Role of fractional and coronary flow
reserve in clinical decision making in
iIntermediate coronary lesions

Adequate patient selection for percutaneous coronary intervention is of the greatest importance in order
to minimize early and late complications. Therefore, objective evidence for myocardial ischemia is mandatory
for the management of patients with coronary artery disease, in particular in multivessel disease and those
with intermediate lesions (40-70% diameter stenosis on angiography). The use of sensor-equipped guidewires
for the assessment of functional coronary lesion severity has become extensive in the cardiac catheterization
laboratory. The hemodynamic indices derived from intracoronary pressure or flow measurements, fractional
flow reserve and coronary flow reserve, show a high agreement with noninvasive stress testing. Furthermore,
deferral of percutaneous coronary intervention for hemodynamically nonsignificant lesions is associated
with a low major adverse cardiac event rate. However, since these indices are based on either intracoronary
pressure or flow, they do not investigate the hemodynamics of the coronary circulation entirely, leading to
ambiguous outcomes in some cases. Only the use of simultaneously measured intracoronary pressure and
flow can comprehensively investigate the separate influences of epicardial and microvascular contributions

to coronary flow impairment, thereby minimizing possible misinterpretation of the data.
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Rationale for assessment of

coronary physiology

While coronary angiography is used as the
gold standard for documentation of the pres-
ence and extent of coronary artery disease, it
has its limitations in assessing the functional
significance of coronary stenoses [1.2]. Even
experienced operators show only moderate
results in evaluating the hemodynamic severity
of particular stenoses by visual estimation (3].
These limitations of coronary angiography have
been consistently documented by functional
evaluation using exercise testing or anatomic
analysis using intravascular ultrasound [1.2].
Pathological studies have shown that the devel-
opment of most coronary plaques and stenoses
starts with so-called positive remodeling, the
compensatory enlargement of the outer wall of
the artery [4], but will subsequently compromise
the vessel lumen. These atherosclerotic plaques
will only be detectable on coronary angiogra-
phy when they have reached a cross-sectional
area corresponding to half of the vessel area
[2]. Moreover, the atherosclerotic involvement
of a diffusely diseased vessel may be underesti-
mated by angiography that only visualizes the
vessel lumen. Besides the lack of information of
the vessel wall, coronary angiography is a 2D
imaging technique and generally requires two
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orthogonal projections for satisfactory visual
assessment. Image foreshortening, angulation,
tortuosity, vessel overlap and calcifications may
hamper adequate geometric evaluation. Even
when the geometric dimensions of a stenosis
are quantified by computer-assisted analysis,
the translation of anatomic lumen reduction to
hemodynamic stenosis severity is not straight-
forward, since functional severity depends on
coronary hemodynamics. The poor functional
predictive accuracy of coronary angiographic
parameters is particularly evident in intermediate
coronary lesions (IL; i.e., lesions with 40-70%
diameter stenosis) (Ficure 1) [5.6]. This poor rela-
tion between anatomical and functional sever-
ity of coronary stenoses was also shown by new
and promising noninvasive techniques using
multidetector computed tomography coronary
angiography (7.8]. IL are frequently encountered
in diagnostic coronary angiography, especially
in patients with multivessel coronary artery
disease (MVD) (9], who currently comprise the
largest group of patients admitted to the car-
diac catheterization laboratory for percutaneous
coronary intervention (PCI).

Although the enhanced safety of PCI owing
to better delivery system technology and (drug-
eluting) coronary stents has improved short-
and long-term patency, complications still
occur. In view of these early (procedural) and
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late (restenosis) complications of PCI, adequate
selection of hemodynamically compromising
lesions is mandatory [10-16]. The development
of PCI guidewires equipped with miniaturized
sensors at the tip allows assessment of functional
coronary lesion severity in the cardiac catheter-
ization laboratory. The parameters derived from
intracoronary flow and pressure can be used for
ad hoc clinical decision making. This review
will discuss the role of coronary physiological
measurements in clinical decision making in the
cardiac catheterization laboratory.

Physiology of the

coronary circulation

In healthy conditions, coronary blood flow
is well adapted to the metabolic needs of the
heart [17]. Since oxygen extraction is almost

QO s,

maximal in the coronary system, coronary flow
needs to increase in response to an increase in
myocardial oxygen demand.

Coronary blood flow is locally controlled at
the organ level. The coronary circulation can
be conceptually divided into the epicardial
conductance vessels and the intramural vessels,
(i.e., arteries and arterioles down to the capil-
lary level that comprise the microcirculation).
Hemodynamically, blood flow through the vas-
cular system is governed by Ohm’s law, which
states that flow is equal to the pressure gradient
divided by the sum of resistances between the
input and output of the vessel. Vascular resis-
tance to blood flow can be described by the law
of Hagen and Poiseuille, which implies that the
resistance is proportional to the vessel length
and blood viscosity and inversely proportional
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Figure 1. Scatter plots of coronary (A) and fractional flow reserve (B) versus diameter
stenosis showing the discrepancy between the angiographic and the physiological severity
of coronary lesions. A wide range of measurements of coronary flow reserve and fractional flow
reserve are observed for intermediate coronary lesions (i.e., 40—70% diameter stenosis [gray areas]).
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to the fourth power of the diameter. This pro-
vides the coronary circulation with a powerful
mechanism for blood flow regulation by alter-
ing smooth muscle tone (e.g., 2 30% reduction
in vessel diameter results in a fourfold increase
in resistance). All coronary arterial vessels with
diameters less than 400 pm contribute to flow
control [18]. Dilation of these resistance ves-
sels can increase myocardial blood flow up to
sixfold to meet enhanced demand [19,20].

In the absence of an epicardial stenosis,
maximum flow in humans should rise to at
least approximately three-times above that
of resting flow [21] and was reported to reach
approximately 4.5-times the resting level in
healthy men [22]. This reserve capacity, calcu-
lated as the ratio of maximum to resting coro-
nary blood flow, is called coronary flow reserve
(CFR) [23.24].

The diagram shown in Ficure 2 illustrates this
concept by means of the relationship between
coronary arterial input pressure and flow. In
the presence of vessel tone, the pressure—flow
relationship is characterized by a central flat
portion that represents autoregulation (i.e., lit-
tle change of flow with change of pressure). The
maximal flow without tone is predominantly a
function of the total cross-sectional area of the
microvascular resistance (MR) vessels, which
in turn depends on the prevailing distending
pressure [25]. The pressure—flow relationship at
maximal vasodilation is therefore straight at
physiological pressures, with a convex portion
at the lower end (not shown in this diagram)
that intercepts the pressure axis at a positive
value slightly higher than right atrial pressure.
The vertical line indicates the CFR. Note
that CFR depends on perfusion pressure. It
can be reduced by an increased baseline flow
(e.g., owing to increased heart rate), a decreased
maximal flow (e.g., owing to decreased diastolic
perfusion time in tachycardia, left ventricular
hypertrophy [LVH], increased blood viscosity
or small vessel disease) and a rightward shift
of the maximal pressure—flow line (e.g., owing
to increased extravascular mechanical forces,
as in elevated left ventricular end-diastolic
pressure or LVH). A summary of the various
factors that can reduce CFR was published
by Hoffman [26]. The existence of functional
collateral vessels induces a rise of the pressure
intercept (altered concave portion at low per-
fusion pressures) without changing the slope
at pressures above 40 mmHg. This effect and
its influence on coronary MR were recently
discussed by Spaan and coworkers [25].
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Figure 2. Coronary pressure—flow relationship. Coronary arterial input

Coronary arterial pressure

pressure and blood flow are shown at baseline (autoregulation, with control) and at
maximal vasodilation (control absent). Dotted lines represent the normal circulation
and solid lines reflect the changes in the presence of an epicardial stenosis, when
maximal flow becomes progressively lower with increasing input pressure and the
autoregulatory range is compromised. Consequently, CFR (solid arrows) is larger

than CFR, (dashed arrows). FFR represents the ratio of maximal flow without a

stenosis to that with a stenosis.

CFR,: Coronary flow reserve without a stenosis; CFR: Coronary flow reserve with a

stenosis; FFR: Fractional flow reserve.

The concept of CFR as a physiological mea-
sure of coronary stenosis severity was developed
in the 1970s by Gould and coworkers [23,27].
Wilson ez al. introduced the Doppler-based
coronary flow velocity reserve as a surrogate for
CFR [28]. Measuring flow velocity has the advan-
tage of it being remarkably constant along the
major epicardial vessels, whereas volume flow
depends on the perfused mass of myocardium
and diminishes with each branch point[29.30].

The luminal narrowing caused by a stenosis
in an epicardial conductance vessel represents an
additional resistance to blood flow (Ficure 3). This
resistance can be overcome at rest by compen-
satory vasodilation, and autoregulated flow only
decreases near complete occlusion when the vaso-
dilatory capacity is exhausted (see Ficure 2, solid
line). This compensatory mechanism to main-
tain baseline flow, however, also diminishes the
ability to dilate further in response to increased
myocardial demand and leads to a reduction of
maximal flow. Coronary revascularization is indi-
cated when stenosis severity has reached a level of
impaired coronary flow that can no longer meet
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Figure 3. Effect of a coronary stenosis on
downstream perfusion pressure. Total
pressure loss across the stenosis (AP) is equal to
the sum of frictional (Poiseuille) losses along the
lesion and losses due to convective acceleration
(Bernoulli) at the throat that are expended at
the exit due to flow separation and recirculation
eddies (exit losses). Frictional losses are linearly
correlated to flow, Q, and exit losses increase
with the square of the flow as AP = AQ + BQ?.
The loss coefficients A and B are a function of
stenosis geometry and rheological properties of
blood (viscosity and density). Insert: The
diseased coronary circulation illustrated by a
lumped electrical analog, with SR in series with
a variable MR. The graphical representation of
this equation results in a quadratic relationship,
where the curvilinear shape demonstrates the
presence of nonlinear exit losses. When no
stenosis is present, the second term is zero and
the curve becomes a straight line (with a
positive slope that depends on the diameter of
the vessel; law of Poiseuille).

MR: Microvascular resistance; SR: Stenosis
resistance.

oxygen demand. This will first be noticeable
during exercise. The effect of a stenosis on the
coronary pressure—flow relationship at maximal
vasodilation is also depicted in Fieure 2 (solid line),
which in this case is characterized by a curvilinear
relationship owing to the nonlinear pressure loss
induced by the stenosis, as explained below.

The trans-stenotic pressure gradient (AP) caused
by diameter reduction is the sum of frictional
(Poiseuille) losses along the throat of the lesion,
losses due to convective acceleration (Bernoulli)
and flow separation at the exit of the lesion (Ficure 3).
This can be described by a quadratic relationship
between pressure gradient and flow:

AP = AQ + BQ?

Interv. Cardiol. (2009) 1(2)

where Q represents flow (or flow velocity) and
A and B are the viscous and expansion loss coef-
ficients, respectively, that depend on the rheolo-
gical properties of blood and on the detailed
geometry of the stenosis, with a dominant influ-
ence of the inverse fourth power of the mini-
mum stenosis diameter in both terms (31). The
resulting nonlinear pressure drop—flow relation-
ship uniquely characterizes the hemodynamic
severity of a particular stenosis [32-34].

Ficure 4 depicts the link between the physiologi-
cal and hemodynamic severity of a coronary ste-
nosis. The pressure drop—velocity relationships for
three stenoses of different hemodynamic sever-
ity are shown, with stenosis A being the most
severe and stenosis C representing a mild lesion.
Obviously, the pressure drop across a given epi-
cardial stenosis depends on flow, hence it is not
only determined by anatomic stenosis severity, but
also by the dilatory capacity of the resistance ves-
sels. As depicted by the white (baseline) and black
(hyperemia) symbols in Ficure 4, stenoses B and
C would yield the same CFR, despite different
hemodynamic severity. In addition, microvascu-
lar disease (e.g., in cardiac hypertrophy or dia-
betes) may limit maximal achievable flow, while
resulting in a lower hyperemic pressure gradient
for the same coronary stenosis (Fieure 4 stenosis A,
gray circle). Conversely, sinus tachycardia induces
a higher baseline flow (Ficure 4 stenosis C, gray
square) and hence may decrease CFR without a
change in hyperemic pressure gradient.

The fact that the limiting influence of a
stenosis is accentuated at elevated flow rates
led Young ez al. to propose in 1977 the ratio
of maximal flow in the presence of the steno-
sis (Q, ) to maximal flow without the stenosis
(Q,,) as a useful index to characterize the effect
of a stenosis as [32):

Q./Q,. =1-AP/P,

where P = aortic pressure. This ratio was
later reintroduced as ‘relative maximal flow’
by Gould ez al. to describe the impact of a
coronary stenosis in dogs [27]. This notion was
subsequently extended by Pijls and coworkers
to the concept of fractional flow reserve (FFR)
that provided the theoretical framework to
estimate the maximal myocardial flow ratio,
including possible collateral flow, from pres-
sure measurements alone [35]. FFR is defined
at maximum hyperemia as the ratio of distal
coronary pressure (P,) minus coronary venous
pressure (P ) to aortic pressure minus coronary
venous pressure. Implicit in this derivation
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is the assumption that coronary MR in the
maximally dilated vascular bed is constant.
However, downstream perfusion pressure is
likely to be markedly reduced in the presence
of a stenosis that will in turn increase MR in
the distensible vessels without tone comprising
the myocardial vascular bed at maximal vaso-
dilation [3¢]. These and other caveats have been
described by Hoffman [2¢] and Siebes ez a/. [37].
The result of a discrepancy in minimal MR
due to different perfusion pressures will be that
the pressure ratio is higher than the maximal
flow ratio.

Considering the simple model of the coronary
circulation depicted in Ficure 3, the total resis-
tance of the diseased coronary circulation is
determined by two resistances in series (Fioure 3):
a proximal epicardial stenosis resistance (SR)
and a downstream variable MR. FFR can be
expressed in terms of these resistances as:

FFR = MR/(SR + MR)

All measurements evaluated at maximal vaso-
dilation. Fieure 5 depicts the dependence of the
pressure ratio P /P_on flow velocity for different
stenosis severities. With increasing flow velocity
after a bolus of adenosine, Pd/Pa decreases in a
nonlinear fashion due to the quadratic increase
in stenosis pressure gradient. FFR is evaluated
at the maximal velocity (or minimal MR) that
can be achieved for a particular microvascular
bed. As outlined above, minimal MR depends
on external hemodynamic conditions and on
the dilatory capacity of the microvascular bed.
A change in minimal MR affects both FFR and
CFR, although in opposite directions, as illus-
trated in Ficure 4. A higher hyperemic flow will
decrease FFR, but increase CFR. This can result
in discordant outcomes for these clinical indices,
as shown in the example of stenosis B (low MR)
and stenosis C for a high MR.

Variability in MR exists not only between
patients, but also between different vascular
territories within one heart [38-40]. Transmural
and temporal heterogeneity of myocardial blood
flow renders the subendocardium more suscep-
tible to ischemia [41] and represents an additional
complication in the interpretation of functional
parameters that are essentially based on lumped
resistance models. Also, as discussed above, MR
in the vasodilated microvascular bed depends
on perfusion pressure, and a positive relation
between coronary lesion severity and MR was
observed [39]. Conversely, restoration of dis-
tal distending pressure after PCI immediately

future science group

reduced hyperemic MR (HMR) to values similar
to that of the normal reference vessel [42], thereby
contributing to the beneficial effect of PCI with
respect to coronary perfusion.

The interaction between coronary blood
flow, stenosis pressure gradient and coronary
MR must be kept in mind in clinical practice
when using intracoronary-derived physiological
parameters such as CFR or FFR for clinical
decision making.

Clinical assessment of functional
coronary lesion severity

The development of PCI guidewires equipped
with miniaturized pressure and/or flow veloc-
ity sensors has led to the introduction of intra-
coronary hemodynamic measurements in the
catheterization laboratory [34,43-4s].
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Figure 4. Pressure drop—flow velocity curves of three stenoses with different
severity, illustrating the importance of combined measurements. The pressure
drop—flow relationship uniquely describes the hemodynamic characteristics of a given
stenosis. The steeper the curve, the more severe the stenosis. With a reduction in

MR, flow increases from baseline (white symbols) to maximal flow (black symbols)
along each curve, which is associated with a quadratic increase in pressure gradient.
Assuming an aortic pressure of 100 mmHg and a baseline velocity of 15 cm/s (white
symbols), cut-off values for FFR and CFR are indicated by horizontal and vertical lines,
respectively. A change in MR affects FFR and CFR in opposite directions. An increase
in hyperemic MR (e.g., due to microvascular disease) reduces maximal blood flow and
hence pressure gradient across the stenosis (gray circle of stenosis A), thereby
increasing FFR to a nonischemic value. A change in baseline resistance (due to higher
demand, for example by tachycardia) will result in a higher baseline flow (gray square
of stenosis C) and, consequently, a lower CFR (below the ischemic threshold).

Note that at maximal hyperemia for stenosis B (black triangle), FFR and CFR have
discordant values with respect to their respective ischemic threshold.

CFR: Coronary flow reserve; FFR: Fractional flow reserve;

MR: Microvascular resistance.
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Figure 5. Coronary flow velocity and the ratio of distal pressure to aortic
pressure measured in four stenoses of different severity in patients during
the increase in flow velocity above baseline flow induced by adenosine
injection. These data illustrate how fractional flow reserve (FFR) = P /P_decreases

and coronary flow reserve (CFR) =v__ /v

increases with the reduction in micro-

max - base

vascular resistance (MR). For mild stenoses, small variations in minimal MR have very
little effect on FFR compared with CFR. Conversely, a change in minimal MR in case
of a severe stenosis has a large influence on FFR, while CFR is hardly affected.

P/P.: Distal pressure:aortic pressure ratio; v: Coronary flow velocity.
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B Technique of flow velocity &
pressure measurements

Accurate acquisition and interpretation of sig-
nals are mandatory for optimal assessment
of coronary physiology. Intercoronary pres-
sure measurements can be obtained with the
PrimeWire™ or ComboWire® (Volcano Corp.,
CA, USA) or with the PressureWire™ (St Jude
Medical, MN, USA) that incorporate a pressure
sensor at the tip or 1.5 or 3 cm proximal to the tip
of the wire. Before crossing the coronary lesion
of interest, the sensor output must be zeroed
outside the patient and thereafter equalized to
the aortic pressure in the guiding catheter at the
ostium of the coronary artery. It is important
to be aware of pitfalls in interpretation, such as
pseudostenosis created by the guiding catheter
(catheter obstruction, damping or spasm), cath-
eter malaposition (insufficiemt hyperemia) and
pressure sensor drift. To rule out the latter, a
control with the pressure wire in the guiding
catheter must be performed [46]. When serial
lesions or a diffusely diseased vessel are evalu-
ated, a continuous pressure recording during a

Interv. Cardiol. (2009) 1(2)

slow pullback can provide useful information.
The axial distribution of changes in pressure
(gradual or stepdown) along the coronary vessel
can then be observed during maximum hyper-
emia. For this, a long-acting hyperemic agent is
mandatory (see below and Taste 1) [47].
Coronary flow velocity can be assessed using
a FloWire® or a ComboWire (Volcano Corp.),
both equipped with a Doppler sensor at the tip.
The Doppler sensor should be advanced at least
2 c¢m beyond the stenosis to avoid poststenotic
flow disturbance. After recording resting (base-
line) flow velocity, maximum flow velocity can
be achieved by different hyperemic stimuli (see
below and Tasie 1). Adequate assessment of flow
velocity is more difficult compared with pres-
sure measurement, and may result in insuffi-
cient quality in approximately 10% of patients
[45]. Wire positions and orientation should be
carefully varied to achieve an optimal tracking
of the velocity signal (6]. The main advantage
of Doppler-based velocity measurement is the
continuous recording of instantaneous changes
in velocity (i.e., changes in the pulsatile veloc-
ity waveform can be followed throughout
interventions that alter coronary blood flow).
A recent alternative is based on the principle
of thermodilution and uses bolus injections of
saline at room temperature [48]. The temperature
sensitivity of the pressure sensor (PressureWire)
can then be applied to measure the mean transit
time. The ratio of mean transit times obtained
at rest to that obtained at maximal hyperemia is
then an indirect measure of CFR [45]. Optimal
assessment depends on several technical aspects.
The pressure sensor must be positioned at a stable
position distal to the stenosis of interest and more
than 6 cm downstream of the injection site. Room
temperature saline must be quickly injected in the
coronary artery, without influencing the coronary
flow. Overestimation also occurs when large side
branches exist between the infusion site and the
stenosis of interest. A steady-state hyperemia is
mandatory, although the associated decline in
blood pressure may influence the results. These
factors may contribute to the average 20% over-
estimation of Doppler-derived CFR by this
thermodilution-based method, which is greatest
at clinically relevant values [49]. Technical suc-
cess rates of 87% have been described [45]. This
method has recently been extended to obtain
absolute blood flow by slow continuous infu-
sion of cold saline [50]. However, also with this
approach, only average values over several seconds
can be obtained, which remains a limitation of
thermodilution-based methods.
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B Pharmacologic hyperemic agents
Maximal hyperemia is essential in the assess-
ment of most parameters of functional coronary
stenosis severity. However, in the assessment of
SR it is less crucial, since pressure gradient and
flow change in the same direction. Prior to inter-
coronary pressure and flow assessment, interco-
ronary nitroglycerine (0.1-0.2 mg) should be
administered to reduce epicardial vessel tone and
to minimize vasomotion. Various agents can be
used for maximal vasodilatation of the coronary
resistance vessels and resulting maximal hyper-
emia. In clinical practice, adenosine is most often
used either by intercoronary or intravenous infu-
sion. Other hyperemic agents include papavarine,
dobutamine and ATP (Taeie 1) [6,46,51-55].

W Fractional flow reserve

At present, the most frequently used physiologi-
cal index is the pressure-based myocardial FFR.
By definition, P_ = P, when there is no stenosis
and FFRis equal to 1. An FFR value of less than
0.75 indicates functional significance of coro-
nary severity causing myocardial ischemia [s6).
In clinical practice, the calculation of FFR is
simplified by neglecting the right atrial pressure
because it is small compared with the aortic pres-
sure [35,57], although this introduces overestima-
tion of the maximal flow ratio for more severe
stenoses (58] and can lead to misclassification of
these lesions as insignificant [s9]. Intracoronary
pressure is easy to measure and applicable in

Pharmacologic Dose

diffuse disease and ostial, bifurcation and main
stem lesions [6,47,60,61]. FFR has been presented
as a lesion-specific index that is not affected
by changes in external hemodynamic condi-
tions [35,62]. However, FFR may be influenced
by microvascular disease (LVH, hypertension or
diabetes) or the presence of serial stenoses or dif-
fuse coronary disease [38,46,47.63]. Furthermore,
age and changes in aortic pressure or heart rate
were shown to alter the FFR value [37.42.52,64-66].
In clinical practice FFR has a high diagnostic
and prognostic power and has proven its value
in numerous studies [¢].

B Coronary flow (velocity) reserve

Doppler velocity-based coronary indices include
CFR, and relative CFR (RCFR). CFR depends
on both baseline and hyperemic flow, which
makes it more dependent on hemodynamic con-
ditions and therefore is less stenosis-specific com-
pared with FFR. An elevated baseline flow due
to microcirculatory disease or an increased rest-
ing oxygen demand, for example in tachycardia,
LVH, hypertension, aortic stenosis, diabetes or
acute myocardial infarction, decreases CFR by
definition [26,38,62,.67-71]. Similar to FFR, CFR
can also be altered by a reduced hyperemic flow
due to microcirculatory disorders. This has been
noticed in patients with hypertrophic cardiomy-
opathy, diabetes and acute coronary syndromes
(ACSs) [67,69,70,72-74]. Endothelial dysfunction
with decreased vasodilation may also decrease

Time of hyperemic Comments

agent response
Adenosine ic. RCA: 15-30 pg; 5-30s AV block (seldom and transient);
LCA: 20-60 pg Sometimes suboptimal hyperemia leads to underestimation of
stenosis severity;
No pullback curve possible;
No assessment of ostial mainstem lesions;
Do not use any caffeine/theofylline products before adminstration
Adenosine iv. 140-180 60-s infusion stop AV block (seldom and transient);
ug/kg/min Do not use any caffeine/theofylline products before administration;
Decrease in blood pressure (<15%) and increase in heart rate (<15%);
Infusion should be via large vein;
Harmless angina-like chest pain during infusion (sometimes);
Contraindicated in patients with severe COPD (brochospasm)
Papavarine ic. RCA: 10 mg; 30-120s QT prolongation (transient);
LCA: 15 mg VT, TdP, T-wave abnormalities;
Opalescence in combination with ionic contrast agents/hexabrix
Dobutamine iv. 10-40 pg/kg/min  120-s infusion stop Increase in heart rate and blood pressure
Nitroprusside ic. 0.6 pgr/kg 5-90s Decrease in blood pressure (<15%) and increase in heart rate (<5%)
ATP ic./iv.* - - -

*See adenosine iv.
AV: Atrioventricular; COPD: Chronic obstructive pulmonary disease; ic.: Intracoronary; iv.: Intravenously, LCA: Left coronary artery; RCA: Right coronary artery;
TdP: Torsade de pointes, VT: Ventricular tachycardia.
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maximal flow and thus CFR, as was observed in
patients who smoked or had diabetes and hyper-
tension [75-77]. Finally, age negatively influences
CFR. A CFR value of less than 2.0 is used to
identify coronary lesions causing myocardial
ischemia. In order to reduce the dependence on
hemodynamic conditions, the RCFR was intro-
duced. The RCFR is defined as the ratio of CFR
measured in the coronary artery with a stenosis
divided by the CFR in a normal reference artery.
The concept of RCFR assumes homogeneity of
MR and requires assessment of CFR in two ves-
sels. Moreover, an angiographically ‘normal’ refer-
ence coronary artery could be diffusely diseased
and may not be ‘normal’ at all [2647]. RCFR is,
however, less dependent on hemodynamic condi-
tions. By definition, the normal value of RCFR
is 1 and a value less than 0.65-0.75 is associated
with myocardial ischemia.
Thermodilution-based CFR (CFRthermo)
was first described in 2001 [45.48]. As outlined
above, CFRthermo is assessed from the mean
transit time at rest compared with the mean
transit time at maximal hyperemia. Essentially,
the CFRthermo has to deal with similar disad-
vantages as Doppler CFR, such as dependency
on baseline and hemodynamic conditions.
However, in vivo validation showed a fairly good
correlation with Doppler-derived CFR. No pha-
sic signals can be measured as with a Doppler
velocity wire. Furthermore, the assessment of
adequate thermodilution signals is cumbersome
and time-consuming. No direct validation with
noninvasive stress testing has been performed yet.

B Clinical parameters derived from
combined pressure & flow
It has long been recognized that intracoronary
flow and pressure provide complementary infor-
mation in assessing functional coronary lesion
severity [31,34,63,65]. Each stenosis has its own
unique pressure drop—flow relationship, which
describes its hemodynamic severity. Pioneering
work from Gould ez a/. in the 1970s laid the
foundation for combined flow and pressure
evaluation of coronary stenoses [33,78]. Measures
of coronary conductance based on the instanta-
neous hyperemic velocity—pressure relationship
were reported to improve the functional assess-
ment of stenosis severity [79-81]. However, the
data analysis was cumbersome to perform and
did not ultimately reach clinical acceptance.
Advances in wire technology led to the
ability to simultaneously assess pressure and
flow velocity [34,38,82,83] or pressure and tem-
perature [45,48] distal to any coronary stenosis.

Interv. Cardiol. (2009) 1(2)

This progress in technology allows the dis-
crimination between the resistance caused
by an epicardial stenosis and the resistance
of microcirculation. Furthermore, combined
translesional intracoronary pressure and flow
measurements elucidated the complemen-
tary information of coronary pressure or
flow-derived functional parameters.

An index of SR defined as the translesional
pressure gradient divided by flow during maxi-
mal hyperemia (HSR) improved the diagnos-
tic accuracy, particularly in those patients with
discordant results between CFR and FFR [s4].
HSR is stenosis-specific, independent of base-
line flow and is less dependent on maximal
vasodilatation. There is low variability in assess-
ment and the measured data also yield FFR and
CFR. By definition, the normal value of HSR is
0. A HSR value greater than 0.80 mmHg.cm™ s
indicates a coronary narrowing causing myo-
cardial ischemia [84]. However, the combined
measurement performed with two wires (pres-
sure and flow velocity) was shown to reduce the
diagnostic accuracy of the derived parameters
and was associated with overestimation of the
hemodynamically assessed lesion severity [ss].
This underscores the advantage of a dual-
sensor-equipped guidewire for the evaluation
of stenosis severity by combined pressure and
velocity measurements.

Diagnostic performance of FFR, CFR
& HSR

As mentioned above, there are strong correla-
tions between physiological parameters and non-
invasive stress testing for myocardial ischemia.
Sensitivity and specificity range between 70 and
100%. Physiologic thresholds for myocardial
ischemia for FFR vary between 0.66 and 0.78
(Tane 2). Overall accuracy for myocardial isch-
emia is 81% with a best cut-off value of 0.74
56.57.61,86-106]. Accuracy with noninvasive testing
is highest in single-vessel disease (81-97%) and
somewhat lower in MVD, in regions of myo-
cardial infarction, in restenosis or in saphenous
vein graft lesions (60-92%). However, almost
all of these validation studies were performed in
patients with stable angina pectoris.

Ischemic thresholds for CFR may vary
between 1.7 and 2.1 (TasLe 3) [84,90,91,107-120].
Overall accuracy for myocardial ischemia is 81%
with a best cut-off value of 1.9. Similar to FFR,
accuracy compared with noninvasive testing is
also highest in single-vessel disease (75-96%)
and slightly lower in MVD and saphenous vein
graft lesions (75-83%).
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Table 2. Comparison of noninvasive stress test results and fractional flow reserve in different

patient populations.

Remarks
SvD

SVvD

SvD

SVvD

SvD

SVvD

2-and 3-VD
SVvD

SvD

Prior Ml
SvD

1- and 2-VD
Prior Ml
Prior Ml
Prior Ml
Ostial

SvD

MVD

Restenosis
MVD

SVD

ISR

Prior Ml
MVD

SVG

Fractional flow reserve n Ischemic test BCV Accuracy (%)
Pijls et al. (1995) 60 X-ECG 0.74 97

DeBruyne et al. (1995) 60 X-ECG, MPS 0.66 87

Pijls et al. (1996) 45 X-ECG, MPS, pacing, DSE 0.75 93

Bartunek et al. (1996) 75 DSE 0.75 81

Bartunek et al. (1997) 37 DSE 0.67 90

Abe et al. (2000) 46 MPS 0.75 91

Chamuleau et al. (2001) 127 MPS 0.74 77

Caymaz et al. (2000) 40 MPS 0.75 95

Fearon et al. (2000) 10 MPS 0.75 95

De Bruyne et al. (2001) 57 MPS 0.78 85
Jimenez-Navarro et al. (2001) 21 DSE 0.75 90

Meuwissen et al. (2002) 151 MPS 0.74 75

Seo et al. (2002) 25 MPS 0.75 60

Yanagisawa et al. (2002) 165 MPS 0.75 76

Usui et al. (2003) 167 MPS 0.75 79

Ziaee et al. (2004) 26 MPS, DSE, X-ECG 0.75 88

Morishima et al. (2004) 20 MPS 0.75 85

Rieber et al. (2004) 48 MPS, DSE 0.75 76-81

Kobori et al. (2005) 98 MPS 0.75 70

Erhard et al. (2005) 47 MPS, DSE 0.75 77

Hacker et al. (2005) 50 MPS 0.75 86

Kruger et al. (2005) 42 MPS 0.75 88

Samady et al. (2006) 48 MPS, DSE 0.78 92

Ragosta et al. (2007) 36 MPS 0.75 69

Agel et al. (2008) 10 MPS 0.75 70

Total 1511 0.74 81

BCV: Best cut-off value (defined as the value with the highest sum of sensitivity and specificity), DSE: Dobutamine stress echocardiography; ISR: In-stent restenosis;
MI: Myocardial infarction, MPS: Myocardial perfusion scintigraphy; MVD: Multivessel disease, SVD: Single-vessel disease,; SVG: Saphenous vein graft; VD: Vessel
disease, X-ECG: Exercise electrocardiography.

Thresholds indicating myocardial ischemia
for RCFR range from 0.60 to 0.75 (Taste 4)
(91,115,117,118,120]. Overall accuracy for myocardial
ischemia is 75% with a best cut-off value of 1.9
and is significantly lower compared with FFR
and CFR [65].

Validation of HSR yielded a cut-off value
for ischemia at 0.8 mmHg .cm™.s (84]. Overall
accuracy for myocardial ischemia is 87%.

Prognostic performance of FFR & CFR
after deferral of PCI

Deferral of PCI for IL that were hemodynami-
cally nonsignificant based on either FFR or CFR
is associated with a low major adverse cardiovas-
cular event (MACE) rate (Tastes 5 & 6) [100,121-138].
In addition to future revascularizations, FFR

may predict mortality and myocardial infarc-
tion [139]. In most FFR studies a ‘defer’ value
of 0.75 was used. Cardiac death occurs in
approximately 0.5% of patients per year. Patients
with ACS, diabetes mellitus, intermediate left
mainstem lesion or MVD have a worse progno-
sis [140,141]. Total MACE defined as the combined
end point of cardiac death, myocardial infarc-
tion, hospital admission for ACS and recoronary
intervention (PCI or coronary artery bypass
graft [CABG]) varies between 0 and 23% per
year, with a mean of 6% per year. Also, total
MACE is increased in patients with (recent)
ACS, diabetes mellitus, left mainstem lesions
and MVD [142-146). Furthermore, a gradual
increase in MACE incidence was noted with
decreasing FFR [128,147]. In the so-called ‘gray
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Table 3. Comparison of noninvasive stress test results and coronary flow reserve in different patient

populations.

Coronary flow reserve
Joye et al. (1994)

Miller et al. (1994)
Deychack et al. (1995)
Tron et al. (1995)
Donohue et al. (1996)
Heller et al. (1997)
Schulman et al. (1997)
Danzi et al. (1998)
Verberne et al. (1999)
Piek et al. (2000)

Abe et al. (2000)
Chamuleau et al. (2001)
Duffy et al. (2001)
El-Shafei et al. (2001)
Meuwissen et al. (2002)
Voudris et al. (2003)
Salm et al. (2005)

Total

n Ischemic test BCV
30 MPS 2.0
33 MPS 2.0
17 MPS 1.8
62 MPS 2.0
50 MPS 2.0
55 MPS 1.7
35 X-ECG 2.0
30 DSE 2.0
37 MPS 1.9
225 X-ECG 2.1
46 MPS 2.0
127 MPS 1.7
28 DSE 2.0
48 MPS 1.9
151 MPS 1.7
48 MPS 1.7
20 MPS 1.8
1042 1.9

Accuracy (%) Remarks Ref.
94 SVD (107)
89 SVD [108]
96 SVD [109]
84 SVD [110]
88 SVD [111]
92 SVD [112]
86 SVD [113]
87 SVD [114]
85 SVD [115]
76 SVD (116]
92 SVD [90]
76 2- and 3-VD [91]
88 SVD [117]
77 SVD [118]
75 1-and 2-VD [84]
75 SVD [120]
83 SVG [119]
81

BCV: Best cut-off value (defined as the value with the highest sum of sensitivity and specificity); DSE: Dobutamine stress echocardiography, MPS: Myocardial
perfusion scintigraphy; SVD: Single-vessel disease; SVG: Saphenous vein graft; VD: Vessel disease; X-ECG: Exercise electrocardiography.

zone’ between 0.75 and 0.80, MACE rate was
between 11 and 23% [128,147]. By contrast, in
low-risk patients, an IL showing a FFR higher
than 0.80 is associated with a very low risk for
future cardiac events [128]. Recent studies show
that FFR-guided multivessel intervention (PCI
or CABG) is associated with a lower MACE
rate compared with angiography-driven revas-
cularization [148-150]. Furthermore, the FAME
study also showed reduced costs, fewer stents
and less contrast used, and did not prolong the
procedure while resulting in a similar (if not
better) functional status.

Fractional flow reserve-guided coronary revas-
cularization by PCI also showed comparable
survival results with CABG [150-152].

These results encourage the routine use of
intracoronary physiology to guide multivessel
revascularization.

Deferral of PCI for IL by using CFR shows
similar results in comparison with FFR. MACE
rate was between 4 and 9% per year and was
dominated by revascularizations. Cardiac death
occurs in 0-2% per year. Furthermore, a grad-
ual increase in MACE incidence was noted with
decreasing CFR [128]. These studies also show

Table 4. Comparison of noninvasive stress test results and relative coronary flow reserve in different

patient populations.

Relative coronary flow reserve

Verberne et al. (1999)
Chamuleau et al. (2001)
Duffy et al. (2001)
El-Shafei et al. (2001)
Voudris et al. (2003)
Total

n Ischemic test BCV
37 MPS 0.65
127 MPS 0.60
28 DSE 0.75
48 MPS 0.75
48 MPS 0.64
288 0.65

Accuracy (%) Remarks Ref.
85 SVD (115]
78 2-and 3-VD [91]
81 SVD (117]
75 SVD [118]
92 SVD (120]
81

BCV: Best cut-off value (defined as the value with the highest sum of sensitivity and specificity); DSE: Dobutamine stress echocardiography, MPS: Myocardial

perfusion scintigraphy; SVD: Single-vessel disease; VD: Vessel disease.
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that up to 5 years of follow-up, a low MACE
rate per year oCcurs [126,128,153-156].

No prognostic studies have been performed
with RCFR and CFRthermo.

There are limited data on the use of combined
intracoronary flow and pressure [84,128]. These
studies demonstrated that the direct assessment
of HSR resulted not only in a better diagnos-
tic assessment of myocardial ischemia and an
improved result following PCI [34.42], but also
in a better prognosis after deferral of PCI in IL.
Furthermore, HSR was shown to be superior,
particularly in patients with coronary lesions
displaying discordant results between FFR and

CFR, who comprise more than a quarter of
patients with IL. These patients were associated
with a significantly higher MACE rate and can
only be identified when both pressure and flow
are measured. It may be of clinical relevance to
identify these patients, since deferral of PCI is
associated with a worse clinical outcome com-
pared with patients with lesions displaying both
nonischemic values of FFR and CFR [12s].

Further applications of intracoronary
hemodynamics in clinical research

Besides the diagnostic and prognostic assessment,
intracoronary hemodynamics is also valuable in

Table 5. Outcome results after deferring angioplasty for intermediate coronary lesions showing a nonischemic

fractional flow reserve.

Study n Defer Death MACE FU MACE/year Death/year Remarks Ref.
value (%) (%) (months) (%) (%)
Bech et al. (1998) 100 0.75 0 8 18 5 0 1-2-VD (121]
Bech et al. (2001) 91 0.75 2 8 24 4 1 1-2-VD (122]
Hernandez Garcia et al. 43 0.75 0 12 1 13 0 Recent ACS [143]
(2001)
Bech et al. (2001) 24 0.75 0 21 29 9 0 MS (140]
Rieber et al. (2002) 59 0.75 0 13 12 13 0 1-, 2-and 3-VD (124]
Chamuleau et al. 92 0.75 0 9 12 9 0 2-and 3-VD [129]
(2002)
Rieber et al. (2002) 24 0.75 0 8 12 8 0 MVD [125]
Ozdemir et al. (2002) 51 0.75 0 6 17 4 0 1-and 2-VD [130]
Leesar et al. (2003) 35 0.75 0 9 12 9 0 ACS, SVD (131]
Legarly et al. (2005) 271 0.80 2 8 48 2 1 ACS, FFR > 0.80 [132]
Jasti et al. (2004) 37 0.75 0 10 38 3 0 MS [134]
Lopez-Palop et al. 40 0.75 1 8 12 8 1 ISR [133]
(2004)
Mates et al. (2005) 85 0.75 2 13 23 7 1 SVD and MVD [135]
Berger et al. (2005) 102 0.75 0 6 36 2 0 MVD (136]
Kobori et al. (2005) 98 0.75 0 4 25 2 0 Restenosis [100]
Kruger et al. (2005) 22 0.75 0 0 6 0 0 ISR [137]
Potvin et al. (2006) 201 0.75 1 10 1M 1 1 ACS (146]
Verna et al. (2006) 54 0.75 0 13 34 5 0 MVD and ACS (138]
Fischer et al. (2006) m 0.75 1 23 12 23 1 ACS [142]
Lindstaedt et al. (2006) 24 0.75 0 18 29 7 0 MS [141]
Chamuleau et al. 107 0.75 1 21 26 10 0 2-and 3-VD [126]
(2007)
Rieber et al. (2007) 56 0.75 2 21 60 4 0 1-, 2- and 3-VD (123]
Lavi et al. (2007) 165 0.75 1 16 24 8 1 SVD and MVD (127]
Courtis et al. (2008) 44 0.75 0 23 13 21 0 FFR 0.75-0.80 (147
Meuwissen et al. 186  0.75 0 8 12 8 0 1- and 2-VD [128]
(2008)
Pijls et al. (2007) 91 0.75 7 21 60 4 1 1-and 2-VD [139]
Dominguez-Franco 136 0.75 4 15 30 6 2 Diabetes (144]
et al. (2008)
Courtis et al. (2009) 82 0.8 4 13 14 " 3-4 MS (145]
ACS: Acute coronary syndrome; FFR: Fractional flow reserve; FU: Follow-up, ISR: In-stent restenosis; MACE: Major adverse cardiovascular event,; Ml: Myocardial
infarction; MS: Mainstem; MVD. Multivessel disease, SVD: Single-vessel disease, VD: Vessel disease.
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Table 6. Outcome results after deferring angioplasty for intermediate coronary lesions showing a nonischemic

coronary flow reserve.

Study n
Kern et al. (1995) 88
Ferrari et al. (1999) 22

Chamuleau et al. (2002) 145
Wijpkema et al. (2005) 61

Chamuleau et al. (2007) 145
Meuwissen et al. (2008) 186

FU: Follow-up, MACE: Major adverse cardiovascular event; MVD: Multivessel disease; SVD: Single-vessel disease,; VD: Vessel disease.

Defer Death MACE FU MACE/year Death/year Remarks Ref.

value (%) (%) (months) (%) (%)

2.0 2 7 9 9 2 SVD and [153]
MVD

2.0 0 9 15 7 0 SVD (154]

2.0 0 6 12 6 0 MVD [155]

2.0 0 20 66 4 0 SVD and (156]
MVD

2.0 2 20 26 9 1 2-VD (126]

2.0 0 6 12 6 0 1-and [128]
2-VD

the evaluation of other conditions and treatment
outcomes. Numerous studies have been per-
formed regarding physiology-guided PCI. Tasie 7
shows a brief overview of the decision values for
FFR, CFR and RCEFR after balloon angioplasty
and coronary stenting. Intracoronary pressure and
flow-derived parameters and profiles also have
prognostic value after acute myocardial infarc-
tion [70,157]. The extent of collateral circulation
can be quantified [158-164]. This may be important
for risk stratification since patients with hemo-
dynamically important collateral vessels have an
improved prognosis. Moreover, endothelial and
microvascular function can be studied.

Recent progress has been made in the assess-
ment of coronary MR with the use of coronary
guidewires. A thermodilution-derived index of
MR (IMR) and a velocity-based HMR have
been used [42,165]. Both require the simultane-
ous assessment of distal coronary pressure. In
normal reference vessels IMR = 20-25 U [166]
and HMR = 1.8— 2.0 mmHg.cm™.s (38.69].
Higher values were associated with microvas-
cular disease. More insight into microvascular
disease may be obtained by using these special
sensor-tipped guidewires.

Simultaneous measurement of high-fidelity
pressure and velocity also opens up new avenues
to gain physiological information from the

Table 7. Clinical decision-making criteria.

FFR CFR RCFR HSR
Normal value 1.0 >2.7 1 0
Ischemia detection <0.75 <2.0 <0.65 >0.80
Defer PCI >0.75-0.80 >2.0 - -
End point of balloon angioplasty >0.90 >2.5 - -
End point of stenting >0.94 >2.5 >0.90 -
CFR: Coronary flow reserve; FFR: Fractional flow reserve; HSR: Hyperemic stenosis resistance (mmHg.cm'ss),
PCI: Percutaneous coronary intervention, RCFR: Relative CFR.

pulsatile nature of these signals that has so far
essentially been ignored in clinical applications
of coronary hemodynamics. One example is
wave intensity analysis to study coronary—car-
diac interaction [167-174]. Briefly, with this time-
domain method, forward and backward wave
travel is analyzed to quantify the amplitude and
direction of energy transfer. In a coronary artery,
forward waves are generated in the left ventricu-
lar cavity and backward waves originate in the
intramyocardial vessels via the forces of car-
diac contraction and relaxation. The local sum
of these concurrently generated waves reflects
disturbances or activities on either end of these
relatively short vessels that determine the shape
of the coronary pressure and flow waveform.
Other new areas of coronary physiology
research include the investigation of pharmaco-
therapeutics [175.176], evaluation of novel cell
therapy [177) and evaluating the performance
of new devices in restoring coronary perfusion.

Future perspective

Management of IL (i.e., coronary lesions with
a diameter stenosis 40—-70%) remains challeng-
ing. The currently used physiologic indices FFR
and CFR show a high diagnostic and prognos-
tic value and can be easily used in the car-
diac catheterization laboratory. Simultaneous
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assessment of intracoronary pressure and flow
velocity may be used to optimize diagnostic and
prognostic outcome.

Recent data (FAME study) show a better clini-
cal outcome in low-risk patients with MVD who
were randomized between FFR-based versus
angiography-based complete revascularization
(150]. This physiology-driven strategy reduced
the rate of the composite end point of death,
myocardial infarction, re-PCI and CABG at
1 year by approximately 30%. The FAME study
supports the evolving paradigm of ‘functionally
complete revascularization’ (i.e., stenting of only
functionally significant coronary lesions). In
comparison, the SYNTAX study [1s1], another
recently published study in patients with MVD,
showed an overall similar hard (death or myo-
cardial infarction) event rate following PCI and

CABG, although the SYNTAX study included

more patients with more complex anatomy. The
results of the FAME and the SYNTAX trials
warrant the conduction of new prospective trials
of optimal intracoronary physiology-guided
revascularization.
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Executive summary

Rationale for assessment of coronary physiology

= There is a poor relationship between anatomical and functional severity of coronary stenoses.

Physiology of the coronary circulation

= The coronary circulation can be divided into the epicardial conductance vessels and the intramural vessels (i.e., arteries and arterioles
down to the capillary level that comprise the microcirculation).

= In a normal coronary artery, maximum flow may rise to approximately 4.5-times the resting level. This reserve capacity, calculated as the
ratio of maximum to resting coronary blood flow, is called coronary flow reserve (CFR).

= Blood flow in the coronary circulation is determined by the driving pressure divided by the sum of the resistances (Ohm’s law).

= A stenosis in an epicardial vessel represents an additional resistance to blood flow and reduces CFR as a result.

= The hemodynamic severity of a particular stenosis is characterized by a unique nonlinear pressure drop—flow relationship.

Clinical assessment of functional coronary lesion severity

= Fractional flow reserve (FFR) is the most frequently used physiological index and is defined as the ratio of mean distal pressure to mean
aortic pressure during maximal hyperemia.

= An FFR value of less than 0.75 and a CFR value of less than 2.0 indicates a functionally significant coronary severity causing
myocardial ischemia.

= Hyperemic stenosis resistance (HSR), which is a physiologic parameter based on both intracoronary pressure and flow velocity, showed
an improved agreement with noninvasively assessed myocardial ischemia. HSR is defined as the translesional pressure gradient divided
by flow during maximal hyperemia. An HSR value greater than 0.80 mmHg.cm™.s is indicative for myocardial ischemia.

Diagnostic performance of FFR, CFR & HSR

= Qverall accuracy with noninvasive stress testing for myocardial ischemia for FFR is 81%, for CFR is 81% and for HSR is 87 %.

Prognostic performance of FFR & CFR after deferral of PCI

= Deferral of PCI for hemodynamically nonsignificant coronary lesions based on FFR or CFR is associated with a low major adverse
cardiovascular event rate of 4-9% per year and is dominated by the need for revascularizations.

Further applications of intracoronary hemodynamics in clinical research

= Simultaneous measurement of high-fidelity pressure and velocity also opens up new avenues to gain physiological information from the
entire coronary circulation.

Conclusion

= Management of intermediate coronary lesions is challenging. The currently used hemodynamic indices FFR and CFR are excellent
surrogates for assessment of myocardial ischemia. Moreover, FFR and CFR are useful for clinical decision making in the catheterization
laboratory in most cases. However, FFR and CFR are based on either intracoronary pressure or flow and they do not investigate the
hemodynamics of the coronary circulation completely. This may sometimes lead to ambiguous outcomes and decisions. Only
the use of simultaneously measured intracoronary pressure and flow can unambiguously quantify resistance in epicardial arteries
and the microcirculation.
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