasodila-
tion could be the result of defects in the signaling pathways modulated (activated or inhibited) by the drug. This might
involve a downregulation or reduced number of vascular receptors, endothelial impairment, or an increased activity of an
opposing vasoconstricting mechanism, such as the coronary sympathetic nerves or endothelin. There are data to suggest
that microvascular dysfunction is more prevalent in post-menopausal women, perhaps due to reduced estrogen levels. The
current review discusses the historical background and physiological basis for FFR, its advantages and limitations, and the
phenomenon of microvascular dysfunction and its impact on FFR measurements. The question of whether it is warranted
to apply gender-specific guidelines in interpreting FFR measurements is addressed.
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INTRODUCTION

Coronary angiography is the traditional clinical method
utilized to characterize the severity of an epicardial athero-
sclerotic coronary stenosis. A shortcoming of this imaging
method is that it is strictly an anatomical assessment, and
may be highly inaccurate when evaluating coronary lesions
of intermediate severity, or when the severity is ambiguous,
such as in the setting of diffuse atherosclerotic disease.
These widely acknowledged limitations prompted the devel-
opment of clinically accessible methods to assess the physio-
logical significance of coronary stenoses. In the 1970s and
80s, several methods based on the concept of coronary flow
reserve (CFR) were proposed [1, 2]. However, the concep-
tual limitations of CFR, including its dependence on baseline
flow, as well as the need for expensive equipment and exten-
sive off-line data processing, led to its abandonment as a
measure of lesion severity in clinical practice. In 1993, Pijls
et al. [3] presented the theoretical arguments and experimen-
tal findings for fractional flow reserve (FFR), a method
based on measuring the pressure gradient across a stenosis
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(the ratio of distal intracoronary pressure to aortic pressure)
during a maximal hyperemia achieved by pharmacological
dilation of the downstream resistance vessels (arterioles).
The implementation of FFR was facilitated by the develop-
ment of a small pressure monitoring guidewire, which intro-
duces minimal additional resistance to transstenotic flow [4].
Because FFR is independent of baseline flow, and is rela-
tively simple and cost effective, it has become widely used
in catheterization laboratories to provide a physiological
assessment of stenosis severity.

A condition for accurate FFR measurements is that
microvascular resistance is reduced maximally and re-
mains stable during the measurement [3]. An impaired
response of the coronary arterioles to the dilator drug can
lead to a false normal FFR value, and a misguided clinical
decision. The greater prevalence of microvascular dys-
function in women may make them more vulnerable to
this error [5, 6].

The current review discusses the historical background
and physiological basis for FFR, its advantages and limita-
tions, and the phenomenon of microvascular dysfunction and
its impact on FFR measurements. The question of whether it
is warranted to apply gender-specific guidelines in interpret-
ing FFR measurements is addressed.

© 2015 Bentham Science Publishers
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CORONARY PHYSIOLOGY

Functional
Circulation

Anatomy of the Coronary Arterial

An appreciation of the anatomy and physiology of the
coronary arterial circulation is important in understanding the
hemodynamic consequences of an epicardial stenosis and the
methods used to assess its severity. The coronary arterial cir-
culation has three functionally distinct compartments [7, 8].
The proximal compartment is composed of the large epicardial
coronary arteries (500 um to 5 mm in diameter), which have
capacitance and conductive functions and normally offer negli-
gible resistance to blood flow. Since most coronary blood flow
is during diastole, coronary perfusion pressure is estimated by
diastolic aortic pressure minus left ventricular end-diastolic
pressure (LVEDP) [9]. LVEDP is usually relatively small, and
is often ignored. Aortic pressure is normally transmitted across
the epicardial arteries without a significant pressure loss.
However, pressure loss can be substantial when an obstruction
due to an atherosclerotic plaque is present. The intermediate
compartment is composed of the prearterioles (100 to 500 pm
in diameter), which exhibit a moderate drop in pressure along
their length and thus make a contribution, although limited, to
the coronary vascular resistance. The prearterioles are not under
the influence of vasoactive metabolites because of their ex-
tramyocardial location. Their principal function is to maintain
pressure at the origin of the arterioles within a narrow range in
the face of changes in coronary perfusion pressure and blood
flow. This is accomplished by adjustments in vascular caliber
via myogenic control mechanisms. The most distal compart-
ment is composed of the intramural arterioles (<100 pm in
diameter), which are the site of the most significant drop in
pressure, and thus are termed “the resistance vessels.” The
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arterioles normally have a high resting tone and a substantial
dilator reserve. These vessels are highly responsive to the
vasoactive metabolites produced by the myocardium, i.e., local
metabolic control, and to the effects of vasoactive drugs [8].

Mechanisms of Coronary Vasomotor Control

The high resting tone of the arterioles results in a level of
myocardial blood flow that is low relative to myocardial
oxygen demand; oxygen extraction is nearly maximal at rest
(approximately 70-80%) and cannot increase appreciably.
Thus, the myocardium is critically dependent on increases in
blood flow to meet increases in cardiac work and oxygen
demand [9]. In the normal coronary circulation, local meta-
bolic control mechanisms ensure a tight coupling of coronary
blood flow and myocardial oxygen demand, as reflected in
an essentially constant value for coronary sinus PO, of ap-
proximately 20 mmHg. The dilator reserve of the coronary
arterioles can also be recruited in the face of decreases in per-
fusion pressure, e.g., an upstream epicardial stenosis [9]. This
compensatory adjustment limits the capacity of the coronary
circulation to respond to a superimposed increase in oxygen
demand, thus enhancing the vulnerability to ischemia [10, 11].

Current concepts of metabolic control suggest a role for a
vasodilating metabolites produced by the myocardium in
proportion to the level of cardiac work, i.e., a feed-forward
mechanism. Metabolites that have been proposed are carbon
dioxide, which is generated in decarboxylation reactions of
the citric acid cycle, and reactive oxygen species, i.e., hydro-
gen peroxide, which are formed in the mitochondrial respira-
tory chain in proportion to oxygen consumption, as indicated
in Fig. 1 [12]. The flow response initiated by these molecules
is mediated by several secondary mechanisms, including the
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Fig. (1). Current concepts of coronary metabolic control. The concepts are separated for physiological conditions (unchanged level of myo-
cardial oxygenation) and pathological conditions (decreased oxygenation). These pathological conditions include coronary insufficiency.
Biochemical reactions and metabolic interactions are indicated by solid arrows and links to effectors by dashed arrows. Pointed ends indicate
activation and rounded ends inhibition. PLA,. phospholipase A,; AA: arachidonic acid; PG: prostaglandins [12].
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ATP-sensitive potassium channels and the voltage-gated
potassium channels. Although endogenous adenosine was
once considered the primary metabolite coupling coronary
blood flow to myocardial oxygen demand, the current
thought is that adenosine becomes involved in local coronary
vasomotor regulation only when the stimulus for its produc-
tion, low tissue PO,, is present [12]. Ultimately, vasodilation,
whether in response to local metabolites or a vasodilating
drug, requires a relaxation of vascular smooth muscle due to
a decreased intracellular Ca®" concentration and a increased
myosin light chain phosphatase activity [13]. Ca*" is re-
moved from the cytosol by uptake into the sarcoplasmic re-
ticulum and extrusion across the plasma membrane [13].

Nitric oxide is an endothelium-derived molecule, which
is produced from the amino acid L-arginine in a reaction
requiring the enzyme NO synthase (NOS) [14]. NOS activity
is stimulated by increases in Ca*" concentration within the
endothelial cell, which occur in response to the interaction of
a chemical agent, e.g., bradykinin and acetylcholine, with a
specific membrane receptor and by increases in flow (shear
stress). NO diffuses to the underlying vascular smooth mus-
cle where it stimulates production of cyclic guanosine mo-
nophosphate (¢cGMP) leading to vascular relaxation. Endo-
thelin-1 is a vasoconstricting molecule also produced in the
vascular endothelium. The production of endothelin-1 is
stimulated by angiotensin II, platelet-derived factors, throm-
bin, reactive oxygen species, and shear stress. Endothelin-1
acts by binding to ET, and ETg receptors on coronary vascu-
lar smooth muscle [15]. NO production may serve as a
counter-regulatory mechanism to limit endothelin-dependent
effects on coronary vessels.

The coronary arterioles express both o;- (constricting)
and PB,-(dilating) adrenergic receptors and muscarinic recep-
tors, and are supplied by sympathetic and parasympathetic
(vagus) fibers, respectively [9]. Stimulation of the mus-
carinic receptors associated with the vascular endothelium
causes coronary vasodilation via the NO-cGMP pathway
[16]. Autonomic pathways normally play a subordinate role
to local metabolic mechanisms in coronary vascular regula-
tion. However, there is evidence that a-adrenergic vasocon-
striction may limit coronary blood flow during atherosclero-
sis [17] and percutaneous coronary intervention [18, 19].

ASSESSING
STENOSIS

SEVERITY OF A CORONARY

Angiography — Applications and Limitations

The clinical severity of a coronary stenosis is assessed by
anatomic criteria using angiography [20]. Despite the well-
documented shortcomings in interpretation relating to in-
terobserver and intraobserver variability [21, 22], essentially
all clinical trials of revascularization provide treatment guid-
ance based on the presence, extent, and evolution of athero-
sclerotic coronary narrowings evaluated by angiography.
However, the functional (physiological) consequences of an
epicardial coronary narrowing cannot be accurately deter-
mined from anatomic information alone. Measurements of
percent stenosis (% diameter reduction) do not take into ac-
count a variety of factors with potential influence on the
adequacy of myocardial perfusion, including diffuse disease,
multiple stenoses in proximity, and heterogeneous remodel-
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ing and endothelial dysfunction [23]. Moreover, when steno-
sis severity is assessed angiographically as a relative diame-
ter reduction versus a normal reference segment, if the dis-
ease is diffuse, and there is no normal segment for compari-
son, inaccuracy is introduced. Finally, other factors, such as
lesion foreshortening, angulations, calcification, eccentricity,
vessel overlap, and streaming of contrast, can complicate
angiographic assessment of lesion severity. Assessing the
significance of a coronary stenosis from visual angiographic
evidence alone has been shown to be an imperfect measure
of functional significance [24], which can result in unneces-
sary procedures. The limitations of anatomic based tech-
niques prompted calls for physiological approaches to assess
the severity of a coronary stenosis [20, 23].

Coronary Flow Reserve

In 1974 the concept of CFR (defined as the ratio of
maximal flow to resting flow) was proposed as a functional
measure of stenosis severity [1]. Maximal vasodilation can
be determined from an analysis of the reactive hyperemic
response (the transient increase in flow that follows an inter-
val of arterial occlusion) [25] or with an intracoronary or
intravenous infusion of a vasodilating drug, such as adeno-
sine, dipyridamole, or papaverine [26]. CFR (also referred to
as absolute CFR) equals the ratio of maximal flow to base-
line flow for a given artery with or without a stenosis or dif-
fuse narrowing, whereas relative CFR references the peak
flow in the diseased artery to the peak flow in the absence of
disease, e.g., in an adjacent coronary artery [1]. In patients
with large vessel coronary artery disease, the extent of the
reduction in CFR is directly proportional to the severity of
the stenosis, whereas in individuals with angiographically
normal coronary arteries it is an indication of microvascular
dysfunction [8].

A knowledge of the mechanism of a vasodilating drug,
e.g., whether it is endothelium-independent or endothelium-
dependent, is important in interpreting values for CFR (or
FFR). If the response to an endothelium-dependent vasodila-
tor is blunted, it could reflect endothelium or vascular
smooth muscle dysfunction. Additional testing with an endo-
thelium-independent vasodilator is necessary to distinguish
between these possibilities.

Adenosine is used commonly to assess CFR in humans.
The vasodilating effect of adenosine was originally thought
to be due to the direct stimulation of A, receptors on vascular
smooth muscle cells, which mediate an increased cAMP
production via stimulation of adenylyl cyclase [27]. Subse-
quent studies focusing on coronary arterioles from porcine
hearts [28, 29] demonstrated that the coronary vasodilation
by adenosine did not involve adenylyl cyclase/cAMP, and
included activation of the A,A receptors on both the vascular
smooth muscle and endothelium. These studies also demon-
strated that the contribution of NO/endothelium was dimin-
ished with increasing adenosine concentrations. At lower
concentrations of adenosine, an opening of the endothelial
Katp channels caused production and release of NO which
subsequently increased ¢cGMP within the smooth muscle
resulting in vasodilation. At higher concentrations of adeno-
sine, an opening of the vascular smooth muscle Karp chan-
nels caused membrane hyperpolarization by shifting the
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membrane potential closer to the K' reversal potential. Hy-
perpolarization inhibits calcium influx via voltage-dependent
calcium channels leading to vasodilation [30]. The afore-
mentioned in vitro findings are in keeping with studies dem-
onstrating that the coronary flow responses to low doses of
adenosine were attenuated by NOS inhibitors, e.g., N%-nitro-
L-arginine methyl ester (L-NAME) [31-33], whereas those
to high doses of adenosine were not [34-36]. A study of iso-
lated coronary arterioles obtained during cardiopulmonary
bypass surgery from diseased human hearts (coronary artery
bypass graft, valve replacement, and repair of congenital
heart disease) found that adenosine-induced coronary dila-
tion was dependent upon an activation of the adenylyl cy-
clase/cAMP pathway and was independent of the vascular
endothelium [37].

Dipyridamole acts by interfering with the degradation of
the adenosine released from the cardiomyocytes, and thus its
molecular pathways are the same as those described above
for adenosine. Papaverine, another sometimes used coronary
vasodilator [38, 39], is thought to have a phosphodiesterase
inhibiting property and operate by increasing cAMP in the
vascular smooth muscle [40]. At high doses, papaverine may
also have a direct inhibitory effect on calcium mobilization
in the vascular smooth muscle cell. Such an action has been
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shown to produce a negative inotropic effect in cardiomyo-
cytes [41]. Acetylcholine and bradykinin are endothelium
(NO)-dependent coronary vasodilators whereas sodium ni-
troprusside is an NO donor acting independently of the endo-
thelium, which is used to assess vascular smooth muscle
function per se [42].

The ability of CFR to provide an index of stenosis sever-
ity is limited by the wide variation in baseline coronary
blood flow and by its dependency on the prevailing hemody-
namic conditions, including myocardial oxygen demand (and
its determinants, preload, heart rate, contractility, and left
ventricular developed pressure), perfusion pressure, and the
magnitude of coronary collateral flow [43-47].

Fractional Flow Reserve (FFR)

Utilizing principles of pressure-flow relations through
coronary stenoses, the concept of FFR was developed as a
means to assess the functional severity of an epicardial coro-
nary stenosis while avoiding the limitations of CFR (Fig. 2)
[3]. A narrowing of an epicardial vessel causes a drop in
perfusion pressure. The pressure drop is due to viscous and
expansion losses. The size of these losses can be estimated
by Poiseuille’s law and Bernoulli’s equation, respectively.
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Fig. (2). Tracings demonstrating fractional flow reserve (FFR) as a measure of coronary flow reserve. Shown are coronary blood flow and
aortic and coronary pressure tracings from a dog without a coronary stenosis (A) and a severe stenosis (B). A hyperemic response was in-
duced by the coronary vasodilating effect of a contrast injection, indicated by the bar at the bottom of the figure. Without a stenosis (A), the
contrast caused a marked increase in coronary blood flow, with little divergence of pressures. However, with a stenosis (B), the contrast in-
creased coronary blood flow modestly with a marked increase in the the aortic-distal coronary pressure gradient. FFR is the ratio of coronary
to aortic pressure at maximum hyperemia and reflects the flow reserve [23].
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The pressure drop across the stenosis is directly related to the
flow rate in an exponential manner (Fig. 3) [48]. A vasodilat-
ing drug (either intracoronary adenosine or papaverine, or
intravenous administration of adenosine or dipyridamole) is
administered to abolish vasomotor tone and, thus, to mini-
mize microvascular resistance. Under this condition, blood
flow across the stenosis is assumed to be maximal producing
the maximal achievable pressure gradient. By measuring the
ratio of the coronary pressure distal to the stenosis to aortic
pressure, the percentage of normal coronary flow, or the
fraction of normal flow (hence FFR), is calculated [3, 48-
50]. FFR has a normal value of 1.0 for every patient and
every coronary artery. FFR for a stenotic vessel is expressed
as a decimal or fraction of this value. A fundamental
assumption of FFR is that, at maximal vasodilation, the
relationship between coronary perfusion pressure and flow is
proportional and linear, i.e., that a stenosis affects distal
coronary pressure to the same degree as it affects flow [48].

FFR was initially validated using a cut off value of 0.75.
This value was determined from studies evaluating the rela-
tion between FFR and exercised-induced myocardial ische-
mia in patients with a single coronary artery lesion and nor-
mal ventricular function [51]. A nonischemic threshold value
was prospectively confirmed [24] and compared with nonin-
vasive stress testing. An FFR <0.75 was associated with in-
ducible ischemia (specificity, 100%), whereas a value >0.80
indicated absence of inducible ischemia in the majority of
patients (sensitivity, 90%) [49]. The data are sparse for
patients with microvascular disease, acute or remote
myocardial infarction, and unstable angina. Caution should
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be applied in extending the current physiological criteria to
such patients [24]. With further experience, investigators
appreciated that extending the cut off value could improve
the sensitivity of FFR without appreciably compromising
specificity. A cut off value of less than or equal to 0.80 is
now recommended as the criterion for a hemodynamically
significant lesion that may be treated with percutaneous in-
tervention [24, 52].

The reproducibility of FFR measurements appears to
depend on the severity of the stenosis [53]; at the extremes
of the disease spectrum, the diagnostic agreement between
repeated FFR measurements, made 10 min apart, was 100%,
but within the range of physiologically intermediate values
(0.77 to 0.83), measurement certainty was less than 80%,
reaching a nadir of approximately 50% around the estab-
lished clinical cut point of 0.80. Due to the inherent variabil-
ity of FFR measurements, a significant percentage of lesions
may fall within a “grey zone” [53]. When an FFR measure-
ment is <0.75 or >0.85, clinicians can use a dichotomous
approach based solely on the FFR result, being confident that
a repeat FFR would result in the same strategic decision >
95% of the time. However, for an FFR measurement be-
tween 0.75 and 0.85, a repeat FFR might allocate the patient
to the opposite treatment category, with the chance of change
in strategy increasing as FFR approximates to 0.80. Between
0.77 and 0.83, the chance of this occurring is as high as 20%.
Several clinical trials have shown that deferring revasculari-
zation for angiographically intermediate stenoses is a reason-
able strategy. Within this grey zone, the decision to revascu-
larize would be based on a broad clinical criteria, encom-
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Fig. (3). The pressure drop across a coronary stenosis (A P) is a direct function of coronary flow velocity (v). The steepness of this relation-
ship increases with stenosis severity (from Stenosis A to C). For a given stenosis, the pressure gradient at baseline (square) is determined by
resting microvascular resistance and that at maximal hyperemia (circle) is determined primarily by the vasodilator capability of the down-
stream resistance vessels, although the physical factors described in the text may pose a limitation. The relationship between A P and v is
defined by the equation at the top of the figure. The first and second terms represent pressure loss caused by viscous friction and expansion
losses at the exit of the stenosis, respectively. The coefficients A and B are determined by stenosis geometry and the rheological properties of

the blood [48].
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passing an evaluation of anatomical features, symptoms,
results of noninvasive testing, and the risk-benefit profile of
the patient [48].

Several limitations and potential sources of error in the
FFR measurement warrant address. 1) Physiological studies
have demonstrated that the pressure-flow relationship during
maximal vasodilation is not linear and proportional, but is
rather curvilinear, implying an increase in the hyperemic
microvascular resistance at low perfusion pressures [11, 48],
thus violating a key assumption of FFR. This deviation from
linearity has been explained by a passive reduction in arterio-
lar caliber in response to reduced distending pressure [11].
The result is a progressive overestimation of FFR with in-
creasing stenosis severity [48]. 2) Hemodynamic factors that
increase extravascular compressive forces, such as tachycar-
dia (reduced diastolic duration) and an increased LVEDP,
can increase hyperemic microvascular resistance and raise
FFR [11, 54]. 3) FFR is sensitive to the size of the perfusion
territory, since this factor can influence the coronary flow
rate and thus the pressure drop across the stenosis. 4) FFR is
influenced by the minimal lumen diameter and lesion length
[55]. 5) Microvascular dysfunction can impair drug-induced
coronary vasodilation, resulting in a blunted flow response
and an elevated FFR (Fig. 4) [48]. The clinical significance
of microvascular dysfunction is discussed in detail below.

Minimal microvascular resistance has been shown to
vary widely between patients and between adjacent perfu-
sion territories within the same patient [48, 56, 57]. This is
likely due to intrinsic morphological variations in vascular
capacity and the influence of the hemodynamic factors al-
luded to above. It has been recommended that measure-
ments of coronary flow velocity and pressure be made si-
multaneously so that calculations of microvascular resis-
tance can be made and taken into account in FFR determi-
nations [48]. Although a guidewire equipped with both a
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pressure and Doppler flow sensor is available, its complex-
ity and lack of technical sophistication has deterred its
adoption in daily practice [48].

MICROVASCULAR DYSFUNCTION
General Concepts

Approximately 10-20% of patients experiencing stress-
induced angina have angiographically normal coronary arter-
ies [58]. The accompanying hemodynamic and metabolic
findings in these patients have suggested that this apparent
paradox may be explained by an impaired responsiveness of
arteriolar resistance vessels to the metabolic vasodilators
linking oxygen supply (blood flow) to oxygen demand.
These findings include: 1) a release of myocardial lactate and
lipid peroxidation products, 2) a widening of the arterio-
venous O, difference, indicating increased myocardial oxy-
gen extraction, 3) an ischemic shift of myocardial high-
energy phosphate metabolism on magnetic resonance spec-
troscopy, 4) a marked increase in LVEDP, and 5) a blunted
response to pharmacological vasodilators [59-63].

A blunted coronary hyperemic response during exercise
in a patient with angiographically normal coronary arteries
could involve a reduced production of a metabolic vasodila-
tor(s), a decrease in receptor number or activity, and/or an
impairment to distal signaling pathways within the arteriolar
vascular smooth muscle. An abnormality in the mechanisms
that lower intracellular Ca*" and decrease myosin light chain
phosphatase activity may also play a role.

Several molecular pathways have been implicated in the
microvascular dysfunction. In some studies, a blunted flow
response to acetylcholine (without effect on the response to
an endothelium-independent vasodilator) provided evidence
for a selective functional derangement within the endothe-
lium [64-67]. However, in others, a blunted flow response to
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Fig. (4). An increase in minimum microvascular resistance (MR) (as shown for Stenosis C) reduces hyperemic flow, which decreases the
pressure gradient across the stenosis, thus increasing fractional flow reserve (FFR). This would be expected to occur with microvascular
dysfunction. There is an opposite effect on coronary flow velocity reserve (CFVR). The dashed lines indicate clinically applicable cut-off
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an endothelium-independent vasodilator (adenosine, dipyri-
damole, or papaverine) suggested that the impairment was
located in the vascular smooth muscle [61, 64, 65, 68, 69].
Interestingly, Koglin and Scheidt [40] identified a sub-group
of patients with normal epicardial angiograms in whom an
isolated defect of adenosine-mediated coronary vasodilation
existed. These patients demonstrated normal and comparable
relative flow reserves, as assessed with the endothelium-
dependent vasodilator, acetylcholine, and the endothelium-
independent vasodilator, papaverine, but markedly impaired
flow responses to two doses of adenosine. The impairment to
adenosine-induced vasodilation could be attributable to a
selective downregulation of the A,s receptor and/or a de-
crease in A, receptor density, or to a defect in the relevant
G, protein. These findings suggest that in certain patients the
use of adenosine for maximal vasodilation may result in de-
ceptively high values for FFR.

An upregulation of the coronary sympathetic nerve/o-
adrenergic receptor pathway may be involved in the patho-
genesis of microvascular dysfunction [70, 71]. This mecha-
nism could elevate vasomotor tone and oppose the action of
vasodilating stimuli [72]. As evidence for this mechanism,
both ergonovine injection and mental stress caused decreases
in coronary blood flow in patients with documented mi-
crovascular dysfunction [61, 73]. Moreover, several studies
have suggested thata ;-adrenoreceptor-mediated coronary
vasoconstriction can limit the maximal increase in blood
flow induced pharmacologically. In canine studies, Vlahakes
et al. [74] found that phentolamine (an o ;- and a,-receptor
blocker) increased myocardial blood flow during maximal
adenosine-induced vasodilation, while Johannsen et al. [75]
found that cardiac sympathetic nerve stimulation or phen-
ylephrine (an a,-receptor agonist) had the opposite effect. In

Current Cardiology Reviews, 2015, Vol. 11, No. 3 215

normal human volunteers, Lonenzoni et al. [76] demon-
strated that dipyridamole caused a 40 % greater increase in
myocardial blood flow following a ;-adrenergic blockade
with doxazosin. In patients with coronary stenoses, the ad-
ministration of phentolamine or urapidil (a selective - re-
ceptor blocker) caused a reduction in FFR values determined
with adenosine (reflecting an unmasked residual microvascu-
lar tone), although these changes were small and did not af-
fect clinical decision making [77, 78]. In patients with dem-
onstrated microvascular dysfunction, endothelin-1 levels
increased in the coronary sinus blood during atrial pacing
[79], which may provide an additional mechanism opposing
metabolic and pharmacologic coronary vasodilation.

Epstein and Cannon [80] presented an alternative view to
the assumption that the myocardial ischemia and angina in
patients with normal epicardial coronary arteries is due to
inadequate dilation of the coronary arterioles. These investi-
gators found that dipyridamole infusion in these patients
caused a marked increase in transmural myocardial blood
flow, which was accompanied by severe chest pain. The
authors suggested that these apparently paradoxical findings
were consistent with a flow-impeding resistance located at
the level of the upstream prearterioles (Fig. 5). Their argu-
ment is as follows: Because of a smaller autoregulatory ca-
pability (owing to a greater vulnerability to myocardial tissue
pressure) and a higher metabolic demand, the accentuated
pressure drop in the prearterioles results in exhaustion of the
vasodilator reserve in the subendocardium, whereas reserve
remains in the subepicardium. In this scenario, a vasodilator,
such as dipyridamole, decreases vascular resistance selec-
tively in the subepicardium, and increases blood flow there.
This reduces the driving pressure for blood flow to the pres-
sure-dependent subendocardium, thus reducing flow to that

Fig. (5). Two models of increased coronary resistance with normal epicardial arteries. A. The increased resistance to flow (R,), which could
be either a fixed anatomic or a functional defect, is at the arteriolar level. B. The increased resistance to flow (R3) is at the intramural prearte-
riole. Py and P, = pressures proximal and distal to the abnormal resistance, respectively; R; = the normally responsive subepicardial arteriole

[80]. Refer to text for a detailed explanation.
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region (so-called transmural coronary steal), resulting in
myocardial ischemia and angina. An involvement of the
prearterioles is supported by findings of structural abnor-
malities of small coronary arteries and small vessel hyper-
trophy in patients with angina pectoris but normal coronary
arteriograms [68].

Microvascular Dysfunction in Women

The Women’s Ischemia Syndrome Evaluation (WISE)
study was the first full-scale evaluation of gender-related
differences in coronary artery disease [5, 6]. The WISE study
found that women were more prone to microvascular dys-
function as the cause for angina pain and that the prevalence
of this condition increased with the onset of menopause. The
investigators used coronary velocity responses to adenosine
in women with chest pain and no obstructive coronary dis-
ease to assess microvascular function. The results demon-
strated that women with microvascular dysfunction, as evi-
denced by reduced CFR values, also had a loss of epicardial
dilation during the adenosine-induced increase in blood flow.
This impairment to endothelium-dependent, flow-mediated
dilation suggested that derangement of endothelial function
contributed to the blunted microcirculator reactivity.

Because microvascular dysfunction disproportionally
affects menopausal women and because estrogen is a known
coronary vasodilator, it has been hypothesized that mi-
crovascular dysfunction may be caused by estrogen defi-
ciency [81]. Estrogen can dilate the coronary circulation via
both endothelium-dependent and endothelium-independent
mechanisms [82]. The endothelium-dependent mechanism
involves the NO-cGMP pathway [83]. Estrogen may en-
hance endothelial NO production by increasing NOS expres-
sion or activity [82, 84], and by increasing the concentration
of Ca®" in the endothelial cell [84-86]. It has also been sug-
gested that estrogen increases bioavailablity of NO via an
anti-oxidant effect, which reduces the conversion of NO to
the toxic molecule peroxynitrite [87]. Endothelium-
independent coronary vasodilation is mediated by specific
estrogen receptors on the coronary vascular smooth muscle
cell, whose activation reduces intracellular Ca®" concentra-
tion and Ca’" influx from the extracellular space [82]. The
chronic effect of endogenous estrogen is a reduction in the
density and/or permeability of the Ca’" channels [88]. The
loss of this moderating influence of estrogen on vascular
smooth muscle contraction may explain the blunted vasodi-
lating effects of endothelium-independent vasodilators, such
as dipyridamole, in post-menopausal women. Studies
showed that 17-beta-estradiol cutaneous patches reduced the
frequency of chest pain and improved exercise tolerance in
women with microvascular dysfunction [81]. More than half
of the women tested in the WISE study had coronary endo-
thelial dysfunction when tested with acetylcholine. Besides
estrogen deficiency, other factors have been suggested to
explain microvascular dysfunction in post-menopausal
women, including age, hypertension, cigarette smoking,
dyslipidemia, visceral obesity, and a genetic predisposition.

A recent study evaluated the link between emotional
stress and microvascular dysfunction in women [89]. The
study was composed of sixteen women diagnosed with mi-
crovascular dysfunction and eight women of similar age and
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weight without microvascular dysfunction. Heart rate, arte-
rial pressure, and heart rate variability were measured at rest
and when the women were subjected to the emotional stress
of anger. The results demonstrated that this stress increased
sympathetic nerve activity only in the women with mi-
crovascular dysfunction, suggesting a neurogenic mechanism
for this condition. It has been proposed that the sympathetic
nerves may also play a role in the stress-induced transient
hypokinesis of the left ventricular apex or midventricular
segments found in post-menopausal women with angi-
ographically normal coronary arteries, i.e., Takotsubo car-
diomyopathy (TTC) [90-92]. Experimental support for this
theory comes from a study demonstrating that combined o-
and B-adrenergic blockade prevented apical ballooning in a
rat model of emotional stress [93]. Post-menopausal changes
in the sensitivity or density of local myocardial adrenergic
receptors from base to apex may help to explain the regional
pathophysiology of TTC patients [94]. The predominance of
TTC in post-menopausal women has implicated estrogen
deficiency in its pathogenesis [95]. This mechanism is con-
sistent with experimental studies demonstrating that estradiol
administration obtunded the emotional stress-induced car-
diac dysfunction observed in ovariectomized rats [96, 97].

GENDER DIFFERENCES IN FFR VALUES

Recent studies consistently demonstrated that post-
menopausal women have higher FFR values than men of a
comparable age, although the difference between the sexes
was not appreciable [98-101]. For example, in the FAME
sub-study, Kim et al. [98] found that FFR values in women
were 0.75+0.18 (SD) whereas those in men were 0.71+0.17
(P= 0.001). These investigators also reported that the
proportion of functionally significant stenoses, defined as
FFR<0.80, was lower in women compared to men. This
was true for stenoses of 50 — 70 % severity (21.1% vs.
39.5%, p<0.001) and for stenoses of 70 — 90% severity
(71.9% vs. 82.0%, p = 0.019). The most widely cited rea-
son for the higher FFR values in women is microvascular
dysfunction [102]. Another factor is that women generally
have smaller hearts and myocardial perfusion territories
[103, 104], which would result in a smaller hyperemic flow
and a blunted pressure drop across a given sized stenosis.
Because of a disproportionate impairment to microvascular
reactivity in women, the question arises whether it is war-
ranted to apply gender-specific guidelines in interpreting
FFR measurements. In particular, would it be reasonable to
apply a cut off value higher than 0.80 in women? Since the
studies to date have found that the difference in FFR values
between the sexes, although statistically significant, was
relatively small, we must answer no. However, we would
recommend that if a woman with a borderline or equivocal
stenosis on an angiogram also has a borderline FFR, i.e.,
0.75-0.83, that the test should be repeated. To increase the
probability that a determination of FFR is obtained during
the maximal hyperemic response, it would make sense,
from a physiological perspective, to use a vasodilating drug
with a different mechanism for the second test. However,
this approach has not been studied, and is currently not
standard practice. The well-documented differences in mi-
crovascular reactivity in women and men suggest that con-
sideration should be given to making the vasodilating drug
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used during FFR measurements gender-specific. Further
studies are necessary to ascertain the drug and the dose
most likely to produce the maximal hyperemic response in
each gender.

CONCLUSION

FFR is a useful tool for determining the physiological
significance of a coronary stenosis, and has been shown to
be of undeniable benefit in determining the need for revascu-
larization. A methodological requirement of the technique is
that maximal dilation of downstream resistance vessels be
achieved pharmacologically. Microvascular dysfunction is a
relatively common pathophysiological condition that may
result in impaired vasodilator responses. The greater preva-
lence of microvascular dysfunction in women has been cited
as an explanation for their higher FFR values compared with
men when stenoses of similar severity are compared. Clini-
cians need to consider the impact of microvascular dysfunc-
tion, as well as other potential sources of error, in their inter-
pretation of FFR findings. The appropriateness of applying a
rigid FFR cut-off value for all patients requires further ex-
amination. The use of FFR necessitates an in-depth knowl-
edge of the technique, including its limitations and sources
of variability, an appreciation of the rheological and physical
properties of coronary stenoses, and an understanding of the
physiology, pathophysiology, and pharmacology of the
coronary microvasculature.
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