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V

Preface

This book was completed in 2016, when coronary 
physiology probably reached its maturity.

Forty years had passed since the publication 
of the landmark articles linking stenosis severity 
and coronary flow impairment. The impact of this 
research was enormous and triggered the 
develop ment of numerous invasive and non
invasive  technologies aimed at interrogating the 
coronary circulation with a new index, coronary 
flow reserve.

Twenty years later, fractional flow reserve 
(FFR) demonstrated its diagnostic utility as a pres
surederived index of stenosis severity. Over the 
next decades, FFR was used in clinical trials to 
demonstrate the importance of functional guid
ance of coronary revascularization and demon
strated, this time without any residual doubt, that 
angiography is a deceptive technique in assessing 
functional relevance of coronary stenoses.

Today, two decades later, a new revolution in 
coronary physiology is occurring applying compu
tational fluid dynamics and in silico simulations to 
coronary imaging with the aim of calculating FFR
like indices without the need for intracoronary 
instrumentation. Furthermore, new indices such 
as the instantaneous wave free ratio (iFR) have 
been developed to facilitate easier pressure guide
wire interrogation of the coronary arteries and 
hopefully increase its use.

Despite this progress and the growing interest 
generated by these developments, adoption of cor

onary physiology in clinical practice is still  lagging. 
The main aim of this book is to serve both as an 
introduction to coronary physiology for all those 
interested in the field of cardiovascular disease and 
as a companion for practicing clinical and inter
ventional cardiologists.

In that regard, this book provides a compre
hensive approach to the interrogation of different 
domains of the coronary circulation. In 2016, cor
onary physiology is still largely stenosis centered. 
Assessment of the coronary microcirculation is 
seldom performed in the catheterization labora
tory, and few centers routinely perform coronary 
vasomotion tests. This occurs despite growing 
information on the implications that microcircu
latory and vasomotion disorders have for both 
patient’s symptoms and prognosis. It is quite likely 
that a more extensive interest in these topics will 
foster the development and availability of diagnos
tic methods to interrogate the coronary circula
tion beyond the stenoses. And if this happens, 
surely new avenues for research and patient care 
will follow.

We are extremely grateful to all the authors for 
sharing their expertise in the topics covered in 
the many chapters of this book. We are also 
indebted to our Deputy Editors Hernán Mejía
Rentería, MD, and Nicola Ryan, MB, BCh, for 
their support throughout the edition of this book, 
and to Sara Fernández, MSc, for valuable techni
cal assistance.

Madrid, Spain Javier Escaned
London, UK Justin Davies
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1

1.1  Principles of Coronary Physiology

A comprehensive understanding of coronary physiology is 
fundamental to aid in the interpretation of coronary pres-
sure and flow signals obtained in patients with coronary 
artery disease. The heart is perfused by an intricate network 
of arteries that supply oxygen and nutrients to this continu-
ously active muscle. Multiple branching vessels arise from 
epicardial conduit arteries (. Fig. 1.1) and perfuse small vol-
umes at the subepicardial layer of the myocardium, whereas 
the subendocardium is perfused by penetrating arteries that 
pass through the outer layers of the myocardium and only 
branch out into numerous vessels once they have reached 
the inner layer, where they supply larger volumes of myocar-
dial tissue [1–4].

From a physical standpoint, minimal vascular resistance 
is principally determined by the segmental dimensions 
(length and diameter) of the distributed maximally dilated 
network. Thus, in the absence of epicardial coronary artery 
stenosis, maximal coronary flow is a function of the coronary 
driving pressure and of the maximal surface area of the 
dilated coronary resistance vessels. In this respect it is impor-
tant to recall that all blood vessels are essentially elastic tubes 
when active smooth muscle tone is minimal. Once coronary 
arterioles are maximally dilated, they passively react to 
changes in distending and extravascular pressure, i.e., their 
diameter becomes pressure dependent [5–7].

Coronary pressure-flow relations Oxygen extraction from 
the coronary circulation is near maximal at rest, and raised 
myocardial oxygen demand is met by a corresponding change 
in coronary blood flow. The dynamic match to oxygen con-
sumption at constant arterial pressure is denoted as metabolic 
flow adaptation or functional hyperemia. For a given cardiac 

 workload, coronary blood flow remains constant over a wide 
range of arterial perfusion pressures (typically from about 60 to 
140  mmHg) by an intrinsic mechanism denoted as 
 autoregulation [8]. This entails coronary resistance changes in 
a direction parallel to the change in perfusion pressure. 
Importantly, autoregulation fails at higher pressures in suben-
docardial than subepicardial vessels [9, 10]. All arteries and 
arterioles contribute to flow control by changing their smooth 
muscle tone. Resistance to flow is negligible in large epicardial 
vessels, and most of coronary resistance resides in the intramu-
ral microvessels smaller than approximately 300 μm in diame-
ter [11]. The regulation of coronary microvascular resistance 
includes integrative mechanisms of metabolic, myogenic, and 
flow- dependent vascular control, discussed in more detail else-
where in this book. Distributed vasodilation decreases local 
microvascular resistance in the normal heart to maintain rest-
ing flow at the autoregulatory level as coronary pressure falls, 
e.g., in the presence of an epicardial coronary stenosis [12]. 
Substantial vasodilator reserve exists to increase flow above 
resting level during exercise, and values of 4–5 times above 
resting flow levels have been reported for humans [13–17]. 
Vasodilation results in a substantial redistribution of microvas-
cular resistance compared to baseline conditions. Chilian and 
colleagues [11] reported that the resistance of arterial microves-
sels (<170 μm diameter) decreased nearly 15-fold for a sixfold 
increase in flow after dipyridamole administration, while 
papaverine caused preferential vasodilation of larger arterioles 
(>200 μm diameter) [18].

At low pressures the pressure-flow curve declines in a 
convex fashion toward the flow axis, and actual zero-flow 
pressure (Pzf) is only 2–4 mmHg above coronary sinus pres-
sure at steady state [19]. The curvature reflects the progres-
sive increase in resistance that results from the decrease in 
vascular transmural pressure. The curvilinear shape of this 

       . Fig. 1.1 3D image of coronary 
arteries of a dog heart obtained 
by a novel cryomicrotome tech-
nique with epifluorescence imag-
ing. The vessels were filled with 
fluorescent cast material, and the 
frozen heart was alternately sliced 
at 40 μm and the bulk surface 
imaged with a high-resolution 
CCD camera [4]. The right panel 
shows a longitudinal cross section 
of a 2-mm-thick maximal intensity 
projection of transmural vessels 
(partially skeletonized) where the 
branching pattern of penetrating 
vessels is clearly visible

 L. Casadonte and M. Siebes
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pressure-flow curve is important in defining coronary 
 vascular resistance, and the influence of distributed capaci-
tive effects should be kept in mind when approximating zero- 
flow pressure by linear extrapolation to the pressure axis 
from data obtained after cessation of flow in epicardial ves-
sels [19]. Moreover, data in isolated maximally dilated dog 
hearts suggest that Pzf is likely distributed across the left ven-
tricular wall rather than being a function of global flow [20].

Typical coronary pressure-flow relations at autoregula-
tion and at maximal vasodilation are schematically shown in 
. Fig. 1.2.

The coronary pressure-flow relation at maximal vasodi-
lation is a steep line with a nonzero pressure intercept, and 
flow is now a function of perfusion pressure. Although the 
pressure- flow curve at vasodilation (without control) 
appears relatively straight at pressures above about 40 mmHg, 
this line is likely the result of interacting mechanisms which 
are obscured from signals obtained at the epicardial arteries 
[21]. These include time constants involved in emptying 
microvascular compliance and coronary resistance changes 
that are affected by the greater narrowing of microvessels at 
the lower pressure range due to the strong nonlinear 

pressure- distensibility relation for vessels with relaxed 
smooth muscle tone [6, 22–26].

Coronary blood flow is principally determined by the 
driving pressure and the resistance of the coronary vascular 
bed. In the absence of an epicardial stenosis, the driving pres-
sure is the difference between aortic input pressure Pa and the 
effective back pressure Pb at which flow becomes zero. Since 
steady-state Pb is difficult to assess in humans, venous pres-
sure can be used as a reasonable approximation. In equiva-
lence to Ohm’s law, the resistance R of a vascular compartment 
is defined as the pressure drop ΔP across that compartment 
divided by flow Q:

R P Q= D /
 

(1.1)

By analogy, coronary resistance at vasodilation is then the 
inverse slope of the line connecting Pb on the pressure axis 
with the data point on the pressure-flow line at a certain arte-
rial pressure (star symbol in . Fig. 1.2). The decreasing slope 
of these lines reflects the increased coronary resistance at 
lower perfusion pressure, e.g., distal to a stenosis.

At vasodilation, coronary pressure and flow are not lin-
early related and do not pass through the origin. The inter-
cept on the pressure axis makes this relation incremental 
linear, and the change in flow is not proportional to the 
change in pressure [26, 27]. Hence, the inverse slope of the 
hyperaemic pressure-flow line is not a measure of coronary 
resistance. Although the units are those of resistance, the 
inverse slope is the change in pressure divided by the change 
in flow. For example, the parallel rightward shift of this rela-
tionship from the arrested to the beating heart [28] clearly 
implies an increase in resistance due to cardiac contraction, 
but resistance determined from the slope would remain con-
stant. Minimal coronary resistance has been shown to 
increase with decreasing perfusion pressure (and vice versa) 
in animals and humans [5, 6, 29, 30], and models that assume 
a pressure-independent microvascular resistance at maximal 
dilation are rather unrealistic.

Other influences can independently alter the coronary pres-
sure-flow relationships illustrated schematically in . Fig. 1.3.

An increase in oxygen consumption at rest shifts the auto-
regulatory plateau upward (1), which implies that autoregula-
tion fails at higher pressure. Additionally, an increased 
resistance with lower maximal flow at the same pressure 
ensues when the slope of the pressure-flow relation for maxi-
mally dilated vessels decreases (2), as with left ventricular 
hypertrophy, increased blood viscosity in polycythemia, or 
small vessel disease due to, e.g., hypertension [31, 32]. Notably, 
a rise in myocardial wall stress due to cardiac contraction 
induces a rightward shift of the hyperemic pressure-flow 
curve. This parallel shift between a non-beating and a beating 
heart was shown to amount to half of the mean left ventricu-
lar pressure [26, 28]. Several other factors can raise zero-flow 
pressure (3), such as elevated left ventricular end-diastolic 
pressure or coronary venous pressure [33, 34], and collateral 
flow, which tends to decrease the curvature at the low- pressure 
range [35, 36]. It is possible for several factors to operate 
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       . Fig. 1.2 Coronary pressure-flow relations in the absence of a steno-
sis. At rest, flow (Q) is maintained over a large range of arterial perfusion 
pressures. At maximal vasodilation (red line), flow can increase 4–5 times 
at normal arterial pressure (Pa); however, control is exhausted and flow 
reserve depends on pressure (blue arrows). The line curves at low pres-
sures toward a zero flow intercept, which is the effective back pressure 
(Pb) to flow and only slightly above venous pressure. PE is obtained by 
linear extrapolation of the straight part of the pressure-flow curve. As 
pressure falls, the diameter of the passive resistance vessels decreases 
(circles), and microvascular resistance (Rcor) gradually increases. The 
dashed lines (green) indicate pressure-flow lines at constant minimal 
resistance, shown here for a normal and a reduced perfusion pres-
sure (stars). The inverse of the slope of these lines represents minimal 
 resistance
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 synergistically, leading to a more pronounced reduction in 
flow reserve for any given perfusion pressure and to failure of 
autoregulation at a higher pressure. These concepts have been 
summarized in several publications [10, 26, 32, 37, 38].

Determinants of coronary blood flow The main cause for the 
pulsatile behavior of coronary blood flow is cardiac contrac-
tion. In contrast to the systemic circulation, coronary inflow is 
low in systole despite higher input pressure and highest in dias-
tole when aortic input pressure declines (. Fig. 1.4).

The forces exerted by the squeezing action of the heart 
muscle on the compressible vessels embedded in the myocar-
dium vary the intramural blood volume throughout a heart-
beat and lead to an impediment of systolic inflow and 
augmentation of venous outflow during systole. The out-of- 
phase behavior of these signals can be explained by the intra-
myocardial pump model [22, 23, 39] and varying elastance 
concept [40]. Basically, the transmural tissue pressure gradi-
ent generated by the intramyocardial pump that acts on the 
intramyocardial compliance is modulated by the time- 
varying elastance of the myocardium and vessels during the 
cardiac cycle [25, 41]. Both models assume that coronary 
resistance is volume dependent. The distensibility of the 
intramural vessels in interaction with the surrounding myo-
cardial tissue constitutes the so-called intramyocardial com-
pliance. The rate of volume exchange between systole and 
diastole (capacitive flow) modifies the microvascular inflow 
and outflow resistances [42, 43]. Due to the longtime con-
stants involved in changing the blood volume of the large 

intramyocardial compliance, microvascular resistance is 
varying throughout the cardiac cycle and cannot simply be 
divided into systolic and diastolic components.

Transmural flow and subendocardial vulnerability A dense 
network of branching elastic vessels delivers blood flow across 
the myocardium; however, the flow distribution across the 
myocardium is not uniform. Studies in animals and humans 
have demonstrated a profound perfusion heterogeneity both 
across and within layers [44–46], which makes it difficult to 
assess subendocardial perfusion from epicardial intracoronary 
measurements.

Several mechanisms contribute to the subendocardial 
vulnerability to ischemia [47]. The impeding effect of extra-
vascular compression during cardiac contraction is stronger 
at the subendocardium. This is partially compensated by the 
larger total volume of the resistance vessels in the inner than 
the outer layer of the heart wall, yielding a lower intrinsic 
resistance at full dilation [48]. Subendocardial perfusion was 
shown to be about 50 % higher than at the subepicardium in 
the non-beating dog heart [2]. Transmural perfusion during 
maximal coronary vasodilation was nearly uniform at a heart 
rate of 100 bpm, whereas subendocardial flow was about half 
of subepicardial flow at a heart rate of about 200 bpm [49]. 
This implies that over heart rates ranging from 0 to 200 bpm, 
heart contraction may reduce subendocardial flow by a factor 
of 3, while subepicardial flow may even slightly increase at 
elevated heart rates [50].

Clearly, factors that affect the rate of filling of intramural 
vessels in diastole, such as perfusion pressure and the dura-
tion of diastole [51], modulate microvascular conductance at 
the subendocardium. Perfusion pressure is generally lower in 
the subendocardial layer due to the longer path length 
(greater longitudinal pressure drop) for blood to reach the 
subendocardium via transmural penetrating vessels. A 
decreased perfusion pressure tends to redistribute blood flow 
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       . Fig. 1.4 Typical pressure and flow velocity waveforms obtained in 
a normal coronary artery at rest. Coronary flow is maximal during the 
diastolic phase. Pa aortic pressure, Pd distal coronary pressure, v flow 
velocity
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       . Fig. 1.3 Factors that decrease coronary flow reserve at any perfu-
sion pressure. (1) A raised autoregulated flow, e.g., due to increased oxy-
gen consumption. (2) When the slope of the pressure-flow line during 
maximal vasodilation is reduced, the maximum flow falls. (3) A parallel 
shift to the right of the pressure-flow relationship during vasodilation 
increases zero-flow pressure. Note that autoregulation fails at higher 
pressures for each condition
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away from the subendocardium and causes a reduction of the 
subendocardial/subepicardial blood flow ratio [52]. Further 
reduction in perfusion pressure distal to a stenosis decreases 
the diameter of subendocardial arterioles more than the sub-
epicardial arterioles, and additionally, a stenosis selectively 
decreases the dilatory response of subendocardial arterioles 
[53]. Another confounding factor is inadequate perfusion 
time, expressed as the diastolic time fraction, DTF, which 
leads to insufficient flow to subendocardium, while the more 
superficial layers may still be adequately perfused. Moreover, 
the effect of DTF on subendocardial blood flow is exacer-
bated at low perfusion pressure distal to a stenosis [54–56]. 
Interestingly, DTF was shown to be prolonged at reduced 
coronary pressure distal to a stenosis, which may act as a pro-
tective regulatory mechanism when vasodilatory reserve is 
exhausted [57].

1.2  Stenosis Hemodynamics

This section provides an overview of stenosis fluid dynamics 
and its mathematical description as derived from in vitro and 
in vivo experiments.

Stenosis pressure drop-flow (ΔP-Q) characteristics Pressure 
is lost due to viscous friction, when blood flows through a ves-
sel. For steady and laminar flow, the pressure drop ΔP over a 
uniform tube of length L is given by Poiseuille’s law as

 
DP

L

D
v=

32
2

m

 
(1.2)

where μ is the viscosity, D is the diameter of the tube, and 
v is the mean cross-sectional velocity. In terms of volume 
flow Q and diameter D, this equation becomes

DP
L

D
Q=

128
4

m
p  

(1.3)

This implies that for a given tube dimension and length, 
the resistance R = ΔP/Q is constant. Viscous shear deter-
mines viscous energy losses along the entire length of an 
artery. The pressure drop increases with the inverse fourth 
power of the tube diameter, i.e., when the diameter is reduced 
by factor of 2, the resistance increases 16 times for the same 
flow and unit length. This relationship clearly shows the 
dominant influence of vessel diameter, and both active and 
passive mechanisms can substantially change vessel resis-
tance and flow.

The main assumptions for Poiseuille’s law are (1) a rigid, 
straight tube of uniform cross section, (2) steady, laminar 
flow with a parabolic velocity profile, and (3) constant viscos-
ity, i.e., blood is considered a Newtonian fluid. These assump-
tions are far from true in curved, branching, and compliant 
vessels with pulsatile blood flow, but Poiseuille’s law can serve 
as a first-order approximation.

For a change in diameter along the tube, conservation of 
mass applied to fluid transport comes into play. Conservation 
of mass states that the volume of blood entering a vessel per 

unit time is equal to the rate at which it leaves the vessel. This 
is described by the so-called continuity equation, with A the 
cross-sectional area:

Q Av A v= = =1 1 2 2 constant  (1.4)

Bernoulli’s law relates blood pressure to flow velocity v 
and is based on the conservation of energy and conservation 
of momentum. It states that the sum of static pressure, hydro-
static pressure (potential energy), and dynamic pressure 
(kinetic energy) remains constant:

P P gh vtot = + + =r 1
2

2ρ constant  (1.5)

where ρ is the blood density, g is the gravitational accel-
eration, and h is the height of the fluid column above a refer-
ence level. Pressure losses due to friction are neglected 
(inviscid flow is assumed), and the fluid is considered incom-
pressible, with constant density. Note that for a blood density 
of 1.06 g/cm3, a difference in hydrostatic pressure (mmHg) is 
related to a change in the height (h, cm) by ΔP= Δh·0.78. If 
the height is constant, then Eq. 1.5 reduces to

P v P v1
1
2 1

2
2

1
2 2

2+ = +r r  (1.6)

As blood enters a narrowed section, the velocity v increases 
proportional to the decrease in cross-sectional area of the ves-
sel, and pressure is lost (P2<P1) due to convective acceleration 
(v2>v1), with conversion of pressure to kinetic energy, as 
depicted in . Fig. 1.5. In addition, there is a pressure drop due 
to viscous losses as blood moves through the stenosis.

Under ideal circumstances, pressure would be recovered 
once the diverging section is reached where the flow deceler-
ates. However, blood emerges from the stenosis as an inertial 
jet, leading to flow separation and formation of a recircula-
tion zone, with eddies and viscous shear stresses between 
slow and fast moving fluid particles. The extent of this recir-
culation zone depends on stenosis area reduction and varies 
with flow [58, 59]. In addition, significant irreversible losses 
are incurred due to viscous friction along the length of the 
converging and narrowed section, which can be approxi-
mated by Poiseuille’s law for the reduced diameter in the nar-
rowed section. As a result, pressure is lowest inside the 
narrowed stenosis section, close to the point of flow separa-
tion, and only a small portion of kinetic energy is converted 
back to pressure energy downstream of the stenosis.

Based on a series of experiments with steady and pulsatile 
flows through models of concentric and eccentric stenoses in 
the 1970s, Young and co-workers [60–62] developed an 
empirical relationship describing the pressure drop across as a 
function of stenosis geometry. In essence, the total pressure 
drop across a stenosis is a quadratic function of flow and 
equals the sum of viscous losses along the entrance and throat 
of the stenosis, ΔPv, that are linearly related to flow and iner-
tial losses at the exit of the stenosis, ΔPe, that scale with the 
square of the flow:

D D DP P P= +v e  (1.7)
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Or expressed in terms of flow, Q

DP AQ BQ= + 2

 (1.8)

where A and B are constants that derive from stenosis geom-
etry and rheological properties of blood:
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where ke is an exit coefficient that was originally determined 
to average 1.52 for blunt-ended stenoses with Ls/D0=2 [60]. A 
series of additional experiments in the 1980s [63, 64] has 
shown that not only the stenosis area reduction A0/As and 
length Ls but also the shape of the entrance and exit sections 
influence the overall pressure drop by altering the velocity 
profile as it develops along the entrance and throat of the 
constriction. This boundary-layer growth from the inlet to 

the outlet of a stenosis could empirically be accounted for by 
adjusting Ls/D0 in Eq. 1.8a to

L D L Ds s
¢ / . . /0 00 45 0 86= + ( )  (1.8c)

and by expressing the exit loss coefficient ke in Eq. 1.8b as a 
function of Ls/D0:

k L De s= + ( )1 21 0 08 0. . /  (1.8d)

The gradually changing area reduction along the stenosis 
can be taken into account by integration of differential viscous 
losses over the stenosis length. The effect of the stenosis entrance 
region was also more recently investigated by Huo et al. [65] 
who proposed a second-order polynomial to determine the dif-
fusive energy loss coefficients for different uniform (blunt/para-
bolic) velocity profiles at the entrance and outlet region.

Because resistance is per definition equal to pressure drop 
divided by the flow, Eq. 1.8 implies that stenosis resistance is 
given by

R BQS = +A
 

(1.9)

Flow separation

Viscous losses,
acceleration

D0 Ds
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DPv

Dynamic (½ ρv2)

Static (P)

DPe
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DP

Pa

Pd

Q

Exit losses

       . Fig. 1.5 Stenosis flow field (top) and energy loss (bottom). Pres-
sure is lost by viscous friction along the converging and narrowed 
section. The convective acceleration due to diameter reduction causes 
conversion from static pressure energy to kinetic energy, with minimal 
pressure close to the point of flow separation. Exit losses are incurred 
at the expansion zone where the high-velocity jet leaving the nar-
rowed section leads to formation of eddies and energy is converted 

to heat. The total pressure drop (ΔP) is the sum of viscous losses (ΔPv) 
that scale linearly with flow and exit losses (ΔPe) that increase with the 
square of flow. D0 and Ds normal and stenosis diameter, resp., Ls length 
of converging section and throat up to the point of flow separation, Q 
flow rate, Pa aortic input pressure, Ps minimal stenosis pressure, Pd distal 
pressure, v velocity, ρ fluid density
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The first term on the right represents the viscous resis-
tance which is constant for a given stenosis geometry, and the 
second term relates to exit losses that increase with flow.

The two additive components of stenosis pressure drop (Eq. 
1.7) are graphically shown in . Fig. 1.6a for a moderate and 
severe lesion with Ls/D0= 2 in a 3-mm vessel. Note that viscous 
losses dominate at low flow rates, while the nonlinear exit losses 
grow more quickly with increasing flow through the stenosis 
and makes up the larger contribution to the total pressure drop 
at elevated flow. The major geometric factor is the minimum 
stenosis diameter, which enters with its inverse fourth power 
into both terms of the ΔP-Q relationship. Even small changes in 
stenosis dimensions can have a large effect, as is illustrated in 
. Fig. 1.6b. The difference between the ΔP-Q curves stems 
from a reduction in stenosis diameter by <0.2 mm, which pro-
duces a progressively larger incremental rise in pressure drop 
with increasing stenosis severity, even for moderate flow. This 
example highlights the influence of a small thrombus in the 
narrowed section, or the effect of passive changes in stenosis 
dimensions with variations in intraluminal pressure when a 
compliant plaque or wall section is present (see below).

The mean value of pulsatile flow (time averaged over a car-
diac cycle) was shown to differ less than 5 % from the steady-
state value in the coronary circulation [62, 65], and the general 
quadratic equation relating pressure drop to flow (Eq. 1.8) is 
applicable to both steady and pulsatile flow. Studies of coro-
nary stenoses in unsedated dogs have shown that throughout 
diastole and mid-systole, the measured instantaneous data fol-
lowed the theoretical form and that inertial effects due to rapid 
flow deceleration and acceleration during the cycle were lim-
ited to brief periods at the end of systole and beginning of 
diastole [66]. The general form of Eq. 1.8 has been used to 
derive hemodynamic characteristics of coronary artery 
 stenoses in patients based on per-beat averages of pressure 

drop and flow velocity throughout the hyperemic response to 
a vasodilator stimulus [67]. Stenosis pressure drop-velocity 
relations also served to successfully assess hemodynamic ste-
nosis severity by evaluating the pressure gradient at a fixed 
flow velocity of 50 cm/s for instantaneous diastolic flow and at 
30 cm/s for cycle-averaged flow velocity [68, 69]. The advan-
tage of this approach is that maximal vasodilation is not 
required (e.g., contrast injection can be used to increase flow), 
and potential pitfalls of baseline measurements associated 
with autoregulation or measurement errors are avoided.

1.3  Effects of Stenosis on Coronary Blood 
Flow

As outlined above, maximum myocardial perfusion depends 
on the sum of all resistances, and distal coronary pressure is 
the major determinant of microvascular perfusion. An epi-
cardial stenosis represents an additional resistance to flow in 
the coronary system (. Fig. 1.7). It is important to realize 
that stenosis resistance is directly dependent on flow and 
hence is variable, even for a stenosis of fixed geometry. 
Moreover, coronary microvascular resistance includes an 
active component governed by mechanisms of flow control 
and a passive component that is pressure dependent and 
determines minimal resistance of the dilated vessels without 
tone. Hence, all resistances are variable and functions of flow 
and pressure.

The hemodynamic effect of an epicardial stenosis in the 
context of coronary perfusion is schematically illustrated in 
. Fig. 1.8, where the stenosis ΔP-Q relationship is combined 
with the pressure-flow relations of the coronary circulation at 
rest and at maximal vasodilation. The x-axis represents (distal) 
coronary perfusion pressure, and flow is shown on the y-axis.
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       . Fig. 1.6 Illustrations of stenosis pressure drop-flow relationship.  
a The total pressure gradient (ΔP) is the sum of linear viscous pressure 
losses (AQ) and quadratic exit losses (BQ2). Theoretical relationships 
are shown for a 55 % and a 70 % diameter stenosis in a 3-mm vessel. 

The lower black line indicates pressure loss in the unobstructed vessel. 
b Effect of small changes in stenosis diameter (ΔDs) in a vessel with 3-mm 
normal diameter (D0). The pressure drop for a given flow rate increases 
progressively with each reduction in stenosis diameter by 0.15 mm
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Starting from no-pressure drop at no flow (Pd= Pa), the 
curve representing stenosis pressure drop as a function of 
flow (Eq. 1.8) turns left toward lower distal perfusion  pressure 
with increasing flow, reflecting the nonlinear loss in pressure 
across the stenosis with increasing flow. In order to maintain 
baseline flow at rest, the coronary microcirculation adapts to 
the presence of a stenosis and compensates for the additional 
pressure loss by lowering microvascular resistance, which in 
turn reduces the vasodilatory reserve. The maximal flow 
value is prescribed by the pressure-flow line at maximal 
 vasodilation, which can turn downward or shift to the right 
in certain cardiovascular conditions, as discussed earlier. The 
difference between aortic pressure and the intersection with 

the hyperemic pressure-flow line is the stenosis pressure 
drop at maximal dilation.

If oxygen demand increases at rest, the intersection with 
the autoregulation plateau occurs at a higher flow (. Fig. 1.9), 
which on fluid dynamic principles implies an increase in basal 
stenosis resistance commensurate with the nonlinear relation-
ship between flow and stenosis pressure drop. Conversely, a 
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       . Fig. 1.8 Coronary pressure-flow relation and stenosis pressure 
drop-flow relations (dashed lines) shown for two stenoses of differ-
ent severities. While the pressure drop at rest is compensated by a 
reduction in microvascular resistance, maximal flow is reduced with 
increasing stenosis severity (dotted vs. dashed curve), with an increase 
in hyperemic pressure drop (ΔPhyp)
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       . Fig. 1.9 Effect of decreasing perfusion pressure and increased 
resting flow on stenosis resistance for a given stenosis. The stenosis 
pressure drop-flow relation shifts to the left (blue to brown) when aortic 
pressure is reduced (Pa). The hyperemic pressure gradient (ΔPhyp) is 
reduced because of a lower maximal flow that can be achieved, while 
pressure gradient at baseline (ΔPrest) is unchanged. However, when 
resting flow is increased due to a higher oxygen consumption (MVO2), 
resting pressure gradient is increased, while hyperemic pressure gradi-
ent is not affected. Note that stenosis resistance increases linearly with 
flow (Rs = A + BQ)
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       . Fig. 1.7 Stenosis resistance is in series with microvascular resis-
tance. Flow (Q) in a stenosed artery is determined by the total pres-
sure gradient (ΔP = Pa – Pb) divided by the sum of all resistances. 
Myocardial resistance vessels include a resistance that is controlled 
by tone and a minimum resistance at maximal vasodilation that 

is determined by the structure of the vascular tree and altered by 
mechanical impediments. Pd is the perfusion pressure for the micro-
circulation downstream of the stenosis. Note that all resistances are 
variable
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decrease in aortic pressure will shift the pressure drop-flow 
relationship of this stenosis to the left resulting in a lower max-
imal flow, despite the same baseline resistance. Both examples 
entail a reduced capacity to increase flow above resting levels.

Effect of stenosis on pulsatile flow and pressure sig-
nals Development of an epicardial stenosis has a profound 
effect on pulsatile pressure and flow waveform patterns. An 
example obtained in a patient with a severe lesion (. Fig. 1.10) 
shows how the pressure signal changes from an aortic to a ven-
tricular pattern (not unlike that of the intramyocardial pump 
model) as the stenosis is crossed. This is explained by the higher 
diastolic flow and corresponding higher pressure loss during 
this part of the cardiac cycle. Note that the rise in distal pres-
sure occurs earlier than the rise in aortic pressure. It is known 
from animal studies that distal pressure starts to increase dur-
ing isovolumic contraction, whereas the pressure proximal to 
the stenosis rises with aortic pressure at the onset of aortic 
valve opening.

The availability of sensor-equipped guidewires allows the 
simultaneous acquisition of pulsatile coronary pressure and 
flow velocity data in patients. . Figure 1.11 shows an example 
of coronary hemodynamic signals obtained in a left circum-
flex vessel with a severe lesion during increasing flow induced 
by intracoronary administration of adenosine, before (left) 
and after (right) percutaneous coronary intervention. In the 
presence of the stenosis, the distal pressure signal clearly 
reveals the hemodynamic stenosis severity. Although only a 
small increase in average flow velocity was attained during 
hyperemia (from 20 to 31 cm/s), the predominantly diastolic 
pressure gradient is exacerbated, with additionally a sub-
stantial pressure gradient during systole. Conversely, after 
revascularization, the distal pressure profile hardly changes 
despite a large rise in flow velocity (from 23 to 75 cm/s). The 
corresponding ΔP-Q relationships (lower panel) unequivo-

cally illustrate the improvement in stenosis hemodynam-
ics that was accomplished by revascularization, and the 
 post- intervention ΔP-Q relationship closely approaches that 
obtained in an undiseased reference vessel of this patient. The 
solid lines represent least-squares quadratic fits through the 
data (Eq. 1.8). Note that the post-intervention and reference 
ΔP-Q relationships are almost straight, which indicates the 
dominance of viscous losses along the vessel (between the Pa 
at the ostium and the location of distal pressure sensor). This 
implies a lack of energy losses due to convective acceleration 
in a narrowed section (second term in Eq. 1.8) and confirms 
a successful hemodynamic outcome without further con-
strictions along the interrogated vessel path.

Compliant stenosis Pathological studies and intravascular 
imaging have shown that only a minority of coronary artery 
stenoses is concentric with a fixed, rigid geometry. Most 
plaques develop at the inner curvature of the epicardial vessel 
or at bifurcations, with a D-shaped, concentric, or elliptical 
residual lumen [70–73]. The eccentric location of the plaque 
implies that in most cases, an arc of normal wall circumference 
is present which provides a mechanism whereby variations in 
intraluminal pressure or vasomotor tone can affect the luminal 
dimensions and thus alter flow resistance. Moreover, the plaque 
itself can be compliant [74–77]. The hemodynamic signifi-
cance of dynamic changes in stenosis dimensions has received 
much attention in the past, and both active and passive mecha-
nisms have been demonstrated in  vivo [78–85]. Especially 
when vasomotor tone of epicardial vessels is minimized after 
giving nitroglycerin, a passive change in stenosis geometry can 
take place during the hyperemic response, when flow velocity 
increases at the expense of intraluminal pressure in the nar-
rowed section [67, 84]. For a stenosis with an arc of compliant 
wall, the decrease in pressure may lead to extra narrowing 
by partial passive collapse, thereby worsening the situation. 
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       . Fig. 1.10 Phasic tracings of aortic (Pa) and distal pressure (Pd) 
obtained in a patient’s left anterior descending artery with a 75 % 
diameter stenosis. As the stenosis is crossed, a substantial pressure 
gradient (ΔP) is clearly seen that is higher during diastole. The distal 

pressure profile resembles a left ventricular pressure pattern. Note 
that coronary pressure downstream of the stenosis rises slightly 
before aortic pressure

Hemodynamic Effects of Epicardial Stenoses



12

1

As outlined above (see . Fig. 1.6b), even very small changes in 
minimum diameter can lead to large changes in pressure drop. 
In terms of the ΔP-Q relationship, stenosis hemodynamics is 
then no longer characterized by a single curve, but by a family 
of curves that reflect the changing stenosis geometry with time 
during the waxing and waning of flow [67]. The resulting ΔP- 
Q relationship of such a stenosis then displays in the form of a 
loop (. Fig. 1.12), with two different pressure gradients at the 
same flow velocity, reflecting the passive dynamic change in 
stenosis dimensions.

Serial lesions Many lesions do not appear in isolation, but 
multiple stenoses are frequently present along a coronary 
artery. If the distance separating two lesions is sufficiently large, 

the overall pressure drop is simply the sum of the pressure 
drops across the individual stenoses. However, as the distance 
between the lesions decreases, interaction between the 
upstream and downstream lesion causes the overall pressure 
drop to be less than the sum. This interaction depends on the 
severity of the lesions, the distance between them, and the flow. 
At low flow rates, the expansion loss is small and two similar 
lesions act as a single lesion of summed length [60]. With 
increasing flow, two stenoses in series can undergo a transition 
from a single lesion of twice the length to two independent 
lesions with twice the overall pressure drop, as shown in  
. Fig. 1.13. The flow rate at which this transition occurs 
decreases with increasing distance between the lesions, i.e., two 
lesions that are close together behave as a single lesion of twice 
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       . Fig. 1.11 Hyperemic response to an intracoronary adenosine injec-
tion. Simultaneous pressure and velocity measurements were obtained in 
a 63-year-old patient with a 85 % diameter stenosis in the left circumflex 
artery (angiogram) before (pre, left) and after (post, right) interventional 
revascularization. Middle panels show proximal (Pa) and distal (Pd) pres-

sure and flow velocity (v) at baseline and maximal hyperemia for each 
condition. On the lower right, the corresponding pressure drop (ΔP)-
velocity relations are shown for cycle-averaged values from baseline to 
hyperemia. Post intervention the ΔP-velocity relation closely approaches 
that of an undiseased reference vessel (Ref)
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the length over a larger flow range compared to lesions that are 
further apart [86].

For a given flow rate, the “critical” separation distance for 
two lesions to act independently depends on stenosis severity 
and distance. This is in line with the extent of the flow expan-
sion zone of the upstream stenosis mentioned earlier. If the 
jet leaving the proximal lesion can fully expand before the 
distal lesion is encountered, the lesions are fluid dynamically 
independent, and pressure loss is maximal. This reattach-
ment length is longer at elevated flow and for more severe 
lesions (up to 5–10 normal diameters). Intermediate lesions 
(55  % diameter reduction) at moderate flow (physiological 
range) tended to act independently when the distance 
between the lesions, S, exceeding six times the normal diam-
eter, i.e., when S/D0>6 [86]. For lesions that are closer 
together, the overall energy loss is reduced, since energy dif-
fusion in the expanding jet is limited by the distal lesion and 
flow tends to remain more laminar [61]. Steady flow studies 
have shown that if a severe lesion is closely (S/D0 =2) fol-
lowed by a mild or moderate stenosis, the overall pressure 
drop was even less than that across the single severe stenosis 
[87]. If the upstream stenosis is compliant, increasing the 
severity of the downstream stenosis in a coronary artery can 
lead to expansion of the upstream stenosis lumen area, 
thereby decreasing its hemodynamic effect and increasing 
flow through both lesions [88, 89].

Selecting the most appropriate stenosis of serial lesions to 
be dilated is challenging. A method to predict the theoretical 
pressure drop across the remaining individual lesion after 

virtual stepwise revascularization is complicated and involves 
obtaining a wedge pressure requiring balloon inflation [90]. 
In the case of a left main stenosis in the presence of a 
 downstream left anterior or circumflex lesion, it was pro-
posed to measure distal pressure in the uninvolved epicardial 
artery instead [91]. However, both methods assume a con-
stant hyperemic microvascular resistance regardless of dis-
tending pressure to the downstream myocardial bed, and the 
effect of distance between the lesions on mutual interaction 
was not investigated. A practical approach to identify the cul-
prit lesion may be to determine sudden steps in pressure gra-
dient by pressure wire pullback along the length of a coronary 
artery during hyperemia [92].

In summary, the overall effect of serial stenoses not only 
depends on the severity of the stenoses and the distance 
between them but also on the sequence of lesion severities, 
on stenosis compliance, and on flow. Clearly, more studies 
are needed in this area, but it is certain that multiple non-
critical stenoses can cause a significant pressure loss, espe-
cially in the presence of underlying diffuse narrowing.
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Diffuse disease The importance of diffuse coronary artery 
disease underlying a focal stenosis has long been recognized 
[93] and continues to be an active focus of research attention 
[94, 95]. A tandem development of focal and diffuse coronary 
artery disease is common and is associated with an increased 
risk of coronary events [17, 95, 96]. Recent studies using com-
puted tomography imaging have shown that the cumulative 
plaque burden proximal to a focal stenosis plays an important 
role in determining the functional significance of that stenosis 
[97, 98].

Detection of diffuse disease by conventional angiographic 
imaging remains a problem for interventional cardiologists. 
The true extent of plaque accumulation cannot be appreci-
ated by luminal angiography that may show smooth vessels, 
falsely suggesting the absence of atherosclerotic disease, and 
errors in angiographic assessment of plaque burden are exac-
erbated by the frequent occurrence of eccentric plaques that 
may present angiographically as a marginally narrowed cir-
cular lumen [99]. Yet the absence of focal disease does not 
imply the absence of increased flow resistance. Diffuse seg-
mental narrowing can lead to substantial loss in distal perfu-
sion pressure [100, 101] and can conceptually be modeled as 
a uniform relative reduction in normal segmental diameter 
with or without an overlaying focal obstruction [102]. 
Normal coronary artery size in humans is not easy to assess 
[103, 104]. Several approaches have employed length-area 
relations based on scaling laws that relate the size of the coro-
nary tree to regional perfused mass via cumulative distal 
artery branch length [105, 106] or tried to assess the size of 
normal vessels via bifurcation analysis, where deviation from 
normal scaling law patterns can reveal the severity of diffuse 
disease [107–109]. Based on this approach, the extent of dif-
fuse disease in the epicardial coronary artery tree of patients 
with metabolic syndrome was reflected by a 28 % decrease of 
mean cross-sectional area along the entire epicardial coro-
nary artery tree and an 18% decrease of the sum of intravas-
cular volume as a result of reduced cross-sectional area in 
distal coronary arteries [108].

Recapitulating, the hemodynamics of an epicardial steno-
sis can be summarized as follows:
 1. Stenosis pressure drop (and therefore flow through the 

vessel) is influenced by stenosis geometry (shape of con-
verging and diverging section, plaque location, length, 
lumen area of the stenosis, and lumen area of the vessel), 
velocity, blood viscosity and density, and blood flow wave-
form. Of these, the most important factors are flow veloc-
ity and minimum stenosis diameter.

 2. The pressure drop varies nonlinearly with flow velocity, 
and the resistance of a stenosis is therefore not constant. 
For a fixed geometry, stenosis resistance increases 
linearly with velocity. In this regard, it should be 
recognized that microvascular resistance influences 
stenosis hemodynamics via its direct influence on flow 
velocity.

 3. The major geometric factor influencing the pressure drop 
is the reduction in lumen area. This effect is relatively 
small for mild lesions, but escalates nonlinearly with 

increasing stenosis severity, where even a small 
worsening in stenosis diameter causes a steep rise in 
pressure drop.

 4. Stenosis shape and lumen eccentricity do not strongly 
affect the pressure drop for moderate to severe lesions for 
which lumen reduction dominates. However, in case of 
partially compliant lesions (compliant plaque or an arc of 
flexible wall circumference), dynamic behavior can be 
introduced by small changes in effective lesion diameter 
with decreasing distending pressure, e.g., at elevated flow 
rates (passive) or induced by changes in tone (active).

 5. The effect of multiple stenoses depends on the severity of 
the lesions, sequence of different severities, spacing 
between the lesions, and flow. If the distal lesion is close 
enough to the proximal one, it interferes with the 
expanding jet emerging from the upstream stenosis, 
thereby reducing its pressure loss. Based on experimental 
findings, sequential lesions can be regarded as 
independent (overall pressure drop is determined by the 
sum of individual lesions) when the distance between the 
lesions is greater than 6 times the adjacent vessel 
diameter.

 6. Diffuse coronary artery disease underlying a focal lumen 
obstruction is common and independently modulates 
the physiological effect of an epicardial stenosis.

1.4  Distal Perfusion Beyond the Epicardial 
Lesion: Integrated Measures 
of Physiological Stenosis Severity

Considering that flow velocity is a major physiological deter-
minant of epicardial stenosis hemodynamics for any given 
driving pressure, the level of microvascular resistance at the 
time of measurement is of paramount importance. After all, 
the value of basal and maximal flow during physiological 
lesion assessment determines the position along the stenosis 
ΔP-Q relationship, and clinically relevant functional param-
eters are derived from these values.

The power of conveying stenosis hemodynamics in terms 
of combined pressure and flow velocity information is fur-
ther depicted in . Fig. 1.14 showing stenosis ΔP-Q relation-
ships for a selection of clinical cases. Data were obtained 
during a diagnostic procedure with intracoronary adenosine 
administration in coronary arteries of six patients with vari-
ous degrees of anatomical stenosis severity.

In line with observations and simulations by others [94, 
102], it becomes clear that percent diameter reduction alone is 
not a defining measure for the functional severity of a lesion. As 
shown in . Fig. 1.14a, two lesions of 55 % DS (light blue and 
green) have very different ΔP-Q relationships (due to different 
diameters of the stenosed coronary vessel), whereas the fluid 
dynamic relationship of the 50 % DS (orange) is on the same 
curve as that of a 55 % DS (shown in green), albeit at a much 
lower flow velocity range. When pressure gradient is expressed 
in terms of aortic pressure (1−ΔP/Pa = Pd/Pa), it can be seen 
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(. Fig. 1.14b) that three lesions cross the threshold of 0.8 for 
fractional flow reserve. Two of these lesions reduce distal perfu-
sion pressure during vasodilation to about half of the aortic 
input pressure, although flow velocity for the 55 % DS (green) is 
much higher than for the 74 % DS. As discussed earlier, a decline 
in distending pressure of the dilated microvascular bed to low 
values will invariably lead to a passive diameter reduction of the 
relaxed microvessels, with consequentially (Poiseuille losses) an 
enhanced microvascular resistance compared to more normo-
tensive distension pressures [30]. Finally, expressing hyperemic 
velocity as a multiple of basal velocity (. Fig. 1.14c) reveals that 
only the most severe stenosis falls below the established cutoff 
value of 2.0 for coronary flow reserve. Obviously, other factors 
than percent diameter stenosis are influential in determining the 
physiological impact of a stenosis.

Note that the green 55 % DS was associated with the  lowest 
hyperemic microvascular resistance (1.39  mmHg·cm−1·s), 
suggesting that the vasodilatory capacity of that microvascu-
lar bed was sufficient to sustain an adequate flow reserve. In 
contrast, the hyperemic microvascular resistance distal to the 
50  % DS (orange) was much higher (2.19  mmHg·cm−1·s), 
which is corroborated by the low maximal velocity that was 
achieved. It is not known to which extent this HMR may 
reflect microvascular dysfunction, but removing the stenosis 
might still help this patient. Hoffman therefore proposed that 
threshold values for Pd/Pa should not be fixed, but should 
vary with the individual level of peripheral coronary resis-
tance [32]. The same should likely be applied to flow velocity 
reserve, and this view was expressed in recommendations to 
adopt more integrated physiological measures [96, 110].

Coronary stenosis physiology from anatomy Despite the 
established fluid dynamic equations of an arterial stenosis, 
prediction of physiology from anatomy alone is subject to 
much scatter that limits agreement with observed functional 

indices in individual patients [17, 94]. The dissociation of 
anatomic and functional measures of stenosis severity is due 
not only to diffuse atherosclerosis but also to the influence of 
microvascular function that ultimately determines maximal 
flow and, hence, pressure gradient. Additionally, even quanti-
tative angiography or computed tomography cannot assess 
stenosis dimensions with an accuracy that is adequate to 
enter with a fourth power relationship into the fluid dynamic 
equations [94]. Studies employing 3D computational fluid 
dynamics (CFD) assume population-based values for cou-
pled reduced- order models describing the inlet and outlet 
boundary conditions of epicardial coronary arteries. 
Parameters of normal coronary models are applied to dis-
eased models. Resistance values of the downstream vascula-
ture are assumed to be dictated by their own anatomy (as 
derived from images) rather than by the upstream stenosis 
(which also modulates distal pressure and, hence, down-
stream resistance) [111]. Therefore, the application of classi-
cal fluid dynamic principles and 3D CFD as a tool for the 
patient-specific prediction of physiological stenosis severity 
from image-derived stenosis geometry still faces many chal-
lenges and limitations [94, 112].

Coronary flow as physiological parameter of choice The con-
cept of “critical reduction in flow capacity” was introduced to 
aid in clinical interpretation of physiological severity [113]. The 
premise of this concept is that actual pressure and flow levels 
measured in epicardial vessels represent a continuum that is 
modulated by many external factors beyond the focal stenosis, 
including vasodilatory capacity (microvascular dysfunction), 
stress level, perfused mass (which is not accounted for with 
invasive measurements), vessel dimensions (diffuse disease), 
and distending pressure (input and distal pressure), as well as 
active and passive impeding mechanisms. A comprehensive 
approach termed “coronary flow capacity” was proposed by 
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       . Fig. 1.14 Combined pressure and velocity measurements during 
the hyperemic response to intracoronary adenosine. a Examples of 
pressure drop (ΔP)-velocity relations obtained for different stenosis 
severities in coronary arteries of patients. It is clear that percent diame-
ter reduction alone is not a defining measure of hemodynamic severity. 
b When the ratio of distal (Pd) to proximal (Pa) pressure is shown on the 

y-axis, three lesions cross the threshold of 0.8 for fractional flow reserve 
at maximal flow during hyperemia. c Expressing the x-axis in terms of 
coronary flow reserve (CFR) reveals that only the most severe lesion 
stays below the threshold value of 2.0. The vasodilatory capacity of all 
other lesions was sufficient to sustain an adequate flow reserve
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Johnson, Gould, and colleagues [17, 114] that produces a 2D 
colored “physiological” scatterplot which takes into account 
both regional flow reserve and maximum stress flow (in ml/
min/g) obtained by positron emission tomography as measures 
reflecting physiological stenosis severity, diffuse disease, and 
microvascular function. These data can be superimposed on left 
ventricular topographical depictions to yield a color-coded spa-
tial distribution of coronary flow capacity. This concept has 
been “translated” to a “global” flow capacity map based on inva-
sive measurements of flow velocity that also places the focus on 
the importance of coronary flow impairment for physiology-
based decision-making in ischemic heart disease [115].

In conclusion, the hemodynamic characteristics of a coro-
nary stenosis are governed by fluid dynamic laws that 
describe the quadratic relationship between pressure gradi-
ent and flow, based on (potentially variable) stenosis geome-
try and the rheological properties of blood. A coronary 
stenosis is proximally located in an epicardial curved, com-
pliant, and moving vessel, with a downstream vascular net-
work comprised of elastic branches whose resistance to flow 
is affected by active (tone) and passive (vasodilated) dimen-
sional changes. This network is embedded in a continuously 
beating muscle that intrinsically regulates local myocardial 
perfusion based on oxygen demand at rest and during stress. 
All involved components can separately or together be dis-
eased and malfunctioning to variable degrees. The physiolog-
ical impact of an epicardial stenosis on perfusion impairment, 
therefore, derives from complex physical, biological, and 
pathophysiological interactions. Binary thresholding based 
on population-derived cutoff values of isolated epicardial 
physiological measurements obtained under pharmacologi-
cally simulated stress conditions should evolve toward inte-
grating the accessible diagnostic information on multiple, 
individual factors of coronary artery disease into quantifiable 
criteria to optimize interventional decisions [116].
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2.1  Introduction

Cardiovascular diseases (CVDs) as reported by the World 
Health Organization (WHO) represent the foremost cause of 
death worldwide [1]. Recent estimates in 2012 indicate 17.5 
million deaths from CVDs, corresponding to 31 % deaths 
worldwide. Of these, an estimated 7.4 million were attributed 
to coronary artery disease (CAD) and 6.7 million strokes, 
while assessments in 2000 were lower at 6 million for CAD 
and 5.7 million for stroke, thus indicating a substantial rise 
over the past decade. As society is aging, the number of 
CVD-related deaths is expected to increase further to 23.6 
million by 2030 [2].

Acute coronary syndromes (ACS) represent a clinical 
spectrum of unstable angina, acute myocardial infarction 
(AMI) (ST or non-ST-segment elevation MI), and sudden 
coronary death (SCD). Most ACS are believed to stem from 
acute luminal thrombosis, which can arise from three distinct 
morphologies: plaque rupture, erosion, and calcified nodule 
[3]. In addition, SCD can also occur in the absence of acute 
thrombotic event, where severe underlying stenosis likely 
contributes to ischemic complications and lethal arrhythmias 
[4]. The concept of acute plaque rupture as a major cause of 
SCD was first introduced at the autopsy of the famous neo-
classical Danish artist, Bertel Thorvaldsen, who died sud-
denly in the Royal Theatre in Copenhagen in 1844 [5]. It took 
many decades thereafter, however, before researchers like 
Clark, Koch, Friedman, and Constandinides in the early to 
mid-twentieth century to describe features of the culprit 
plaques that lead to sudden cardiac death and coined the 
terms “erosions” and “fissures” to describe some of the unique 
processes that occurred in these lesions [6–9]. Near the same 
time, the importance of intramural hemorrhage to coronary 
lesion progression was described by Wartman, Patterson, and 
Winternitz [9–11]. Meyer Friedman was the first to apply the 
approach of systematic serial sectioning to coronary lesions 
that revealed plaque rupture, as the underlying pathophysiol-
ogy of luminal thrombosis. Leary’s description of “necrotic 
core” was compared to “intramural atheromatous abscess,” 
which helped to better understand the use of the term “ath-
eromatous” a Greek word for “gruel- like material, a concept 
originally proposed by Virchow in 1858 [12].” Friedman laid 
the foundation for the understanding of the role of “necrotic 
core prolapse” leading to the disruption of luminal blood flow 
triggered from the cascade of pro-coagulation processes that 
results in complete or incomplete thrombotic obstruction of 
the coronary artery [13].

In the early 1980s, the Velicans added to existing knowl-
edge of coronary artery atherosclerosis progression from an 
early-stage atherosclerotic process advancing into the late 
stages. They focused on the morphologic description of “fatty 
streak” to “fibroatheroma” and advanced plaque complicated 
by the presence of hemorrhage, calcification, ulceration, and 
thrombosis [14]. Michael Davies laid the foundation for the 
role of plaque rupture, thrombosis, and fissures as the trig-
gers of sudden coronary death. These initial pioneering stud-
ies resulted in the assembly of scientists by the American 

Heart Association (AHA) headed by Stary that gave rise to 
consensus nomenclature introducing a numerical classifica-
tion of atherosclerotic plaque (type I–VI) in the mid-1990s 
[15, 16]. The most severe, type VI lesions constituted a com-
plicated plaque with surface defects, hemorrhage, and lumi-
nal thrombus. Davis et  al. introduced the concept of 
intraplaque fissure, as an additional source of coronary 
thrombosis although actually occurring within the plaque, 
calling it “intra-intimal” thrombus [17]. Virmani et al. subse-
quently revised the classification proposed by Stary et al. pro-
viding a more comprehensive descriptive classification lead 
by distinct etiologies of coronary thrombosis and SCD, i.e., 
plaque rupture, plaque erosion, and calcified nodule [3]. In 
this context, stable coronary lesions (AHA type I–V) are 
replaced by terms of adaptive intimal thickening (AIT), inti-
mal xanthoma (fatty streak), pathologic intimal thickening 
(PIT), and fibroatheroma, respectively, where the latter were 
further subcategorized into “early” and “late” stages of necro-
sis depending on the extent of extracellular matrix (high 
early/low late) and free cholesterol (low early/high late) 
within the necrotic core. Additional terminology was intro-
duced to address lesions of silent episodic thrombosis: healed 
plaque rupture, intraplaque hemorrhage, and plaque fissures. 
Another important shortcoming of the AHA classification 
scheme was the lack of entities like healed thrombi called 
“healed plaque (HP) rupture” or “HP erosion.” Furthermore, 
plaques inferring “stability” were also introduced, i.e., fibrous 
and fibrocalcific plaques.

2.2  Classification of Atherosclerosis 
According to Lesion Morphology

2.2.1  Intimal Thickening and Fatty Streaks

Intimal thickening (AHA type I) is the earliest vascular 
change, which consists of a focal accumulation of smooth 
muscle cells in an extracellular matrix. It is currently 
regarded as an adaptive change within the intima because 
the proliferation rate of smooth muscle cells is low, and the 
cells maintain an anti-apoptotic phenotype [18, 19]. On the 
other hand, it is also true that intimal thickening is more 
frequently recognized in atherosclerosis-prone arteries 
 (coronary, carotid, abdominal and descending aorta, and 
iliac artery) [20].

Fatty streak or intimal xanthoma (AHA type II) is com-
prised of foamy macrophages along with lipid-laden smooth 
muscle cells (SMC) within the thickened intima. In the AHA 
classification, this lesion is referred to as the earliest athero-
sclerotic lesion; however, these lesions do not always progress 
to more advanced plaque. In humans, regression of fatty 
streak lesions has been observed in the thoracic aorta and the 
right coronary artery in young individuals aged between 15 
and 30 years [21]. In keeping with this, studies of fatty streak 
lesions in rabbits support the notion of regression where a 
lipid-lowering diet resulted in a dynamic change in lesion 
morphology to reflect more fibrotic plaques [22].
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2.2.2  Pathologic Intimal Thickening

In our view, pathologic intimal thickening (PIT, AHA type 
III lesion) represents the earliest of progressive atheroscle-
rotic lesions characterized by smooth muscle cells and acel-
lular proteoglycan and type III collagen-rich extracellular 
matrix involving lipid pools adjacent to the media [3]. The 
lipid pools are relative absent of smooth muscle cells (SMCs), 
and the extracellular matrix is mainly composed of hyaluro-
nan and proteoglycans rich in versican [23, 24]. On the other 
hand, the earliest lesion of adaptive intimal thickening is 
mainly composed of SMCs embedded in proteoglycan matrix 
of biglycan and decorin. It is thought that PITs develop as the 
normal intima thickens over time, whereby SMCs undergo 
apoptosis evidenced by a persistent thickened basement 
membrane surrounding dead and the dying cells, as detected 
by PAS (periodic-acid Schiff) staining [25].

Macrophages occurring within PIT lesions when present 
begin to accumulate toward the lumen [24], and their pres-
ence is considered a more advanced stage of atherosclerosis. 
While the precise underlying mechanism of macrophage 
infiltration remains unknown, it is thought to involve oxida-
tion of LDL present within lipid pools, as well as upregula-
tion of endothelial selective adhesion molecule and monocyte 
chemotactic protein-1 (MCP-1) [26]. Free cholesterol in the 
form of fine crystalline structures has been observed in the 
lipid pools and is considered another cause of macrophage 
infiltration. Free cholesterol in PIT lesions is likely derived 
from cholesterol-rich membranes of dying smooth muscle 
cells or through the insudation of plasma lipoproteins [27–
29]. Microcalcification within lipid pools is another impor-
tant feature of PITs. Under transmission electron microscopy, 
apoptotic smooth muscle cell remnants, as well as calcium 
apatite crystals, are observed within the lipid pool. Although 
the source of this early calcification remains controversial, 
microcalcifications likely coalesce and gradually appear as 
calcified fragments with time [30].

2.2.3  Fibroatheroma

Fibroatheroma represents an advanced stage of atherosclero-
sis and is characterized by the presence of an acellular 
necrotic core. This is in contrast to the lipid pool of PIT in 
which distinct extracellular matrix proteins such as hyaluro-
nan and proteoglycan versican are observed (AHA type IV 
lesion) [24]. We recently subclassified fibroatheromas into 
those with “early” and “late” necrotic cores. Early necrotic 
core is characterized by the presence of macrophage infiltra-
tion into the lipid pool that coincides with an increase in free 
cholesterol and breakdown of extracellular matrix [24]. Early 
necrotic cores show the focal absence of hyaluronan, versi-
can, and biglycan matrix within the areas that eventually 
form the “late necrotic core” as observed in more advanced 
stages, which exhibit a complete absence of proteoglycans 
and collagen. Matrix-degrading enzymes produced by mac-
rophages are thought to augment the breakdown of proteo-

glycans. The majority of macrophages within the necrotic 
core show features consistent with apoptosis as the necrotic 
core is enlarging. The necrotic core represents a “graveyard” 
of dead macrophages [31]. In fibroatheroma, there is an over-
lying layer of fibrous tissue (fibrous cap), mostly composed of 
type I and III collagen, proteoglycans, and interspersed 
smooth muscle cells. The fibrous cap plays a critical role in 
harboring the contents of the necrotic core. Thinning of the 
fibrous cap with the support of infiltrating macrophages may 
lead to the vulnerable plaque or thin-cap fibroatheroma 
(TCFA), a precursor lesion to rupture and thrombosis.

During the progression of early to late fibroatheroma, 
increased accumulation of free cholesterol is observed within 
the necrotic core resulting in a prominent histopathological 
appearance of empty clefts. The presence of free cholesterol 
in macrophages is in part regulated by a reesterification pro-
cess involving acyl coenzyme A: acylcholesterol transferase, 
or ACAT1, which can be manipulated in animal models to 
promote the enlargement of the necrotic core [32].

2.2.4  Lipid Composition in Atheroma 
Progression

Classic studies of atherosclerotic lipid composition from the 
1970s demonstrated significant increases in total cholesterol 
levels and changes in cholesterol esterification with lesion 
progression [29, 33]. In fatty streaks, the lipid is primarily 
intracellular, within foam cells, and the majority of choles-
terol is esterified [33]. The fatty streaks have more cholesteryl 
oleate and less cholesteryl linoleate and arachidonate than 
advanced lesions [33]. As lesions progress to intermediate 
(PIT) and fibroatheromas with large necrotic cores, the 
amount of free cholesterol increased relative to cholesteryl 
esters (CE), with the appearance of cholesterol monohydrate 
crystals [33]. Total phospholipid levels increase with lesion 
progression, along with an increase in the sphingomyelin 
(SM)/phosphatidylcholine (PC) ratio, while triglycerides 
(TG) levels are low in atherosclerotic lesions and do not 
change with progression [33]. Recent arterial shotgun lipido-
mic studies, using mass spectrometry methods, detected 150 
lipid species from nine different lipid classes where 24 were 
unique to plaques [34, 35]. These findings demonstrate an 
increase in cholesteryl esters (CE) and free cholesterol in 
plaques followed by SM > PC > ceramists, and TGs, which fur-
ther corroborates earlier studies. The fatty acid content of the 
CEs is primarily linoleate and oleate, with additional long-
chain fatty acid CEs [34]. Oxidized CEs and phospholipids 
were identified by lipidomics in lesions, which may have orig-
inated from oxidized LDL [34, 35]. Felton et al. [36] reported 
that the burden of free cholesterol was linked to lesion insta-
bility, with disrupted plaques showing an increase in total 
cholesterol and free-to-esterified cholesterol ratio, while tri-
glyceride content is unchanged. Studies of coronary lesions at 
autopsy in our laboratory have shown the percentage of cho-
lesterol clefts within necrotic cores was greater in lesions with 
rupture compared to eroded or stable plaques [3].
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2.2.5  Macrophage Apoptosis Leading 
to Necrotic Core Expansion

Mechanism(s) underlying the recruitment of macrophages 
into lipid pools remains incomplete for translational studies 
of atherosclerotic lesion progression. Studies in genetically 
engineered mice revealed that the endoplasmic reticulum 
(ER) stress pathway is key in macrophage cell death, which 
may result in focal accumulation of apoptotic bodies result-
ing in increased demands of phagocytic clearance [37–39]. 
Macrophage apoptosis, as shown in murine models of athero-
sclerosis, may also be triggered by a combination of ER stress 
and engagement of the type A scavenger receptor, which is 
also demonstrated in human atheroma [40]. Signal trans-
ducer, in addition to decreased ability of phagocytic clearance 
(efferocytosis), has been forwarded as a crucial component to 
the removal of dead cells within the necrotic core [31, 41]. ER 
stress was suggested to induce apoptosis of smooth muscle 
cells and macrophages [39], while phagocytosis of apoptotic 

cells is severely impaired in advanced atherosclerotic plaques 
[41] (. Fig. 2.1).

Several factors underlying the defective removal of apop-
totic cells include oxidative stress, competitive inhibition of 
oxidized RBCs, and oxidized LDL [41]. Effective macrophage 
efferocytosis requires a well-balanced interaction between 
apoptotic cell ligands, phagocyte receptors, and supportive 
extracellular bridging molecules that link phagocytes to 
apoptotic cells [42]. Some important targets have been dis-
cussed in the past and found to be highly relevant: lack of 
milk fat globule-EGF factor 8 (Mfge8, also known as 
 lactadherin) leads to apoptotic cell accumulation and accel-
erated atherosclerosis in mice [43]. This protein was further 
identified as a key extracellular regulator of apoptosis, phago-
cytic clearance, and secondary necrosis [44]. In a study per-
formed in LDL receptor-deficient mice, bone marrow-derived 
cells form lactadherin-deficient mice were transplanted into 
aplastic mice, which resulted in a substantial increase in 
apoptotic cell death in the developing lesions [43]. Another 

Early

Apoptotic Body (AB)

Defective
engulfmentEngulfment

Hp-2

CD163

CAM

CAM

Late Hemorrhagic

       . Fig. 2.1 Putative mechanism(s) of necrotic core formation in 
humans, in part, guided by mouse models of atherosclerosis. A, shows 
representative micrographs of human coronary plaques illustrating early, 
late, and hemorrhagic necrosis. Early necrosis is marked by the infiltration 
of CD68-positive macrophages within lipid pools, whereas late necrosis is 
represented by increased macrophage death, cell lysis, and loss of extra-
cellular matrix. Hemorrhagic necrosis is accompanied by accumulated 
free cholesterol (Free-Chol, arrow), presumably derived from erythrocyte 

membranes, and is thought to lead to the relatively rapid expansion of the 
necrotic core. B, diagrammatic representation of necrotic core formation 
and expansion, highlighted by defective efferocytosis (phagocytosis). Left 
normal engulfment of apoptotic bodies (ABs, red) within macrophages 
(blue), middle defective engulfment with free ABs, and right hemorrhagic 
necrosis with exposed heme, which is exacerbated by expression of the 
HP-2 haptoglobin protein type 2 allele (Reproduced with permission from 
Finn et al. [126] and Kolodgie et al. [127])
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potential mediator implicated in defective efferocytosis is 
macrophage transglutaminase 2, a broadly expressed regula-
tor of protein cross-linked to wound healing, and tissue 
fibrosis, that promotes both apoptotic cell clearance and 
ABCA1 (ATP-binding cassette subfamily A, member1) 
expression in  vitro and limits atherosclerotic lesion size 
in  vivo [45]. Mertk, a tyrosine kinase receptor, has been 
shown to be causally involved in αho5 integrin-mediated 
polymerization of the phagocyte cytoskeleton, thereby facili-
tating the internalization of apoptotic debris [46]. Mice defi-
cient in Mertk show evidence of defective efferocytosis and 
susceptibility to a lupus-like autoimmune syndrome [46].

In addition to macrophages as predominant cell type 
involved in efferocytosis, dendritic cells (DC) expressing high 
levels of CD11c and MHC II also regulate immune responses 
related to atherosclerosis [47]. Recent evidence in human 
plaques suggests that the number of DCs increases with the 
lesion progression with the accumulation of mature DCs in 
rupture-prone vulnerable plaques [48]. Dendritic cells are 
known to progressively lose their capability of phagocytosis 
upon maturation [49], which may explain why DCs entrapped 
in advanced atherosclerotic lesions provide an insufficient 
level of efferocytosis and facilitate secondary necrosis [50]. 
DCs are also known to be involved in T-cell- mediated immune 
response, thus highlighting the complexity of efferocytosis in 
atherosclerotic lesions. It seems intuitive that pharmacologi-
cal approaches to stimulate efferocytosis may become an 
important target in limiting progression of atherosclerosis. 
However, further studies are needed to elucidate the precise 
mechanisms of efferocytosis in vivo and designate molecular 
targets before selective treatment can be investigated.

The group led by Tabas et al. have recently reported that 
when macrophage autophagy is inhibited, apoptosis is 
increased and that this inhibition leads to apoptotic cells 
being less well recognized by efferocyte phagocytes. These 

findings link macrophage autophagy to two distinct cellular 
processes during atherosclerotic lesion progression and 
necrotic core enlargement, i.e., macrophage apoptosis and 
defective efferocytosis [51].

Although an association between defective efferocytosis 
and increased necrotic core size has been described in several 
mouse model of atherosclerosis, a direct cause and effect rela-
tionship remains unclear. Moreover, the contributions of effe-
rocytosis in humans contribute to necrotic core expansion 
that remains to be determined. Conceivably, the effective 
clearance of apoptotic bodies could be used therapeutically to 
decrease secondary inflammation and atherosclerosis.

2.2.6  Intraplaque Hemorrhage

The concept of intraplaque hemorrhage (IPH) a major con-
tributor to lesion progression was introduced in the first half 
of the twentieth century [9]. Constantinides et al. introduced 
the concept of cracks or fissures originating from the luminal 
surface as a source of IPH, which was later expanded by 
Davis et  al. who described plaque fissure and intramural 
thrombosis, caused by the activation of coagulation pathways 
and fibrin deposition within the necrotic core [52, 53]. In an 
elaborate morphologic study of advanced coronary human 
coronary plaque, Barger et al. demonstrated an elaborate net-
work of neoangiogenesis through injection of a vascular 
marker microfil [54]. Studies from our group showed that 
these neoangiogenic vessels were likely “leaky” leading to 
hemorrhage into a necrotic core recognized by a specific 
erythrocyte antibody (glycophorin A), which was most prev-
alent in advanced plaques prone to rupture [55]. The supply 
of plaque vasa vasorum is thought to extend into the intima 
from the adventitia [56] although intraluminal vasa vasorum 
have been identified (. Fig. 2.2).

a b

       . Fig. 2.2 Coronary intraplaque hemorrhage. a Cross-sectional image 
of human coronary artery with extensive intraplaque hemorrhage into 
a necrotic core and severe luminal narrowing. b Higher-magnification 

image of the areas within the small red box in “a.” Numerous neoangio-
genic vessels with various sizes (arrowheads) are identified in the area of 
hemorrhage (Reproduced with permission from Falk et al. [106])
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Apoptotic macrophages are unlikely to be the sole source 
of free cholesterol in plaques because foam cells contain 
mostly esterified cholesterol, while the necrotic core contains 
mostly free cholesterol [57]. Therefore, free cholesterol within 
the necrotic could be derived from other sources. IPH is com-
monly observed in advanced coronary atherosclerotic lesions 
that contain large amount of free cholesterol. Since erythro-
cyte membranes hold the highest free cholesterol of all the 
cells in the human body, the composition of the erythrocyte 
membrane is 40 % lipid in weight. Therefore, the accumula-
tion of free cholesterol likely occurs through deposition of red 
blood cells as shown by glycophorin A along with iron stain-
ing for hemoglobin [55]. Moreover, there was also a linear 
relationship between necrotic core size and glycophorin A 
staining [38, 55, 58], and we also showed that leaky vasa vaso-
rum were the main source of extravasated erythrocytes [55].

IPH can occur repeatedly over the years; thus, the amount 
of cholesterol derived from erythrocyte membranes is esti-
mated to be substantial. In a clinical AMI study, the total cho-
lesterol content of erythrocytesin circulation was assessed 
and found to be highest in patients presenting with ST- 
segment elevation myocardial infarction (STEMI), followed 
by non-ST-segment elevation ACS (NSTEAS) and stable 
angina pectoris (SAP), and was the least in control groups 
[59]. Moreover, rosuvastatin was shown to decrease the cho-
lesterol content of erythrocyte membranes [59]. Small-angle 
X-ray diffraction analysis was used to compare arterial 
smooth muscle cell plasma membranes isolated from control 
and cholesterol-fed rabbits and provided evidence that exces-
sive membrane cholesterol can phase separate and form a 
liquid-crystalline lipid bilayer consisting of pure cholesterol 
[27]. Deposition of free cholesterol can stimulate inflamma-
tion through activation of macrophages by stimulating 
caspase- 1-activating NLRP3 inflammasomes, which leads to 
the cleavage and release of pro-inflammatory cytokines, such 
as interleukin-1 (IL-1) [60].

2.2.7  Heme Toxicity and Secondary 
Inflammation

Hemoglobin is composed of a globin protein core and an 
iron-containing heme. It is well established that heme/iron 
can support oxidative stress and directly interfere with the 
biology of other proteins and lipids, thereby amplifying the 
pro-inflammatory milieu encompassing the necrotic core 
[61, 62]. IPH can stimulate an inflammatory response by 
recruiting monocyte/macrophages into the plaque [63]. 
Moreover, denatured proteins such as coagulated blood likely 
augment inflammatory responses [64]. It has been reported 
that hydroperoxides, oxidized LDLs, and lipids from human 
atheromatous plaques can induce erythrocyte lysis [65]. 
These lipids are also capable of oxidizing Fe2 + hemoglobin 
to the more reactive Fe3 + hemoglobin, which easily dissoci-
ates from globin relative to Fe2+, thus releasing highly reac-
tive heme/iron, which can be toxic to endothelial cells [65]. 
The elimination of free hemoglobins is mediated through 

binding to haptoglobin forming a hemoglobin/haptoglobin 
(H:H) complex, which is removed via CD163 receptors 
expressed on macrophages. The hemoglobin unit of the H:H 
complex is degraded by hemoxygenase (HO-1) and con-
verted to free iron which is either utilized by the cell or 
exported via ferroportin and converted to a less toxic form 
ferric iron (Fe2+) as stated above.

Studies by Boyle et al. [66] and Finn et al. [67] implicate 
an alternative macrophage phenotype [Mhem or M(Hb)] 
derived from exposure to H:H complexes, which is also con-
sidered an anti-inflammatory due to its production of inter-
leukin- 10 (IL-10) via activating Th2 interleukins IL-4 and 
IL-13. M(Hb) macrophages therefore counter foam cell for-
mation and are functionally different from classically acti-
vated pro-inflammatory M1 macrophages induced by Th1 
cytokines like tumor necrosis factor α (TNF-α) and 
LPS. Clearly, there is a link between IPH, oxidative stress, and 
iron/lipid homeostasis that is directly related to macrophage 
phenotype, and a further understanding of this relationship 
represents an active area of research.

Haptoglobin (Hp) genotype/phenotype is also an impor-
tant identifier of genetic risk factors in diabetic patients in 
humans; two classes of alleles for Hp exist. In the Western 
world, 16 % of the population is Hp 1-1 (homozygous for Hp 
1 allele), 36 % is Hp 2-2 (homozygous for the Hp 2 allele), and 
48 % is Hp 2-1 (heterozygote) [68]. Levy et al. reported that 
the odds of having CVD in DM with Hp 2-2 phenotype was 
5.0 times greater than in DM with the Hp 1-1 phenotype 
(p = 0.002) [68]. Insertion of Hp 2-2  in the ApoE-deficient 
mouse model (ApoE−/−Hp 2-2) showed increased iron, lipid 
peroxidation, and macrophage accumulation as compared 
with ApoE−/− haptoglobin 1-1 mice [58]. To test the hypoth-
esis that hemoglobin clearance may be deficient in diabetic 
atheroma from patients with Hp2-2, 40 patients with diabetes 
mellitus were genotyped, and their peripheral plaques are 
examined after atherectomy. Lesions from patients with the 
Hp 2-2 genotype had increased hemorrhage, iron content, 
and heme oxygenase-1 protein and reduced anti-inflamma-
tory marker IL-10 and CD163 expression, although neovessel 
density was increase in haptoglobin 2-2 compared to controls 
[69]. Hemopexin is another inherent defense mechanism 
against heme toxicity, which is also capable of binding free 
hemoglobin and iron and, once  combined, activates endocy-
totic clearance of bound hemoglobin [70].

2.2.8  Neoangiogenesis

The vascular network of small vessels in normal coronary 
arteries (vasa vasorum) is located in the adventitia and does 
not extend into the media or intima [71]. The majority of 
vasa vasorum are arterial in origin although venous connec-
tions have been reported [72, 73]. Coronary arteries show a 
higher vasa vasorum density as compared to renal and femo-
ral arteries (2.12 ± 0.26n/mm2 versus 0.61 ± 0.06n/mm2 and 
0.66 ± 0.11n/mm2, respectively, P < 0.05 for both) [74]. With 
regard to their structure, vasa vasorum are usually composed 
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of a single layer of endothelial cells connected by tight adher-
ent junctions with a well-formed basement membrane [75]. 
Supportive pericytes may be present as single or multiple lay-
ers, but the ratio of vessels stabilized by pericytes/SMCs is 
generally low within the adventitia and even lower within the 
developing plaque [76]. In general, the majority of intra-
plaque vasa vasorum are endothelialized under disease con-
ditions but fail to show sufficient encasement with pericytes/
SMCs. The relative shortage of mural cells along with incom-
petent endothelial junctions contributes to the leakiness of 
intraplaque vasa vasorum [77–79].

More recently Mulligan-Kehoe and Simons [80] have 
suggested two types of vasa vasorum in plaques, the “vasa 
vasorum interna,” which originate from the luminal surface 
of the artery and branch into the adjacent artery wall, and 
“vasa vasorum externa,” found mostly in the adventitia origi-
nating from adjoining vascular structures such as ascending 
aorta, intercostal vessels, etc. The arterial vasa vasorum are 
fewer and smaller in diameter (11.6–36.6 μm) as compared 
to the venous vasa vasorum, which are greater in number and 
larger in size (range from 11.1 to 200.3 μm). Under disease 
conditions, the arterial vasa vasorum expand in a disorderly 
pattern [80].

Intraplaque vasa vasorum from the adventitia follow a 
distinct pattern of arborization, where the entrance into 
the intimal space from the adventitia occurs specifically at 
breakpoints in the medial layer near sites of lipid pool and 
early necrotic core formation. Inflammation, especially by 
T-cells and macrophages, is associated with greater num-
ber of vasa vasorum within the plaque. Leukocyte adhesion 
molecules (vascular cell adhesion molecule 1 (VCAM-1), 
intercellular adhesion molecule 1 (ICAM-1), and 
E-selectin) in the arterial wall are reported higher for “vasa 
vasorum externa” than “vasa vasorum interna” [81]. There 
is a strong correlation between adventitial vasa vasorum 
and neointimal formation [82] and lesion progression [76]. 
Hypoxia is regarded as one of the primary stimuli for the 
induction of angiogenesis, as supported by studies in 
human carotid plaque where the marker of oxygen depra-
vation pimonidazole was commonly found in areas of mac-
rophage infiltration, neoangiogenesis, and thrombosis 
[76]. T lymphocytes and macrophages have been shown to 
be a source of vascular endothelial cell growth factor 
(VEGF), which can stimulate neoangiogenesis [83]. Other 
important mediators involve CD40 and its ligand as a 
mechanism of VEGF release [84–87]. Similarly Toll-like 
receptors (TLRs) have also been implicated to induce neo-
angiogenesis by activating the pro- inflammatory transcrip-
tion factor kB (NF-kB) and the mitogen- activated protein 
kinase pathway (MAPK), resulting in the production of 
pro-inflammatory cytokines. More recently, alternatively 
spliced tissue factor (asTF), a novel isoform of full-length 
tissue factor, was shown to promote neoangiogenesis sup-
ported by HIF-1α induction of VEGF, as demonstrated in 
lesions complicated by disruption, hemorrhage, and 
thrombosis as compared to uncomplicated fibroatheroma-
tous plaques [88].

Neoangiogenesis has not only been reported to be a sig-
nificant risk factor for atherosclerotic plaque progression in 
coronary arteries and subsequent cardiovascular events, but 
also for future stroke risk in patients with symptomatic 
carotid stenosis [89]. After combining two of the largest bio-
banks of atherosclerotic carotid plaques, Howard et  al. 
showed that plaque thrombus, low fibrous content, macro-
phage infiltration, and high microvessel density were strong 
predictors of stroke risk [89]. However, there was no associa-
tion in regard to cap thickness, calcification, intraplaque 
hemorrhage, or lymphocytic infiltration. Therefore, vasa 
vasorum play an important role during progression of ath-
erosclerotic plaque and likely represent a promising target to 
establish more selective imaging protocols for patients 
undergoing risk stratification of stroke. Very recently, mast 
cells have also been implicated in plaque instability via induc-
tion of vasa vasorum [90]. Although mast cells have been 
well described in chronic immune responses to external 
pathogens and wound healing, an active involvement in 
plaque progression, particularly unstable coronary lesions, 
remains to be established.

2.2.9  Progression of Calcification 
and Vascular Remodeling

Complications of lesion calcification typically begin in mid-
dle age and are commonly observed in older individuals. The 
extent of calcification however shows substantial variability 
and correlates with the disease severity but not with plaque 
vulnerability [91]. Age, gender, renal function, diabetes mel-
litus, vitamin D levels and other aspects of bone metabolism, 
and genetic markers are all associated with vascular calcifica-
tion [92–95].

Coronary calcification can be observed in progressive 
lesions originating from PIT but not in early fatty streaks. 
Apoptotic smooth muscle cells are considered one of the 
main early sources of calcification, which is best, appreciated 
by von Kossa staining. Others implicate early calcification to 
matrix vesicles released from vascular SMCs and macro-
phages reminiscent of bone matrix vesicles, which contain 
alkaline phosphatase and annexins that nucleate calcium 
mineral [30, 96]. We have observed microcalcifications in 
apoptotic macrophages, which appear as large punctate or 
blocky particles, while SMC apoptosis results in fine micro-
calcification (<5 micron in size). Apoptotic bodies serve as 
nucleation sites for calcium phosphate crystals. As these 
micro-calcium deposits coalesce, larger granules, fragments 
of calcium, and eventually sheets of calcium are observed, 
which can be recognized by standard histopathological stains. 
Nodular calcification is observed as small fragments of cal-
cium interspersed with fibrin and represents a further 
advanced end stage of coronary calcification. Typically, nodu-
lar calcification is seen in tortuous arteries of older individu-
als, sometimes with ossification including marrow formation.

The most important determinant of coronary calcification 
is age [97], increasing with each decade and greater in white 
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males than women and African Americans [98]. Although 
the prevalence of calcification in sectional-based analysis of 
ruptured lesions is over 80 %, the severity of calcification is 
generally greater in stable fibrocalcific plaque with more than 
75 % stenosis or in healed plaque ruptures. Moreover, clinical 
imaging studies in patients with acute coronary syndromes as 
well as autopsy observations in SCD victims have demon-
strated less calcification in ruptured and vulnerable plaques as 
compared to stable plaques [91, 99]. Thus, the overall extent 
of calcification is a poor predictor of lesion vulnerability but is 
rather a strong indicator of plaque burden.

In 2003, Shaw and colleagues reported the relationship of 
coronary artery calcification to all-cause mortality in a large 
cohort study, followed for an average of 5 ± 3.5 years. Coronary 
artery calcification (CAC) as detected by CT was an indepen-
dent predictor of death, and the risk increased proportionally 
to the baseline calcium scores (risk factor adjusted relative 
risk of 1.6, 1.7, 2.5, and 4 for CAC score 11–100, 101–400, 
401–1000, and greater than 1000, respectively) [100, 101]. In 
terms of vulnerability, spotty calcification, positive remodel-
ing, and low plaque density (Hounsfield unit <30 [HU]) are 
associated with acute coronary syndrome [91].

Sangiorgi et al. [102] correlated the extent of calcification 
with luminal narrowing and showed a strong interrelation 
with plaque burden, but an overall weak predictor of lumen 
narrowing. Compensatory vessel enlargement and other 

 factors may contribute to this seemingly contradictory find-
ing. Glagov et  al. [103] showed that lumen area does not 
decrease until the lesion occupies ≥40 % of the internal elas-
tic lamina area. Fibrosis and negative remodeling, as com-
monly found in highly calcified plaque, may partially explain 
the poor link between calcification and lumen size [103]. On 
the other hand, we have reported that prevalence of any cal-
cification increases with luminal narrowing, which correlates 
with mean area of calcification [98], possibly because our 
coronary lesions had greater abundance of advanced athero-
sclerotic plaques (healed plaque rupture). In this autopsy 
study, the mean age was 51 years, individuals had varying 
degrees of calcification, and their direct impact on luminal 
narrowing could clearly be assessed [98].

2.3  Vulnerable Plaques as a Cause 
of Arterial Thrombosis

2.3.1  Thin-Cap Fibroatheroma and Plaque 
Rupture

The thin-cap fibroatheroma (TCFA) is morphologically rem-
iniscent of ruptured plaque, although clearly there is absence 
of luminal thrombus [3] (. Fig. 2.3). TCFAs are defined 

Fibrous Cap Atheroma (Late Nectosis)

a b c d e

f g h i j

Thin Fibrous Cap Atheroma

       . Fig. 2.3 Intraplaque hemorrhage in fibroatheroma with late 
stage of necrosis (panels a, b, c, d, and e) and thin-cap fibroatheroma 
(panels f, g, h, i, and j). Fibroatheroma: panel a shows a low-power 
view of a fibroatheroma with a late-stage necrotic core (NC) (Movat 
pentachrome, ×20). Panel b shows intense staining of CD68-positive 
macrophages within the necrotic core (×200). Panel c shows exten-
sive staining for glycophorin A, a sensitive marker for erythrocyte 
membranes shown aligned with numerous cholesterol clefts within 
the necrotic core (×200). Panel d shows iron deposits (blue pigment) 
within foam cells (Mallory’s stain, ×200). Panel e shows microves-
sels bordering the necrotic core with perivascular deposition of 
von Willebrand factor (vWF) (×400). Thin-cap fibroatheroma: panel 

f, low-power view of a thin-cap (arrow) fibroatheroma overlying a 
relatively large necrotic core (Movat pentachrome, ×20). The fibrous 
cap is devoid of smooth muscle cells (not shown) and is heavily 
infiltrated by CD68-positive macrophages (panel g, ×200). Panel h, 
intense staining for glycophorin A in erythrocyte membranes within 
the necrotic core, together with intervening cholesterol clefts (×100). 
Panel i, adjacent coronary segment with iron deposits (blue pigment) 
in a macrophage-rich region deep within the plaque (Mallory’s stain, 
×200). Panel j, diffuse, perivascular deposits of von Willebrand factor 
in microvessels, indicating “leaky microvessels” near the necrotic core 
(×400). (Reproduced with permission from Kolodgie et al. [55])
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lesions with a necrotic core and overlying thin intact fibrous 
cap, which is mainly composed of type I collagen with vary-
ing degrees infiltrating macrophages and lymphocytes. 
Smooth muscle cells within the thin fibrous cap are usually 
rare or absent. The thinnest portion of the remnant cap in 
ruptures measures 23 ± 19mwith 95 % of the ruptured caps 
measuring <65 μm. Therefore, the thickness of the fibrous 
cap in vulnerable plaque is defined as <65  μm [104] 
(. Table 2.1). In comparison to ruptured plaques, TCFAs 
tend to have smaller necrotic cores less calcification and less 
macrophage infiltration (. Table 2.1). Cross-sectional area 
luminal narrowing is also less in TCFAs as compared to rup-
tured plaques, with approximately 70 % of ruptured plaques 
having >75 % narrowing, as compared with TCFAs where 
approximately 40 % show similar narrowing. The best dis-

criminators of potential for rupture were fibrous cap thick-
ness (<55 μm), followed by % narrowing, and macrophage 
infiltration (area under the curve: TCFA 0.58 and PR 0.72) 
[105]. Overall, a large percentage of ruptured plaque with 
occlusive thrombi show greater underlying stenosis as com-
pared to those without occlusive thrombi. TCFAs also show 
smaller necrotic core, fewer macrophages and cholesterol 
clefts, and less intimal vasa vasorum and accumulation of 
hemosiderin as compared with ruptures (. Table 2.2). 
Similarly the length of the necrotic core tends to be longer in 
ruptures: mean 9 mm (2.5–22 mm) vs. 8 mm (2–17 mm) for 
TCFA and is the least for fibroatheromas 6 mm (1–18 mm) 
(. Table 2.3) (. Fig. 2.4).

The incidence of reported cases of plaque rupture, the 
most frequent cause of coronary thrombosis, varies between 

       . Table 2.1 Morphologic characteristics of plaque rupture and TCFA

Plaque type Necrotic core, % Fibrous cap 
thickness, μm

Macrophages, % SMCs, % T lymphocytes Calcification score

Rupture (n = 25) 34 ± 17 23 ± 19 26 ± 20 0.002 ± 0.004 4.9 ± 4.3 1.53 ± 1.03

TCFA (n = 15) 23 ± 17 <65 14 ± 10 6.6 ± 10.4 6.6 ± 10.4 0.97 ± 1.1

p value 0.05 — 0.005 ns ns 0.014

Mean values represent ± SD. Reprinted, SMC smooth muscle cell, TCFA thin-cap fibroatheroma, with permission, from Kolodgie et al. [123]

       . Table 2.2 Morphological characteristics of culprit and rupture-prone plaques in cases of sudden coronary death

Plaque type Necrotic core, % Cholesterol clefts, % Macrophages, % Mean no. of sections with 
intraplaque hemorrhage

Rupture 34 ± 17* 12 ± 12† 26 ± 20‡ 2.5 ± 1.3§

Thin fibrous cap atheroma 23 ± 17 8 ± 9 14 ± 10 …

Erosion 14 ± 14 2 ± 5 10 ± 12 0

Fibrocalcific 15 ± 20 4 ± 6 6 ± 8 0.05 ± 0.6

P *0.003 vs. erosion, 
0.01 vs. fibrocalcific

†0.002 vs. erosion, 0.04 
vs. fibrocalcific

‡ < 0.001 vs. erosion 
and stable plaque, 
0.03 vs. thin fibrous 
cap atheroma

§ < 0.01 vs. erosion and 
fibrocalcific plaque

Reprinted, with permission from Virmani et al. [124]

       . Table 2.3 Approximate sizes of necrotic core in fibroatheroma, thin-cap atheroma, and acute plaque rupture

Dimension Plaque type

Fibrous cap atheroma (n = 17) Thin-cap fibroatheroma (n = 10) Acute plaque rupture (n = 15)

Mean length, mm (range) 6 (1–18) 8 (2–17) 9 (2.5–22)

Necrotic core area, mm2 1.2 ± 2.2 1.7 ± 1.1 3.8 ± 5.5

Necrotic core, % 15 ± 20 23 ± 17 34 ± 17

Reprinted, with permission from Virmani et al. [125]
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Europe and the USA. A European autopsy series compiled by 
Falk et  al. reported a higher incidence of plaque rupture 
(73 %), which includes hospital-based AMI and SCDs from 
medical examiners, which is much greater than our experi-
ence (59 %) [106]. On the contrary, our series of 360SCDs 
solely representative of diagnostic medical examiner’s cases is 
by far the largest and consists of relatively younger individu-
als (mean age = 48 years) specifically with no previous medi-
cal history of coronary heart disease. In an earlier autopsy 
series also medical examiner based by Davies in 1984, which 
included 100 SCDs with or without history of myocardial 
infarction or angina, the majority of subjects were greater 
than 65 years of age (all but one), and the reported incidence 
of intraluminal thrombi was 74 % and intra-intimal throm-
bus with or without fissure 21 %, with 5 % showing an absence 
of thrombi. Plaque fissure was defined by “an intra-intimal 
thrombus communicating with the lumen” further sup-
ported by postmortem coronary arteriography. For our cases, 
clarity of rupture is based on morphological characteristics, 

as postmortem angiography can artificially disrupt plaques 
depending on the viscosity of the barium/gelatin suspension 
and the pressure. The report by Davies and Thomas [107] 
showed a major thrombus that occluded more than 50 % in 
60 % of cases, while the remaining had only minor thrombi, 
i.e., occupying less than 50 % of lumen with 64 % of the coro-
nary arteries showing >75 % cross-sectional area narrowing. 
In our SCD series, plaque ruptures show greater luminal nar-
rowing than erosions (78 ± 12 vs. 70 ± 11 %, respectively) with 
18 % of plaque ruptures with <70 % narrowing relative to 
37 % of erosions [108].

Although occlusive thrombi at sites of rupture and ero-
sion are not always apparent, the thrombus composition is 
mainly of platelets and is typically described as “white throm-
bus,” while the propagated thrombus proximal or distal to the 
site of rupture is typically rich in red blood cells with fibrin 
layering or the so-called red thrombus. Ruptured fibrous caps 
have been described in shoulder regions, which exhibit 
the  greatest stress; however, some ruptures occur in the 
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       . Fig. 2.4 Analysis of lesion calcification by plaque area and steno-
sis. a Correlation between the square root of coronary calcium area 
(mm2) detected by histopathologic and microradiographic analysis 
and square root of plaque area (mm2), which includes analysis of 723 
coronary artery segments from SCD victims. b Square root of coronary 
calcium area (mm2) detected by histopathologic and microradio-
graphic analysis versus square root of lumen area (mm2) for each of 
the 723 coronary artery segments where no relation was identified. 

c Relationship between stenosis (%) and the degree of calcification. 
Each blue bar represents prevalence of any calcification (%), while the 
solid red line represents the mean calcification area (mm2). d Preva-
lence of various coronary plaque morphologies at 10 % incremental 
cross-sectional area narrowing. Abbreviations: AIT adaptive intimal 
thickening, TCFA thin-cap fibroatheroma a, b are reproduced with 
permission from Sangiorgi et al. [102]. Data in c, d are from [128])
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 mid- region of the fibrous cap. Burke et al. reported a diver-
gence of rupture sites with a greater occurrence at shoulder 
regions (65 %) during rest and mid-region of the fibrous cap 
(75 %), generally the thinnest portion in those with exercise 
[109]. Exercise-related ruptures had no evidence of acute 
myocardial infarction (AMI), while 13 % of those that died at 
rest had evidence of AMI. Thus, it is reasonable to speculate 
the occurrence of different processes, as determinants in the 
final event of plaque rupture. Increased collagenolysis by 
interstitial collagenease-1 (MMP-1 = matrix metalloprotein-
ase-1), gelatinase (MMP-2 and MMP-9), and stromelysin 
(MMP-3) has been implicated in destabilization of the plaque 
and rupture [110]. Shear stress [111], microcalcification 
[112], and apoptotic macrophages [113] all likely play impor-
tant roles in the initiation of rupture (. Fig. 2.5).

2.3.2  Plaque Erosion

Until van der Wal et al. and Farb et al. separately reported on 
plaque erosion in the middle 1990s, plaque rupture was con-
sidered an exclusive mechanism of coronary thrombosis [108, 
114]. This widely held paradigm was based on autopsy hearts 
in which postmortem angiography demonstrated the pres-
ence of dye (barium gelatin) within the lesion itself and was 
interpreted as rupture [107]. In the 20 original cases reported 
by van der Wal et al. 40 % showed “erosion,” while 60 % of cases 
had plaque rupture. Plaque erosion was defined as coronary 
thrombosis in the absence of fibrous cap rupture. The intimal 
involving the thrombus was characterized by an eroded sur-
face with an absence of endothelium together with injury of 
the superficial intimal layers intermixed with platelet/fibrin 
thrombi and inflammatory cells [114]. Overall 30–35 % of 
coronary thrombi occur from plaque erosion (. Fig. 2.6).

Farb’s report of 22 cases of erosion out of 50 SCD cases 
involving men and women showed superficial erosion/
thrombosis defined in the absence of any communication 
with a necrotic core after serial sectioning [108]. Over 70 % of 
erosions occurred in women <50 years of age. Similarly, in 
another study of 189 men, with coronary thrombosis attrib-
uted to plaque rupture or erosion, 48 (25.4 %) had erosion in 
which 70 % were less than 50 years [115]. PIT or fibroathero-
mas with a thick fibrous caps with equally frequency best 
represent the underlying substrate for plaque erosion. 
Although the precise mechanism underlying the onset of 
erosion is unknown, coronary vasospasm may play an impor-
tant role in its pathophysiology since the media is usually 
intact rich in smooth muscle cells. Eroded lesions show 
abundance of extracellular matrix consisting of versican, 
hyaluronan, and type III collagen, while ruptured or stable 
plaques are rich in type I collagen and biglycan and decorin 
[3, 116]. It has been suggested that hyaluronan may play a 
supportive role in the development of thrombosis in erosion 
through its CD44 receptor, which has been liked to platelet 
adhesion, inflammation, and vascular cell activation where 
ligation of hyaluronan could activate SMC through specific 
cell signaling [116]. Although van der Wal et  al. reported 
inflammation consisting of macrophages and T lymphocytes 
at the eroded site, our experience shows usually minimum 
inflammation at the erosive site and less expression of inflam-
matory cell activators, such as human leukocyte class II anti-
gen (HLA-DR) [108, 114].

Coronary risk factors for erosion appear different than 
those for rupture [117], as the occurrence is typically greater 
in young female smokers without significant elevated circu-
lating cholesterol, body mass index, or glycohemoglobin lev-
els. Smoking cessation is the most important risk factor 
modification for those susceptible to plaque erosion. Overall, 

a b

c

       . Fig. 2.5 Histology of plaque rupture. a Cross-sectional histology of 
plaque rupture. A large necrotic core (NC) is identified in the underly-
ing plaque with significant positive remodeling likely associated with 
medial atrophy. The lumen is occupied by an acute occlusive thrombus 
(Thr) rich in platelets. b Higher-magnification image of the rupture site 

represents the area with the red box in “A” where the thin fibrous cap 
is disrupted (arrowheads). c Higher-magnification image of remnant 
fibrous cap represented by the area within the blue box in “a,” which 
is infiltrated by macrophages (asterisks) (Reproduced with permission 
from Falk et al. [106])
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plaque erosions tend to be less stenotic and less  calcified, as 
compared with ruptures [3]. The incidence of erosions and 
rupture in women can clearly be projected by age, as erosions 
in those <50 years of age account for 70 % of thrombi, while 
in women >50 years more commonly exhibit rupture.

Erosions more often give rise to downstream myocardial 
microemboli and microvascular obstruction, as observed in 
71 % of cases as compared with 42% of ruptures [118]. 
Besides, 88 % of coronary thrombi in erosions showed later 
stages of healing (>1 days), whereas in rupture, only 54 % of 
coronary thrombi showed this stage of healing [119], point-
ing toward the fact that thrombus formation may follow an 
on-off phenomenon resulting in gradual expansion of the 
thrombosis. Moreover, coronary thrombi in erosions exhibit 
higher densities of myeloperoxidase-positive cells than those 
of ruptured plaque [120]. Eroded surfaces contain fewer mac-
rophages (rupture 100 % vs. erosion 50 %, P < 0.0001) and T 
lymphocytes (rupture 75 % vs. erosion 32 %, P < 0.0001) as 
compared to ruptured plaques [108]. At present, no distinct 
morphological features exist for erosion-prone plaques, 
unlike the well-described morphological features of TCFA 
for plaque rupture.

2.3.3  Calcified Nodule

The calcified nodule is the least frequent cause of coronary 
thrombosis [3]. Generally, it occurs in heavily calcified arteries 
where small, calcified nodules appear to protrude into the 
lumen through fibrous tissue with and overlying platelet-rich 
luminal thrombus in the absence of surface endothelium. The 
nodules within the plaque are typically surrounded by fibrin 
and there may be interspersed macrophages/osteoclasts, and 
rarely bone- and a marrow-like substance have been observed 
[3]. Little is known about the mechanism of the nodular calci-
fication; however, we believe this may be related to fractures 
within calcified sheets that result in multiple smaller fragments 
that can either protrude into the lumen or away from the lumen 
also causing disruption of the media where nodules of calcium 
have also been observed in the adventitia. Calcified nodules 
with thrombosis are typically observed in older individuals, 
males more frequent than females, and tend to occur in highly 
calcified tortuous coronary arteries like the middle right coro-
nary where torsion stress is maximal. These lesions are also fre-
quently observed in the carotid or lower extremity arteries 
where mechanical factors may be most important (. Fig. 2.7).

a b c

       . Fig. 2.6 Histology of coronary plaque erosion. a Cross-sectional 
histology of plaque erosion (Movat pentachrome staining) shows a 
non-occlusive thrombus (Thr) on the plaque surface. Note, there is no 
connection between thrombus and the underlying lipid pool (LP) and 
the medial wall appears intact. b Higher-magnification H&E-stained 

section of the area represented by the red box in “a.” The thrombus (Thr)/
plaque interface shows an absence of surface endothelium with mini-
mal inflammation. c Repeat thrombosis in plaque erosion. The oldest 
layer (double black arrow) represents an organizing thrombus replaced 
by proteoglycan (Reproduced with permission from Falk et al. [106])

a b

       . Fig. 2.7 Histology of eruptive calcified nodule with luminal throm-
bosis. a Heavily calcified coronary plaque exhibiting calcified sheets 
flanking an area of nodular calcification (Ca + 2). b Higher-magnifica-
tion image of the area represented by the red box in “a.” The nodular 

calcification is nearly protruding into the lumen area with an overlying 
thrombus (Thr). All sections were stained by Movat pentachrome 
(Reproduced with permission from Falk et al. [106])
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2.3.4  Healed Plaque Rupture

Healed plaque ruptures (HPR) are best recognized by con-
nective tissue Movat pentachrome or picrosirius red colla-
gen staining, with or without immunohistochemical 
detection of smooth muscle actin. Typically, there is a layer-
ing of collagen- rich buried fibrous cap(s) in the deeper 
regions of the plaque with more superficial proteoglycan 
(bluish-green on Movat) intermixed with SMCs and type III 
collagen recognized by sirius red staining under polarized 
light [121]. In the seminal study by Mann and Davies in 
1999, HPRs were observed in 73 % of arteries showing more 
than 50 % cross-sectional area luminal stenosis, 19 % with 21 
to 50 % area stenosis, and 16 % with stenosis <20 % [121]. 
Among our cases of SCD, we have reported an incidence of 
61 % [122]. The prevalence of HPR was highest in stable 
plaques (80 %), followed by acute plaque rupture (75 %), and 

was least for plaque erosion (9 %). Multiple healed ruptures 
with layering were more common in proximal coronary vas-
culature, and there is an increase in the mean percent lumi-
nal narrowing relative to the number of HPRs for both acute 
and healed ruptures [122]. It is clear from these studies that 
repeated plaque rupture likely contributes significantly to 
increased luminal narrowing and may eventually become 
symptomatic, although these lesions are often clinically 
silent when observed in arteries not severely narrowed. As 
these lesion age, the type III collagen is replaced by type I 
collagen, and the underlying necrotic core tends to calcify 
forming a more stable plaque, which may or may not be 
severely narrowed but is rich in collagen and calcium. The 
incidence of silent ruptures in the clinical setting remains 
unknown, as these lesions cannot be identified even by more 
sophisticated intravascular modalities, like optical coher-
ence tomography (OCT) (. Fig. 2.8).
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       . Fig. 2.8 Proposed sequence of atherosclerotic lesion develop-
ment in human disease. a Adaptive intimal thickening is character-
ized by smooth muscle cell accumulation within the intima. b Intimal 
xanthoma consisting predominantly macrophage-derived foam cells. 
Pathologic intimal thickening shown in c denotes the accumulation of 
extracellular lipid (LP lipid pool) in the absence of apparent necrosis. 
d Early fibroatheroma characterized by a necrotic core (NC) containing 
macrophages and extracellular matrix with limited cholesterol clefts 
an overlying thick fibrous cap. Neoangiogenesis within the develop-
ing lesion may lead to intraplaque hemorrhage resulting in a relatively 

rapid expansion of the NC as shown in e. The late fibroatheroma 
shows a hemorrhagic necrotic core with limited extracellular matrix 
and numerous cholesterol clefts. The necrotic core and surrounding 
tissue may eventually calcify, forming a more stable fibrocalcific 
plaque shown in. f Since some of the advanced lesion types (fibro-
atheromas and fibrocalcific plaques) evolve simultaneously in life, 
their interrelationships are difficult to resolve in autopsy studies. All 
histologic sections are stained by Movat pentachrome (Reproduced 
with permission from Bezton et al [129])
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2.4  Stable and Unstable Plaques

Unstable plaques are plaques that are considered those with 
luminal thrombi from rupture, erosion, and calcified plaque 
in addition to those with severe hemorrhage, fissure, or 
TCFAs. Even early healed HPRs may go on to rupture and are 
also considered unstable, as they may progress to form 
another thin cap and eventually rupture. On the contrary, 
fairly common lesions such as fibroatheromas and PITs, 
which form the underlying plaque for erosions, are not con-
sidered unstable, as we today we cannot predict which lesion 
sites will develop into erosion. Highly calcified, i.e., fibrocal-
cific plaques, are stable plaques and if >75 % narrowed may 
cause stable angina but are less likely to thrombose unless 
they develop into calcified nodules.

2.5  Conclusion

The current understanding of the pathophysiology of athero-
sclerosis progression culminating in the development of sta-
ble and unstable lesions mainly extends from numerous 
human studies involving autopsy investigation as well as ret-
rospective and prospective clinical trials and murine studies. 
The most critical discoveries include the consequence of 
macrophage-derived foam cells, intraplaque hemorrhage, 
and fibrous cap thinning, which are widely adopted morpho-
logic features commonly used as endpoints in clinical studies 
particularly involving intravascular imaging modalities. 
Unraveling lipid metabolism and the role of inflammation 
have clearly added to the knowledge base of coronary dis-
ease, which have lead to promising clinical targets with the 
goal of improving clinical outcomes from this widespread 
disease. Further insights into the natural history of coronary 
atherosclerosis relative to a more firm understanding of the 
temporal change that occurs with lesion progression repre-
sents another key component that is lacking today, but with 
time and further improvement in intravascular imaging 
modalities would likely be valuable to clinical studies in 
order to conceive new therapeutic approaches for the preven-
tion of disease progression.
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3.1  Introduction

Although microcirculatory dysfunction is linked to multiple 
cardiac and non-cardiac conditions, a conclusive diagnosis of 
microcirculatory dysfunction is rarely made in everyday 
clinical practice. As discussed below, assessment of the 
microcirculation may contribute to understanding the role of 
small vessel disease in the manifestations of chronic condi-
tions, the direct impact of acute cardiac events on the micro-
vasculature [1], or even to detect early anomalies in the 
coronary circulation occurring before the development of 
pathological changes in the large epicardial vessels [2].

Like the epicardial vascular compartment of the coronary 
circulation, the microcirculation can also be affected in differ-
ent cardiac conditions. However, while the former can easily 
be explored with invasive and noninvasive angiography tech-
niques, current imaging techniques cannot provide adequate 
visualization of the microvessels, and the techniques used to 
explore its functionality are relatively unknown and seldom 
applied in clinical practice. Furthermore, the mechanisms of 
microcirculatory dysfunction are multiple, including dysreg-
ulation, structural vessel remodeling, microvascular plug-
ging, and extravascular compression. Due to this, a single 
diagnostic technique cannot explore all the mechanisms that 
may cause coronary microvascular dysfunction (CMVD).

In this chapter, we will describe the orchestrated mecha-
nisms of the coronary microcirculation under physiological 
circumstances and review the different pathologies of the 
coronary microcirculation. Furthermore, we will discuss the 
clinical and prognostic implications of CMVD.

3.2  Functional Anatomy of the Coronary 
Microcirculation

The anatomy and physiology of the coronary microcircula-
tion are strongly linked to specific functional characteristics 
of the myocardium and its requirements of blood supply. The 
constantly beating heart needs a significant amount of oxy-
gen and nutrients [3], as shown by the high oxygen extraction 
of the myocardium (approximately 75 %, while in skeletal 
muscle only 20–30 %). Due to this, myocardial “resting” flow 

and capillary density are significantly higher in the coronary 
circulation compared to the circulation in skeletal muscles 
[4]. Paradoxically, extravascular compression of the collaps-
ible elements of the microcirculation caused by myocardial 
contraction, predominantly of the left ventricle (LV), leads to 
a periodic decrease in blood supply during part of the systolic 
cardiac cycle. In addition, there is an intramural redistribu-
tion of myocardial flow over the cardiac cycle, driven by shift-
ing transmural pressure gradients [5].

Broadly, the coronary microcirculation can be described 
as all vascular elements with a diameter <300 μm [6] that 
contribute to myocardial perfusion [7] and originate from 
larger epicardial conduit vessels. This includes the pre-arte-
rioles (<300 μm), the arterioles (<200 μm), the capillaries, 
and the venules [8]. These vascular elements exhibit signifi-
cant variances in their physiological behavior and pharma-
cological responses [9]. The microcirculatory network 
extends in the arterial wall both longitudinally and trans-
murally. The connection between the epicardial and trans-
mural vascular network is made through small branches 
that penetrate the myocardium perpendicularly giving ori-
gin to short vessels with treelike structure (type I vessels) or 
long vessels running directly to the subendocardium (type 
II vessels) (. Fig.  3.1). It is unclear whether the vascular 
network originating from these transmural arteries is con-
tinuous and interconnected, with more than one artery sup-
plying the same network [10], or whether separate 
myocardial perfusion territories are outlined by the pres-
ence of capillary end loops [11]. Three- dimensional recon-
struction of the transmural vasculature in the canine heart 
confirms the presence of a complex network, with a larger 
vascular volume density for subendocardial than for epicar-
dial territories [12].

As a result of the transmural pressure gradient, subendo-
cardial vessels are more susceptible to extravascular com-
pression. However, this is compensated by a lower 
subendocardial vascular resistance, caused by an increased 
vessel density that facilitates its blood supply [13]. Also with 
the variations in resistance among the different transmural 
vessels, there are also transmural variations in myogenic 
response and autoregulation, which will be discussed in the 
next section.

Pericardial space

Ventricular cavity

Epicardial artery

Subendocardium

Subepicardium

Type I Arteries

Type II Arteries

       . Fig. 3.1 Transmural 
vascularization of the 
myocardium
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3.2.1  Arterioles

Arterioles contain several layers of vascular smooth muscle 
cells (VSMC), which are responsible for vasoconstriction and 
vasodilatation. Arterioles are preceded by small extra- 
myocardial vessels (occasionally called pre-arterioles) that 
account for 25 % of the coronary vascular resistance during 
hyperemia [14]. Arterioles are responsible for 55 % of the 
total coronary resistance. Among these arterioles, there are 
different types according to their size and mechanisms 
(. Fig. 3.2). The largest arterioles (100–200 μm) are most sen-
sitive to flow-related stimuli (endothelial cell-mediated vaso-
dilatation) [15]. The intermediate arterioles (40–100 μm) are 
most sensitive to intravascular pressure changes detected by 
VSMC stretch receptors. The so-called myogenic response, a 
key element of coronary autoregulation, consists of fast varia-
tions in arteriolar tone resulting from shifting intravascular 
pressure [16]. In these intermediate arterioles, there are also 
endothelial dependent mechanisms [17]. The small arterioles 
(<40 μm) are most sensitive to metabolic activity [18]. An 
increase in metabolic activity causes vasodilatation, and the 
subsequent increase in flow leads to upstream vasodilatation 
of larger arterioles via an endothelium-dependent mecha-
nism [19]. These processes demonstrate the close interaction 
between different elements of the microcirculation.

3.2.2  Capillaries

Capillaries are the most abundant conduits in the heart, and 
their density is highest in the myocardium (about 2000–
4000/mm2), accounting for 90 % of the intramyocardial 
blood volume [20, 21]. As the capillaries are responsible for 
the exchange of oxygen, nutrients, and metabolites, its struc-
ture differs significantly from that of arterioles, consisting 
only of an endothelial layer over a basal lamina. The capillar-
ies lie parallel to the cardiac muscle fibers, forming a network 
with inter-arterial connections following a Y-, T-, H-shape 
(due to intercapillary anastomoses) and hairpins [22]. 
Capillaries are collapsible structures and thus susceptible to 
extravascular compression by either intramyocardial or 
intraventricular pressures.

3.2.3  Venules

Like the capillaries, postcapillary venules are small vascu-
lar structures (8–30 μm), made up of VSMC, with a struc-
ture consisting of endothelial cells and pericytes, and 
collapsible in nature [8]. Venules drain into collecting 
venules (30–50 μm) that ultimately merge in larger cardiac 
veins.
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3.3  Orchestrated Regulatory Mechanisms 
of the Coronary Microcirculation

While the coronary circulation is often seen as a stiff and static 
vascular network, in reality it is an extremely dynamic system 
in which numerous physiologic mechanisms are involved 
(. Fig.  3.2). These mechanisms are heterogeneously distrib-
uted in the different subdomains of the coronary microcircu-
lation (large and small arterioles, capillaries) [23, 24] and are 
triggered by specific stimuli (pressure, metabolites, flow, etc.) 
to ensure coronary autoregulation. Furthermore, the individ-
ual vascular responses are orchestrated to ensure that blood 
flow supply matches myocardial oxygen demands at every 
time point. As shown later, some modalities of microcircula-
tory dysfunction consist in the loss of this orchestration of 
individual vascular responses.

3.3.1  Microvascular Resistance

Most of the vascular resistance of the coronary system is 
located at the level of the microcirculation. The pivotal 
work of Chilian et al. demonstrated that, under rest condi-
tions, 75 % of coronary resistance is located in vessels with 
a diameter < 200 μm and 25 % of the coronary resistance is 
located in vessels < 100 μm [25]. The remaining resistance 
is in vessels larger than 200 μm, making the microcircula-
tion almost solely responsible for the coronary intravascu-
lar resistance. Due to high resistance in these vessels, 
pressure declines gradually together with vessel diameter 
and can even reach pressures as low as 20–30 mmHg [6]. 
The mechanisms that alter microvascular resistance are 
described below.

3.3.2  Myogenic Response

Regulation of intravascular pressure at the level of the 
microcirculation is of key importance both in preventing 
myocardial ischemia and tissue damage due to edema [14]. 
The myogenic response, a key physiological mechanism 
addressing the control of intravascular pressure, is linked to 
the presence of stretching receptors located on the 
VSMC. These include voltage-dependent calcium channels 
[26, 27] whose density is inversely correlated to arteriolar 
diameter [28] and G proteins attached to the stretch-sensi-
tive phospholipase C (PCL) [29] which stimulate cation 
channels via protein kinase C (PKC). Activation of the K+ATP 
channel causes VSMC relaxation, predominantly in the 
smallest vessels [30]. The K+ATP channel is activated by aci-
dosis, ischemia, hypoxia, but also by, e.g., adenosine and 
prostacyclin [8]. Of note, the myogenic response occurs 
more often in the subepicardium compared to the ischemia-
sensitive subendocardium [16], potentially as a mechanism 
to ensure transmural distribution of flow in shifting hemo-
dynamic conditions.

3.3.3  Metabolic Response

A decrease in coronary oxygen leads directly to coronary 
vasodilatation through different pathways that include 
metabolites such as carbon dioxide (CO2), reactive oxygen 
species (ROS) [31], and adenosine produced by degrada-
tion of adenine nucleotides (the latter envisaged by some 
investigators as a “back-up mechanism” when other vasodi-
latory mechanisms fail). The role of nitric oxygen (NO) in 
the metabolic response is uncertain. While it is true that 
NO levels increase with elevated metabolic activity [32], 
inhibition of NO did not influence vasodilatation in the 
microcirculation [33].

3.3.4  Mechanisms Regulated by 
the Endothelium

The endothelium is responsible for the production of vasodi-
latory and vasoconstrictor substances during several physi-
ological and pathological conditions. In healthy vessels, an 
increase in coronary flow triggers endothelium-dependent 
vasodilatation [34], which occurs in the context of a release 
of vasoactive substances by endothelial cells including NO, 
endothelium-derived relaxing factor (EDHF), prostaglan-
dins, antithrombin III, and tissue plasminogen activator 
[35]. These are released due to shear stress detected by the 
endothelial cell surface receptors. Shear stress on the vessel 
wall leads to activation of various endothelial pathways 
dependent on the initial shear stress. Laminar shear stress 
tends to induce an anti-inflammatory response and turbu-
lent shear stress an inflammatory response [36, 37]. 
Interestingly, in several animal studies, it was found that 
depending on age, gender, presence of disease, and the usage 
of medication, different substances (e.g., prostaglandins) 
were responsible for the shear stress-mediated vasodilatory 
effect [38, 39].

Nitric oxide (NO) is produced by the endothelial NO 
synthase (eNOS) [40]. The production and function of NO is 
influenced by numerous factors, including pulsatile flow, 
shear stress, thrombin, adenosine diphosphate, histamine, or 
bradykinin [41]. The main effect of NO is VSMC relaxation, 
an effect mediated by a decrease in intracellular calcium [42]. 
Also with the resulting vasodilatory effect, NO has several 
relevant physiological effects on the biology of the vascular 
wall, including an anti-inflammatory effect that protects the 
endothelium against adhesion and infiltration of leukocytes 
[43], an inhibitory effect on the differentiation of monocytes 
to macrophages, which is an anti-atherosclerotic process 
[44]. NO counteracts the actions of the vasoconstrictors 
endothelin-1 (ET-1) and angiotensin II [45].

Endothelial-dependent hyperpolarizing factor (EDHF) is 
a vasodilator that acts independently of NO.  EDHF causes 
hyperpolarization of VSMC in reaction to opening of cal-
cium activated K+ channels [46] leading to vasodilatation. 
In the presence of atherosclerosis, EDHF might compen-
sate for other vasodilators (e.g., NO, in case of impaired 
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bioavailability) when they are unable to influence the vaso-
motor tone [47–49]. Hyperpolarization of the endothelial can 
be affected by multiple other substances, e.g., anandamide, 
C-natriuretic peptide, potassium ions, epoxyeicosatrienoic 
acid (EET), NO, and H2O2. Furthermore, H2O2 stimulates 
smooth muscle proliferation, endothelial cell adhesion, mol-
ecule expression, and thrombosis, whereas NO, EDHF, and 
EET are antithrombotic, preventing VSMC and suppressing 
endothelial activation [2].

The vascular endothelium also regulates a number of 
vasoconstriction factors, including thromboxane A2, prosta-
glandin, angiotensin II, and ET-1. The most potent vasocon-
strictor of those mentioned is ET-1, which is produced by the 
endothelium; potentiates the effect of other vasoactive sub-
stances such as angiotensin II, norepinephrine, and sero-
tonin; and has other relevant biological effects such as 
stimulation of leukocyte adhesion and recruitment, pro- 
thrombotic processes, and VSMC migration [45, 50].

3.3.5  Adrenergic Response

Adrenergic innervation of the different components of the 
microcirculation is very heterogeneous. The coronary vessels 
contain alpha-adrenergic receptors, which cause vasoconstric-
tion and are invoked during exercise and counteracted by met-
abolic vasodilatation. Norepinephrine causes vasoconstriction 
in arterioles with a diameter > 100 μm and vasodilatation in 
arterioles with a diameter < 100 μm [51, 52]. It is thought that 
when the larger arterioles reduce in size, the pressure decreases 
which leads to vasodilatation in the smaller arterioles. 
Hypoperfusion causes alpha-adrenergic vasoconstriction and 
adenosine receptor blockade and also modulates adrenergic 
vasoconstriction. Stimulation of the beta-adrenergic receptors 
leads to vasodilatation in the larger vessels of the coronary cir-
culation where there is a small surplus of beta2-adrenergic 
receptors compared to beta1- adrenergic receptors. This sur-
plus is more commonly present in the microcirculation [53].

In normal conditions, the net effect of adrenergic stim-
ulation on coronary flow is modulated by concomitant 
vasodilatory mechanisms of non-neural origin. This 
explains why while the autonomic nervous system alone 
plays a small role in the regulation of the healthy coronary 
circulation [51, 52], its effects on coronary flow become 
more important in the presence of hypercholesterolemia, 
endothelial dysfunction, or upstream severe stenosis [54].

3.4  Mechanisms of Microvascular 
Dysfunction

It is important to highlight that each of the previously dis-
cussed microcirculatory mechanisms ensuring coronary 
flow supply and regulation may be affected leading to a par-
ticular mode of microcirculatory dysfunction (. Table 3.1). 
Camici and Crea [55] elegantly developed a classification to 
distinguish between the multiple geneses of CMVD 

(. Table 3.2). We will describe the processes leading to the 
different forms of CMVD in more detail below.

3.4.1  Endothelium-Dependent 
Dysfunction

The main consequence of endothelial dysfunction for the func-
tionality of the microcirculation relates to flow- mediated dila-
tion of large arterioles in response to an increase in myocardial 

       . Table 3.1 Pathogenic mechanisms that contribute to the 
different types of CMVD

CMVD Main pathogenetic mechanisms

Type 1 Endothelial dysfunction, SMC dysfunction, vascular 
remodeling

Type 2 Vascular remodeling, SMC dysfunction, extramural 
compression, luminal obstruction

Type 3 Endothelial dysfunction, SMC dysfunction, luminal 
obstruction

Type 4 Luminal obstruction, autonomic dysfunction

Type 5a Luminal obstruction, autonomic dysfunction

CMVD coronary microvascular dysfunction, SMC smooth muscle 
cell
aAdditional category suggested by Herrmann et al. [18]

       . Table 3.2 Modified clinical classification of coronary 
microvascular dysfunction

CMVD Definition

Type 1 Primary, i.e., in the absence of structural heart 
disease

Type 2 In the presence of cardiomyopathies (incl. 
LVH, HOCM, DCM, amyloidosis)

Type 3 In the presence of obstructive CAD (incl. ACS)

Type 4 After coronary interventions

Type 5a After cardiac transplantations

Modifiers 
Type 1a 

Duration Acute or chronic

Symptoms Asymptomatic or symptomatic

Therapy None, minimal, moderate, or maximal level

ACS acute coronary syndrome, CAD coronary artery disease, 
CMVD coronary microvascular dysfunction, DCM dilated cardio-
myopathy, HOCM hypertrophic cardiomyopathy
aAdditional category suggested by Herrmann et al. [18]
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blood requirements. Endothelial dysfunction leads to produc-
tion of substances with a constrictive effect on the microcircu-
lation such as thromboxane A2, endothelin, prostaglandin 
H2, and superoxide [56]. Metabolic-driven vasodilation of 
small arterioles leads to an increase in flow that, in presence 
of endothelial dysfunction, induces flow-mediated constric-
tion of larger arterioles. Furthermore, there might be an 
increased inflammatory and anti-angiogenic response result-
ing in capillary rarefaction [56]. Microvascular spasm can be 
suspected when the intracoronary acetylcholine test leads to 
chest pain and ECG abnormalities without development of 
spasm in the large epicardial vessels [57]. A sufficient 
response to other vasodilators such as adenosine, dipyridam-
ole, and papaverine implies that there is an impairment of the 
VSMC [58].

3.4.2  Smooth Muscle Cell Dysfunction

Several studies investigated the involvement of classical car-
diovascular risk factors, such as aging [59], hypertension [60, 
61], diabetes [62, 63], dyslipidemia [64, 65], and insulin resis-
tance [66] in relation to CMVD. Most used adenosine as the 
vasodilatator stimulus, which acts via receptors on VSMC. 
Results showed abnormal vasodilatation and impaired coro-
nary flow reserve (CFR) in patients with these risk factors.

Rho-kinase might play a role in SMC dysfunction by pro-
moting VSMC proliferation or by their involvement in the 
effects of different vasoactive factors. Selective Rho-kinase 
inhibitors are used to treat patients with microvascular 
angina [67].

3.4.3  Structural Remodeling 
of the Microvasculature

Structural abnormalities in the microcirculation occur and 
may have prognostic implications in various clinical settings 
such as coronary artery disease, diabetes mellitus, hyperten-
sion, hypertrophic cardiomyopathy, and transplant cardiac 
allograft vasculopathy [55, 68–73].

In the context of coronary artery disease, there is evi-
dence suggesting that the presence of epicardial stenoses has 
an influence on the functionality of subtended microcircula-
tion. In experimental animal models, the creation of an epi-
cardial stenosis is followed by remodeling of subtended 
arterioles, with increased wall thickness, decreased lumen 
diameter, interstitial, perivascular replacement fibrosis, and 
VSMC proliferation [74]. Two other factors that contribute 
to vascular changes are shear stress [75] and NO. NO inhibits 
SMC growth and intimal hyperplasia and is under-expressed 
in case of limited flow (severe stenosis) [76, 77] resulting in 
microcirculatory remodeling [78]. These structural changes 
have evident clinical implications, which we will discuss 
below.

Diabetes mellitus is linked to structural abnormalities of 
the coronary microcirculation such as decreased capillary 

density, reduced myocardial perfusion, and consequently 
apoptosis and necrosis of the cardiomyocytes. In turn this 
leads to replacement fibrosis and gradual diastolic and sys-
tolic dysfunction and ultimately can cause heart failure [79].

Hypertension might ultimately lead to similar coronary 
microvascular alterations. Arterioles of patients with hyper-
tension show medial thickening with a normal intimal layer. 
Hypertensive thickening of the wall is associated with dia-
stolic blood pressure, but not with systolic which is obviously 
due to myocardial contraction during systole [80].

Coronary flow is impaired in patients with idiopathic 
dilated cardiomyopathy (IDCM) with seemingly normal 
arteries at angiography. We know that IDCM leads to struc-
tural and functional changes in the coronary microcircula-
tion including interstitial, perivascular fibrosis [81] and 
decreased capillary density with luminal narrowing [82]. 
Decreased capillary density was associated with lower coro-
nary flow reserve (CFR) and higher microvascular resistance. 
In consequence, arterioles and capillaries lose their autoregu-
lation properties which can be unmasked by decreased CFR 
[83–87]. In hypertrophic cardiomyopathy (HOCM), we see 
the same structural changes with VSMC dysfunction, atypi-
cal coronary endothelial cells and thickening of the intima 
and media of the vessel wall. This is combined with a 
decreased luminal cross-sectional area and results in an 
abnormal vasodilatory capacity [88, 89]. This creates a sub-
strate of chronic myocardial ischemia leading to myocyte 
death and replacement fibrosis. These conditions lead to a 
substrate of chronic myocardial ischemia causing myocyte 
death and replacement fibrosis.

Finally, structural remodeling of the coronary microcir-
culation also occurs in patients with cardiac transplantation 
as part of cardiac allograft vasculopathy, which causes a 
decrease in capillary density (capillary rarefaction) and arte-
riolar obliteration [73]. Other studies in these patients 
showed the same pattern of microvascular remodeling with 
obstructive microvasculopathy due to medial thickening and 
partially endothelial disease [69]. With time, these structural 
changes develop and increase microvascular resistance and 
cardiovascular events.

3.4.4  Extravascular Compression 
and Intraluminal Plugging

In patients with ACS, unfortunately despite successful resto-
ration of antegrade flow, reperfusion paradoxically induces 
myocardial injury and myocardial cell death [90]. This addi-
tional injury causes an increased final infarct size after PCI 
compared to infarct size without reperfusion injury [91]. The 
inability of blood to perfuse a previously ischemic region 
despite successful treatment of epicardial obstruction, typi-
cally in the context of acute coronary syndromes and pri-
mary PCI, is called no-reflow [92].

Endothelial dysfunction, capillary plugging due to neutro-
phils migration, inflammation, and the formation of micro-
thrombi are all factors that cause no-reflow in the setting of 
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plaque rupture [93–95]. Microthrombi and atheromatous par-
ticles may obstruct small arterioles downstream after plaque 
ulceration or rupture [96]. Athero-thrombotic embolization 
may also result from mechanical disruption during PCI, with 
a variable degree of flow impairment that reaches its maximal 
expression in the no-reflow phenomenon. It is unclear whether 
preconditioning of the ischemic area prior to an acute isch-
emic event provides protection against no- reflow [97].

Luminal obstruction is not only caused by athero- 
thrombotic embolization, however is probably closely related 
to the amount of microvascular spasm that occurs in con-
junction with the release of cholesterol crystals and macro-
phages from the plaque. While vascular spasm is usually 
transient, the flow reduction that it causes due to the combi-
nation of vascular spasm and microemboli is sufficient to 
cause permanent myocardial damage [98].

It has been shown that the typical MRI pattern of no- 
reflow is related, at least in part, to intramyocardial hemor-
rhage [99], and is associated with reduced LV ejection fraction 
and adverse remodeling. Myocardial edema and intramyo-
cardial hemorrhage in the acute and subacute phases of myo-
cardial infarction cause compression of the microvasculature 
and increase the impedance of the microvascular bed [100].

Finally elevated LV diastolic filling and intramyocardial 
pressures, commonly found in situations like aortic stenosis 
and cardiomyopathies, may cause decreased subendocardial 
flow [101], capillary rarefaction [102], and exhaustion of the 
capacity of coronary autoregulation [103].

3.4.5  Neural Dysregulation

The coronary arteries are surrounded by sympathic, para-
sympathetic, and nonadrenergic/noncholinergic nerves that 
significantly affect the vascular tone of the coronary micro-
circulation. Some of the vasoactive neurohumoral factors are 
neurotransmitters/co-transmitters, circulatory hormones, 
thrombus-related substances, and constituents released from 
the vascular wall [8]. For instance, adrenergic stimulation 
can impair coronary flow supply in clinical situations in 
which its vasoconstrictive effects are not counterbalanced by 
normally existing vasodilation mechanisms that are attenu-
ated or abolished by disease. This explains why hyperglyce-
mia, insulin resistance, inflammation, and autonomic 
dysfunction have been involved in the causative mechanisms 
of impaired coronary vascular function. α-adrenergic micro-
vascular vasoconstriction is found directly after PCI. In line 
with this finding, α-adrenergic antagonist increases the vaso-
dilatory effect of adenosine and blood flow velocity [104]. 
Arteriolar remodeling downstream of an epicardial stenosis 
has been linked to hyperreactivity to neural stimulation 
[105]. Therefore, neural regulation plays an important role in 
the dilator capacity of the coronary microcirculation. 
Microcirculatory dysfunction has also been proposed to play 
an important role in Takotsubo cardiomyopathy, a syndrome 
strongly linked to adrenergic overstimulation resulting from 
emotional stress [106–111].

3.5  Clinical and Prognostic Implications 
of Coronary Microvascular Dysfunction

The treatment of ischemic heart disease is largely based on a 
paradigm that gives epicardial coronary stenoses a central 
role in the generation of myocardial ischemia. However, 
cumulative evidence suggests that this causative relationship 
represents a simplistic view of ischemic heart disease [112]. In 
this sense, microcirculatory dysfunction has been demon-
strated as an important, and in some cases, the predominant 
cause of myocardial ischemia either in the presence or absence 
of obstructive epicardial lesions, and can be a major determi-
nant of patient outcomes [18]. In the following paragraphs, 
we will describe in detail different clinical settings in which 
CMVD plays a key role in the pathophysiological mecha-
nisms and may be determinant in the patient outcomes.

3.5.1  Microvascular Angina

Defined as typical angina with positive ischemia testing but 
normal coronary angiography, this syndrome has been con-
troversial since its recognition more than four decades ago. 
However, it is increasingly recognized that some cardiac 
domains beyond the epicardial arteries are involved in the 
mechanisms of different forms of ischemic heart disease. 
Microvascular angina seems to have specific  etiologies; 
 however, it is not well understood yet. One of the proposed 
mechanisms is an autonomic dysfunction, result of para-
sympathetic impairment which would affect the endothelial 
function [113]. The involvement of the autonomic system in 
this syndrome is indirectly supported by the well-accepted 
role of CMVD in Takotsubo syndrome as result of catechol-
amine dysregulation [114]. However, normal plasmatic lev-
els of catecholamines have been found in patients with 
suspected microvascular angina [115], and other studies 
have failed to demonstrate autonomic dysfunction [116]. 
Another proposed causative mechanism is an abnormal per-
ception of angina-like chest pain. This hypothesis is sup-
ported by affective disorders frequently found in these 
patients, as well the observed relief of symptoms with imip-
ramine and stimulators of the nervous system [117]. 
However, this hypothesis is controversial, not well docu-
mented, and may be as a result of bias. Systemic endothelial 
dysfunction as a primary underlying mechanism of micro-
vascular angina has been proposed based on the vascular 
involvement at other organ levels observed in patients with 
this syndrome. A depressed CFR has been found in the left 
anterior descending artery (assessed with transthoracic 
Doppler) in patients with chronic migraine, suggesting a 
common pathophysiological pathway of this relation 
between microvascular dysfunction and central nervous 
system [118]. On the other hand, renal insufficiency has 
been shown to be associated with reduced coronary flow in 
patients with nonobstructive CAD [119]. Furthermore, 
microvascular abnormalities in the retina of diabetic patients 
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       . Fig. 3.3 Coronary flow reserve and event-free survival. Coronary 
flow reserve (CFR) and event-free survival among all women (left) and 
those without CAD (right). Data represent unadjusted Kaplan-Meier 

curves for absence of death, nonfatal MI, nonfatal stroke, or hospital-
ization for CHF during follow-up. From Pepine et al. J Am Coll Cardiol. 
2010 Jun 22;55(25):2825–32; with permission

have been correlated with a decreased CFR [120]. It appears 
that microvascular dysfunction may affect not only the heart 
but also other target organs in patients without obstructive 
CAD, which highlights the potential involvement of sys-
temic endothelial dysfunction in the mechanism of micro-
vascular angina. In fact, an impaired endothelium-mediated 
change in arterial tone of the fingertip vascular bed (assessed 
5  min pre- and after brachial artery occlusion) has been 
found in patients with microvascular angina [121], which 
may be indicative of systemic endothelial dysfunction. 
Closely related to the previous hypothesis, chronic inflam-
mation has been suggested to play a role in the pathogenesis 
of myocardial ischemia in this clinical subset. Microvascular 
dysfunction may also be linked to systemic inflammation in 
patients with high-risk coronary atherosclerosis [122]. A 
role for inflammation as modulator of microcirculatory 
function has also been proposed for patients with microvas-
cular angina, with an inverse relationship between chronic 
levels of C-reactive protein and CFR, compared to healthy 
subjects [123].

Although it was initially thought that microvascular 
angina is associated with a good long-term prognosis, par-
ticularly in patients with normal epicardial coronary arter-
ies and preserved ventricular function, current evidence 
implies that there is a worse prognosis in patients with con-
comitant conditions, including ischemia in noninvasive 
stress testing, persistent chest pain, diabetes, coronary ath-
erosclerosis, or abnormal CFR [124, 125]. Several studies 
using noninvasive techniques (PET, CMR, SPECT, echo-
cardiography) and intracoronary flow measurements 
(thermodilution and Doppler velocity) have consistently 
shown a strong correlation between CFR and prognosis of 
patients with microvascular angina. An abnormal CFR is 
an independent predictor of worse prognosis [126, 127, 
128–131]. Women with long-term persistent angina after 

initial normal-appearing coronary angiography have an 
increased risk of developing coronary atherosclerosis and 
adverse outcomes at long-term  follow- up. CFR, a valuable 
index to assess the state of microcirculation in the absence 
of obstructive CAD, correlated well with prognosis in 
women with suspected ischemia and cardiovascular risk 
factors; in particular, a CFR <2.32 has been associated with 
an increased risk of major adverse outcomes (death, myo-
cardial infarction, stroke, and heart failure) in this popula-
tion (. Fig.  3.3) [132]. Beyond the impact on prognosis, 
microvascular angina notably affects the quality of life. 
Patients with this condition experience recurrent and dis-
abling chest pain, requiring frequent medical assistance, 
being subjected to multiple and repetitive diagnostic tests 
[133, 134]. This, together with the poor response to tradi-
tional anti-ischemic medical treatment frequently observed 
in this syndrome [135], affects the emotional stability of 
patients and substantially raises health costs [136].

3.5.2  Role of Diabetes in CMVD

Chronic hyperglycemia plays a role in the development of 
cardiovascular disease. CMVD is more prevalent in patients 
with diabetes mellitus in whom a markedly reduced endo-
thelial vasodilator function has been observed [62, 127, 
137]. The abnormal CFR in this population may be as a con-
sequence of disturbances at several coronary domains, 
including multivessel disease, diffuse coronary atheroscle-
rosis, and CMVD.  Multiple pathways commonly found in 
diabetic patients, namely, endothelial dysfunction as conse-
quence of hyperglycemia, insulin resistance, and inflamma-
tion, as well as autonomic dysfunction, may contribute to 
CMVD. Moreover, CFR is a strong independent predictor of 
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cardiovascular outcomes in diabetic patients [138]. In this 
clinical setting, an abnormal CFR in the absence of obstruc-
tive CAD is associated with a high cardiac mortality rate, 
similar to that in patients with both diabetes and obstructive 
CAD; however, diabetes itself is not associated with excess 
cardiac mortality in presence of a normal CFR [139] 
(. Fig. 3.3). This observation may have important prognos-
tic implications as early identification of CMVD might lead 
to recognition of asymptomatic patients with increased risk 
of developing obstructive CAD. Early lifestyle modifications 
and optimization of medical treatment may avoid progres-
sion of CAD and cardiac outcomes [60, 64, 65, 139, 140].

3.5.3  CMVD in Acute Coronary Syndrome 
(ACS)

The status of the coronary microvasculature has prognostic 
implications in the pathophysiological mechanisms and out-
comes of patients with ACS. In the STEMI subset, complete 
reperfusion of the subtended myocardial territory after 
 opening an acute occluded coronary artery is not always 
achieved [71, 141]. This is immediately evident when slow 
flow or no- flow is observed and the ST segments remain ele-
vated. CMVD is proposed as the mechanism to explain this 
phenomenon as result of high resistances in the small vessels. 
Microvascular obstruction secondary to microemboli of 
platelets from eroded coronary atherosclerotic plaques seems 
to be a determinant cause of CMVD in this subset [142]. In 
contrast to the classical autoregulation concept in which dis-
tal pressure drop caused by an epicardial stenosis is compen-
sated by vasodilation of the coronary microvasculature, some 
studies have found signs of predominant microcirculatory 
vasoconstriction in ACS, supporting the argument that 
CMVD is involved in the development and maintenance of 
acute myocardial ischemia [143–147]. When myocardial 
perfusion is not restored despite opening the occluded artery, 
prognosis is significantly worse. Several invasive  physiological 
techniques such as CFR, HMR (hyperemic microvascular 
resistance), and IMR (index of microcirculatory resistance) 
have been used to determine the role of coronary microvas-
culature in the outcomes of patients with ACS.  Abnormal 
microvascular resistances, which are surrogated indicators of 
CMVD, have been associated with poor recovery of the left 
ventricular function, larger wall motion abnormalities, and a 
greater infarct size in STEMI patients [148, 149]. Studies 
using noninvasive methods indicate that the extension of the 
microvascular obstruction after an acute myocardial infarc-
tion is a strong prognostic marker of adverse cardiovascular 
outcomes [150–152]. Evaluated with cardiac magnetic reso-
nance (CMR), a rate of microvascular obstruction of 54 % 
was reported in patients with STEMI despite successful 
reperfusion, and the infarct size and grade of impairment of 
systolic function were largest in patients with microvascular 
obstruction [153]. CMR findings have been well correlated 
with histological studies [99].

3.5.4  CMVD in Stable CAD

CMVD may play a role in the symptomatic status and prog-
nosis of patients with stable CAD.  In some cases, CMVD 
may be the predominant cause of myocardial ischemia [18] 
and may explain the high prevalence of recurrent angina 
after PCI, which constitutes a major clinical problem. A study 
conducted in patients treated with PCI showed a higher 
prevalence of persistent angina 6–12 months after the index 
procedure in those with higher microcirculatory resistances 
and lower CFR than control subjects who remained asymp-
tomatic [154]. Moreover, CMVD may be the cause of isch-
emia in vessels with FFR > 0.80, providing a partial 
explanation to the recurrent angina in patients with FFR- 
guided PCI [155].

Recent studies have that the combined assessment of 
intracoronary pressure and flow in patients with stable CAD 
can provide valuable prognostic information. Based on a ret-
rospective analysis of a large cohort of patients with stable 
CAD investigated with FFR and Doppler-derived CFR, it 
has been shown that patients with abnormal CFR despite 
normal FFR have higher risk for MACE, while normal CFR 
despite abnormal FFR conveys equivalent cardiac outcomes 
compared with patients with normal FFR and CFR [156]. 
The discordance between FFR and CFR may originate from 
involvement of diffuse coronary atherosclerosis and CMVD 
in variable degrees [157]. In addition, a recent study has 
shown that in deferred-PCI patient group (FFR > 0.80), a 
worse long-term outcome (a composite of any death, myo-
cardial infarction, and revascularization) occurred in the 
subgroup of patients with low CFR (<2) with high IMR 
(≥23U) [158].

3.5.5  CMVD in Hypertrophic 
Cardiomyopathy (HCM)

CMVD constitutes a substrate for myocardial ischemia in 
patients with HCM. Structural and morphological changes in 
the microcirculation have been postulated as an underlying 
mechanism for ischemia in this clinical setting [159]. The ana-
tomical abnormalities consist of medial wall thickness and 
variable degrees of intimal thickening in the intramural coro-
nary arterioles as a consequence of smooth muscle hypertro-
phy and collagen deposition, as well as reduced capillary 
density [160]. This remodeling causes functional abnormali-
ties in the coronary microcirculation. Several studies with 
noninvasive techniques (PET and CMR) have shown a 
decrease in the hyperemic myocardial blood flow (hMBF) in 
patients with HCM compared with healthy subjects, but simi-
lar resting MBF, which reflects a reduction in the vasodilator 
response capacity [161–163]. An hMBF <1.1 ml/min g–1 has 
been found the most powerful independent predictor of 
adverse outcomes, being associated with a 9.6-fold increase in 
age-adjusted relative risk of death [68]. Another proposed 
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mechanism contributing to  microvascular dysfunction in 
patients is extravascular compression. A PET study in patients 
with HCM matched with healthy volunteers, found some sur-
rogated markers of extravascular compression, such as left 
ventricular mass index and NT- proBNP, and was inversely 
correlated with hMBF, with a greater impact at the subendo-
cardial myocardial layer [164]. In the absence of hemodynam-
ically significant epicardial lesions, CMVD and microvascular 
remodeling may explain this inadequate increase in myocar-
dial blood flow in response to a coronary vasodilator. The cor-
relation between hMBF and HCM seems to be proportional 
to the left ventricle wall thickness, with a lower hMBF as the 
end-diastolic wall thickness increases, particularly in the 
endocardium [68, 163, 165]. However, it is important to note 
that patients with HCM have, in variable degrees, an increased 
systolic intramyocardial and left ventricle end-diastolic pres-
sures, which may contribute to the myocardial perfusion 
defect. CMVD, chronic ischemia, and subsequent myocardial 
fibrosis may be important contributors to the natural history 
of HCM. CMR studies have shown a mismatch between MBF 
and myocardial fibrosis, the latter more important as the end-
diastolic wall thickness increases [163, 166]. These abnormal 
structural and functional changes at different levels of the 
heart (coronary microcirculation, myocardium, and endocar-
dium) contribute to adverse outcomes and life-threatening 
events in HCM patients such as ventricular arrhythmias, heart 
failure, and sudden death [167]. CMVD has been found to be 
an independent predictor of long-term systolic dysfunction in 
patients with HCM [168]. In light of these results, CMVD has 
been proposed as a potential target for early detection and 
treatment of high-risk HCM.

3.5.6  CMVD in Idiopathic Dilated 
Cardiomyopathy (IDCM)

By definition, IDCM is a cardiac muscle disease characterized 
by a depressed left ventricle ejection fraction and left ventricle 
dilatation without obstructive CAD in absence of a specific 
cause [169]. For this reason, it was previously thought that myo-
cardial ischemia did not play a role in the natural history of this 
syndrome. Nonetheless, several studies have found evidence 
of chronic myocardial ischemia in patients with IDCM, even 
at early stages of the disease, and have consistently supported 
the theory that CMVD plays a key role in the pathophysiologi-
cal mechanisms. The evidence is mainly derived from studies 
demonstrating myocardial blood flow abnormalities in patients 
with IDCM despite normal epicardial coronary arteries, which 
means a reduced capacity to increase the coronary blood flow, 
leading to oxygen demand–supply mismatch, chronic myocar-
dial ischemia, and progression of disease [84–86, 170–172]. A 
significantly lower CFR, using intracoronary Doppler, has been 
found in patients with IDCM when compared with controls 
in all three major vascular territories [106]. In the same study, 
this reduced CFR was correlated with a depressed regional 
contractile reserve in the vascular territory of the left anterior 

descending evaluated with dobutamine echocardiography. Of 
note, extravascular mechanisms such as congestive heart fail-
ure and increased intramyocardial and left ventricle end-dia-
stolic pressures may in part explain this reduction in CFR in 
IDCM [63, 84]. However, functional and structural changes in 
the microcirculation with areas of interstitial and perivascular 
fibrosis [173–175], as well as reduced capillary density [82], 
have been reported, which may explain the involvement of the 
microcirculation and the reduced hyperemic coronary flow. 
A reciprocal interaction between abnormal CFR and chronic 
myocardial ischemia would perpetuate a vicious circle, impair-
ing the coronary microcirculation function and the left ven-
tricle ejection fraction. Furthermore, it seems that the severity 
of microvascular dysfunction determines adverse cardiac out-
comes in this population. A decreased CFR has been associated 
with worse prognosis (independent of the degree of left ventri-
cle systolic dysfunction), being a predictor of sudden death and 
progression of heart failure  [176–178]. Although the primary 
pathophysiological mechanisms involved in the development 
of IDCM are not well known there is strong evidence pointing 
towards the pivotal role of CMVD in disease progression and 
cardiovascular prognosis of IDCM patients.

3.5.7  CMVD in Takotsubo Cardiomyopathy 
(TTC)

TTC is a syndrome mimicking an acute myocardial infarction 
with severe left ventricle wall motion abnormalities, ECG 
repolarization changes and slight elevation of cardiac bio-
markers, and the absence of obstructive CAD [179]. Several 
variants have been reported, depending of the extent and 
location of the wall motion abnormalities. The typical form 
consists of akinesis of the mid and distal segments of the left 
ventricle with hyperkinesis of the basal segments, also known 
as “apical ballooning syndrome,” similar to the Japan octopus 
trap. The pathophysiological mechanisms are not yet clear, but 
it is believed that an emotional or physical stressor triggers an 
intense release of catecholamines, leading to a transient myo-
cardial stunning. It has been hypothesized that CMVD plays a 
determinant role in the underlying mechanisms. A decreased 
coronary flow velocity reserve and a short diastolic decelera-
tion time, measured with intracoronary Doppler, have been 
reported in patients with TTC [107]. These findings are sup-
ported by noninvasive studies, with assessment of coronary 
reserve by transthoracic Doppler, finding a reduced CFR in 
the acute phase of disease [180]. Other studies have docu-
mented indirect signs of CMVD on invasive coronary angiog-
raphy, such as an abnormal TIMI frame count and abnormal 
TIMI myocardial perfusion grade [108, 181]. Furthermore, 
such abnormalities have not only been found in the myocar-
dium subtended by the LAD but in the other major epicardial 
vessels, which suggests that CMVD may occur at multivessel 
level. Therefore, it seems that the coronary microvascular 
integrity is impaired, but what it is not yet clear if myocardial 
stunning is a consequence of metabolic disorder or CMVD.
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3.6  Conclusion

Available evidence, accumulated over the previous decades, 
suggest that microcirculatory dysfunction is an important 
contributor to poor outcomes in multiple etiologies of heart 
disease. This constitutes a call for better methods to assess the 
state of the coronary microcirculation and to establish the 
mechanisms by which it is dysfunctional. Some factors have 
been consistently identified as markers of worse prognosis in 
patients with CMVD, such as persistent angina, abnormal 
CFR, and diabetes. The coronary microcirculation seems to 
play a key role in the development of CAD and is claiming 
more attention as a potential therapeutic target for the treat-
ment of symptoms and prevention of cardiovascular outcomes.
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4

4.1  Introduction

Coronary angiography is the main instrument used to evalu-
ate the presence of stenoses caused by coronary atherosclero-
sis. An angiogram is a luminogram delineating the shape of 
the contrast-filled lumen, but it does not supply information 
about the vessel wall. It has long been recognized that seg-
ments with an angiographically “normal” appearance (i.e., 
without stenosis) may have atheroma when evaluated with 
more detailed pathology-based tools.

This discordance between angiography and pathology 
was explained by the remodeling phenomenon first described 
by Glagov in 1987. This author evaluated histological sec-
tions of left main coronary arteries and concluded that 
human coronary arteries enlarge in relation to plaque forma-
tion and that the increase in plaque burden compromises 
lumen size only when 40 % or greater cross-sectional luminal 
narrowing is observed [1, 2]. Thus, luminogram-based tech-
niques (such as angiography) will not be able to detect the 
presence of coronary atherosclerosis until the disease is in at 
a relatively advanced stage (. Fig. 4.1).

4.2  Techniques to Evaluate Coronary 
Remodeling

The compensatory vessel enlargement described above has 
since been confirmed in vivo with the introduction of intra-
coronary imaging techniques such as intravascular ultra-
sound (IVUS) [3–5]. IVUS allows the measurement of the 
cross-sectional vessel area (defined as the area limited by the 
external elastic membrane (EEM-CSA)). A remodeling index 
can be calculated as the ratio between the EEM-CSA at the 
lesion and the EEM-CSA at a reference point (defined as the 
most normal cross section located within 10 mm around the 
lesion, before any significant side branch). A recent IVUS 
study by Inaba et al. reproduced Glagov’s observations in the 
left main stem in vivo confirming the increase in vessel area 
in proportion to the increase in plaque area and an absence of 
lumen area reduction until the plaque burden is greater than 

40 % [6]. IVUS has therefore allowed evaluation of vessel 
remodeling in live living patients providing unique insights 
into information about the clinical implications of this phe-
nomenon. Optical coherence tomography (OCT), another 
intracoronary imaging technique available in the cath lab, is 
more limited in this area because its lower penetration pre-
cludes the visualization of the EEM in vessels with plaque, 
especially if this is lipid-rich plaque. In the last years, multi-
slice computed tomography (MSCT) has emerged as an 
alternative clinical tool to noninvasively evaluate the pres-
ence of coronary arterial remodeling [7–9].

4.3  Definitions

Positive, outward, or compensatory remodeling is defined as 
circumferential vessel enlargement in response to plaque 
growth. Negative, inward, or constrictive remodeling is 
defined as a decrease in vessel size in response to plaque 
development reflecting a failure of the vessel capacity to 
accommodate plaque growth. These two phenomena have 
been associated with different clinical scenarios and risk fac-
tors that will be further discussed in this chapter.

The American College of Cardiology Expert Consensus 
Document for IVUS interpretation states that when the 
lesion EEM area is greater than the reference EEM area, pos-
itive remodeling has taken place, and the remodeling index 
will be >1.0. If the lesion EEM area is smaller than the refer-
ence EEM area, negative remodeling has occurred, and the 
index will be <1.0 [10] (. Fig. 4.2). However, different IVUS 
studies have used different cutoff points to define remodel-
ing, and this may explain some contradictory results [11]. 
Further differences can be explained by the choice of refer-
ence segment for index calculation (distal, proximal, or 
mean) or the lack of a reliable healthy reference segment in 
many cases. Only serial IVUS examinations performed at 
different time points in the same subject can provide direct 
evidence of vessel remodeling avoiding the need for a refer-
ence segment that is often not available in patients with dif-
fuse coronary disease [12, 13].

40% area
stenosis

EEm expansion to accomodate plaque growth Inward plaque growth

Lumen area reduction Preserved lumen dimensions

       . Fig. 4.1 Schematic represen-
tation of the positive remodeling 
phenomenon. In human coro-
nary arteries, the external elastic 
membrane (represented by the 
red line) expands to accommo-
date plaque growth and preserve 
lumen size. Plaque burden com-
promises lumen size only when 
40 % or greater cross-sectional 
luminal narrowing is observed
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4.4  Physiopathology of Vessel Remodeling

In normal arteries, remodeling is a physiological response 
to changes in flow and shear stress conditions. The major 
stimuli for the initiation of vessel remodeling are these 
changes in hemodynamic parameters along with inflamma-
tion (induced by hemodynamic parameters or factors such 
as dyslipidemia). These stimuli induce the production of 
humoral factors (including cytokines and vasoactive agents 
such as nitric oxide) that through different biochemical 
pathways induce and promote changes in vessel structure 
in order to adapt to the new conditions. In this regard, a key 
role is played by the modification of the extracellular matrix 
by metalloproteinases (MMPs). Both experimental and 
human data suggest that this enzyme is involved in the deg-
radation of components of the matrix leading to positive 
remodeling [14–16]. MMP activity can be induced by nitric 
oxide (NO) whose production is increased in the endothe-
lium in high-flow conditions [17]. Additionally, NO is able 
to inhibit proliferation and induce apoptosis of smooth 
muscle cells, both of which contribute to outward remodel-
ing. MMPs are produced by inflammatory cells (monocytes 
and macrophages) that can be recruited in the plaque by 
cell adhesion molecules (such as ICAM-1 and VCAM) 
which are themselves responsive to shear stress [18]. Other 
factors such as hypercholesterolemia can increase inflam-
matory cell infiltration in atherosclerotic plaques contrib-
uting to augmented MMP production and outward 
remodeling [19, 20].

Among the hemodynamic stimuli involved in remodel-
ing, shear stress (SS), defined as the dragging frictional force 
exerted by blood in the arterial wall, seems to be the most 
relevant. In a serial intracoronary study performed in vivo, 
Stone et al. demonstrated that positive remodeling occurred 
both in segments with low SS and segments with moderate to 
high SS; however, in those segments with a low SS, there was 
associated plaque progression. They therefore suggested that 
positive remodeling in low SS segments is a compensatory 
phenomenon to accommodate atherosclerotic plaques, while 
in segments with moderate to high SS, it is a physiologic 
response to achieve normal SS values. They also found nega-
tive remodeling in 44 % of low SS segments, while this type of 
remodeling was very infrequent in segments with moderate 
to high SS [21].

Recently, a noninvasive approach using computational 
flow dynamics derived from coronary computed tomogra-
phy angiography has also shown an association of low SS 
with excessive expansive remodeling [22].

Regarding constrictive remodeling, impairment of NO 
production due to endothelial dysfunction and genetically 
induced alterations in pathways that regulate the production 
of several cytokines (such as IL18 and macrophage migration 
inhibitory factor) have been proposed [17]. In addition, low- 
flow states may induce the production of factors that increase 
smooth muscle cell proliferation and collagen deposition, 
such as platelet-derived growth factor and transforming 
growth factor-β, further contributing to negative remodeling 
[23, 24].

Positive
remodelling

Negative
remodelling

Lesion EEM area >
Reference EEM
area

Lesion

Lesion

Reference

Reference

Lesion EEM area <
Reference EEM
area

       . Fig. 4.2 Graphic representa-
tion of positive and negative 
remodeling. Positive, outward, 
or compensatory remodeling 
is defined as circumferential 
vessel enlargement in response 
to plaque growth (the lesion 
external elastic membrane (EEM) 
area will be greater than the 
reference EEM area). Negative, 
inward, or constrictive remodel-
ing is defined as a decrease in 
vessel size in response to plaque 
development (the lesion EEM will 
be smaller than the reference 
EEM area)
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4.5  Relation Between Risk Factors 
and Remodeling

As highlighted above dyslipidemia has been associated with 
positive remodeling through an increase in inflammation 
and MMP production within the plaque. It is also a patho-
genic feature in coronary aneurysm formation which repre-
sents an extreme form of expansive vascular remodeling 
[24–26]. However, the literature shows there are conflicting 
results and reports in the literature regarding the relationship 
between dyslipidemia and vessel remodeling. A serial IVUS 
study by von Birgelen et al. failed to demonstrate a difference 
in vessel size according to LDL cholesterol levels [27], while 
two studies have reported that LDL levels can be a predictor 
of negative remodeling especially in diabetic patients [28, 
29]. Alternatively, higher levels of HDL have been linked to 
positive remodeling in an autopsy study [30].

The evidence is also conflicting regarding the process of 
remodeling in relation to hypercholesterolemia therapy. 
Hamasaki et  al. reported that cholesterol-lowering treat-
ment is associated with an improvement in coronary lumen 
area caused by expansive vessel remodeling [31], whereas on 
the contrary serial IVUS data from the Reversal of 
Atherosclerosis with Aggressive Lipid Lowering Therapy 
(REVERSAL) trial showed constrictive vessel remodeling 
during statin treatment [32].

Constrictive remodeling is more frequent in patients 
with diabetes, especially those who are insulin dependent 
[33–36]. Jiménez-Quevedo et al. performed IVUS examina-
tion in 131 lesions in 80 diabetic patients and found a high 
prevalence of negative remodeling (up to 72 %) demonstrat-

ing that this type of vessel response was the main contributor 
to new  stenosis formation and diffuse disease in this popula-
tion [37]. Even in angiographically normal segments, dia-
betic patients have been shown to have smaller vessel areas 
despite a similar plaque burden as compared to nondiabetic 
patients [38]. Negative remodeling has also been associated 
with smoking, hypertension, and the long-term use of perin-
dopril [39].

Among metabolic factors, higher homocysteine levels 
have been associated with positive remodeling [40], while 
adiponectin levels are increased in patients with negative 
remodeling [41].

4.6  Type of Remodeling and Underlying 
Plaque Composition

Histopathological and in  vivo studies using intracoronary 
imaging techniques have demonstrated differences in under-
lying plaque composition depending on the type of remodel-
ing present. Plaques with expansive remodeling are generally 
characterized by the presence of a high lipid content and 
inflammation [42, 43] (. Fig. 4.3). Using IVUS radiofre-
quency (RF) analysis, Fujii et  al. showed a linear relation 
between expansive remodeling and fibrofatty plaque area 
[43]. With the same technique, Rodriguez-Granillo et  al. 
found a positive correlation between lipid core and remodel-
ing index. Additionally, in this study all of the positively 
remodeled lesions were lipid-rich plaques, fibroatheromas, 
or thin-cap fibroatheromas (TCFA), the plaque type 
described as the most prone to rupture [39].

a

b c

       . Fig. 4.3 Positive remodeling. 
Example of a lesion with positive 
remodeling assessed by intravas-
cular ultrasound (IVUS). a Lon-
gitudinal IVUS view showing an 
eccentric atherosclerotic plaque 
in the mid-segment of the artery, 
distal to a small side branch (SB). 
b IVUS cross section from the 
lesion showing a high plaque 
burden with a heterogeneous 
plaque composition (* indicates 
a hypoechogenic area suggestive 
of lipid content). c IVUS cross sec-
tion at the distal reference. The 
external elastic membrane (EEM) 
area at the lesion site is greater 
than the reference EEM area. Prox 
proximal, Dist distal
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Kume et al. evaluated the relationship between remodel-
ing and plaque composition by OCT in ex vivo human coro-
nary arteries. The authors found a higher percentage of 
lipid-rich plaques in patients with expansive remodeling 
(94 %) than in patients with constrictive remodeling (88 %). 
Similar results were found in an in vivo study that imaged 
coronary segments with IVUS and OCT where expansive 
remodeling was associated with a higher proportion of 
lipid- rich plaques, thinner fibrous caps with a higher 
macrophage density, and the presence of TCFA morphology 
[44, 45].

In contrast, negative remodeling has been associated with 
a stable fibrotic plaque morphology frequently located in 
proximal and ostial segments of the coronaries [3, 46–49] 
(. Fig. 4.4). In a study using RF-IVUS, Rodriguez-Granillo 
et  al. reported that lesions that had undergone negative 
remodeling displayed a stable phenotype, with 64 % having 
pathological intimal thickening, 29 % being fibrocalcific 
lesions, and only 7 % displaying fibroatheromatous charac-
teristics. In pathology studies, erosion and chronic occlu-
sions frequently demonstrate constrictive remodeling, while 
intra-plaque hemorrhage is usually associated with positive 
remodeling [42]. Negative remodeling is also frequent in the 
ostium of side branches and main branches in bifurcations 
even in lesions with low small plaque burdens, contributing 
to vessel narrowing in these segments [50]. Interestingly, 

negative remodeling seems to be a frequent finding in sites of 
vasospasm in patients with variant angina [51].

4.7  Vessel Remodeling, Plaque 
Vulnerability, and Acute Coronary 
Syndromes

Histopathological and intracoronary imaging studies have dem-
onstrated that expansive remodeling is associated with many 
features related to plaque vulnerability such as high lipid content, 
macrophage infiltration, thinner fibrous caps, and lower colla-
gen and smooth muscle cell content [42]. Furthermore, biome-
chanic studies suggest that lesions with expansive remodeling 
may be more mechanically unstable [52, 53].

These observations correlate with data that demonstrates 
a relationship between clinical presentation and remodeling 
type. Several studies using IVUS or MSCT have identified 
expansive remodeling as the most frequent pattern in acute 
coronary syndromes, while constrictive remodeling is more 
frequently observed in stable angina [8, 38, 54–60]. However, 
Hassani et al. reported that calcified and negatively remod-
eled plaques were frequently observed in elderly patients 
with myocardial infarction suggesting potential differences 
in the physiopathology and pathophysiology of acute coro-
nary syndromes in octogenarians [61].

a

b c d

       . Fig. 4.4 Negative remodeling. Example of a lesion with nega-
tive remodeling assessed by intravascular ultrasound (IVUS). a Longi-
tudinal IVUS view showing a plaque distal to a side branch (SB). b IVUS 
cross section at the proximal reference. c IVUS cross section at the lesion 

showing a fibrotic concentric plaque. d IVUS cross section at the distal 
reference. The external elastic membrane (EEM) area at the lesion site is 
smaller than the reference EEM area. Prox proximal, Dist distal
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4.8  Vessel Remodeling After Percutaneous 
Coronary Interventions

Vascular remodeling plays an important role in the process 
of restenosis. In balloon angioplasty, late negative remodel-
ing is the primary mechanism leading to restenosis [62]. 
Mintz et al. demonstrated, in a serial IVUS study, that 73 % of 
luminal loss between post-intervention and follow-up was 
attributable to a decrease in the EEM area and only 23 % was 
caused by neointimal area growth [63]. Intracoronary 
brachytherapy inhibited restenosis after balloon angioplasty 
mainly by inhibiting this negative remodeling.

Pre-interventional remodeling can have an influence in 
the outcome of interventional therapy. Dangas et al. evaluated 
777 lesions treated with balloon angioplasty and showed that 
target lesion revascularization (TLR) was higher in lesions 
with positive remodeling compared to lesions with negative 
remodeling (31 % vs. 20 %, p = 0.007) [5]. Similar results have 
been described in patients treated with bare metal stents. 
Okura et  al. reported a higher rate of TVR at 9 months in 
patients treated with BMS that showed pre- procedural posi-
tive remodeling (22.0 % vs. 4.1 %, p = 0.01). Furthermore, 
expansive remodeling pre-intervention has been recognized 
as a predictor of diffuse in-stent restenosis [64]. Regarding 
immediate results following immediately post-intervention, a 
higher acute luminal gain has been noted with direct stent 
implantation in lesions that display significant positive 
remodeling [65]. Mehran et al. described a higher increase in 
CK-MB post-procedurally in patients with marked expansive 
remodeling, suggesting an association between positive 
remodeling and distal embolization [66]. This correlates with 
several studies that show plaques with features of vulnerabil-
ity (among them positive remodeling) to be more frequently 
associated with the no-reflow phenomenon [67].

In the drug-eluting stent era, vascular remodeling plays 
an important role in the long-term outcomes. Similar to 
those results seen with bare metal stents, the presence of pos-
itive remodeling pre-intervention correlates with signifi-
cantly higher neointimal hyperplasia [68]. Late stent 
malapposition has been recognized as a predictor of stent 
thrombosis and can be caused by expansive vessel remodel-
ing at the stent site [69] (. Fig. 4.5). This local expansion may 
be induced by prolonged inflammation and a hypersensitiv-
ity in the vessel wall provoked by the drug-eluting polymer 
[70, 71]. OCT examinations after first-generation DES 
implantation very frequently show the presence of invagina-
tions in the lumen between struts, a feature commonly asso-
ciated with positive remodeling. These findings are now 
considered very rare with the newer generations of drug-
eluting stents [72].

4.9  Vessel Remodeling in Transplant Graft 
Vasculopathy

Vascular remodeling plays a key role in the development of 
transplant graft vasculopathy. Vessel enlargement as a com-
pensatory mechanism for plaque growth is impaired in epi-
cardial vessels of cardiac allografts [73]. Thus, lower 
amounts of intimal growth (of only 20 % of vessel cross-
sectional area) can compromise the vessel lumen size [74]. 
Several IVUS studies have demonstrated that coronary 
artery narrowing in transplanted patients is mainly caused 
by negative remodeling [75–77]. However, one study with a 
5-year IVUS follow- up described a biphasic response with 
early lumen loss primarily caused by intimal thickening and 
late lumen loss caused by EEM area constriction [78]. 
Plaque shape can influence vessel remodeling in graft 

a b

c d e f

       . Fig. 4.5 Positive remodeling after stenting. The figure shows an 
example of positive remodeling after drug-eluting stent implanta-
tion leading to late-acquired malapposition. a Angiographic image 
showing the region stented in the left anterior descending artery. 
b Longitudinal intravascular ultrasound (IVUS) view. Areas of stent 
malapposition can be observed (indicated by *). c Proximal reference. 

d IVUS cross section showing severe stent malapposition (indicated 
by *) caused by positive vessel remodeling with external elastic 
membrane (EEM) enlargement. e Distal segment of the stent show-
ing good apposition. f Distal reference. The EEM area at the malap-
position site is larger than the EEM area at the references
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 vasculopathy where it has been shown that eccentric plaques 
have a higher remodeling index, most likely due to an 
increased coronary compliance [79].

4.10  Conclusions

Coronary remodeling is a major determinant in the clinical 
impact of coronary atherosclerosis. While initially vessel 
enlargement in response to plaque growth can be compensa-
tory allowing lumen size to be maintained, this expansive 
remodeling is associated with several features of plaque vul-
nerability and ultimately may be a key process in culprit lesion 
development in acute coronary syndromes. Further research is 
needed to understand this complex phenomenon and its rela-
tionship with coronary atherosclerotic clinical manifestations.
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5.1  Introduction

Cardiovascular disease is the leading cause of death in indus-
trialized countries and may become the most important rea-
son for mortality worldwide [1]. In the vast majority thereof, 
death is the consequence of cerebral or myocardial infarc-
tion, both of which are characterized by acute vessel occlu-
sion in the context of atherosclerosis [2]. In this situation, 
outcome depends critically upon the extent of infarcted tis-
sue [3]. Myocardial infarct size is reflected by the degree of 
ECG ST-segment elevation during the acute phase [4] and is 
directly determined by the duration of coronary occlusion, 
the ischemic area at risk for infarct, the lack of collateral sup-
ply to the jeopardized region, the absence of preconditioning 
ischemic episodes prior to, and the level of myocardial oxy-
gen consumption during the acute coronary event [5].

Remodeling of the coronary circulation describes the 
structural transformation of the coronary arterial tree with its 
native vascular branches and anastomoses in response to 
 permanently altering flow conditions. This process occurring 

within 10–14 days following the altered physical condition is 
called arteriogenesis in a general sense [6, 7], which describes 
both structural vascular enlargement and shrinkage of any part 
of the coronary arterial circulation. More specifically, “arterio-
genesis” is employed to designate physically induced structural 
growth of coronary arterial and arteriolar anastomoses, i.e., 
collateral pathways (. Fig. 5.1; “collateral vessel growth”) [8–
10]. In comparison, the terms angiogenesis and vasculogenesis 
employed in the context of collateral development are not 
related to physical, but biochemical/molecular, (patho-)physi-
ologic, and embryologic influences. Vasculogenesis occurs 
during embryologic development of the circulatory system and 
is defined as the de novo formation of blood vessels from endo-
thelial precursor cells, which migrate and differentiate in 
response to local signals [11, 12]. New vessels can subsequently 
develop from the preexisting plexus by sprouting and intus-
susception. This formation of new vessels has been called 
angiogenesis (. Fig. 5.1) [10, 13]. Angiogenesis as opposed to 
vasculogenesis is not restricted to the developing organism, but 
occurs physiologically in tissue repair or during the female 

Angiogenesis

Capillary growth
(angiogenesis)

SMC
recruitment

(1) Homing

(2) Capillary plexus

(3) Mature network

Shear stress
MO cytokines

Matrix remodelling
SMC growth

SMC

Vasculogenesis

Collateral vessel growth

       . Fig. 5.1 Schematic illustra-
tion of the development of 
vascular systems. See text for 
details. Abbreviations: MO 
monocytic cytokines, SMC 
smooth muscle cell [40]
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reproductive cycle and pathophysiologically in response to 
ischemia [13].

In the above context, this chapter reviews the physiologic/
physical principles governing coronary arteriogenesis, the 
clinical relevance of the coronary collateral circulation, its 
assessment, and influence on invasive hemodynamic coro-
nary stenosis measurement.

5.2  Physiologic Principles Relevant 
to Coronary Arteriogenesis

The basic physiologic and physical principles operative in the 
coronary circulation in general also apply to its anastomoses, 
i.e., the collateral arteries and arterioles [14]. Oxygen is the 
main nutrient for the myocardium, whose demand is deter-
mined by ventricular wall stress, heart rate, and myocardial 
contractility [4]. Oxygen extraction from hemoglobin is 
close to maximal in myocardial tissue under normal meta-
bolic conditions, and therefore, changes in oxygen demand 
are regulated by altering rates of coronary blood flow (Q in 
ml/min). According to Ohm’s law, the perfusion pressure 
drop (ΔP in mmHg) along increasingly smaller tubes can be 
described as the product of the vascular resistance (R in dyn 
s cm−5) to flow and the flow rate Q: ΔP = R•Q. In the coro-
nary circulation, ΔP is the difference between mean aortic 
perfusion pressure (Pao, mmHg) and mean central venous 
pressure (CVP, mmHg). In the normal coronary circulation, 
R is mainly due to viscous friction between the blood and the 
endothelium covering the wall of small vessels; this can be 
appreciated by the fact that the pressure drop in a normal 
epicardial coronary tree is equal to a mere 5 mmHg. Based on 
Ohm’s law, pressure drop along the vascular path is further 
described by Hagen-Poiseuille’s law, which specifies the com-
ponents of vascular geometry contributing to its resistance 
against flow (R = 8ηl/πr4; with l being vascular segment length 
and r being the internal vessel radius, η is the blood viscos-
ity). The balance between two energy-consuming factors 
related to the transport of blood, i.e., the “cost” of pumping 
the blood through the circulation as opposed to the “cost” of 
building and maintaining the circulation, defines the term 
“minimum energy dissipation,” the principle of which is 
compatible with the structural design of the entire coronary 
artery tree including its anastomoses [15]. According to the 
law of minimum viscous energy loss, the cross-sectional area 
of a coronary artery at any point in the arterial tree is propor-
tional to the flow rate Q2/3 at this site [15]. Thus, a permanent 
increase in coronary flow as induced, e.g., by an arteriove-
nous shunt between the left anterior descending artery and 
the right ventricle (. Fig. 5.2), stimulates coronary caliber 
enlargement or remodeling (arteriogenesis) of the native left 
anterior descending (LAD) artery as well as the collateral 
artery supplying the functional LAD occlusion at the site of 
the fistula (. Fig. 5.2). Using various measurement tech-
niques, normal myocardial perfusion under resting condi-
tions has been documented to be close to 1  ml/min/g of 
tissue [16]. Thus numerically (unity between flow rate and 

regional mass in grams), Q in Ohm’s or Hagen-Poiseuille’s 
law can be replaced by regional myocardial mass (M, sup-
plied by blood at any point of interest in the coronary tree), 
which is equal to the ischemic area at risk (AR) for myocar-
dial infarction. AR and M can also be defined angiographi-
cally in terms of summed coronary artery branch lengths 
distal to any point in the coronary tree relative to the entire 
coronary artery tree length [17]. This definition of AR estab-
lishes the relation between collateral vessels and AR.

In the presence of a hemodynamically relevant coronary 
artery stenosis, perfusion pressure distal to the narrowed 
segment is reduced mainly due to turbulent energy losses. 
Autoregulation maintains basal flow distal to the stenosis by 
microvascular vasodilation up to a critical reduction in the 
vessel lumen area, beyond which resting coronary blood flow 
is also reduced [18]. Concurrently, the pressure drop across 
the stenosis leads to a pressure gradient along preexisting 
collateral vessels connecting to the normal vessel. In turn, 
they are recruited by flow augmentation from the donor 
artery across the collateral network to the stenotic recipient 
coronary artery. Heightened flow velocity leads to a propor-
tional increase in fluid shear stress, whereas the increased 
intravascular pressure leads to a proportional increase in cir-
cumferential wall stress [19]. With a prolonged stimulus, the 
collateral vessels (arteries and arterioles) react by increasing 
the lumen diameter (and also length; arteriogenesis) to nor-
malize fluid shear stress and by increasing the wall thickness 
to normalize circumferential wall [20].

5.3  Clinical Relevance of the Coronary 
Collateral Circulation

The thus provided net increase in coronary collateral bulk 
flow to the vascular area at risk for infarction varies consider-
ably depending on the existence and extent of preexistent 
anastomoses, on the severity of the upstream atherosclerotic 
obstruction, and on other environmental and also genetic 
factors (. Fig. 5.3) [21–23]. Blood flow can increase maxi-
mally 10–20-fold by arteriogenesis, but only 1.5–1.7-fold by 
angiogenesis, i.e., the process referring to sprouting of new, 
minute, high-resistance, low-flow capillaries (see also 
. Fig. 5.1) [24]. To generate the same lumen area as the artery 
by angiogenesis would essentially mean replacing the organ 
with capillaries [20]. Thus, arteriogenesis has the capacity to 
compensate for an occluded artery, whereas angiogenesis 
does not [25]. Even though mature collaterals are able to 
deliver bulk flow to jeopardized tissue, collateral remodeling 
stops short of completely reconstituting the function of an 
occluded artery [24, 26]. Primarily responsible for this cir-
cumstance is the premature normalization of the dominant 
driving force for continued outward remodeling – fluid shear 
stress. Even a small increase in luminal diameter leads to a 
much larger fall in fluid shear stress, consequence of fluid 
shear stress being inversely related to the third power of the 
vessel radius. Normal maximal blood flow is, therefore, not 
achievable even in healthy collateral-dependent tissues [7]. 
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Conversely, a complete functional reconstitution is achieved 
when fluid shear stress is artificially increased (see also 
. Fig. 5.2) [24, 26, 27]. Notwithstanding these pathogenetic 
limitations, coronary arteriogenesis salvages myocardium at 
risk for infarction and, thus, has a beneficial effect on survival 
(. Fig. 5.3) [28, 29].

The clinical relevance of the coronary collateral circula-
tion relates to the beneficial effect of well-developed collater-
als in preserving viability and function of dependent 
myocardium in the context of the acute and chronic manifes-
tations of CAD.  The partly contradictory results regarding 
the protective effect of coronary collaterals are chiefly related 
to the collateral circulation being both a marker of CAD 
severity and a predictor of future cardiac events [29]. In other 
words, the positive correlation between the angiographic 

presence of coronary collaterals and an unfavorable progno-
sis in patients with ischemic heart disease is confounded by 
the extent of CAD severity (explaining both) [30]. Therefore, 
an investigation aimed at the prognostic impact of collaterals 
has to correct for the severity of the underling coronary dis-
ease. A major determinant of long-term survival in coronary 
artery disease is LV ejection fraction, the preservation of 
which is associated with the coronary collateral circulation 
both in acute and chronic CAD [31]. With acute ischemia, 
the outcome is critically dependent on the extent of myocar-
dial infarction, which increases with coronary artery occlu-
sion time and with the area at risk for infarction, but decreases 
with increasing collateral supply [3, 5]. Therefore, the benefi-
cial effect of better and timely developed collaterals is self- 
evident in acute coronary syndrome [3]. Moreover, not only 

       . Fig. 5.2 Upper panels: Left coronary angiogram of a female 
heart transplant patient with iatrogenic fistula between the left ante-
rior descending (LAD) coronary artery and the right ventricle in the 
course of myocardial biopsy (2005: normal left coronary angiogram; 
anteroposterior cranial view; 2006: fistula →). In 2006, the LAD distal 
to the fistula is occluded with regard to antegrade flow. By 2009, the 

size of the LAD has much increased (upper right panel). Lower panels: 
Right coronary angiogram of the same patient. Between 2006 (left 
lower panel) and 2009 (right lower panel), the collateral vessels between 
the right coronary artery and the left anterior descending artery have 
become considerably larger; entire retrograde filling of the LAD to the 
site of occlusion/fistula [27]
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is the recovery of left ventricular function after reperfused 
acute myocardial infarction determined by the extent of col-
lateral supply, but it is also less dependent on time to reperfu-
sion in patients with sufficient collaterals [32]. Furthermore, 
in patients with acute myocardial infarction, poor collaterals 
are related to the early occurrence of cardiogenic shock, 
which portends a particularly high mortality [33]. In the con-
text of the arrhythmogenic potential of myocardial ischemia, 
a clinical study has shown a protective effect of the collateral 
circulation on ischemia-induced QT prolongation, while 
experimental studies primarily investigated the susceptibility 
to ventricular fibrillation in acute coronary occlusion [34].

With chronic ischemia, a (further) decline in LV function 
results from hibernating and stunned myocardium [35]. 
Here, the not infrequently encountered case of completely 
normal ventricular function in the presence of a CTO exem-
plifies the protective effect of the coronary collateral network 
[36, 37]. Furthermore, it has been shown that regional LV 
function is directly related to the amount of collateral flow 
during both acute and chronic coronary occlusions [31]. 
Concerning postinfarction sequelae, the relevant protective 
role of collaterals has been shown to result in a reduction of 
postinfarct ventricular dilatation and less ventricular aneu-
rysm formation [3].

Regarding the impact of the coronary collateral circula-
tion on mortality, the majority of studies have relied on angi-
ographic assessment. A recent meta-analysis included 12 
angiographic studies, as well as a large study with quantita-
tively determined collateral assessment [28]. The pooled 
study population consisted of more than 6500 patients with 
stable CAD or subacute and acute myocardial infarction. 
With high versus low coronary collateral circulation, a sig-
nificant 36 % reduced mortality was demonstrated (. Fig. 5.4) 
[28]. Similarly, the latest follow-up (mean 7.3 ± 4.3 years) of a 

large prospective cohort with chronic stable CAD and quan-
titatively assessed collateral function again showed a reduc-
tion in all-cause mortality and, specifically, relevant and 
significant reductions in cardiac mortality and major adverse 
cardiac events with a well-functioning coronary collateral 
circulation [29].

5.4  Assessment of Coronary Collateral 
Structure and Function

kCoronary Occlusion Model
Accurate assessment of the coronary collateral circulation 
requires (transient) coronary occlusion, regardless of the 
employed method [38]. In the presence of coronary stenosis, 
the contribution of normal antegrade blood flow cannot be 
discerned from the recruited blood flow via the anastomotic 
pathways. In the absence of a coronary stenosis, there is 
probably no measurable net blood flow across nonrecruited 
preformed collaterals. Noninvasive techniques, such as posi-
tron emission tomography perfusion imaging, are, therefore, 
limited to the remodeled collateral circulation supplying 
chronic total coronary occlusions [39]. With regard to inva-
sive techniques, qualitative and quantitative methods can be 
differentiated. Assessment of electrocardiographic signs dur-
ing coronary occlusion can further characterize the function 
of coronary collaterals [14]. Quantitative functional  measures 
of hemodynamic coronary stenosis severity, in particular 
fractional flow reserve (FFR), can be employed for intraindi-
vidual assessment of relative collateral function changes as 
long as the stenotic lesion is left untouched and given that 
coronary microcirculatory resistance to flow is constant and 
minimal. This is not an exemption to but a consequence of 
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       . Fig. 5.3 Frequency distribution (in percent; vertical axis) in quantita-
tive coronary collateral function expressed as collateral flow index (CFI, 
horizontal axis; i.e., the ratio of coronary occlusive pressure to aortic pres-

sure both subtracted by central venous pressure) among patients with 
and without coronary artery disease (CAD)
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the above condition of coronary occlusion for identifiable 
collateral measurement. Myocardial mass perfusion or myo-
cardial conductance results from both the contributions of 
coronary flow via the native patent coronary artery and of 
flow coming from adjacent native coronary arteries via anas-
tomoses (collateral flow) (. Fig. 5.5) [40].

kAngiographic Collateral Assessment
For proper angiographic assessment, occlusion of the 
collateral- receiving artery either spontaneously, or by bal-
loon inflation, is mandatory (. Fig. 5.6), even when some 
angiographic contrast filling of collaterals may be spontane-
ously present [14]. Furthermore, proper assessment by the 
angiographic method usually requires a double intubation 
technique to allow injection of contrast agent in the presum-
able (ipsi- and/or contralateral) donor artery and placement 
of an occluding balloon in the recipient artery (. Fig. 5.6). 
However, in clinical practice and even in clinical studies, 
balloon occlusion is rarely performed, when occlusion is not 
 spontaneously present, which lowers the sensitivity of the 
already blunt method. With the originally described angio-
graphic score according to Rentrop et  al. [41, 42], absent 
contrast filling of collateral connections or up to the side 
branch of the recipient artery denotes insufficient collaterals 
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(score of 0 and 1, respectively), while contrast filling of the 
epicardial main branch of the recipient artery, either partial 
(score of 2) or complete (score of 3), indicates sufficient col-
laterals. Although the Rentrop score shows (albeit moder-
ate) correlation with functional collateral measures, it has 

relevant shortcomings [40]. A major limitation is the inabil-
ity of the Rentrop score to adequately assess the functional 
significance, i.e., the protective effect, especially of recruit-
able but not spontaneously visible collateral vessels [43]. 
Instead of angiographic grading, assessment of collaterals by 
the semiquantitative washout collaterometry relies on the 
time to clearance of contrast medium trapped by balloon 
occlusion [44]. It correlates well with invasively determined 
collateral function and distinguishes accurately between suf-
ficient and insufficient collaterals [44].

kQuantitative Collateral Function Assessment
Invasively determined, quantitative measures of collateral 
function rely on the determination of distal coronary pressure 
or flow velocity signals [45]. To this purpose, a coronary guide 
wire, equipped with a pressure and/or Doppler sensor near its 
tip, is positioned distally in the coronary artery of interest. 
Temporary blockage of the normal antegrade flow is thereaf-
ter performed either during therapeutic coronary angioplasty, 
or diagnostic balloon occlusion at low inflation pressure, the 
acute and long-term safety of which has been confirmed [46]. 
Mean distal coronary occlusive pressure (Poccl) is then set in 
relation to the temporal mean of aortic pressure (Pao) mea-
sured via the angioplasty guide catheter, both subtracted by 
the back pressure, represented by central venous pressure 
(CVP), to calculate pressure-derived  collateral flow index 
(CFI, . Fig. 5.7) [45]. Similarly, distal flow velocity during 
coronary occlusion is compared against resting flow velocity 
when normal antegrade flow has been restored, to derive 
velocity-derived CFI [45]. Pressure signals can be reliably 
obtained and are robust to influences such as vessel anatomy, 
whereas Doppler signals are prone to wall-motion artifacts, 

       . Fig. 5.6 Right coronary artery (RCA) angiogram with double-intu-
bation technique in a patient with recanalized chronic total occlusion 
of the proximal left anterior descending coronary artery. During RCA 
contrast injection, the recanalized LAD occlusion is re-obstructed by an 
angioplasty balloon (opaque markers). The LAD is filled entirely via a 
large branch collateral artery
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       . Fig. 5.7 Quantitative measurement of coronary collateral function. 
Simultaneous recordings of phasic and mean aortic (P

ao
 for mean pres-

sure in red), distal coronary occlusive pressure (P
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 in black), and cen-
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is only very slightly above CVP, thus, CFI is close to zero, and therefore, 
the ECG ST segment markedly elevated
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and registration of optimal signals is often not achievable [14, 
45]. Pressure-derived CFI has been shown to correlate closely 
to myocardial perfusion during balloon occlusion as assessed 
by perfusion imaging and quantitative myocardial contrast 
echocardiography (MCE) [47, 48]. The limitation that is 
beyond a critical level of LV filling pressure >27 mmHg, Poccl is 
determined solely by this transmural force and no longer by 
collateral driving pressure (waterfall mechanism), applies in 
acute myocardial infarction [49]. Currently, pressure-derived 
CFI measurement is the gold standard for collateral assess-
ment. In a strict sense, sufficient collaterals have been defined 
as those preventing signs of myocardial ischemia in the very 
sensitive intracoronary ECG during coronary (balloon) 
occlusion [50, 51]. In this context, a pressure-derived 
CFI ≥ 0.217 best detects sufficient collateral supply [52]. In 
other words, a collateral supply amounting to more than 22 % 
of normal antegrade flow during epicardial coronary patency 
is sufficient to prevent myocardial ischemia under resting 
conditions, a finding supported by a study performed with 
single photon emission tomography among patients with 
acute myocardial infarction before revascularization [53].

5.5  Influence of Coronary Collateral 
Function on Hemodynamic Stenosis 
Measurement Using Fractional Flow 
Reserve

The abovementioned principle of coronary flow autoregula-
tion is tightly related to the role of the microcirculatory resis-
tance, and it is defined as the maintenance of resting 
myocardial perfusion (1 ml/min/g) under perfusion pressure 
challenges over a wide range of 50–150 mmHg (. Fig. 5.8) 
[18, 54]. Autoregulation of coronary flow can be entirely 
inhibited by inducing constant minimal microcirculatory 
resistance during maximal myocardial hyperemia. This is 
achieved in response to a brief and systematically applied 
episode of maximal ischemia, by physical exercise, cold pres-
sor test, and various pharmacological substances such as ace-
tylcholine, adenosine, dipyridamole, dobutamine, and 
papaverine. During inactivation of the coronary microcircu-
latory vasomotor function, coronary flow or perfusion 
changes are directly reflected by coronary perfusion pressure 
changes (. Fig. 5.8) [18]. Accordingly, Ohm’s physical law 
(ΔP = R•Q; see above) is practically applied to the coronary 
circulation. Indeed, it is the basis of nearly all clinical coro-
nary invasive measurements for the assessment of the hemo-
dynamic severity of stenotic lesion(s). This is the case despite 
several theoretical shortcomings of Ohm’s law in the pres-
ence of a fluid such as blood instead of water; that is, the vis-
cosity of water remains constant despite augmenting shear 
rate at the inner vascular surface while blood viscosity 
increases. This non-Newtonian behavior of blood has an 
overproportional influence of flow increase on endothelial 
activation and on microvascular resistance.

Currently, the pressure-derived, hyperemic ratio of 
mean coronary pressure distal to the stenosis (Pd) divided 
by mean aortic pressure (Pao) during adenosine infusion at 
140 μg/kg/min (fractional flow reserve, FFR) is regarded 
standard for the invasive coronary stenosis severity assess-
ment (. Fig. 5.9) [55, 56]. It is based on the above-
described theoretical framework involving Ohm’s law and 
the need for maximal hyperemia for inhibition of coro-
nary autoregulation. FFR measurement of intermediate 
coronary stenoses is recommended by guidelines when 
demonstration of ischemia by noninvasive testing is 
unavailable [57]. Notwithstanding, visual angiographic 
stenosis assessment of percent diameter reduction as the 
decisional basis for or against revascularization continues 
to be the far predominant method [58]. Technically and in 
the context of the robust coronary pressure recordings, Pd 
and simultaneous Pao are simple to acquire, and the induc-
tion of hyperemia using intravenous adenosine is safe. It is 
likely that the low acceptance rate of FFR in clinical rou-
tine is rather related to the small effort required in addi-
tion to angiography than to its theoretical shortcomings, 
which are now outlined.

In two of the studies importantly contributing to the 
mentioned guideline recommendation [57], FFR is defined 
as “maximal blood flow in a stenotic artery to normal 
 maximal flow” [59], and an FFR ≤ 0.80 is described as “a 
drop in maximal blood flow of 20 % or more caused by ste-
nosis”, respectively [60]. The two FFR definitions are consis-
tent, and they both point to the relevant variables “blood 
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       . Fig. 5.8 Schematic illustration of autoregulation of coronary blood 
flow, which is constant at around 1 ml/min over a wide range of perfu-
sion pressures (red line). During the state of maximum microcirculatory 
vasodilation (broken line), i.e., minimum resistance, coronary flow varies 
directly with varying perfusion pressures

 C. Seiler



73 5

flow,”  “maximal blood flow,” and “stenosis.” According to 
Ohm’s law, coronary pressure Pd can be taken for flow Q 
only under the necessary condition of a constant and mini-
mal microcirculatory resistance R: ΔP = R × Q. It is debat-
able whether R is constant and minimal using standard 
hyperemia induction with intravenous adenosine. 
Therefore, the term “flow” and the adjective “maximal” are 
subject to error.

The case shown in . Fig. 5.10 of a balloon-occluded ostial 
stenosis of the right coronary artery with simultaneously 
obtained FFR = 0.83 indicates that also the term “stenosis” in 
the above description of FFR is a misnomer (. Fig. 5.10). FFR 
in the situation of a total coronary occlusion would be 
expected below the “ischemic” detection threshold of 0.80, 
and it is only the angiographically depicted collateral supply 
from the left circumflex coronary artery, which can explain a 
“compensation” of a low FFR caused by the occlusion. Indeed, 
FFR as recorded in the catheterization laboratory for stenosis 
assessment is not a stenosis-specific but a myocardial hemo-
dynamic parameter:

FFR = FFRS + CFI [55], where FFRS is the stenosis-spe-
cific FFR and CFI (collateral flow index) is the above-out-
lined parameter of collateral function as determined 
during a 1-min coronary balloon occlusion [45]. The for-
merly cited description of FFR [59] implies that the contri-
bution of functional anastomoses between the coronary 
territories (collateral  circulation) is negligible. The case 
shown in . Fig. 5.10 contradicts the assumption of non-
functional anastomoses. Furthermore, immediately post-
occlusive hyperemia would be different from 
adenosine-induced hyperemia depending on the function 
of collaterals to the occluded vessel. . Figure 5.11 depicts a 
case without functional collaterals showing a lower post-
ischemic than adenosine-induced hyperemic FFR 
(. Fig. 5.11). The difference in FFR between the two types 
of hyperemia induction is directly related to CFI as 
obtained during a systematic 1-min proximal coronary 
balloon occlusion (. Fig. 5.12). The direct and stenosis-
mitigating influence of CFI on FFR leave it open whether 
the survival benefit of patients deferred for PCI on the 
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       . Fig. 5.9 Angiogram 
of the left coronary artery 
with serial stenoses of the 
left circumflex artery (upper 
panels). The pressure sensor 
wire (location of the sensor 
at the junction between the 
light and the opaque part of 
the wire) is first positioned 
proximal to the tightest 
stenosis (left upper panel), and 
then distal to it (right upper 
panel). The pressure tracings 
(lower panel) are recorded with 
the pressure sensor distal to 
the stenoses (wire tip in the 
marginal branch). The follow-
ing phasic and mean pressures 
are recorded simultaneously: 
Aortic pressure, P

ao
 (mean) in 

red, coronary pressure distal 
to the stenoses in black (P

d
), 

central venous pressure in blue 
(CVP). Fractional flow reserve 
(FFR) is taken as the steady 
state minimum ratio of P

d
/P

ao
 

(broken lines) over several 
cardiac cycles
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basis of FFR > 0.80 (FAME1 trial [59]) is due to the insig-
nificance of the untouched stenosis or to the protective 
effect of the collateral circulation [28]. This uncertainty 
does, however, not contradict the recommendation of FFR 
measurement as invasive ischemia test in the absence of 
noninvasive testing. Its purpose is sorting out the coro-
nary stenosis in which no PCI has to be performed. 
Conversely, in hemodynamically relevant stenosis 
(FFR ≤ 0.80) PCI should be proven superior to medical 
therapy among patients with chronic CAD. This was the 
aim of the a cited FAME2 study [60]; its only positive find-
ing of a 4.0 % rate during 2 years in urgent revasculariza-
tion in the PCI group vs. 16.3 % in the medical group 
(p < 0.0001) cannot be interpreted as PCI efficiency, but as 
self-fulfilling prophecy keeping in mind that the study 
was designed open label and the FFR threshold for isch-
emia ≤0.80 was well accepted beforehand. In this setting, 
the physician of a patient in the medical group with chest 
discomfort was overly motivated for urgent referral for 
PCI.  In other words, there was a bias by study design in 
favor of urgent revascularization in the medical group by 
omitting PCI at study inclusion.

5.6  Conclusions

Remodeling or arteriogenesis of the coronary circulation 
describes the structural transformation of the coronary arte-
rial tree with its native vascular branches and anastomoses in 
response to permanently altering flow conditions. Vasculogen-
esis occurs during embryologic development of the circulatory 
system and is the de novo formation of blood vessels from 
endothelial precursor cells, which migrate and differentiate in 
response to local signals. New vessels can subsequently develop 
from the preexisting plexus by sprouting and intussusception. 
This formation of new vessels is defined as angiogenesis. The 
basic physiologic and physical principles operative in the coro-
nary circulation in general also apply to its anastomoses, i.e., 
the collateral arteries and arterioles. A well-developed coro-
nary collateral circulation is beneficial by reducing all-cause 
mortality. The coronary collateral circulation is functionally 
assessed by collateral flow index (CFI) measurement, i.e., the 
ratio of simultaneously obtained mean coronary occlusive and 
mean aortic pressure both subtracted by central venous pres-
sure. CFI directly interferes with the hemodynamic relevance 
of a coronary stenosis by mitigating its significance.
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6.1 Abbreviations

ADMA  Asymmetric dimethylarginine

Ach Acetylcholine

CAD Coronary artery disease

CBF Coronary blood flow

CFR Coronary flow reserve

CHD Coronary heart disease

CMD Coronary microvascular dysfunction

CV Cardiovascular

CVRF Cardiovascular risk factors

ED Endothelial dysfunction

EDCF Endothelium-derived contracting factor

EDRF Endothelium-derived relaxing factor

EF Endothelial function

eNOS Endothelial nitric oxide synthase

FMD Flow-mediated vasodilation

LVH Left ventricular hypertrophy

MBF Myocardial blood flow

NO Nitric oxide

RH-PAT Reactive hyperemia-peripheral artery tonometry

ROS Reactive oxygen species

6.2  From Traditional Risk Factors to a More 
Personalized Medicine

The atherosclerotic plaque and its limitation to normal coro-
nary blood flow (CBF) constitute the more evident effect of 
traditional cardiovascular risk factors (CVRF) on the endo-
thelium of epicardial coronary arteries. However, at an early 
stage, CVRF may cause coronary microvascular dysfunction 
(CMD) prior to any plaque development through both an 
endothelial-dependent and endothelial-independent mecha-
nism. Clinical studies have shown that in patients without 
known risk factors for coronary artery disease (CAD), intra-
coronary infusion of acetylcholine (Ach, an endothelium-
dependent vascular relaxant) vasodilate normal epicardial 
and coronary microvascular arteries, while in patients with 
traditional and nontraditional CVRF, the same agent failed to 
dilate and even mediated vasoconstriction (reflecting the 
effect of muscarinic vascular smooth muscle contraction), 
even in the absence of angiographically detectable athero-
sclerotic lesions [1]. This paradoxical effect is the result of 
endothelial dysfunction (ED). Since endothelium flow- 
related regulation is present in small resistance arterioles up 
to 100–200  μ [2, 3], coronary microvascular ED can be 
assessed after intracoronary infusion of Ach, by measuring 
the epicardial vessel diameter and velocity through a Doppler 
wire to calculate CBF [4]. Moreover, there is evidence of a 
longitudinal gradient for endothelium-dependent and 
endothelium- independent vascular responses in the coro-
nary microcirculation [2, 3]. Adenosine increases blood flow 
in the coronary microcirculation, mostly by non- endothelial- 
dependent mechanisms predominant in arterioles less than 

100 μm [3, 5], via receptors on microvascular smooth muscle 
cells that modulate intracellular calcium [6]. Therefore, when 
the vasodilator stimulus is through intracoronary adenosine 
(bolus or infusion), an essentially endothelial-independent 
coronary flow reserve (CFR) can be quantified measuring 
velocity through a Doppler wire [4]. Remarkably, the intrave-
nous infusion of adenosine as used in less invasive methods 
to assess CFR is unable to localize the relative contribution of 
ED to the CMD since it mediates an increase in myocardial 
oxygen demand (significantly decreasing arterial pressure 
and increasing heart rate) [7] and therefore increases CBF 
flow by both endothelium-dependent and non-endothelium- 
dependent mechanisms. During the last decade, most of the 
evidence on the effect of CVRF over the coronary microcir-
culation comes from studies performed with less invasive 
methods using intravenous adenosine infusion. To minimize 
confussion we will include these studies under the title “non-
endothelium- dependent coronary microvascular dysfunc-
tion.” However, at present, the most definite evaluation of the 
coronary microcirculation remains invasive in nature [3] 
allowing us to precisely address the contribution of 
endothelial- dependent and endothelial-independent mecha-
nisms on CMD. This is an important concept since in acccor-
dance to previous reports, there is conflicting evidence of the 
predictive value of CFR for CV events; however, the predic-
tive value of epicardial and microvascular ED in predicting 
major CV events is well established [8–10].

Endothelial dysfunction (ED) is a predominantly func-
tional first manifestation of atherosclerosis, but it is also 
important in the pathogenesis of atherosclerosis because it 
contributes to the initiation and evolution of prothrombotic, 
proinflammatory and proliferative states. ED is associated 
with unfavorable physiological vascular changes such as 
vasomotor tone alterations, thrombotic dysfunctions, smooth 
muscle cell proliferation and migration, as well as leukocyte 
adhesion [11]. Its development precedes vascular morpho-
logical changes and occurrence of atherosclerotic complica-
tions [12]. Most traditional CVRFs have the potential to 
initiate endothelial cell injury and abnormal repair causing 
ED [13]. However, many individuals with coronary heart dis-
ease (CHD) have only one, if any of the classic CVRFs which 
taken together are thought to account for only 50 % of CHD 
[14], indicating the existence of nontraditional risk factors for 
atherosclerosis. Moreover, there is a notable interindividual 
heterogeneity in response to CVRFs, also affecting cardiovas-
cular drug efficacy. For example, considerable residual risk 
persists among patients treated with even maximal dose of 
statins. Approximately  22 % of patients acute coronary syn-
drome (ACS) and 9 % of patients with stable CHD proceeded 
to second cardiovascular events during 2-year and 5-year of 
follow-up period, respectively [15, 16]. Thus, the current 
non-individualized patient-specific approach may have limi-
tations derived from the insufficiency of CVRF to accurately 
identify individual risk or etiologic causes of atherosclerosis.

Invasive assessment of coronary endothelial function by 
catheterization is considered the reference standard for eval-
uating coronary microvascular dysfunction (CMD) [4], but 
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its invasive nature precludes its widespread use in the popu-
lation. Based on the systemic nature of ED [17], basically two 
peripheral noninvasive techniques, brachial artery flow- 
mediated vasodilation (FMD) and reactive hyperemia- 
peripheral arterial tonometry (RH-PAT), have been 
developed, and both are based on the same principle of reac-
tive hyperemia. There is conflicting evidence about the rela-
tionship between endothelial function (EF) in the coronary 
and brachial arteries [18, 19], and considering the different 
physiological role of conduit and resistance arteries, impor-
tant differences should be considered. Whereas reduced NO 
activity in response to stimuli plays a central role in the 
pathophysiology of ED in the conduit arteries, NO in the 
microcirculation may primarily modulate tissue metabolism. 
Since metabolic and other factors are becoming increasingly 
important in the regulation of microvascular function, phar-
macologic tests inducing NO release might not reflect the full 
physiologic adaption of microvascular EF in response to 
exercise or ischemia. Furthermore, brachial FMD is particu-
larly sensitive to being impaired by traditional risk factors 
(e.g., age, hypertension), whereas fingertip RH- PAT index 
(RHI) that reflects smaller vessels is more sensitive to meta-
bolic risk factors, especially body mass index and diabetes 
mellitus. Micro- and macrovascular dysfunction could also 
reflect different stages of vascular disease as conduit artery 
ED may be more important in patients with  existing athero-
sclerosis and microvascular dysfunction may be an earlier 
indicator of risk. The fact that micro- and macrovascular EF 
only show a moderate correlation with each other should 
raise caution against the extrapolation of findings in one cir-
culation level to the other and argue for the integration of the 
methods [20].

In summary, direct assessment of vascular injury by mea-
suring EF rather than risk factor estimation could be a reli-
able method to identify the functional significance of CVRF 
in a more personalized approach to individual patient risk. 
Moreover, ED may be regarded as an integrated index of all 
atherogenic and atheroprotective factors present in an indi-
vidual, including unknown factors and genetic predisposi-
tion [21]. Thus, it can be a potentially useful clinical strategy 
to consider EF in the assessment of atherosclerosis and the 
vulnerability of the patients not only to prevent atheroscle-
rotic complications but also to determine the efficacy of cur-
rent ongoing and future therapeutic options. Targeting and 
treating ED would be treating atherosclerosis itself.

6.3  Molecular Basis of Endothelial 
Dysfunction in Vascular Disease

Endothelial dysfunction (ED) results essentially from a loss 
of nitric oxide (NO) activity that may be secondary to inabil-
ity of the endothelium to generate adequate amounts of bio-
active NO or an increase in the degradation of NO. The most 
relevant physiological effects of NO on the vascular wall are 
summarized in . Table 6.1. The earliest detectable manifesta-
tion of atherosclerosis is a decrease in the bioavailability of 

NO in response to physiological, pharmacologic, or hemody-
namic stimuli [22]. The result is an impairment of NO- 
mediated vasodilation but also an impairment of its 
anti-inflammatory and anticoagulant properties [23–26].

A decrease in the bioavailability of NO is largely consid-
ered to be the central mechanism for ED, even though other 
endothelium-derived relaxing (EDRF) or contracting factors 
(EDCF) may be also involved. Classically, the term EDRF 
referred mainly to NO; however, it has been recognized that 
there are several types of EDRFs, including NO, PGI2, and 
the endothelium-derived hyperpolarizing factor (EDHF). 
Each EDRF induces the relaxation of proximal vascular 
smooth muscle cells through its own pathway [27] (. Fig. 6.1).

Nitric oxide is produced by three isoforms of NO syn-
thase, and one of them is located in the endothelium: endo-
thelial nitric oxide synthase (eNOS). All NOS utilize l-arginine 
and molecular oxygen as substrates and require cofactors: 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), flavin adenine dinucleotide (FAD), flavin mono-
nucleotide (FMN), and (6R-) 5,6,7,8- tetrahydrobiopterin 
(BH4). All NOS bind calmodulin and contain hem [28].

The most well-recognized mechanism of NO for vasore-
laxation is the activation of soluble guanylyl cyclase (sGC) in 
smooth muscle cells. Activated sGC catalyses the conversion 
of guanosine triphosphate (GTP) to cyclic guanosine mono-
phosphate (cGMP). cGMP directly and indirectly modulates 
numerous targets, including protein kinases such as protein 
kinase G (PKG) which is the primary downstream target of 
cGMP in smooth muscle cells. PKG activates the myosin 
light-chain phosphatase (MLCP), which dephosphorylates 
smooth muscle myosin, resulting in vasorelaxation [29].

Cardiovascular risk factors are associated with an 
increased production of reactive oxygen species (ROS) a phe-
nomenon called oxidative stress, mainly through NADPH 
oxidases upregulation and uncoupled eNOS (. Fig. 6.2) [28]. 

       . Table 6.1 Nitric oxide vascular functions

Regulating vascular tone

Relaxing vascular smooth muscle cells

Inhibiting endothelin-1 production

Anti-inflammatory atheroprotective

Inhibiting LDL oxidation and lipid entry into the arterial intima

Inhibiting leukocyte adhesion

Inhibiting smooth cells proliferation

Antithrombotic

Inhibiting platelet adhesion

Inhibiting platelet aggregation

Adaptive remodeling to chronic changes in flow

Angiogenesis

Reparative (activation of endothelial progenitor cells)
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       . Fig. 6.1 Small resistance arteries induce vasorelaxation via mul-
tiple vasorelaxing pathways including NOS, COX, and EDHF pathways 
in the normotensive condition. COX in endothelial cells produces 
PGI2. PGI2 can cross the membrane of endothelial cells and binds 
IP receptor on the plasma membrane of smooth muscle cells, which 
induces the activation of the adenylyl cyclase (AC)/cyclic adenosine 
monophosphate (cAMP)/protein kinase A (PKA) signal transduction 
pathway. Activated PKA phosphorylates target proteins, resulting 
in vasorelaxation. eNOS produces NO in response to several stimuli 
such as shear stress, hypoxia, and vasoactive neurotransmitters. NO 

activates soluble guanylyl cyclase (sGC) in smooth muscle cells. Acti-
vated sGC catalyzes the conversion of guanosine triphosphate (GTP) 
to cyclic guanosine monophosphate (cGMP). cGMP directly and indi-
rectly modulates numerous targets, including protein kinases such 
as protein kinase G (PKG), resulting in vasorelaxation. Intercellular 
K+ ion, EETs, hydrogen peroxide (H

2
O

2
), and gap junctions, proposed 

candidates of EDHF, induce various K+ channel activation by complex 
mechanisms to facilitate hyperpolarization of the underlying smooth 
muscle cells, which results in vasorelaxation [27] 
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       . Fig. 6.2 NADPH oxidases upregulations and eNOS overexpres-
sion are common in vascular disease. H

2
O

2
, the dismutation product 

of O
2
−, can increase eNOS expression via transcriptional and post-

transcriptional mechanisms (SOD, superoxide dismutase). In addition, 
protein kinase C inhibitors reduce e NOS expression levels in vascular 

disease. The products of NADPH oxidases and eNOS, O
2
, and NO rap-

idly recombine to form peroxynitrite (ONOO−). This can oxidize the 
essential cofactor of eNOS tetrahydrobiopterin (BH4) to trihydrobiop-
terin radical (BH

3
) which disproportionate to the quinonoid 6,7-[8H]-

H2-biopterin (BH2). This sequence cause “eNOS uncoupling” [28]
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However, there are other potentially implicated enzyme sys-
tems such as xanthine oxidase and enzymes of the mitochon-
drial respiratory chain. Oxidative stress contributes to ED by 
activating protein kinase C (PKC), polyol, hexosamine, and 
NF kappa B pathways, as well as increasing asymmetric 
dimethylarginine ADMA and advanced glycation end prod-
ucts [30].

The NADPH oxidases are expressed in the three lay-
ers of vascular wall: endothelial and smooth muscle cells, 
as well as in the adventitia. In the presence of CVRF and 
many types of vascular disease, NADPH oxidases are 
upregulated in the vascular wall and generate superoxide 
(O2

−). In experimental diabetes mellitus and angiotensin 
II-induced hypertension, this has been shown to be medi-
ated by PKC [31]. Expression of eNOS is also increased in 
vascular disease. The dismutation product of O2

− (hydro-
gen peroxide, H2O2) and PKC activation can both increase 
eNOS expression [32]. Oxidative stress will increase deg-
radation of NO by its reaction with superoxide, but it may 
also convert eNOS from an NO- producing enzyme to a dys-
functional enzyme that generates superoxide. This process 
has been referred to as NOS uncoupling (. Fig. 6.3). The 
enhanced endothelial NOS expression aggravates the situ-
ation. Mechanisms implicated in eNOS uncoupling include 
oxidation of the critical NOS cofactor BH4, depletion of 
l-arginine, accumulation of endogenous methylarginines, 
and S-glutathionylation of eNOS. The products of NADPH 
oxidases and eNOS (O2

− and NO) rapidly recombine to 
form peroxynitrite (OONO−) which oxidize the essential 
cofactor of endothelial NOS tetrahydrobiopterin (BH4) to 

trihydrobiopterin (BH3) [33] which disproportionate to the 
quinonoid (BH2). The oxidation of BH4 to biologically inac-
tive products such as the BH3 radical or BH2 also reduces 
the affinity of the substrate l- arginine to NO, and eNOS 
catalyses the uncoupled reduction in O2, leading to the pro-
duction of O2

−, H2O2, and peroxynitrite which may result in 
cellular oxidative injury.

The conventional risk factors for atherosclerosis, hyper-
tension, diabetes mellitus, and hypercholesterolemia are all 
associated with excess ROS. As a result, NO bioavailability 
is reduced and NO-mediated vasodilation is impaired. This 
is the situation where EDHF may play a more prominent 
role in agonist-induced vasodilation. Hyperpolarization of 
vascular smooth muscle cells may cause vasorelaxation by 
decreasing the opening of voltage-gated Ca2+ channels to 
reduce Ca2+ influx which results in vascular relaxation [34]. 
In conditions of enhanced oxidative stress where NO levels 
are reduced, EDHF can compensate for loss of NO-mediated 
vasodilation [35, 36]. There is evidence to suggest the exis-
tence of more than one EDHF within a single vessel; candi-
dates proposed as EDHFs include H2O2, K+ ion, gap 
junctions, and epoxyeicosatrienoic acids which are metab-
olites of arachidonic acid produced by the epoxygenase 
pathway [37].

6.4  Arterial Hypertension

6.4.1  Non-endothelium-Dependent 
Coronary Microvascular Dysfunction

The blunting of CFR in hypertension is associated with left 
ventricular hypertrophy (LVH) [38]. Impairment of CFR is 
transmural and correlates with systolic blood pressure. 
Under resting conditions subendocardial myocardial blood 
flow (MBF) is higher than subepicardial MBF. Consequently, 
CFR is lower in the subendocardium as a result of a higher 
baseline MBF.  However, during pharmacologic stress and 
exercise, the coronary resistance decreases. The expected 
MBF increase in patients is severely impaired across the 
myocardium due to higher extravascular compression as 
compared to age- and sex- matched normal volunteers [39]. 
Remarkably, this transmural impairment is different to the 
subendocardial selective one observed in patients with aortic 
stenosis [38, 40].

A combination of different mechanisms contribute to the 
impairment of endothelial-independent CMD (CFR) in 
long-standing hypertension with LVH, including the 
increased volume of cardiomyocytes, perimyocytic fibrosis 
resulting in a relative rarefaction of capillaries [41], sympa-
thetically mediated vasoconstriction [42], and arteriolar 
remodeling with increased wall/lumen ratio and perivascular 
fibrosis [43, 44].

The observed impairment of CFR and increased coronary 
vascular resistance in systemic hypertension could result not 
only from changes in the structure of coronary resistance 
vessels both intrinsic and secondary to the increased blood 
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       . Fig. 6.3 Nitric oxide (NO) is produced from l-arginine and 
molecular oxygen (O

2
) by endothelial nitric oxide synthase (eNOS) in 

a “coupled” process involving tetrahydrobiopterin (BH
4
) and nicotin-

amide adenine dinucleotide phosphate (NADPH). When “uncoupling” 
of NO production exists due to a reduction in the receptor-mediated 
intracellular availability of l-arginine (by oxidized LDL), an increased 
redox imbalance (due to increased NADH/NADPH), and/or decreased 
availability of BH

4
 (due to oxidation), the result is a transference of 

electrons to O
2
 to form superoxide (O

2
−). Superoxide in turn reacts with 

and consumes NO, forming the oxidant species peroxynitrite (OONO−) 
and hydrogen peroxide
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pressure [45] but also from the effects of a “relative” and 
“functional” capillary rarefaction [41]. The decrease of the 
cross-sectional area of the resistance arterioles is paralleled 
by a chronic constriction to compensate the elevated perfu-
sion pressure, which in turn leads to a dysfunctional micro-
circulation less responsive to vasodilator stimuli. This is 
somewhat different to what occurs in aortic stenosis wherein 
left ventricular outflow obstruction in subcoronary position 
protects the coronary vessels from increased pressure. It pre-
vents arterial wall thickening, rendering subendocardial ves-
sels more deformable and sensitive to the increased 
intracavitary pressure. Furthermore, if capillary density is 
estimated as capillary number per unit area, the density is 
decreased proportionally to the increase of the volume of the 
myocytes, and therefore, there is “relative” rarefaction rather 
than decrease of absolute number of capillaries. In addition, 
anatomically existing but underperfused vessels can cause a 
“functional” rarefaction.

6.4.2  Endothelial-Dependent Coronary 
Microvascular Dysfunction

Forearm circulation [46–48] and CBF [49] in response to the 
intra-arterial injection of ACh are reduced in patients with 
hypertension. Such impaired endothelium-dependent vasore-
laxation has also been observed in numerous studies using 
hypertensive animal models. It is not clear if ED is the cause [50] 
or a consequence [51, 52], but there is evidence of its role in the 
functional abnormalities of epicardial coronary arteries [53–56] 
and resistance vessels [57] observed in hypertensive patients. 
Remarkably, arterial hypertension without established LVH has 
no apparent effect upon systemic ACh- induced increases in 
CBF in the intact human coronary circulation [56]. At this stage, 
ED can be confined to epicardial coronary arteries.

Small resistance arteries induce vasorelaxation via multi-
ple vasorelaxing pathways including NOS, COX, and EDHF 
pathways in the normotensive condition. The contribution of 
EDHF-mediated relaxation appears significantly greater in 
small resistance vessels than in large conduit vessels [58, 59] 
and when the eNOS pathway is absent [36]. However, the 
NOS-dependent component becomes the primary EDRF 
pathway in small arteries in the hypertensive condition, in 
which NOS utilizes both NOS-derived NO/cGMP and NOS- 
dependent H2O2 to promote vasorelaxation, while other 
EDRFs are diminished [27].

6.4.3  Effect on Epicardial Conductance 
Vessel

As long as hypertension has not already induced LVH and 
thereby affected endothelium-independent CFR and 
endothelium- dependent CBF, coronary ED in hypertensive 
patients is confined to the large epicardial vessels, which are 
continuously exposed to high pulsatile pressure and shear 

stress [60–62]. In those patients, ED can be detected through 
FMD of the brachial artery [46], even when hypertensive 
vascular disease rarely develops in the large vessels of the 
human forearm circulation, as opposed to the large arteries 
of the cerebral and limb circulation which are common tar-
gets of hypertension.

Systemic hypertension may presumably have a role on 
wall shear stress (WSS) and pressure drop through a coro-
nary stenosis (plaque stress) that may result in coronary 
plaque rupture. Accordingly, systolic blood pressure predicts 
cardiovascular ischemic events [63]. It is well known that 
WSS is atherogenic by attenuating the expression of genes 
that may protect against atherosclerosis, including forms of 
the enzymes superoxide dismutase and eNOS with its depen-
dent atheroprotection. However, evidence suggests that WSS 
represents a negligible load on the developed plaque when 
compared with pressure. It seems that pressure distribution 
across the stenosis is more important for plaque vulnerability 
and rupture. Any increase in systemic pressure over a coro-
nary stenosis will increase the pressure drop through the ste-
nosis (plaque stress) becoming an important mechanical 
trigger for plaque rupture [64].

6.4.4  Reversibility with Pharmacologic 
Intervention

An adequate control of hypertension is expected to induce a 
parallel improvement in CFR and CBF through regression of 
LVH. Concomitantly but even before this happens, a signifi-
cant improvement of peripheral and coronary ED can be 
achieved with the use of specific drugs (. Table 6.2).

 Renin-Angiotensin-Aldosterone System 
(RAAS) Inhibitors
In addition to lowering blood pressure, angiotensin- 
converting enzyme inhibitors (ACEIs) and angiotensin- 
receptor blockers (ARBs) possess direct cardiovascular 
protective effects. ACEIs improve EF by reducing the pro-
duction of angiotensin II [65, 66]. Similarly, the mechanisms 
by which ARBs improve EF are based on their ability to 
inhibit angiotensin II receptors [66]. Although studies on the 
effects of ACEIs and ARBs on ED have yielded conflicting 
results, two meta-analyses of randomized controlled trials 
demonstrated that each of ACEIs and ARBs improved 
peripheral EF and are superior to other antihypertensive 
drugs including calcium channel blockers and β-blockers 
and there was no significant difference between ACEIs and 
ARBs effect on EF [67, 68].

Aliskiren is a non-peptide renin inhibitor, which blocks 
RAAS at the first and rate-limiting step, therefore reducing the 
circulating levels of angiotensin II (at least theoretically) more 
effectively than ACEIs and ARBs. A recent study reported that 
the addition of aliskiren had beneficial effect on EF [69]. 
However, another study demonstrated that renin inhibition 
with aliskiren did not improve EF which is in accordance to 
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the negative clinical trial using the drug [70–72]. Therefore, 
evidence on the effect of aliskiren on EF in human is scarce, 
and the results are conflicting. Also, clinical efficacy of aliski-
ren on cardiovascular outcomes is still not clear. Ongoing 
clinical trials series, evaluating the effects of aliskiren on car-
diovascular outcomes, will identify the role of direct renin 
inhibition as an alternative treatment for hypertension and 
other atherosclerotic diseases.

 Calcium Channel Blockers
Certain dihydropyridine-type calcium channel blockers 
(CCB) have been shown to modify EF by enhancing eNOS 
activity resulting in increased NO production [73]. Although 
not randomized, one study showed that lacidipine improved 
peripheral EF as assessed by intra-brachial infusion of ACh 
and bradykinin, in hypertensive subjects [74]. The Evaluation 
of Nifedipine and Cerivastatin on Recovery of Coronary 
Endothelial Function (ENCORE) I and II trials showed that 
long-acting nifedipine consistently improved coronary EF for 

up to 2 years in patients with stable CHD [75, 76]. On the 
other hand, in a randomized double-blind study of apparently 
healthy young adults with a strong family history of premature 
of CAD but no other identifiable CVRF, although amlodipine 
significantly improved peripheral EF, its improvement did not 
significantly differ from placebo group [77]. To date no meta-
analyses on the effects of CCB on EF have been reported. 
Further studies are needed to clarify these relationships.

 β-Blockers
The third-generation β-blockers nebivolol and carvedilol 
may improve EF.  Nebivolol causes vasodilation primarily 
through the release of endothelium-derived NO [78]. 
 Interestingly, intra-arterial infusion of nebivolol in the fore-
arm of healthy subjects is associated with an increase in 
forearm blood flow, which can be prevented by NO synthe-
sis inhibition [79, 80]. It is thought to be mediated through 
β3 receptor activation and by interaction with estrogen 
receptors [81]. Carvedilol, a nonselective β-blocker with 

       . Table 6.2 Reversibility of ED with pharmacological intervention

QE RCT Meta-An Evidence of benefit

Hypertension

ACEi/ARB ++ Robust

Aliskiren + Insufficient

CCB + (Lacidipine) + (Nifedipine)
− (Amlodipine)

Conflicting

Beta-blockers + (Carvedilol) + (Carvedilol) Consistent

Dyslipidemia

Statins + + Robust

l-Arginine + Insufficient

CETPi − Deleterious

Lp-PLA
2

Insufficient

Omega-3 + + Robust

Diabetes mellitus

Insulin +/− Insufficient

Metformin +/− Conflicting

Sulfonylureas + (Gliclazide)
− (Glibenclamide)

Conflicting

Thiazolides +/− Conflicting

α-Glucosidase +/− Conflicting

GLP1-agonist + + Consistent

DPP4 + + Consistent

ED endothelial dysfunction, QE quasi-experimental study, RCT randomized clinical trial, Meta-A meta-analyses, + beneficial effect, − not use-
ful or deleterious effect, ACEi angiotensin-converting enzyme inhibitors, ARB angiotensin-receptor blockers, CCB calcium channel blockers, 
CETPi cholesterol ester transfer protein inhibitors, Lp-PLA

2
 lipoprotein-associated phospholipase A

2
 inhibitors, GLP1 glucagon-like peptide-1, 

DDP4 dipeptidyl peptidase 4 inhibitor. See text for references
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additional α1 adrenoceptor antagonist activity, also has 
been shown to elevate antioxidant effect and improve ED 
[82]. In a recent randomized study of patients with hyper-
tension and diabetes mellitus, compared with metoprolol, 
carvedilol was able to improve EF as assessed by FMD [83].

6.5  Dyslipidemia

6.5.1  Non-endothelium-Dependent 
Coronary Microvascular Dysfunction

Using positron emission tomography (PET) myocardial 
blood flow measurement in response to intravenous adenos-
ine, a reduction in CFR (presumably by both endothelium- 
and non-endothelium-dependent mechanisms) has been 
documented in hypercholesterolemic asymptomatic subjects 
with normal coronary arteries [84, 85].

6.5.2  Endothelial-Dependent Coronary 
Microvascular Dysfunction

Patients with coronary atherosclerosis and normal cholesterol 
levels may show reductions in epicardial artery cross- sectional 
areas and impairment of papaverine-induced increases in 
CBF. In contrast, patients with high cholesterol level exhibit a 
selective impairment of their coronary microvasculature to 
relax in response to ACh [1, 56] which is directly related to the 
total serum cholesterol level and may respond to therapy [86]. 
Several mechanisms of low-density lipoprotein (LDL)-
associated vascular dysfunction have been reported. Reduced 
endothelial NO bioactivity has been demonstrated in hyper-
cholesterolemic animals [87] and humans [56]. The oxidized 
form of LDL is markedly more effective than native LDL cho-
lesterol in causing ED [88, 89] by reducing NO synthesis 
through an interference with the receptor- mediated intracel-
lular availability of l-arginine [87]. Oxidized LDL cholesterol, 
per se, has been shown to cause ED in vitro [88] and to decrease 
endothelium-dependent vasodilation in ex vivo experiments 
[89]. Interestingly, very early in the process of atherosclerosis 
during hypercholesterolemia in humans, endothelium-depen-
dent responses are impaired first by a depressed receptor-
mediated initiation of the production and/or release of EDRF, 
whereas flow- dependent dilation, which is strictly endothe-
lium dependent but bypasses receptor-mediated mechanisms, 
is well preserved [1]. In addition, LDL cholesterol has been 
shown to increase vascular production of superoxide anion 
[90, 91] which can inactivate NO rapidly [92].

6.5.3  Effect on Epicardial Conductance 
Vessels

Extracellular lipid accumulation is a first step in atheroma 
formation. This process is considered to be associated with 

a chronic inflammatory process [22] closely related to alter-
ations in lipid metabolism, since inflammatory cells are 
never seen in the intima in the absence of lipid [93]. 
Permeability of endothelium, which can be regarded as a 
parameter of endothelial function favours LDL increases at 
sites of lesion predilection. They accumulate in the intima, 
bind to proteoglycan, and tend to coalesce into aggregates. 
Lipoprotein particles bound to proteoglycan have increased 
susceptibility to oxidative stress. Later, intracellular lipid 
accumulation results in foam cell formation. Up to this 
point, the atheroma lesion consists primarily of lipid-
engorged macrophages. Complex features such as fibrosis, 
thrombosis, and calcification are not present at this time, 
and evidence suggests that such lesions can regress, at least 
to some extent. A large lipid pool is an important microana-
tomic feature of the so-called vulnerable atherosclerotic 
plaque. From a strictly biomechanical viewpoint, a large 
lipid pool can serve to concentrate biomechanical forces on 
the shoulder regions of plaques, which are common sites of 
rupture of the fibrous cap [94]. The coronary segments with 
ED in patients with minimal coronary atherosclerosis are 
associated with plaque characteristics that are typical of vul-
nerable plaques such as large lipid core [95, 96] and macro-
phages accumulation [97] even prior to the development of 
any visible lesion.

6.5.4  Reversibility with Pharmacologic 
Intervention

ED has been demonstrated to be reversible after dietary cor-
rection of hypercholesterolemia [98] and a number of other 
cholesterol-lowering strategies and specific drugs. However, 
not all the findings are consistent, suggesting that ED is a 
complex condition that may require a multifactorial strategy 
to achieve the best cardiovascular outcome.

 Statins
A number of randomized, placebo-controlled studies have 
shown beneficial effects of statins on ED in type 2 diabetes 
(T2D) subjects [99, 100]. However there is conflicting evi-
dence [101, 102]. Improvement in EF occurred within days 
of treatment, prior to any plasma lipid changes, and was cor-
related with a reduction in oxidative stress, inflammation, 
and endothelial cell activation [103]. Statins reduce cardio-
vascular events beyond their cholesterol-lowering effects and 
play an important role in the primary and secondary preven-
tion in high-risk individuals [104, 105]. The beneficial effect 
of statins on coronary and peripheral EF is attributed partly 
to their anti-inflammatory and antioxidant properties [105]. 
A recent meta-analysis of 46 randomized clinical trials con-
cluded that statin therapy is associated with a significant 
improvement in both coronary and peripheral EF [106]. 
However, not all studies proved the beneficial effect of statins 
on EF [107], and noteworthy, considerable residual risk per-
sists among statin-treated patients.

 L.F. Valenzuela-García et al.



89 6

 l-Arginine
Microvascular ED of patients with hypercholesterolemia has 
been demonstrated to be reversible by l-arginine [108]. Also, 
the administration of l-arginine normalizes CBF responses 
to ACh in vivo in humans with hypercholesterolemia but has 
no effect in patients with atherosclerosis and normal levels of 
cholesterol. However, there is conflictive evidence on the 
subject. Although the proposed mechanism would be an 
interference of lipoproteins with the receptor-mediated 
intracellular availability of l-arginine, we have shown that its 
effect is not always related with cholesterol levels [109].

 Cholesterol Ester Transfer Protein (CETP) 
Inhibitors
CETP is a plasma protein that facilitates the transport of 
cholesteryl esters from high-density lipoprotein (HDL) to 
Apo B-containing lipoproteins and may increase HDL cho-
lesterol, by inhibition of this transport between LDL and 
HDL particles. However, an unexpected increase in cardio-
vascular events and mortality was observed in patients 
treated with Torcetrapib in the ILLUMINATE trial [110]. It 
was suggested that the sustained and marked impairment of 
EF might at least in part explain the results [111]. Dalcetrapib 
did not improve EF either in the Dal-VESSEL study [112], 
and subsequently the phase III outcome trial for dalcetrapib, 
dal- OUTCOMES trial, was prematurely terminated due to 
lack of efficacy on major cardiovascular outcomes [113]. 
Two other highly potent CETP inhibitors, anacetrapib and 
evacetrapib, may be promising new options [114], but the 
impact of both of them on EF has not been investigated yet.

 Omega-3 Fatty Acids
A number of randomized clinical trials have been designed 
specifically to provide a controlled evaluation of the effects of 
omega-3 fatty acids on cardiovascular events. Although con-
flicting findings have been found on this issue [115], large- 
scale prospective studies and meta-analyses have 
demonstrated that intake of omega-3 fatty acids has a benefi-
cial impact on cardiovascular outcomes [116–118]. 
Furthermore a recent meta-analysis of randomized con-
trolled trials suggested that supplementation of omega-3 
fatty acids may improve EF [119]. Although the mechanism 
underlying this protective effect has not been identified, 
reduced production of inflammatory cytokines might partly 
contribute [120, 121].

 Lipoprotein-Associated Phospholipase A2 
(Lp-PLA2) Inhibitors
Lp-PLA2 is highly expressed in atherosclerotic lesions, in par-
ticular vulnerable plaques [122–124], and has been shown to 
increase inflammation through producing arachidonic acid 
precursors from membrane glycerophospholipids, suggesting 
that this enzyme might be a potential therapeutic target [125]. 
Accordingly LP-PLA2 has been shown to be independently 
associated with coronary artery ED [126, 127], with conflic-
tive evidence though [128]. To date, evidence of the impact of 

darapladib (a selective oral inhibitor of Lp-PLA2) on EF is 
lacking, and clinical trials so far have been negative to 
improve outcomes [129, 130].

 PCSK9 Inhibitors
The discovery of proprotein convertase subtilisin kexin 9 
(PCSK9) has considerably changed the therapeutic options in 
the field of lipid management. PCSK9 reduces LDL receptor 
recycling, leading to a decrease of LDL cholesterol (LDL- C) 
receptors on the surface of hepatocytes and a subsequent 
increase of circulating LDL-C levels. Monoclonal antibodies 
that inhibit PCSK9 have emerged as a new class of drugs that 
very effectively lower LDL cholesterol levels. Both the 
ODYSSEY LONG TERM trial (evolocumab) [131] and 
OSLER trials (alirocumab) [132] have shown an approxi-
mately 50 % reductions in composite cardiovascular events at 
12 to 18 months. Although post hoc analyses, exploratory and 
based on a relatively small number of events, these results are 
consistent with a large reduction in LDL cholesterol levels (up 
to 60 %) without an excess of adverse effects. The Further 
Cardiovascular Outcomes Research with PCSK9 Inhibition in 
Subjects with Elevated Risk (FOURIER) study (NCT01764633) 
is an ongoing trial that is intended to provide a definitive 
assessment of the cardiovascular benefit of evolocumab. 
Although in human endothelial cells, oxidized LDL-induced 
apoptosis was associated with increased expression of PCSK9 
[133], no studies so far have reported the effect of PCSK9 on 
peripheral and/or coronary EF.  To date, some experimental 
studies reported that PCSK9 is associated with inflammation 
[134], oxidative stress, and ED [135].

6.6  Diabetes Mellitus

6.6.1  Non-endothelium-Dependent 
Coronary Microvascular Dysfunction

An impaired CFR in response to adenosine has been demon-
strated through intracoronary Doppler and intracoronary 
infusion of adenosine or papaverine in diabetes mellitus (DM) 
patients with angiographically normal coronary arteries [136, 
137]. Also, using PET myocardial blood flow measurement in 
response to intravenous dipyridamole or adenosine, a similar 
reduction in CFR, presumably by both endothelium- and 
non-endothelium-dependent mechanisms, has been demon-
strated in subjects with both type 1 and type 2 DM.  These 
results suggest a key role of chronic hyperglycemia in the 
pathogenesis of vascular dysfunction in DM [138, 139].

6.6.2  Endothelial-Dependent Coronary 
Microvascular Dysfunction

Chronic hyperglycemia is associated with ED [139, 140]. The 
underlying pathogenic mechanisms in type 2 diabetes melli-
tus (T2DM) probably involve uncoupling of eNOS activity, 
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uncoupling of mitochondrial oxidative phosphorylation, and 
activation of vascular NADPH oxidase [141, 142]. The main 
factors that combine to cause these biochemical disturbances 
are insulin resistance, oxidative stress, dyslipidemia, and 
inflammation [143]. Other clinical factors contributing 
either individually or synergistically to ED of DM patients 
include hypertension [144], visceral obesity [145], postpran-
dial hyperlipidemia [146], fasting and postprandial hypergly-
cemia [147], and elevated levels of asymmetric 
dimethylarginine ADMA [147].

Insulin resistance (IR) has been proposed as one of the 
main mechanisms for myocardial ischemia according to pre-
vious evidence suggesting a reciprocal relationship between 
IR and endothelial function [148–151]. Experimental inves-
tigation in animal models [152, 153] and human cross- 
sectional studies performing indirect measurements of ED 
[154–156] strongly support this relationship, although con-
flicting evidence exists [157]. Moreover, interventions aim-
ing at improving insulin sensitivity have been shown to 
improve EF and decrease myocardial ischemia in patients 
without obstructive atherosclerosis [158]. There is evidence 
of microcirculatory dysfunction in type 2 diabetes mellitus 
(T2DM) [159] and impaired glucose tolerance and IR as 
measured by PET. However, a direct assessment of the inter-
action of IR on coronary epicardial and microvascular ED in 
humans has not been reported. The role of IR on early coro-
nary atherosclerosis and ischemic symptoms in patients 
without obstructive CAD needs further investigation due to 
the high prevalence of this association in patients with chest 
pain. We could hypothesize that a progressive increase in 
severity of IR along disorders of the glucose metabolism is 
associated with a higher prevalence of microvascular ED, but 
this is an area needing further research, as well as the interac-
tion between IR and age on coronary microvascular ED.

6.6.3  Effect on Epicardial Conductance 
Vessels

Traditional CVRFs are present in diabetes mellitus; however, 
it does not completely account for the increased risk observed 
in these patients. ED and abnormalities in lipid metabolism 
are common mechanisms, but there is evidence of several 
others like perturbations in the proteo-fibrinolytic system 
and platelet biology as well as an increased systemic inflam-
mation yielding plaques with characteristics of high risk of 
rupture and thrombosis [160, 161].

6.6.4  Reversibility with Pharmacologic 
Intervention

Intensive glycemic control reduces the progression of coro-
nary disease [162, 163] including manifestation and progres-
sion of nephropathy, end-stage renal disease, and retinopathy. 
However, the benefit of achieving an optimal HbA1C level to 

minimize or reverse the manifestation and progression of 
CMD in T2DM patients has not been reported. Previous evi-
dence on the subject is scarce and limited [164–168]. Two 
small-randomized trials evaluating different therapeutic 
strategies over peripheral ED did not find any relationship 
between glycemic control and ED [164, 165]. However, CMD 
was not evaluated in these studies, and the current glycemic 
target of Hb1C < 7 % was not necessarily achieved [169]. Two 
studies that addressed the association between HbA1c levels 
and CFR as evaluated with Doppler echocardiography [166, 
167] found no differences between T2DM patients with a 
good vs. poor glycemic control, but one [167] reported an 
improvement of CFR after 6 months in those patients who 
achieved HbA1C < 7 %. In DM patients with chest pain and 
normal coronary angiogram [168], an optimal glycemic con-
trol did not reduce the incidence of epicardial coronary 
artery spasm. In accordance with these results, previous 
studies have emphasized the importance of acute glycemic 
fluctuations from peaks to nadir as a cause of excessive pro-
tein glycation, activations of oxidative stress [170, 171], and 
ED in DM patients [172] even with an optimal glycemic con-
trol based on HbA1c levels.

 Insulin Therapy
The role of insulin therapy on ED in T2DM is still controver-
sial. One reason would be a failure to separate the effects of 
insulin from those of proinsulin, which is pro-atherogenic. 
Although the addition of isophane insulin glargine improved 
forearm vascular reactivity in patients treated with metfor-
min alone [173], insulin may worsen ED in subjects with 
impaired sensitivity of the phosphatidylinositol 3-kinase- 
dependent pathways [174, 175]. The controversy concerning 
the atherogenic effects of insulin may reflect differences in 
the way in which the two pathways (phosphatidylinositol 
kinase (PI-3K) pathway and mitogen-activated protein 
kinase (MAPK) pathway are affected by insulin in the 
healthy and insulin-resistant endothelium [176, 177].

 Metformin
Metformin improves insulin sensitivity and glucose 
homeostasis and is demonstrated to activate 5′ adenosine 
monophosphate- activated protein kinase (AMPK) in tis-
sues [177]. AMPK system controls systemic energy balance 
and metabolism and may be partly responsible for the health 
benefit of exercise. Several studies in different patient groups, 
including patients with type 1 diabetes, have demonstrated that 
administration of metformin improves EF [178–182] although 
a few showed no significant beneficial effect [183, 184].

 Sulfonylureas
Although sulfonylureas may elevate the risk of cardiovascu-
lar disease in patients with T2DM [185], there is insufficient 
evidence from randomized controlled trials to determine its 
clinical efficacy on cardiovascular outcomes [186]. Through 
stimulating insulin secretion, sulfonylureas are believed to 
favor the development of hypoglycemia and weight gain, 
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accelerate beta-cell apoptosis and beta-cell exhaustion, and 
impair EF, thereby increasing the risk for ischemic complica-
tions. Several studies have reported negative effects of gliben-
clamide on EF, although a few showed improved EF, e.g., 
gliclazide has antioxidant properties that might prevent ED 
[177, 187, 188]. In summary, to date there is no robust clini-
cal evidence, and there might be differences among sulfonyl-
ureas regarding their effects on EF.

 Thiazolidinediones
The peroxisome proliferator-activated receptors γ, to which 
thiazolidinediones bind, are expressed in adipose tissue, 
pancreatic β-cells, endothelium, and macrophages [189] 
Thiazolidinediones activate eNOS [190] and might also have 
antioxidant properties thereby increasing NO bioavailability 
[191]. The beneficial effects of thiazolidinediones on endo-
thelium have been reported by several [184, 192–195] but 
not all clinical studies [196]. It is reported that rosiglitazone 
can reduce intracellular levels of the enzyme involved in tet-
rahydrobiopterin synthesis and inhibit cytokine-induced 
NO synthesis [197]. Thus, its effect on NO bioavailability 
and NO synthase function remains to be fully explored, and 
the independent effect of these drugs on EF remains 
unsolved. Accordingly, there is conflictive evidence on the 
clinical benefit of these agents to improve cardiovascular 
outcomes [198–202].

 α-Glucosidase Inhibitors
Repeated postprandial hyperglycemia might have an impor-
tant role in the development of atherosclerosis by suppress-
ing vascular EF [203]. α-Glucosidase inhibitors delay 
digestion of complex carbohydrates in the upper small bowel 
and subsequently retard absorption of glucose and “blunt” 
postprandial hyperglycemia by inhibiting α-glucosidases in 
the brush border of the small intestine. Unlike some other 
blood glucose-lowering agents, no adverse signals of poten-
tial cardiovascular risk have emerged in relation to 
α-glucosidase inhibitor use. On the contrary, significant ben-
eficial cardiovascular outcome results have been reported by 
the landmark Study to Prevent Non-Insulin-Dependent 
Diabetes Mellitus (STOP-NIDDM) trial [204]. However, 
other large randomized clinical trials failed to show benefi-
cial effect of α-glucosidase inhibitors on cardiovascular out-
comes [205, 206]. In agreement with these results from 
clinical trials, the reported effect of α-glucosidase inhibitors 
on EF is also conflicting [207–210]. Thus, the effect of the 
drug on endothelial function may parallel the effect on CV 
events, underscoring the role of endothelial function as a 
therapeutic target.

 Incretins Glucagon-Like Peptide-1 (GLP-1) 
and Dipeptidyl Peptidase 4 Inhibitor (DPP4-I)
In addition to the well-characterized actions of glucagon-like 
peptide-1 (GLP-1) on glycemic controls, GLP-1 acts on 
endothelium as well as cardiac and vascular myocytes, which 
express a functional GLP-1 receptor. GLP-1 receptor- 

dependent and GLP-1 receptor-independent pathways have 
been proposed for the beneficial cardiovascular effects of 
GLP-1 [211]. Dipeptidyl peptidase 4 inhibitor (DPP4-I) 
maintains the plasma level of active GLP-1 and increases NO 
production with increased eNOS phosphorylation [212]. In 
recent years, incretin mimetics GLP-1 receptor agonists and 
DPP4-Is have received particular attention for their potential 
to positively impact cardiovascular outcomes. Although an 
increasing body of literature from preclinical and early phase 
clinical studies has indicated that both GLP-1 receptor ago-
nists and DPP4-Is may exert glucose-independent beneficial 
effects on cardiovascular outcomes [213], the results from 
ongoing large-scale trials might provide valuable new insights 
about the impact of these incretin-based therapies on cardio-
vascular outcomes. Several clinical studies reported that EF 
was improved by GLP-1 and DPP4-I [214–218] although 
their effect remains controversial, because most of these were 
non-randomized trials and included a small number of 
patients. Large-scale randomized studies are needed to fur-
ther clarify the impact of GLP-1 and DPP4-I on EF.

6.7  Conclusions and Future Directions

CMD is the result of anatomic and functional changes 
occurring when traditional, novel, and yet unknown CVRFs 
are present in an individual. ED is a predominantly func-
tional and reversible first manifestation of atherosclerosis 
that precedes vascular morphological changes and occur-
rence of cardiovascular events. Therefore, in addition to the 
current strategy to control traditional CVRF, we need to 
focus on the effect on ED as a therapeutic target. Efforts 
should be done to identify appropriate targets to attenuate 
and reverse the initial steps of the process and the complica-
tions of atherosclerosis. An effort should be made to 
strengthen ED as an endpoint of clinical studies. The role of 
the assessment of endothelial function in clinical practice 
continues to emerge. Prospective randomized studies in this 
area are needed to answer the question of whether endothe-
lial function-guided therapies will provide benefits in 
improving outcomes in patients with risk factors and in 
patients with established CV conditions. Such further stud-
ies may usher us into a new era of individualized medicine in 
cardiology.
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7.1  Introduction

Acute coronary syndromes constitute one of the most serious 
presentations of ischemic heart disease, accounting for a sig-
nificant proportion of patients investigated and treated in the 
catheterization laboratory. When assessing both coronary 
stenoses and the microcirculation in the context of acute 
coronary syndromes (ACS), it is important to bear in mind 
that both ST elevation myocardial infarction (STEMI) and 
non-ST-elevation myocardial infarction (NSTE-ACS) are 
associated with distinct modifications in coronary physiol-
ogy and that therefore the principles applied to their assess-
ment in chronic stable angina may not hold true. In this 
chapter we discuss the pathophysiology of the microvascula-
ture during ACS followed by a review of the benefits and 
limitations of physiological assessment of both epicardial ste-
nosis and the microvasculature during ACS.

7.2  The Coronary Microvasculature 
in Acute Coronary Syndromes

7.2.1  ST Elevation MI (STEMI)

STEMI includes a wide variety of pathological substrates as 
documented by both autopsy series and intracoronary imag-
ing studies [1, 2]. Autopsy studies and clinical studies have 
demonstrated that plaque rupture and superimposed throm-
bosis account for the majority of the cases presenting with 
ACS, although plaque erosion is also a frequent substrate 
(up to one-third of the patients) [3–6].

During STEMI, acute occlusion of an epicardial coronary 
artery, due to a thrombotic reaction developing in response 
to both plaque rupture and erosion, initiates a chain of events 
(ischemia and subsequent reperfusion) that eventually 
results in loss of viability of cardiomyocytes in the subtended 
myocardial territory. In parallel, changes emerge in the 
architectural structure of the coronary microcirculation. 
Timely complete and sustained reperfusion of the myocar-
dial area at risk is the most critical step for salvaging isch-
emic myocardium.

Primary percutaneous coronary intervention (PPCI) is 
widely accepted as the most effective treatment. However, 
complete restoration of epicardial patency does not necessar-
ily translate into adequate reperfusion in the microcircula-
tion. The incidence of severe microvascular injury/obstruction 
post-PPCI is reported at 5–50 % depending on the method 
used for detection [7]. Clinically, the presence and extent of 
microvascular injury MVI is strongly related with impaired 
myocardial salvage, reduced ejection fraction, long-term 
adverse left ventricular remodeling, and adverse outcome [8].

Microvascular injury first develops in the infarct core and 
evolves spatially and temporally over time. Reopening of 
infarct-related artery (IRA) does not immediately terminate 
progressive myocardial damage in the area at risk. 
Consistently, the size of MVI zone has been shown to increase 
up to 48 h after reperfusion. Myocardial blood flow in certain 

MVI areas is hyperemic during the first minutes of reperfu-
sion, but regional blood flow in the at-risk area rapidly and 
progressively declines and reaches a plateau within 2–8 h 
after reperfusion resulting in nearly threefold increase in 
anatomic MVI (no-reflow) zone [9].

Potential mechanisms underlying microvascular impair-
ment and thereby myocardial malperfusion after complete 
restoration of epicardial blood flow by PPCI are likely to be 
multifactorial. After reperfusion, both intraluminal obstruc-
tion and extravascular compressive forces (mainly generated 
by the surrounding edematous and hemorrhagic myocardial 
compartment) appear to be involved in the development of 
microvascular impairment. Mechanisms can be classified 
under two general headings as intraluminal obstruction or 
extravascular compression (. Fig. 7.1). In general, intralumi-
nal obstructive and extravascular compressive pathologies 
are interconnected in the development of PPCI microvascu-
lar impairment. In the following sections, we will review the 
pathophysiology of microvascular impairment.

 Role of Atherothrombotic Embolization
Atherothrombotic embolization from a culprit STEMI lesion 
is considered one of the leading mechanisms contributing to 
the occurrence of microvascular dysfunction after 
PPCI. Embolized particles during PPCI can cause mechani-
cal obstruction due to their mass effect and can also activate 
pathways that trigger in situ coagulation and inflammatory 
responses in the downstream microcirculation. 
Atherothrombotic embolization is associated with reduced 
coronary flow [10], larger infarct size, and more extensive 
microvascular damage [11, 12].

 Role of Circulating Blood Cells: Leucocyte, 
Leucocyte/Platelet Plugging and Red-Cell 
Aggregates
Leucocyte and platelet plugging and red-cell aggregation also 
contribute to intraluminal microvascular obstruction. 
Neutrophils worsen microvascular reperfusion by adhering to 
the endothelium with platelets and releasing cytokines or other 
factors that reduce microvascular blood flow. Significant rela-
tionships have been shown between MVO and total white blood 
cell count [13] and neutrophil [14] and monocyte [15] counts.

 Role of Humoral Factors (In Situ Thrombosis) 
in MVI
A potential contributor to MVI may be in situ (de novo) 
thrombosis. In the ischemic period, hypoxic injury of the 
microvascular endothelium can provoke a procoagulant 
milieu and de novo fibrin formation at the microvascular 
level. Additionally, reperfusion significantly impairs t-PA 
release from the endothelium [16], which may further 
 facilitate in situ thrombosis in the region where hypoxic 
endothelial injury occurred. Fibrinogen can also contribute 
to impeding flow via facilitating red blood cell aggregation 
and mediating the inflammatory process in the related 
microcirculatory region (. Fig. 7.2). In favor of this hypoth-
esis, lyses of microvascular thrombus by intracoronary 
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streptokinase given immediately after PPCI resulted in sig-
nificant reduction in coronary microvascular resistance and 
improvement in CFR [17].

 Extravascular Compression 
of Microcirculation
External compression of the capillary bed by myocardial edema 
and/or hemorrhage in the surrounding myocardium after 
reperfusion may lead to an increase in microvascular resistance, 
which eventually reduces myocardial perfusion. Post-
reperfusion myocardial edema and intramyocardial hemor-
rhage (IMH) are both partly the cause and consequence of the 
microvascular injury developing after reperfusion (. Fig. 7.3). 
The capillary bed is the most vulnerable segment for the col-
lapse in the coronary vascular network. External compression 
generated by intramyocardial edema and hemorrhage causes 
capillaries to shrink in diameter, leading to logarithmic increase 
in resistance and a decrease in myocardial blood flow. Therefore, 
in addition to intraluminal obstruction, an important mecha-
nism responsible for microvascular impairment after PPCI is 
the decreased cross- sectional microvascular area or collapse 
caused by external compression caused by surrounding edema 
and intramyocardial hemorrhage.

Hypoxia-induced disruption in endothelial barrier facili-
tates extravasation of blood cells upon reperfusion. Therefore, 
intramyocardial hemorrhage (IMH) and loss of vascular 
integrity are closely linked. The presence of IMH is associ-
ated with larger infarcts, and it has been repeatedly shown 
that patients with IMH on T2W imaging have CMR-defined 
MVO. Recent histological assessment explained this strong 
interrelationship shown between CMR-defined areas of 
MVO and IMH [18].

Another factor that may cause microvascular obstruction 
by external compression is myocardial edema. Myocardial 
edema occurs immediately after epicardial occlusion and 
abruptly expands during the first minute of reperfusion. The 
volume of edema seems to reach its peak value on day 3 after 
reperfusion [19] remains unchanged over the first weeks 
after the acute event and decreases thereafter [20]. Tissue 
edema (interstitial or cellular) might substantially contribute 
to increase in coronary microvascular resistance by com-
pressing the microvascular bed externally

Finally, in STEMI increased diastolic filling pressures on 
top of increased muscle stiffness due to cellular and intersti-
tial edema contribute to a decrease in intramyocardial vascu-
lar capacitance and limit coronary flow in late diastole. 
Therefore, transmitted increased intracavitary pressure can 
also contribute to external compression of microcirculation 
particularly in the subendocardial region, which eventually 
results in increase microvascular resistance and reduced 
myocardial perfusion.

7.2.2  Non-ST-Elevation MI (NSTEMI)

Few studies have assessed the incidence, correlates, and/or 
impact of MVO in non-ST-elevation myocardial infarction 
(NSTEMI). In patients with NSTEMI undergoing early PCI, 
the frequency of MVO detected by CMR varied from 14 to 
30 % [21–23]. The exact reason for the different prevalence of 
MVO in NSTEMI is unknown; however, it may be related to 
the heterogeneity of clinical presentation. Similar to STEMI, 
the presence of MVO in CMR is associated with infarct size 
in patients with NSTEMI undergoing PCI [22]. At present, it 
is not clear whether the pathogenesis of MVO is similar in 
NSTEMI and STEMI patients undergoing PCI. However, the 
presence of a similar fragile atherothrombotic substrate in 
culprit vessels in NSTEMI supports distal embolization and 
microvascular plugging as the leading mechanism for micro-
vascular injury.

7.3  Physiological Assessment of Coronary 
Stenoses in ACS

7.3.1  Assessment of the Culprit-Vessel 
Stenosis

In the culprit vessel of ACS, the early post-STEMI phase is 
characterized by coronary vasospasm, microvascular platelet 
plugging, endothelial dysfunction, thrombus embolization, 
vascular stunning, and intramyocardial hemorrhage [24]. 
These dynamic changes in the infarcting myocardial bed are 
associated with an evolving microvascular hyperemic 
response, hyperemic flow, trans-stenotic pressure gradients, 
and as a consequence FFR values [25]. Therefore, not only 
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       . Fig. 7.3 Interrelationship between external compression caused 
by myocardial edema/intramyocardial hemorrhage and microvascular 
impairment
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will the distant myocardial mass not respond appropriately to 
the hyperemic stimuli, but also the anatomical consequences 
of the culprit plaque can change as a result of shifting plaque 
geometry. Hence, the use of FFR in the culprit vessel during 
the hyperacute phase of STEMI is not recommended [26].

Nuclear imaging studies have observed that as early as 
6 days post-infarction, FFR can reliably outline post-
STEMI inducible ischemia [27, 28]. However, it is impor-
tant to note that after STEMI, the mass of viable 
myocardium decreases in the perfused territory; therefore, 
for a given stenosis, hyperemic flow and trans-stenotic gra-
dient will decrease, thus increasing the FFR [27]. This 
implies that the hemodynamic consequences of the culprit 
stenosis decrease after STEMI because the flow demand of 
the supplied myocardium has decreased [27]. Interestingly 
and in spite of this reduction in viable myocardium, a study 
performed in chronically infarcted territories (3.7 and 
6.3 months after STEMI) observed that most culprit steno-
ses will still be hemodynamically significant (FFR: 
0.60 ± 0.14, range 0.26–0.77) for the perfused viable mass 
within the infarction [29]. Finally, the FFR cutoff estab-
lished for non-infarcted territories (0.75) appears depend-
able in infarct areas [30].

7.3.2  Non-culprit Stenoses in ACS: Can 
They Be Assessed Physiologically?

The clinical benefit of restoring patency in the culprit vessel 
in patients admitted for ST-segment myocardial infarction 
(STEMI) is well established; however, a sizable proportion of 
patients with ACS have bystander multivessel disease (MVD) 
[31]. The treatment strategy for non-culprit MVD is not well 
established; however, the evidence supporting the role of 
invasive coronary physiology indices to guide treatment of 
non-culprit MVD is growing. Contemporary trial such as 
pexelizumab in conjunction with angioplasty in acute myo-
cardial infarction (APEX-AMI) [32] and preventative angio-
plasty in acute myocardial infarction (PRAMI) trial [33] have 
estimated the prevalence of non-culprit stenosis at 41 % and 
54 %, respectively, in patients admitted for STEMI. Likewise, 
30–59 % of patients admitted with NSTE-ACS have MVD 
[34, 35]. Occlusion of the infarct-related artery may precipi-
tate myocardial ischemia in distant myocardial beds supplied 
by non-culprit stenosis, due to compensatory hyperkinesis or 
from a sudden lack of collateral support. This means the 
functional relevance of non-culprit stenosis may be difficult 
to determine.

Fractional flow reserve (FFR) has become the standard 
method to assess the physiological significance of epicardial 
stenoses [36]. However, the use of FFR in the setting of ACS 
has theoretical limitations. FFR is dependent on the ability to 
achieve maximal coronary flow, where resistance is minimal 
and constant, and blood flow is thus proportional to driving 
pressure. Therefore, FFR requires the achievement of maxi-

mal hyperemia to accurately characterize the ischemic poten-
tial of the epicardial stenosis. During ACS, there are several 
factors that might theoretically impair the hyperemic 
response in both culprit and non-culprit territories, and thus 
the achievement of maximal hyperemia, which could ulti-
mately lead to higher FFR values [37]. Transitory microcir-
culatory dysfunction in non-culprit territories has been 
described [38], and local neurohumoral reflexes [39], vaso-
constriction, and elevated LV-end diastolic pressure [40] 
have been proposed as underlying mechanisms. Proof-of- 
concept studies have suggested that FFR might underesti-
mate stenosis severity in NSTE-ACS compared to hyperemic 
stenosis resistance [41, 42], which is a more specific index of 
epicardial stenosis severity [43].

Several studies have investigated the reliability of FFR in 
assessing the functional significance of non-culprit stenoses 
(. Table 7.1) [41, 44–46]. A large study including 101 patients 
with ACS (75 with STEMI and 26 with NSTE-ACS) mea-
sured FFR acutely and 35 ± 4 days post-event in non-culprit 
vessels [44]. Notably, there was no significant difference 
between the acute FFR value and follow-up in patients with 
STEMI (0.78 ± 0.10 vs. 0.76 ±  0.10, p = NS) or non-ST- 
segment elevation infarction (NSTEMI) (0.77 ± 0.10 vs. 
0.77 ± 0.20, p = NS). Importantly, in only two stenoses did an 
initial FFR >0.80 subsequently decreased to <0.75. 328 
(32.6 %) of the patients included in FAME had NSTE-ACS 
[47]. In these, the use of FFR to guide PCI resulted in similar 
risk reduction in major adverse cardiac events (MACE) and 
its components, compared to patients with stable symptoms 
(absolute risk reduction of 5.1 % vs. 3.7 %, respectively, 
p = 0.92) [47]. The FAMOUS-NSTEMI [48] trial (FFR vs. 
angiography in guiding management to optimize outcomes 
in NSTEMI), a prospective, multicentre, parallel group, 1:1 
randomized, controlled trial that included 350 NSTEMI 
patients with ≥1 coronary stenosis with ≥30 % of the lumen 
diameter assessed visually, addressed whether routine FFR 
measurements in NSTEMI are feasible and safe, by compar-
ing the management and outcomes of conventional angiog-
raphy guidance (n = 174) with FFR guidance (n = 176). The 
primary endpoint, the proportion of patients treated with 
medical therapy, was significantly higher in the FFR-guided 
group [23 (13.2 %) vs. 40 (22.7 %), difference 9.5 % (95 % CI: 
1.4 %, 17.7 %), p = 0.022]. As secondary endpoints, the FFR- 
guided approach (1) resulted in changes in stenosis classifica-
tion and patient management in one-fifth of patients and (2) 
reduced revascularization at the index procedure. Notably, 
revascularization remained lower in the FFR-guided group 
[79.0 vs. 86.8 %, difference 7.8 % (20.2 %, 15.8 %), P = 0.054] 
at 12 months. These figures are in line with findings from a 
recent French FFR registry data [49] (. Figs. 7.4 and 7.5).

Despite the theoretical limitations of FFR during ACS, 
available data supports its use as a tool to guide revascular-
ization in bystander MVD.  Deferral of revascularization 
based on FFR seems both cost effective and safe in this com-
plex clinical scenario.
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       . Fig. 7.4 Principle mechanisms behind microvascular impairment and invasive indices used in diagnosis

       . Table 7.1 Diagnostic accuracy of fractional flow reserve (FFR) in acute coronary syndromes

First author Year Design Index Study outline, 
objective

Clinical 
setting

N, 
total

N, ACS 
subset

Main findings

Reliability of FFR culprit vessels

De Bruyne 
[27]

2001 Diagnostic, 
analytical

FFR A prior-defined 
comparison of FFR 
0.75 cut-off against 
SPECT in post-MI 
patients

Culprit 
vessels of 
MI ≥6 days

57 57 Ss, 82 %; Sp, 87 %; Acc, 
85 %; optimal FFR cut-off, 
0.78

Usui [33] 2003 Diagnostic, 
descriptive

FFR FFR vs. SPECT in 
stable and post-MI 
patients

Culprit 
vessels 
<3 months

167 74 Post-MI patients: Ss, 79 %; 
Sp, 74 %; optimal FFR 
cut-off, 0.76

Samady 
[28]

2006 Diagnostic, 
descriptive

FFR FFR vs. SPECT and 
contrast Echo in 
post-MI patients

Culprit 
vessels of 
MI <6 days

48 48 Either SPECT or Echo: Ss, 
88 %; Sp, 93 %; Acc, 91 %; 
optimal FFR cut-off, 0.78

Reliability of FFR in non-culprit vessels

Ntalianis 
[44]

2010 Cohort FFR FFR measured 
acutely and after 
35 ± 4 days in 
non-culprit arteries 
post-ACS

NSTEMI, 
STEMI

101 101 No significant change in 
FFR, both acute and 
follow-up: 0.77 ± 0.13, 
p = NS

Wood [17] 2013 Cohort FFR FFR measured 
acutely and after 
42 ± 10 days in 
non-culprit arteries 
post-STEMI

STEMI 47 47 Significant, albeit modest, 
change in FFR: from 
0.84 ± 0.08 to 0.82 ± 0.08, 
p = 0.025

Niccoli [13] 2014 Transversal, 
analytical

FFR/HSR FFR vs. HSR 
comparison in 
NSTEMI vs. stable 
patients

NSTEMI, 
stable

30 15 FFR and HSR discordance 
more frequent in NSTEMI: 
85.7 % vs. 39.1 %, p = 0.04

Indolfi [46] 2015 Transversal, 
analytical

iFR/FFR iFR vs. FFR 
comparison in ACS 
vs. stable patients

UA, NSTEMI, 
STEMI, 
stable

82 53 The diagnostic accuracy of 
iFR in ACS was not inferior 
to stable patients: 79.5 % in 
ACS vs. 84.4 % in S, p = 0.497

FFR fractional flow reserve, iFR instantaneous wave free ratio, HSR hyperemic stenosis resistance index, SPECT myocardial scintigraphy, Echo 
echocardiography, ACS acute coronary syndromes, MI myocardial infarction, STEMI ST-elevation myocardial infarction, NSTEMI non-ST-eleva-
tion myocardial infarction, UA unstable angina, SS sensitivity, Sp specificity, Acc accuracy 

 M. Sezer et al.



105 7

7.4  Invasive Assessment 
of the Microcirculation in STEMI

Despite achieving optimal epicardial reperfusion as assessed 
by angiography, microvascular obstruction (MVO) can be 
detected on cardiac magnetic resonance imaging (CMR) in 
approximately 40 % of patients undergoing primary PCI 
(PPCI). The presence and extent of MVO after PPCI are asso-
ciated with impaired myocardial salvage [50], impaired LV 
function [51], and worse outcome [52] in both short- and 
long-term follow-up. Therefore, assessment of the microvas-
cular status at the time of PPCI has enormous prognostic 
value. Although there is no proven therapy to limit microvas-
cular injury post-PPCI, in order to be able to intervene in 
this ongoing and progressive process, microvascular func-
tional and structural status should be assessed immediately 
post-PPCI.  In this section we focus on the invasive assess-
ment of the microcirculation post-PPCI using both angio-
graphic tools Niccoli and wire-based techniques

7.4.1  Angiographic Assessment of the 
Microcirculatory Status Post-PPCI

Thrombolysis in myocardial infarction (TIMI) frame count 
(TFC) and myocardial blush grade (MBG) assessment were 
introduced for the indirect assessment of microvascular sta-
tus after PPCI.  TFC has been shown to reflect epicardial 
blood flow velocity and is linked to prognosis; however, it 
does not correlate well with intracoronary Doppler parame-
ters indicating microvascular injury after PPCI [53]. The 

MBG is scored on a scale of 0–3, with a MBG 0–1 indicating 
microvascular obstruction [54]. However, MBG only indi-
rectly reflects microvascular status with substantial underes-
timation of microvascular obstruction compared to cardiac 
magnetic resonance (CMR) imaging in patients undergoing 
PPCI [55]. Given recent studies showing that angiographic 
methods do not accurately predict microvascular obstruc-
tion on CMR [56–58], their utility in predicting microvascu-
lar injury post-PPCI is limited.

7.4.2  Wire-Based Assessment of the 
Microcirculatory Status Post-PPCI

To date, there is no widely accepted and fully validated 
method to accurately and directly identify microvascular 
injury post-PCI in the catheterization laboratory. However, 
the presence of microvascular injury can be detected by 
intracoronary measurement of pressure and flow following 
PPCI. Direct invasive assessment combining coronary flow 
and pressure by using sensor-tipped guide wires appears to 
be the most sensitive and accurate approach to assesses 
microvascular status after primary PCI.

 Intracoronary Doppler-Derived Coronary Flow 
Velocity Reserve (CFVR) and Doppler Flow 
Velocity Patterns in the Assessment 
of Post-PPCI Microcirculatory Status
Post-PPCI, characteristic coronary blood flow velocity pat-
terns associated with MVI are “systolic flow reversal,” “rapid 
deceleration of diastolic flow,” and a “reduced coronary flow 

CFVR = Low

Microvascular
resistance: High

Microvascular
resistance: Low

Extensive MV injury /
MV obstruction

Preserved MV function and
integrity

CFVR = High

       . Fig. 7.5 After primary PCI, 
presence of extensive injury in 
the distal microvascular bed 
supplied by reopened epicardial 
artery results in decreased myo-
cardial blood flow which leads to 
decreased coronary flow velocity 
reserve (CFVR) and increased 
microvascular resistance (A = high 
microvascular resistance and 
abnormal CFR). If distal microcir-
culatory integrity was preserved, 
myocardial blood flow would 
largely be maintained due to 
normal microvascular resistance 
(B = low microvascular resistance 
and normal CFR)
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velocity reserve (CFVR)” [59–62]. The extent of MVO on 
CMR is shown to correlate with CFVR, diastolic deceleration 
time, and diastolic/systolic velocity ratio acquired 4–8 days 
post-PPCI [63]. Furthermore, patients without MVO on 
CMR did not show systolic flow reversal pattern in intracoro-
nary Doppler envelopes [64].

Several studies have indicated that CFVR assessed in the 
infarct-related artery post-PPCI is the most valuable prog-
nostic marker of recovery of left ventricular function after 
STEMI [65–67]. The CFVR measured in the infarct-related 
artery (IRA) is related with extent of MVO in CMR [64]. 
Decreased reference vessel CFVR (<2.1) after PPCI for acute 
anterior wall STEMI was recently shown to be associated 
with significantly increased long-term cardiac mortality [38].

The presence of MVO in CMR [63] and myocardial con-
trast echocardiography [60, 61] is associated with shortening 
of diastolic deceleration time, appearance of systolic flow 
reversal, and disappearance of systolic antegrade flow in 
intracoronary Doppler measurement immediately post- 
PPCI resulting in systolic flow reversal. Clinically, rapid 
deceleration time of diastolic flow measured in reopened 
IRA (<600 ms) is associated with lack of recovery in ventric-
ular regional function, poor long-term ejection fraction, and 
larger infarct size [68, 69].

However, CFVR has two well-recognized limitations that 
may affect its reproducibility: (1) its inability to distinguish 
between relative epicardial and microvascular contribution 
to total coronary resistance [70] and (2) its dependence upon 
hemodynamic factors [64]. To overcome these limitations, 
another parameter “microvascular resistance,” which is spe-
cific to the microcirculation and less affected by hemody-
namic conditions [64], was introduced.

 Microvascular Resistance Indices 
in the Assessment of Post-PPCI 
Microcirculatory Status
Coronary microvascular resistance constitutes an interesting 
alternative to CFVR in the assessment of the coronary micro-
circulation after PPCI.  Measurements of microcirculatory 
resistance can be thermodilution based (index of microvas-
cular resistance = IMR) or Doppler based (hyperemic micro-
vascular resistance = HMR). Regardless of the method used, 
microvascular resistance (IMR or HMR) is a particularly 
valuable measurement in determining increased coronary 
microvascular resistance.

The background and methods of measuring IMR are 
described elsewhere in this book. Importantly, IMR is not 
affected by the presence of moderate to severe epicardial ste-
noses, therefore specifically measures microcirculatory 
resistance. In the presence of severe stenosis (FFR < 0.60), 
the possible contribution of collaterals (coronary wedge 
 pressure) can be accounted for and IMR value adjusted [71]. 
Additionally, as IMR is measured at maximal hyperemia, it 
is not influenced by hemodynamic conditions. Post-PPCI 
IMR provides a specific, quantitative, and independent (in 

the absence of additional hemodynamically severe stenosis 
in the IRA) evaluation of the microvasculature subtended by 
the IRA.

IMR measured immediately post-PPCI is strongly associ-
ated with MVO, infarct volume, and LV function assessed by 
CMR [72]. IMR values and shape of thermodilution curves 
also correlate with infarct size by CMR [18, 72, 73]. IMR in 
the reopened IRA is predictive of LV function and LV func-
tional recovery as assessed by echocardiographic wall motion 
score index at 3-month and 6-month follow-up [74, 75] and 
by CMR at 3-month follow-up [75]. Myocardial viability mea-
sured by fluorodeoxyglucose PET at 6-month follow-up has 
been demonstrated to correlate with IMR [75]. In addition to 
predicting myocardial salvage, post-PPCI IMR is a powerful 
predictor of several infarct characteristics as assessed by 
CMR, including infarct size, microvascular obstruction, and 
intramyocardial hemorrhage [18]. Additionally, IMR mea-
sured 48 h after primary PCI also predicts recovery in infarct 
size [76]. In particular, elevated IMR (>40) measured at the 
time of PPCI predicts poor long-term outcomes [74].

Although there is no widely accepted/well-established 
cutoff value for IMR after PPCI, the suggested values in 
predicting MVO are 35 units [72], LV remodeling 33 units 
[74], and long-term mortality 40 units [74]. These cutoff 
values may identify high-risk patients immediately after 
PPCI in whom adjunctive pharmacological therapies can 
be considered.

The background and methods of measuring HMR are 
described elsewhere in this book. Measurement of distal 
pressure and flow velocity after reperfusion may provide 
important information on the state of coronary microvascu-
lature. Regardless of the etiology of microvascular impair-
ment, increased HMR values measured in the IRA after 
reperfusion represent microcirculatory damage. The ability 
of HMR to detect increased microvascular resistance due to 
the loss of capillaries and arterioles in the chronically 
infarcted heart has been shown [77].

In STEMI, HMR measured immediately after PPCI is pre-
dictive of both enzymatic infarct size and infarct size as 
defined by CMR [78]. Furthermore, it can distinguish between 
non-transmural and transmural MI, which has prognostic 
importance [78]. HMR immediately after reperfusion also 
predicts long-term left ventricular remodeling [79] which 
occurs approximately 20–35 % of patients despite complete 
and sustained flow in the IRA [79, 80]. It has been shown that 
HMR measured after PPCI predicts occurrence of CMR-
defined microvascular injury, early phase and final infarct 
sizes, and PET-derived myocardial blood impairment [81]. 
This study suggests a cutoff value of 2.5 mmHg/cm per second 
for predicting the occurrence of CMR-defined microvascular 
injury [81]. Suggested cutoff points for HMR in predicting 
infarct transmurality (3.25 mmHg/cm per second) [78], left 
ventricular remodeling (2.96  mmHg/cm per second) [82], 
and extensive microvascular injury (2.5   mmHg/cm per sec-
ond) [81] may help us to identify high-risk patients in the 
catheterization laboratory immediately post-PPCI.
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Like IMR, HMR performed immediately after PPCI can 
identify patients with severe microvascular injury in the 
catheterization laboratory. Given its simplicity, its high 
reproducibility of the measurement, and its predictive 
power, measuring HMR immediately after primary PCI may 
make microvascular injury a viable target for therapeutic 
interventions.

After reestablishing epicardial patency, the progressive/
ongoing nature of microvascular injury in the reperfused ter-
ritory complicates the timing of measurement of microvascu-
lar resistance. It is known that myocardial blood flow in areas 
of MVO is hyperemic during the first minutes of reperfusion 
but progressively decreases within 2–3 h, resulting in a two-
fold increase in zone of microvascular injury [83] (. Fig. 7.6). 
Therefore, single Doppler flow velocity and/or microvascular 
resistance measurements performed immediately after PPCI 
may underestimate the degree of microvascular injury/
obstruction subsequently present as assessed by CMR.

 Microvascular Capacitance in the Assessment 
of Post-PPCI Microcirculatory Status
The background and methods of measuring zero flow pres-
sure (Pzf) in the coronary circulation are described elsewhere 
in this book. As Pzf provides information on the effects of 
intraventricular and interstitial myocardial pressure (exter-
nal forces) on coronary microvasculature, Pzf measured after 
PPCI is associated mainly with microvascular impairment 
due to external microcirculatory compression [40].

Pzf increases in patients with reperfused anterior myocar-
dial infarction with no reflow when compared to the normal 

reflow group [84]. Importantly, the relationship between Pzf 
and the development of MVI [17] is supported by studies 
reporting relationships between Pzf measured after PPCI and 
viable myocardium assessed by CMR or PET [82, 85]. 
Intramyocardial hemorrhage and/or edema occurring in 
reperfused STEMI can contribute to an increase in microvas-
cular resistance with a variable extent by generating an exter-
nal compressive force on the microcirculation. The strong 
correlation shown between HMR and Pzf supports this 
hypothesis [81].

Although it may provide additional and valuable infor-
mation about the microvascular status after PPCI, at present, 
the clinical applicability Pzf in the setting of acute STEMI is 
hampered by the difficulties associated with acquiring high- 
quality, artifact-free Doppler tracings that are required to 
generate pressure-velocity loops suitable for analysis.

7.5  Conclusion

Although acute coronary syndrome represents a different 
physiological state to stable coronary disease, many of the 
principles applied in stable CAD can be translated to 
ACS. The use of FFR is both safe and effective in evaluating 
bystander lesions in ACS, and its use appears beneficial. 
Although there are no specific targeted therapies for the 
treatment of MVO post-ACS, it is readily identified with 
intracoronary physiology at the time of PPCI. Given the poor 
prognosis in patients with MVO, early identification and 
optimization of medical therapy appear prudent.

Immediately after PPCI
(HMR= 4 mmHg.cm-1.second)

15 min. after PPCI
(HMR= 4.9 mmHg.cm-1.second)

30 min after PPCI
(HMR= 5.2 mmHg.cm-1.second)

60 min after PPCI
(HMR= 5.7 mmHg.cm-1.second) 

       . Fig. 7.6 An example of 
dynamic changes (progressive 
deterioration) in microvascular 
perfusion after successful PPCI as 
evidenced by progressive increase 
observed in hyperemic microvas-
cular resistance (HMR) within an 
hour of PPCI. In this patient, fol-
lowing successful PPCI for acute 
anterior myocardial infarction, 
HMR was measured at four differ-
ent time points (immediately after 
PPCI and 15, 30, and 60 min after 
PPCI). Progressive deterioration 
in myocardial blood flow and 
progressive increase in HMR (from 
4 to 5.7 mmHg.cm−1.second at 
60 min) are seen in intracoronary 
pressure/Doppler tracings
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8.1  Introduction

Percutaneous coronary intervention whether simple balloon 
angioplasty or in the case of stent implantation is associated 
with a broad spectrum of acute and chronic, sometimes del
eterious effect, which may impact clinical outcomes.

Balloon angioplasty induces an overexpansion of the 
 atheromatous plaque with radial and longitudinal redistri
bution. In doing so, angioplasty provokes two direct compli
cations. The first is the immediate elastic recoil of the 
distended artery, which may be as significant as 30 % depend
ing on structural constraint and centripetal force. The second 
adverse effect is the rupture of the internal elastic membrane 
with cell penetration within the intima and subsequent neo
intimal hyperplasia.

Intracoronary prosthesis implantation whether stent or 
scaffold is associated with a different type of physical or phar
macological stress leading to chronic inflammation and two 
late consequences. One is neoatherogenesis: the develop
ment of a new plaque within the stent lumen, similar to that 
found in atherosclerosis. The other is a hypersensitivity reac
tion with a necrotizing vasculitis of the vessel wall, positive 
remodeling, and the risk of secondary thrombosis.

Stent implantation disturbs endothelial physiology and 
adaptation to increased workload such as exercise. There is 
an imbalance between the vasodilating and vasoconstricting 
endothelial properties resulting in endothelial dysfunction 
and paradoxical vasoconstriction in the segments adjacent to 
the stent or scaffold.

8.2  Vessel Recoil and Negative Remodeling

Vessel recoil is the immediate reduction in vessel lumen size 
post balloon dilatation due to the contraction of distended 
and/or ruptured coronary segments. The extent of recoil 
depends on plaque composition and generally follows a two 
phase process. The immediate acute recoil is mostly seen in 
fibrous plaques. A negative or constrictive remodeling devel
ops thereafter in the 6 months following balloon angioplasty. 
The first studies on angioplasty observed significant acute 
recoil (defined as a decrease in mean lumen diameter [MLD] 
of >0.3 mm or a residual stenosis >50 %) in as much as 30 
–50 % of dilated segments [1–3]. This return to the original 
vessel size is not only due to “physiological” and mechanistic 
recoil. Other putative factors include dissection, spasm, and 
thrombus formation, but the first studies to have employed 
intravascular ultrasound (IVUS) for coronary assessment 
after angioplasty show that the effects are of little importance 
compared to constriction and negative remodeling. The scar 
tissue within the vessel wall may lead to late restenosis in as 
many as 30–50 % of segments treated with balloon angio
plasty [4–8]. The factors as those explained in 7 Chap. 7 play 
certainly the same role in negative remodeling found after 
balloon angioplasty.

As nicely demonstrated in the Serial Ultrasound 
Restenosis (SURE) study, there is a constrictive effect of the 
external elastic membrane (EEM) due to the scarring pro
cess. A total of 61 lesions were analyzed with IVUS prior to 
balloon angioplasty (n = 35) or directional atherectomy 
(n = 26) and then directly post procedure, at 24 h, 1 month, 
and 6 months. The initial EEM enlargement at 1 month was 
followed by constriction at 6 months [9]. The most signifi
cant predictive factors of restenosis after balloon angio
plasty without stent implantation are residual plaque burden 
(calculated as residual plaque area/external elastic lamina 
area) and positive remodeling before plain old balloon 
angioplasty.

8.3  Neointimal Hyperplasia

Neointimal hyperplasia develops after arterial wall damage. 
This phenomenon is similar to that of plexogenic pulmonary 
angiopathy encountered in primary pulmonary hyperten
sion as well as Eisenmenger reactions seen in congenital 
heart disease. The artery shows medial and intimal thicken
ing; plexiform lesions develop at branch points probably as a 
result of shear stress and damage results in transmural 
destruction that is repaired by granulation tissue with further 
loss of elastic tissue. Our current understanding of this phe
nomenon involves cellular recruitment (monocytes, macro
phage, and neutrophils), smooth muscle cell migration due 
to the rupture of the internal elastic membrane and collagen 
deposits. Cellular migration is, among other substances, due 
to cytosine excretion. The overstretching associated with 
either balloon angioplasty or baremetal stent (BMS) implan
tation triggers neointimal proliferation [10–12]. Procedure
related factors inducing vessel wall overstretching will also 
stimulate neointimal hyperplasia. Other patientrelated fac
tors have been held responsible such as diabetes, renal insuf
ficiency, and genetic predispositions. Cytotoxic drugs 
amongst which paclitaxel, sirolimus, everolimus, and bioli
mus, hinder cellular proliferation: a key to drugeluting stent 
(DES) [13] mechanism and action.

Neointimal hyperplasia after stent implantation was 
thought to be a twostep phenomenon. The initial growth 
phase would likely last 6 months after which would follow 
a plateau phase named the “late quiescent period” [14–
16]. We have since understood that coronary arteries were 
more complex and above all dynamic. On the long term, 
restenosis may either regress [15] or progress [17]. It is 
conceivable that the artery reacts dynamically to stent 
implantation alternating between phases of restenosis 
regression and renarrowing (restenosis expansion or neo
atherogenesis) [18]. Overall, the original concept of reste
nosis as a timerelated phenomenon observed after 
balloon angioplasty [19] has been substantially altered 
with the introduction and further developments in DES 
technology [20].
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8.4  Neoatherogenesis

In 2003, Farb and colleagues reported two necroptic cases of 
latestent thrombosis due to rupture of lipidrich plaque with 
extensive plaque prolapse within the lumen [21]. In 2007, 
Ramcharitar and colleagues presented two cases of late 
occurring stent failure due to plaque rupture of an athero
sclerosis process within neointimal hyperplasia after stent 
implantation [22]. The term neoatherogenesis was coined 
and used to define the atherosclerosis changes within the 
neointima inside the coronary artery stent. Several histologic 
[23], fluoroscopic [24], and intravascular imaging studies 
have demonstrated that stentassociated neoatherogenesis 
was different than native artery atherosclerosis and often 
associated with necrosis and hemorrhage within the plaque 
and plaque instability [25]. Neoatherogenesis has since been 
associated with late clinical events such as latestent throm
bosis in both BMS and DES, but it occurs earlier in DES than 
in BMS [23]. . Figure 8.1 depicts a case of stent thrombosis in 
the midleft anterior descending artery due to neoatherogen
esis, 10 years after BMS implantation.

8.5  Hypersensitivity Reaction and Positive 
Remodeling

8.5.1  First-Generation Drug-Eluting Stents

Several cases of DES thrombosis, involving paclitaxel (PES) 
and sirolimuseluting stents (SES) many years after implan

tation, were reported by the end of 2003. Virmani et al. pub
lished a series of pivotal studies with necropsy and 
histological findings that shed light on the responsible 
mechanisms; they found granulomas and positive remodel
ing of the external elastic membrane with pathological scar
ring tissue and loss of stent strut endothelialization [26–28]. 
The pathological remodeling of the external elastic mem
brane associated with stent strut malapposition was con
firmed in  vivo in patients suffering from stent thrombosis 
[29]. The inflammatory reaction seen in many cases of DES 
thrombosis may be different depending on stent type but is 
usually due to late hypersensitivity to one of the stent com
ponents. . Figure 8.2 depicts a case of stent thrombosis due 
to secondary malapposition due to hypersensitivity reaction 
and positive remodeling. This case illustrates the socalled 
“paragliding” or “cauliflower” phenomenon.

Efforts were thus made to create more biocompatible 
polymers such as that used in everolimuseluting stents (EES) 
and, eventually, bioresorbable polymers seen in biolimus 
eluting stents (BES). This led to a reduction in latestent 
thrombosis and late adverse events overall. But the lactic 
acidification of the media from the polymer could impact 
vascular healing at the stent vicinity and promote a deleteri
ous inflammatory reaction [30].

8.5.2  Bioresorbable Vascular Scaffolds

The unresolved problem of neointimal proliferation and very 
latestent thrombosis from lingering polymers and vascular 

a d
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       . Fig. 8.1 Representative illustration of patient suffering from very 
late-stent thrombosis due to neoatherosclerotic plaque disruption (*). 
Panel a depicts coronary angiograms before, Panel b during, and Panel 

c after PCI. Panel d represents the longitudinal OCT reconstruction and 
Panel e cross sections of OCT with abundant neovessels and peristrut 
low-intensity areas
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scaffolds led to the development of newgeneration completely 
resorbable stents. The Absorb™ (Abbott Vascular, Illinois, USA) 
was the first CEapproved bioresorbable vascular scaffold 
(BVS). It uses a polyLlactide polymer that undergoes a four
stage bioresorption through hydration, depolymerization, 
polymer fragmentation, and dissolution over 2 years via Krebs 
cycle [31]. Putative advantages over conventional DES 
included restoration of physiological processes, namely, vaso
motion and remodeling, superior conformability, beneficial 
edgevascular response, and suppression of latestent malap
position [32]. Although recently published randomized trials 
have delivered promising results [33, 34], many case series and 
observational studies suggest an increase in scaffold thrombo
sis (ScT). In the GHOSTUE registry, ScT was 2 % at 6 months 
[35], 3 % at 6 months in the singlecenter AMC registry [36], 
and finally 2 % at 1 month in the BVSEXAMINATION cohort 
[13]. In the latter propensity scorematched study, 290 patients 
with STelevation myocardial infarction had higher ScT at 1 
month compared to DES or BMS (2.1 % for BVS; 0.3 % for 
DES and 1.0 % for BMS, p = 0.06 BVS vs DES).

Intravascular imaging with OCT has demonstrated that 
early ScT was mainly associated with unsatisfactory immedi
ate angiographic results (geographical miss, incomplete stent 
expansion, malapposition) or insufficient double antiplatelet 

therapy. However, OCT analysis in late ScT showed strut dis
continuity and fracture with strut recoil in the vessel lumen. 
Vessel wall analysis depicted evagination, neovasculariza
tion, and peristrut lowintensity areas (PLIA) [37]. The 
causes and consequences of PLIA remain uncertain in BVS; 
this phenomenon is also often observed in scaffolds that have 
not developed thrombosis. A recently published trial in 26 
coronary swine segments treated with everolimuseluting 
DES demonstrates a direct correlation between the degree of 
PLIA and peristrut inflammation at histology [38]. Peristrut 
lowintensity areas may also be an indicator of vascular 
edema due to the hydrolysis of polylactide. The association of 
PLIA and late ScT requires further investigation. . Figure 8.3 
depicts case of late ScT with OCT analysis.

8.6  Vasomotor Response and Functional 
Restoration

The normal endothelial function regulates vasomotor tone 
(via nitric oxide), the inhibition of vascular inflammation 
(e.g., prostaglandins), local thrombolysis, and fibrinolysis (via 
tissue plasminogen activator) [39]. Losing this regulation may 

a d
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       . Fig. 8.2 Representative illustration of patient suffering from very late-
stent thrombosis due to hypersensitivity reaction 7 years after sirolimus-
eluting stent implantation in left anterior descending coronary artery. 
Panel a depicts coronary angiograms before, Panel b during, and Panel 

c after PCI. Panel d represents the longitudinal OCT reconstruction and 
Panel e cross sections of OCT with the presence of evaginations (paraglid-
ing or cauliflower phenomenon). Panel f is 3-D rendering reconstructions 
highlighting these evaginations
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promote thrombosis resulting in adverse cardiovascular out
comes. Normal endothelium function and vasomotion gener
ates vasodilation under exercise conditions, but this is 
impaired in coronary artery disease where exercise results in 
paradoxical vasoconstriction of the stenotic segment [40].

Endothelial dysfunction was first reported after BMS 
implantation [39] and was initially associated with 
 mechanical injury of the vessel. However, it is also impaired 
after the implantation of firstgeneration SES and PES with 
paradoxical vasoconstriction of segments adjacent to the 
stent in response to reactivity testing (acetylcholine infusion, 
rapid atrial pacing, or supine bicycle exercise testing), while 
BMS demonstrated normal vasomotor function of the peri
stent segments [41–45] (. Fig. 8.4). Among the mechanisms 
of endothelial dysfunction and vasomotion found after DES 
implantation are direct toxicity of the drug eluted, hypersen
sitivity to the stent polymer, delayed endothelial healing, and 
persistent inflammatory response [46].

It was hypothesized that latergeneration DES with more 
biocompatible polymers and biodegradable polymers would 
limit endothelial dysfunction and preserve vasomotion. 
Results are conflicting, and a very recently published study 
comparing EES and BES, 16 months after implantation, 
showed exerciseinduced endotheliumdependent paradoxi
cal coronary vasoconstriction of the segments adjacent to the 
stent in both groups. Suggesting that endothelial dysfunction 
after DES implantation is not primarily caused by the dura
bility of the polymer coating [47].

One of the presumed advantages of BVS would be resto
ration of vessel physiology after complete scaffold resorp
tion. Preliminary data from the ABSORB Cohort A suggests 
that vasomotion after acetylcholine infusion may be pre
served [48, 49]. Vasomotion at 3year followup is one of 
the co primary end points of the ABSORB II trial, the 
results of which should clarify the potential benefits of BVS 
implantation. Importantly, it has yet to be established 
whether or not abnormal vasomotor response results in 
adverse clinical events.

8.7  Conclusion

Percutaneous coronary interventions have been a major 
breakthrough in the history of medicine leading to ample 
successes. But a careful appraisal of the mechanisms 
behind the acute and chronic consequences is paramount 
to interpreting clinical data, understanding early and late 
adverse events, and imagining ways to decrease them. It is 
from the meticulous analysis of factors such as elastic 
recoil, neointimal hyperplasia, neoatherogenesis, hyper
sensitivity, and, more recently, vasomotor response that 
the devices have been continuously improving and with 
them adverse events decreasing. Technological innova
tions such as DES with biodegradable polymers and biore
sorbable vascular scaffolds still continue to disturb vessel 
physiology and healing.

       . Fig. 8.3 OCT example of thrombosis of one bioresorbable vascular 
scaffold almost 2 years after implantation. The longitudinal reconstruc-
tion depicts a relative small scaffold for the vessel (due to chronic 

recoil). The cross sections depict intense peristrut low-intensity areas 
with strut discontinuities
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9.1  Introduction

While all cardiomyopathies share the definition of a disease 
that primarily affects the structure of the myocardium, the 
resultant diseases are diverse. However, one unifying feature 
is that these structural abnormalities all impinge to greater or 
lesser extents on the microcirculation. Additionally, some 
have significant influential effects on the epicardial system as 
well. In fact, often the resultant morbidity and mortality of 
these diseases are severely influenced by the effect of coro-
nary microvascular dysfunction (CMD).

As both noninvasive and invasive techniques are increas-
ing in sophistication and can provide information on sepa-
rated domains within the coronary tree, their application to 
cardiomyopathic processes provides an insight into the 
pathology of these diseases. However, perhaps more impor-
tantly, they also act as a supplementary diagnostic tool and 
may even confer some risk stratification options. As more 
specific treatment options emerge in a variety of these dis-
eases that until now could only be managed supportively, 
identifying the disease processes early and instigating these 
therapies in a timely fashion can only be advantageous. 
Therefore, appreciation of the impact of these processes on 
the macro- and microcirculation is essential to appropriately 
manage these patients.

During this chapter, we consider how the coronary cir-
culation is impacted by these conditions, dividing them 
broadly into primary and secondary causes, and discuss 
investigative options that target the epicardial and (partic-
ularly) the microcirculatory domains. Additionally, we go 
on to discuss the process of cardiac allograft vasculopathy, 
its impact on the coronary system, and recent insights in 
this field.

9.2  Primary Cardiomyopathies

9.2.1  Hypertrophic Cardiomyopathy

 Background
Hypertrophic cardiomyopathy (HCM) is the most common 
genetic heart disease with a prevalence of around 1:500 with 
significant variability in its phenotype, pathophysiology, and 
clinical course. HCM is one of the commonest causes of sud-
den cardiac death in the young, and with the advent of ICD 
for SCD prevention, mortality and morbidity of this disease 
are dominated by heart failure. HCM is most commonly 
caused by mutation in a gene that codifies for proteins of the 
sarcomere resulting in a thickening of the heart muscle as 
well as significant myocardial disarray.

The presence of an abnormal microvascular function has 
been recognized clinically in HCM as the description of 
angina [1] or even the presence of frank myocardial infarc-
tion [2] in the absence of significant epicardial coronary dis-
ease. Formal documentation of relative myocardial ischemia 
using thallium scanning was first performed almost 35 years 

ago [3], and there now exists a substantial body of evidence, 
across a diverse array of modalities, to demonstrate this.

Experimental models and histology studies have demon-
strated several potential etiological mechanisms most likely 
which synergistically interact to cause this relative myocar-
dial ischemia. Additionally, it is now appreciated to not sim-
ply be a benign result of myocardial hypertrophy but is 
actively involved in disease progression, morbidity, and mor-
tality. Its recognition and perhaps quantification are likely 
therefore to be an important facet in the future in the man-
agement of this condition and may ultimately play a role in 
risk stratification.

9.2.2  Evidence for Microvascular 
Dysfunction in HCM and Their 
Prognostic Insights

The most widespread investigative tool for the investigation 
of the microcirculation is the measurement of coronary flow 
reserve (CFR), which can be achieved through a number of 
modalities as outlined below. Many of those modalities allow 
not just a binary outcome measure but a semi- or absolute 
quantification of the microvascular burden.

9.2.3  Scintigraphy and Biochemistry

The earliest work in this field used thallium-201 and angiog-
raphy to demonstrate the presence of ischemia but the absence 
of significant coronary disease. Further work using exercise 
scintigraphy in conjunction with invasive cardiac vein lactate 
sampling as a biochemical marker of myocardial ischemia has 
demonstrated the presence of reversible defects in a signifi-
cant number of patients with HCM and that this corresponds 
to biochemical-confirmed myocardial ischemia [4]. Those 
patients with abnormal scans appear to more frequently suffer 
from chest pain despite unobstructed coronary arteries [3]. A 
similar invasive biochemical study used coronary sinus pH as 
a marker of myocardial ischemia and demonstrated it to be 
significantly low compared to controls during dipyridamole 
stress, often in conjunction with significant chest pain [5].

SPECT has also been used for prognostic purposes. A 
study showed that HCM patients with a positive thallium 
scan and no evidence of coronary disease had a higher inci-
dence of VT or arrhythmias requiring pacemaker implanta-
tion [6]. A beneficial effect of verapamil in HCM was also 
being demonstrated with this modality with an increase in 
exercise tolerance and a decrease in exercise-induced defects 
occurred following its administration [7]. Finally, SPECT has 
been used for more global prognostication with a higher risk 
of cardiovascular death in HCM patients with abnormal 
imaging results [8].

While thallium scans can demonstrate the presence of 
inducible ischemia with dipyridamole stimulation, inter-
estingly an unconnected proportion of patients appear to 
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have evidence of ischemia on ambulatory ECG monitoring 
during daily life [9]. Therefore, while many patients may 
have no evidence of myocardial ischemia with provocation, 
that does not mean they are entirely free of microvascular 
ischemia.

9.2.4  Echocardiography

Direct imaging of the LAD using transthoracic echocardiog-
raphy is now a feasible mechanism for the assessment of cor-
onary flow reserve [10]. Using echocardiography, control 
patients have lower resting peak diastolic flow rates com-
pared to all HCM patients but similar hyperemic peaks 
amounting to a reduced CFR [11].

Further information can also be gleaned with this modal-
ity. Firstly, symptomatic patients with HCM have been noted 
to have a CFR lower than those who are asymptomatic [12]. 
Additionally, patients with HCM appear to have an inverse 
linear relationship between wall thickness and coronary flow 
reserve in the territory in question as assessed by echocardio-
graphic imaging of the LAD or PDA [13]. CFR assessed 
through echocardiography has also been reported as a prog-
nostic parameter in HCM.  Using a cutoff value of 2, an 
abnormal CFR has been reported to infer a tenfold increased 
risk of significant future events [12].

Certain resting parameters have been noted to reflect 
microvascular dysfunction, mostly in the context of acute 
myocardial infarction [14, 15]. However, these parameters 
have also been noted in HCM patients, particularly systolic 
flow reversal, slow acceleration, and rapid diastolic decelera-
tion time [16].

9.2.5  MRI

As with echocardiography, MRI has demonstrated that CFR 
is predominantly reduced in HCM due to a lower hyperemic 
flow rate. However, MRI is also able to quantify where this 
abnormality dominates; this is particularly in the endocar-
dial layer and is in proportion to the magnitude of the hyper-
trophy [17] with a significant inverse relationship between 
wall thickness and hyperemic myocardial blood flow [17]. By 
combining MRI with PET studies, the reduction in hyper-
emic flow can be regionalized to areas adjacent to fibrosis 
[18] suggesting therefore that replacement fibrosis may be 
the result of ischemia and cell death.

MRI has also been used to demonstrate the presence of 
scarring in patients with minimal or no symptoms and pre-
dominantly occurs in hypertrophied regions [17], and its 
presence is often linked with a reduced contraction [19]. 
Two reports of explanted hearts of patients that had under-
gone recent MRI demonstrated that late gadolinium 
enhancement appeared to be related to the amount of col-
lagen but not myocardial disarray as was regional wall 
motion [20, 21].

9.2.6  PET

Similar to echocardiographically determined CFR, PET has 
also demonstrated CFR to be lower in HCM patients who are 
symptomatic compared to asymptomatic [22]. Again, many 
studies using PET have demonstrated an abnormally low 
peak myocardial blood flow, which is the cause of the abnor-
mally low CFR. Additionally, in those patients with an abnor-
mal fractional shortening, a positive linear correlation was 
noted with dipyridamole myocardial blood flow [23] imply-
ing that this microvascular dysfunction is involved in the 
development of systolic impairment in HCM.

Importantly however, PET scanning has demonstrated 
that even in a non-hypertrophied free wall, microcirculatory 
abnormalities are appreciable despite the echocardiographic 
appearance of normality [22]. PET scanning reveals a mark-
edly blunted response to dipyridamole in patients with HCM, 
and in turn this feature is a good predictor of adverse out-
comes (clinical deterioration or death) [24] or a more rapid 
deterioration in systolic function over time [25].

The positive effect of verapamil therapy has been demon-
strated with PET where subendocardial underperfusion 
improved in individuals randomized to therapy versus placebo 
[26]. Interestingly, there was no increase in overall myocardial 
blood flow, but rather redistribution appears to occur [27].

9.2.7  Myocardial Contrast Echocardiography

The only available data with this technique comes from a 
combined study with myocardial contrast echocardiography 
and PET scans that demonstrated relative myocardial blood 
flow and hyperemic myocardial blood flow to be influenced 
by LVEDP, outflow tract gradient, and LV mass index [28].

9.2.8  Invasive Catheterization Studies

The presence of an abnormal CFR in HCM has also been 
demonstrated invasively using a conventional Doppler- 
tipped flow wire. Additionally, coronary resistance ratio (the 
ratio of coronary resistance at rest and hyperemia where 
resistance = aortic pressure−end-diastolic pressure/velocity) 
was found to be reduced in HCM compared to controls [29].

9.2.9  Causes of Microvascular Dysfunction 
in HCM

Both animal experimental studies and work with pediatric 
and adult patients with hypertrophied hearts have provided 
insight into the potential mechanisms for microvascular dys-
function in HCM. While a number of pathological features 
are present in HCM, it is unlikely that a single mechanism is 
responsible for the significant microvascular abnormalities 
seen in this condition. Instead these mechanisms interact to 
greater or lesser extents in a synergistic fashion.
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9.2.10  Relative Arteriolar Lumen Size

Many have suggested that the morphological abnormalities 
of the intramural coronary arteries are the primary substrate 
for microvascular dysfunction [30]. Insightful work from 
Kramset al. investigated both intracoronary physiology using 
a Doppler flow wire and biopsy or myectomy-obtained his-
tology patterns in patients with HCM and controls. A relative 
reduction in the size of the arteriolar lumen was noted in 
patients with HCM compared to controls. Additionally, the 
coronary resistance ratio was linearly related to relative arte-
riolar lumen size [29], features confirmed by a second group 
in the same year using the inert chromatographic argon 
method to determine coronary resistance [31].

Necropsy studies have also demonstrated the presence of 
abnormal intramural microcirculatory vessels (arterioles) in 
the majority (80 %) of patients with hypertrophic cardiomy-
opathy with a narrowed lumen due to proliferation of the 
intima and medial smooth muscle cells and collagen [32, 33]. 
Because necropsy studies have an inherent bias toward 
higher-risk patients, studies with combined MRI and myec-
tomy histology were undertaken and were able to demon-
strate again a relationship between small intramural coronary 
arteriole dysplasia and scarring in HCM patients [34].

Interestingly, this abnormal arteriolar wall structure 
appears to be inherent to HCM left ventricular hypertrophy. 
While it is seen in left ventricular hypertrophy models in 
both guinea pigs [35–37] and rats [38–40], it has not been 
reproduced in ventricular biopsies taken from humans with 
LVH secondary to hypertension [41] or in pig models [42]. 
Additionally, autopsy specimens from patients with LVH 
secondary to aortic stenosis do not show intramyocardial 
arteriole wall thickening [43].

9.2.11  Decreased Density of Coronary 
Resistance Vessels in Hypertrophied 
Myocardium

In order for vessel density to be maintained, and to protect 
against relative ischemia, as muscle mass increases, perfo-
rating vessel number and size needs to increase in parallel. 
However, this does not appear to be the case in left ventricular 
hypertrophy – either in the form of HCM or from secondary 
causes with mass outstripping that of vessel number or size.

Both arteriolar [31] and capillary density [29] are reduced 
in HCM and accompany the resultant changes in coronary 
resistance. In animal models of LVH, changes in the vascular 
bed do not seem to parallel myocyte growth in left ventricu-
lar hypertrophy. In pig [42] and dog [44] models of left ven-
tricular hypertrophy with demonstrably impaired CFR, 
anatomical studies have shown that hypertrophy causes a 
reduction in endomyocardial capillary density. Interestingly, 
a separate study has shown this phenomenon is less evident 
at 1 year suggesting there may be a lag, rather than absolute 
deficit, between LVH and new vessel growth [45].

A similar relative reduction in cardiac vessel growth dur-
ing hypertrophy has also been demonstrated in rats by assess-
ing cardiac cyclic GMP (cGMP) kinase levels (cGMP is a 
protein involved in the regulation of vascular smooth muscle 
tone) [46]. In humans, autopsy studies of patients with LVH 
due to aortic stenosis have shown a decrease in coronary cap-
illary density in comparison to controls [47].

9.2.12  Increased Perivascular Compression 
Due to Changes in Myocardial 
Structure and a Greater Compressive 
Effect of Systole

In humans, there is a linear correlation between coronary 
resistance and left ventricular end-diastolic pressure (LVEDP) 
suggesting the importance of these external compressive forces 
[48]; however, the reduction in coronary reserve is proportion-
ally greater than the increase in LVEDP reinforcing the multi-
factorial nature of this problem. In the guinea pig model, the 
effect of perivascular compression, as well as the increase in 
the compressive effect of systole, has been demonstrated to 
impact negatively on coronary flow reserve with LVH [49].

Certainly in adults with hypertrophy induced by aortic 
stenosis, PET scanning and pre- and post-aortic valve 
replacement have shown a strong correlation between CFR 
and the hemodynamic load on the left ventricle and hemody-
namic severity of the valve stenosis. They did not find a rela-
tionship with left ventricular mass and go on to suggest 
microvascular dysfunction results predominantly from 
extravascular compressive mechanisms as well as changes in 
diastolic perfusion time [50].

9.2.13  Increased Muscle Mass

Despite these studies in aortic stenosis [50], without an out-
flow tract gradient, it is well accepted that the more muscle 
mass present, the higher the oxygen demands of the heart 
will be and the potential for microvascular dysfunction. On a 
macroscopic level, the size of the large coronary arteries 
increases with LVH, and after aortic valve replacement for 
aortic stenosis, the arteries return to normal [51]. However, 
studies in animals and humans have suggested that the 
increase in size is not proportional to the increase in cross- 
sectional muscle mass creating a relative imbalance in oxy-
gen supply and demand [42, 43].

Certainly, a huge evidence base exists to demonstrate the 
prognostic effect of secondary left ventricular hypertrophy. 
For example, the Framington study showed that left ventricu-
lar mass measured by echocardiography was associated with 
cardiovascular events, cardiovascular deaths, and death from 
all cause independent of other cardiovascular risk factors [52–
54]. For every increment of 50 g/m height in LV mass, the rela-
tive risk of cardiovascular disease was increased approximately 
1.5-fold, effects that are independent from that of blood pres-
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sure [55]. Additionally, this effect on the microvasculature is 
reversible and has been shown in many animal models [56–60] 
and in pharmacologically treated patients [61–65].

9.2.14  Increased Diffusion Distance 
from Capillary to Center 
of Hypertrophied Myocardial Cells

It has also been suggested that as the myocytes increase in 
size, there is an increased diffusion distance from the capil-
lary to the center of the cell [66, 67]. Additionally, the pres-
sure within the myocardial cells is increased [68], and these 
factors will impair oxygen transfer. However, these findings 
are not supported in all studies [69].

9.2.15  Endothelial Dysfunction

Structural changes in coronary vasculature may not fully 
account for the reduction in coronary reserve, and there may 
in fact be a change at the endothelial level as well. For exam-
ple, coronary reserve has been shown to be reduced in hyper-
tensive patients [70, 71] and animal models [72] prior to the 
development of LVH.  Rats with LVH have been shown to 
have a reduced production of coronary nitric oxide synthase, 
another reflection of endothelial dysfunction [36]. Using 
explanted coronary arteries from a guinea pig model of LVH, 
Mcgoldrick et  al. confirmed that coronary vessels from 
hypertrophied hearts have impaired relaxation to endothelial- 
dependent and independent agents [73].

Additionally, LVH also results in a greater propensity to 
anerobic metabolism due to an attenuated microvascular 
response to hyperemia [35, 74]. They are therefore more vul-
nerable to the effects of myocardial ischemia as they are 
unable to recover as well from such insults. For example, in 
dogs with LVH, occlusion of the circumflex artery resulted in 
a much larger area of infarction than controls [75].

However, the majority of these studies are conducted in 
models or patients with secondary LVH.  Endothelial cells 
may therefore be responding to exogenous systemic pressure, 
and therefore extrapolating these conclusions to patients 
with HCM is done with extreme caution.

9.2.16  Non-atherosclerotic Epicardial 
Influence

Relative myocardial ischemia and worsening microvascular 
dysfunction may also be stimulated from non-atheroscle-
rotic epicardial vessels due to significant myocardial bridg-
ing. Historical work examining angiograms from 36 
children (mean age 7.1  years) demonstrated 28 % to have 
myocardial bridging which caused compression of the LAD 
for 50 % of diastole. In those patients with a myocardial 
bridge, chest pain, previous cardiac arrest, and ventricular 

tachycardia were more frequent [76]. A case report of a 
child who suffered sudden cardiac death confirmed the 
presence of both an intramurally directed LAD and a hem-
orrhagic acute septal myocardial infarction representing 
perhaps cause and effect [77].

9.2.17  The Influence of Outflow Tract 
Obstruction

Invasive work with aortic stenosis, in particular in patients 
undergoing transcatheter valve therapy, has shown clearly 
that the presence of an outflow tract obstruction has a marked 
detrimental effect on microvascular function over and above 
that of left ventricular hypertrophy [78]. Therefore, it is of no 
surprise that a similar feature exists in HCM. For example, 
oxygen consumption per 100 g in a series of 14 patients has 
been found to be equivalent to controls implying that meta-
bolic demand is unchanged [31]. However, this feature is 
altered in the presence of an outflow tract obstruction where 
myocardial oxygen demand is increased [1].

Invasive studies using Doppler flow wires have shown 
an inverse relationship between peak outflow tract gradient 
and CFR [79]. Patients with an outflow tract obstruction (of 
>30 mmHg) tend to have higher resting peak coronary velocity 
but equivalent hyperemic velocities translating to lower coro-
nary flow reserve than patients with hypertrophy but no gradient 
as seen using noninvasive Doppler [11]. Interestingly, surgical 
myectomy has been shown to improve myocardial dynamics 
with a reduction in myocardial lactate production [80].

9.2.18  Other Structural Changes Favoring 
Microvascular Dysfunction

There are also substantially higher levels of collagen and matrix 
connective tissue [81] with increased turnover rates [82], evi-
dence of fibrosis [83], and myocyte disarray [84], all of which 
may contribute to microvascular dysfunction. Individual stud-
ies have suggested that the collagen and disarray are more 
likely in the mesocardium than endo- or epicardium.

A separate similar necropsy study of sudden death in 
HCM identified isolated or multiple septal scars in nearly 
two-thirds of patients implying that this relative ischemia 
from microvascular dysfunction may cause tissue infarction 
and be a factor involved in life-threatening arrhythmias [85].

9.2.19  Conclusion

The evidence for microvascular dysfunction in HCM is over-
whelming and can be recognized clinically, prognostically, 
and through a variety of investigative modalities. While this 
was first appreciated 35 years ago, what is now more well 
appreciated is the role that microvascular dysfunction has in 
morbidity and mortality.
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The cause of microvascular dysfunction is multifactorial 
and certainly involves microstructural abnormalities such as 
a decreased lumen-vessel ratio and a reduction in capillary 
and arteriole density. The demanding effect of left ventricular 
mass on oxygen necessities is also evident and is a significant 
cause of resultant scarring, arrhythmogenesis, and the pro-
gression to heart failure.

However, the information obtained, particularly from 
PET scanning, is very insightful, demonstrating that signifi-
cant abnormalities exist in the microvasculature even in non- 
thickened myocardium. Therefore, it appears the 
microvasculature is not just a passive result from these mech-
anisms but an important feature of the disease, and in fact 
despite its name, one of the primary features of hypertrophic 
cardiomyopathy is a disorganized microstructure.

At present, there are options for both medical and device 
therapy in the treatment of these patients. Conventional risk 
stratification does not require a microvascular assessment. 
However, given its prognostic influence and its primary role 
in HCM, this may change in the future with the above inves-
tigative modalities providing both quantitative information 
and an ability to monitor therapy.

9.3  Dilated Cardiomyopathy (DCM)

DCM is characterized by reduced contractile function and 
dilation of the left or both ventricular chambers. In this 
regard, we will refer to idiopathic DCM, whose diagnosis 
requires exclusion of significant coronary artery disease 
(CAD), as well as heavy alcohol consumption or systemic 
diseases such as diabetes mellitus (DM), which can cause 
DCM by themselves. The classical pathogenic mechanisms in 
“idiopathic” DCM include genetic, viral, or autoimmune eti-
ology. Up to 20–45 % of patients respond to treatment, but 
prognosis is still poor with a 20 % survival at 5 years [86]

Coronary microvascular dysfunction (CMD) in DCM is 
thought to be present from very early phases of the disease, 
and it is associated with an increased risk of sudden cardiac 
death and cardiac events [87].

It is thought that left ventricular dysfunction and struc-
tural alterations of the myocardium such as perivascular 
fibrosis lead to abnormalities in the myocardial blood flow 
(MBF) by extravascular mechanisms. For instance, by an 
increase in wall stress in advanced DCM that eventually 
would raise oxygen demand [88]. In this setting, vasodilator 
therapy with angiotensin-converting enzyme (ACE) inhibi-
tors or the combination of isosorbide dinitrate and hydrala-
zine can reduce ventricular preload and improve 
extravascular compression [89].

On the other hand, vascular abnormalities are present, 
with reduced capillary density and endothelial dysfunction. 
Consequently, MBF and CFR are impaired [90, 91], and 
together with the increased oxygen [89] demand due to the 
extravascular mechanisms, they contribute to continuous 
episodes of ischemia that will worsen left ventricular ejection 
fraction. Vasodilator therapy could have also a role in 

improving endothelial dysfunction and preventing micro-
vascular remodeling [92, 93].

9.3.1  Arrhythmogenic Right Ventricular 
Cardiomyopathy (ARVC)

ARVC is a genetically determined heart muscle disease histo-
logically characterized by fibro-fatty replacement of the right 
ventricular (RV) myocardium, with an estimated prevalence 
of 1:5000 in the general population. In early stages, structural 
changes may be confined to a specific region of the RV, 
including the inflow tract, outflow tract, and apex [94]. In a 
more advanced phase of the disease, these abnormalities can 
also affect the left ventricle, resulting in a DCM phenotype.

Regarding microcirculation in this population, there is 
very little information. Paul M et  al. have shown a signifi-
cantly reduced hyperemic MBF and increased coronary 
 vascular resistance in a small cohort of patients with non-
failing ARVC, compared to controls [95]. Other studies  
have been focused on the myocardial autonomic dysfunction 
in ARVC patients and its vascular consequences. As a result 
of increased norepinephrine release at the presynaptic  
cleft, a downregulation of β-adrenergic receptors occurs. 
Consequently, β-adrenoceptor-mediated vasodilatation is 
impaired in ARVC during increased sympathetic tone, while 
α-adrenoceptor vasoconstriction is preserved. Thus, maxi-
mal MBF is eventually reduced [96].

9.3.2  Left Ventricular Non-compaction 
(LVNC)

LVNC is a myocardial disorder, which is thought to occur 
due to an early cessation of compaction of trabecular mesh-
work during embryogenesis. This leads to a two-layered ven-
tricular wall, with a thinner compact epicardial component 
and an inner prominently trabeculated layer. In the position 
statement of the European Society of Cardiology, LVNC is 
regarded as an unclassified cardiomyopathy because it is not 
clear whether it is a separate cardiomyopathy or merely a 
morphological trait shared by other entities. In addition, 
although it has been observed that a genetic basis may be 
present in LVNC, the relationship between genotype and 
phenotype is not clear [97].

Although information concerning CMD in LVNC is 
scarce in the literature, a study by Jenni et al. was specifically 
designed to address this issue [98]. MBF and CFR were 
 quantified in 12 LVNC patients compared to 14 control sub-
jects using positron emission tomography (PET) and (13) 
N-ammonia. CFR was significantly decreased in LVNC sub-
jects compared to controls, but the perfusion defects were not 
only confined to the non-compacted segments as some mor-
phologically unaffected regions showed abnormalities too. 
However, segments with wall motion abnormalities did show 
a greater impairment of CFR. Thus, CMD might be present in 
LVNC but does not seem to be related with LVNC phenotype.
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9.3.3  Stress-Induced (Tako-Tsubo) 
Cardiomyopathy

Tako-tsubo cardiomyopathy or transient LV apical balloon-
ing syndrome is defined by transient LV dysfunction, electro-
cardiographic changes that mimic acute myocardial 
infarction (MI), and release of myocardial enzymes in the 
absence of obstructive coronary artery disease. Its prevalence 
among clinically suspected acute coronary syndromes ranges 
between 1.2 and 2.0 %, and it was first described during the 
1990s in Japan, where tako-tsubo is a pot with a narrow neck 
and a circular bottom used for trapping octopuses [99]. It is 
mainly seen in postmenopausal women and is usually associ-
ated with emotional or physical stress [100].

The underlying pathological mechanisms of this entity 
are still not completely understood, but multivessel coronary 
vasospasm, catecholamine-induced myocardial-stunning 
abnormalities, spontaneous coronary thrombus lysis, and 
CMD are some of the proposed etiologies. Some studies sup-
port the role of CMD in apical ballooning syndrome. For 
instance, it has been observed that the initially impaired CFR 
in these patients improves spontaneously 1 month after the 
acute phase, assessed by transthoracic Doppler. During the 
acute setting, contrast echocardiography evidences a clear 
perfusion defect in segments with wall motion abnormali-
ties, but after intravenous adenosine, the coronary perfusion 
transiently recovers, and these regional wall motion abnor-
malities disappear. Hence, these findings prove that one of 
the pathogenic mechanisms might be reversible CMD [101]. 
Nonetheless, other studies have observed that CMD is pres-
ent beyond the acute phase in more than 90 % of the patients, 
even when left ventricular function has normalized [102]. 
Along with these findings, a follow-up study by Martin et al. 
demonstrated an impaired endothelial response to acute 
mental stress in patients with a history of tako-tsubo syn-
drome [103].

The fact that stress-induced cardiomyopathy is mainly 
observed in postmenopausal women may be due to decreased 
estrogen concentrations, which lead to a reduction in nitric 
oxide bioavailability and eventually impair coronary micro-
circulation [104]. Moreover, when compared to patients with 
acute MI, plasma catecholamine levels have been proved to 
be higher in tako-tsubo cardiomyopathy, and they remain 
elevated at least 1 week after the acute phase [105].

9.3.4  Myocarditis and Inflammatory 
Cardiomyopathy

Some of the viruses responsible for myocarditis specifically 
infect endothelial cells, such as parvovirus B19 (PVB19) or 
herpesvirus type 6. PVB19 primarily infects erythroid pro-
genitor cells in the bone marrow during childhood, and 
there is a very high prevalence of persistent and asymptom-
atic latent infections [106]. Myocarditis symptoms usually 
respond to reactivations, when chest pain is usually the main 

symptom as the primary erythrovirus receptor P and its 
coreceptors are present in endothelial cells, including the 
coronary arteries. Thus, angina-like symptoms have been 
related to endothelial dysfunction, and it has been observed 
that virus-positive patients have a lower increase in CBF 
after acetylcholine, compared to controls [107]. The mecha-
nisms by which PVB19 causes endothelial damage are still 
not completely understood. However, studies have shown 
that endogenous release of PVB19-infected endothelial pro-
genitor cells from the bone marrow may injure the endothe-
lium during vascular repair. In this setting, IFN-β has proven 
to improve endothelial dysfunction by inhibiting viral tran-
scription, although it does not clear the virus completely 
[108] (. Fig. 9.1).

9.4  Secondary Cardiomyopathies

In this section, we will review how systemic diseases that 
involve the heart specifically impair microvascular function. 
The literature concerning this subject is scarce, so this chap-
ter will focus on two main entities: Anderson-Fabry disease 
and amyloidosis.

9.4.1  Anderson-Fabry Disease (AFD)

AFD is a recessive X-linked lysosomal storage disorder due to 
a deficiency of alpha-galactosidase A, which results in stor-
age  of a glycosphingolipid called globotriaosylceramide 
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       . Fig. 9.1 CBF changes after intracoronary ACh injection, mea-
sured by Doppler flow-wire technique. CBF increase of virus-positive 
patients with diastolic and endothelial dysfunction (n:11) was reduced 
compared with virus-negative patients with normal diastolic and endo-
thelial function (n:7) (141:14 % vs 239:21 %, *P:0.003) (Illustration from 
Ref. [107])
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(Gb3) in different tissues. These include the kidney, central 
and peripheral nervous system, skin, and heart. Left 
 ventricular  hypertrophy is the most common cardiac abnor-
mality associated with this disorder, and as it happens in 
HCM, patients can present with chest discomfort suggesting 
angina pectoris despite normal epicardial coronary arteries. 
Attending to these clinical characteristics, several studies 
have aimed to detect CMD in these patients. Elliot et  al. 
observed that male patients with AFD had a significantly 
lower MBF and CFR compared to normal controls using PET 
[109]. All of these subjects had LV hypertrophy, and it has 
been suggested that angina could respond to lumen narrow-
ing of intramyocardial arteries due to hypertrophy and 
hyperplasia of cardiomyocytes, as well as perivascular fibrosis 
[110]. However, a recent study showed that coronary micro-
vascular function is impaired in AFD patients irrespective of 
LV hypertrophy and gender compared to controls. Thus, evi-
dence of CMD could prematurely detect cardiac involvement 
in this population [111]. This would have direct clinical con-
sequences because patients could eventually benefit from 
enzyme replacement therapy at an early stage of the disease, 
when there is evidence of a greater efficacy and better out-
come [112].

As for the pathophysiological mechanisms that led to 
CMD when LV hypertrophy is not present, these could 
include endothelial dysfunction due to Gb3 storage that car-
diac energetic metabolism, nitric oxide pathway dysregula-
tion, or microvascular remodeling.

9.4.2  Cardiac Amyloidosis (CA)

CA responds to the extracellular deposition of a misfolded 
protein in the heart tissue, either in the context of a systemic 
disease or as a more localized form.

The most common amyloid fibrils that affect the heart are 
light chain and transthyretin proteins, which could result in 
LV hypertrophy and restrictive cardiomyopathy [113].

Amyloid deposits can be found in the interstitium 
between cardiac myocytes and also in perivascular regions 
and the medial layer of intramyocardial coronary vessels 
[114]. Thus, CMD is a potential complication of CA due to 
pathophysiological mechanisms seen in other entities, such 
as extrinsic compression of the microvasculature or impair-
ment of endothelial function secondary to the presence of 
amyloid within the vessels. Following this hypothesis, 
Dorbala and colleagues described the coronary microvascu-
lar function in 21 CA patients without epicardial coronary 
artery disease, compared to ten subjects with hypertensive 
LV (. Fig. 9.2) [115]. The CA group showed significantly 
decreased rest MBF, stress MBF and CFR compared to the LV 
hypertrophy group, as well as a higher minimal coronary vas-
cular resistance. As both groups presented LV hypertrophy, 
this study reinforces the idea that increased LV mass is not 
solely responsible for CMD, and other pathophysiological 
mechanisms may be present. For instance, it is known that 

patients diagnosed with amyloidosis present autonomic dis-
turbances, and autonomic denervation could potentially 
affect MBF and CFR as it has been previously seen in diabetic 
patients [116]. However, further studies are needed in order 
to address this issue.

9.5  Cardiac Allograft Vasculopathy

9.5.1  Introduction

Since 1982, more than 110,000 cardiac transplants have been 
performed worldwide with a current rate of approximately 
5000 per year. Huge effort has been expended to combat what 
was initially the main postoperative issue of acute rejection. 
With modern transplant immunosuppression, the morbidity 
and mortality of this process have been dramatically reduced, 
and as a result, survival now exceeds a median of 10 years. 
However, this has led to the dominance of chronic rejection 
as a postoperative problem, one of the main causes for which 
is cardiac allograft vasculopathy (CAV).

CAV is a fibro-proliferative disorder causing accelerated 
coronary artery disease with progressive, diffuse, and cir-
cumferential intimal lesions that ultimately progress to 
occlude coronary blood flow. It shares many features similar 
to conventional atherosclerosis with increased cell adhesion 
molecular expression, leukocyte infiltration, similar cytokine 
profiles, aberrant extracellular and intracellular lipids, inti-
mal smooth muscle cell migration, endothelial dysfunction, 
and abnormal apoptosis [117]. Its risk is progressive over 
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       . Fig. 9.2 Mean rest and stress MBF as well as CFR per unit LV mass in 
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Peak stress MBF, CFR (CFR unadjusted)*, and CFR values were signifi-
cantly lower in the amyloid group than in the LVH group. CFR coronary 
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myocardial blood flow (Adapted from Ref. [115])
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time with an incidence of 8 % at 1 year, 30 % at 5 years, and 
50 % at 10 years [118].

CAV represents a major source of morbidity and mortal-
ity and is a significant cause of graft loss and death after the 
first year [119]. The resultant coronary occlusive disease leads 
to congestive heart failure, arrhythmias, myocardial infarc-
tion, and sudden death. Given the sensory properties of a 
denervated heart, unfortunately often the initial presentation 
of CAV is the latter scenario thus necessitating regular screen-
ing. Overall, CAV is estimated to be responsible for 10–15 % 
of cardiac deaths after transplantation. Therefore, the under-
standing of its pathophysiology and the application of 
 potential therapies are foremost in current transplant medi-
cine  representing a significant target in these patients’s 
 management.

9.5.2  Pathogenesis of CAV

Allograft vasculopathy occurs to some extent in the majority 
of solid organ transplantations, but the exact mechanism in 
which CAV is induced still remains subject to some debate. 
Certainly, both donor and recipient cells are involved, but it 
is not clear which cells are active and passive in its develop-
ment. There is also evidence for both immunological and 
non-immunological processes although the former probably 
dominate given the observation that only donor vessels (and 
not native arteries) develop arteriopathy despite exposure to 
the same circulatory risk factors [120].

Many investigators believe immune-mediated injury to 
the graft is the fundamental initiator of CAV.  This is insti-
gated by T-cells which produce a cytotoxic cellular response 
(causing the release of cytokines such as interleukin-2 and 
interferon-γ) as well as B-cell antibody production [121]. 
This occurs either directly (through direct recognition of 
donor MHC-peptide complexes by host T-cells) or indirectly 
(when MHC molecules or minor antigens are processed into 
peptides and presented to T-cells). Platelet activation also 
seems to play a significant role [122] along with endothelial 
and smooth muscle progenitor cells [123]. HLA matching is 
important, and the degree of mismatch corresponds with the 
severity of CAV [124].

Additionally, given that chronic rejection can occur when 
hearts are transplanted into syngeneic mice [125], it is evi-
dent that mechanisms other than those involving an alloanti-
genic process are also involved in the pathogenesis of 
CAV. Evidence exists for a potential role for antigenic recog-
nition of cardiac myosin [126], vimentin [127], or collagen V 
[128]. Infective complications are important, particularly 
that of cytomegalovirus which seems to promote chronic 
vascular rejection of most solid organs and is associated with 
a 28 % rate of obstructive CAV 5 years after heart transplanta-
tion [129]. Additionally, it is noted that Chlamydia pneu-
moniae IgG titres correspond to the severity of allograft 
atherosclerosis after transplantation [130].

Other donor factors also appear to play an influencing 
part in this process. For example, it is possible that the 
presence of “explosive” brain death induces an expression 
of inflammatory mediators in peripheral organs eventu-
ally making them more susceptible to MHC-driven pro-
cesses. This has been seen in both animal models [131] 
and with IVUS in human transplant recipients [132]. 
Conventional cardiac risk factors in the donor, such as 
smoking and hypertension, and a history of coronary dis-
ease are risk factors [133] as is the ischemic time at pro-
curement [134].

Of note the development of CAV does not seem to relate 
to the number or severity of cellular rejection episodes [135], 
and adequate immunosuppression, sufficient to prevent 
acute allograft failure due to rejection, does not alter the 
course of CAV [136]. However, particular regimens such as 
those involving cyclosporine and tacrolimus increase the risk 
of chronic renal disease, hyperlipidemia, and hypertension 
which may exacerbate CAV [133].

Cardiovascular risk factors in the host also influence the 
course of CAV including older age, hypertension, smoking, 
and high BMI with dyslipidemia being the most important 
[137]. Control of lipid levels has a positive influence on the 
incidence of CAV [138]. Other drug therapies that may have 
an influence on CAV include statins, ACE-I, Ca-channel 
blockers, everolimus, and sirolimus [123]. Regular exercise 
has a positive effect on the development of CAV and is rec-
ommended to most transplant patients [139].

9.5.3  Histological Findings

CAV can affect large and small epicardial arteries, intramyo-
cardial arteries [140], and veins with a diffuse degree of dis-
tribution [141]. Morphologically, it involves three types of 
lesions [142]:

 Fibromuscular Intimal Hyperplasia
The principle histological findings are of a concentric fibro-
muscular intimal hyperplasia that distinguishes it from the 
normal eccentric pattern of conventional atherosclerosis. 
This is caused by accumulation of lymphocytes and macro-
phages beneath the endothelium (“endothelitis”). Intimal 
proliferation occurs, and the resultant lesions are composed 
of collagen, extracellular matrix proteins, and vascular 
smooth muscle cells.

 Atheroma
These occur in the epicardial arteries of both adult and 
pediatric recipients. They demonstrate calcification and 
mural thrombus formation and share many similar pro-
cesses to conventional atherosclerosis [143]. However, cal-
cification is less frequent and not a marker of severity when 
present.
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 Chronic Inflammation
Inflammation is seen to greater or lesser extent in the major-
ity of graft vessels and can extend transmurally (unlike ath-
erosclerosis which is limited to the intima). However, it is 
probably more active and disruptive in cases of CAV with 
elastic laminae and smooth muscle cell destruction.

9.5.4  Detection of CAV: Impact on the 
Macro- and Microvasculature

 Invasive Studies of the Macrovasculature
The primary pathology in CAV is a progressive encroach-
ment into the lumen of the coronary vessel that is now known 
to occur throughout the entire coronary tree. As such, it has 
effects on both micro- and macrovasculature and can there-
fore be appreciated using a variety of complimentary and dis-
tinct investigative tools. Despite these potentially 
sophisticated techniques, as yet only angiography is largely 
used as the primary screening tool with recent ISHLT guide-
lines recommend annual or biannual angiography in both 
adult and pediatric patients [144]. In this setting, even the 
presence of mild-lesions is a marker of prognosis when rec-
ognized [145].

As a complimentary tool, IVUS provides more detailed 
information on the structure of the coronary arteries and 
may be able to recognize more subtle evidence of developing 
CAV. The initial rate of progression of intimal thickness as 
measured from two time points (baseline and 1 year) is a 
subtle way to recognize the development of CAV and corre-
lates with outcome data at 5 years [146]. Several classification 
techniques exist to document the degree of CAV, the most 
widely accepted of which is the Stanford classification [147].

 Noninvasive Assessment Tools
While detection of CAV is not as reliable using ECG, exercise 
tolerance, arrhythmia monitoring, or echocardiography 
compared to angiography [148], they may have a role in cer-
tain scenarios [144].

The sensitivity of simple resting echocardiography is poor 
at less than 50 %. However, if regional dysfunction is present, 
it has a good specificity (>80 %) for CAV [149], and the appli-
cation of tissue Doppler is also useful [150]. More widely 
used is stress echocardiography with a sensitivity of 72 % and 
specificity of 88 % for diagnosing Stanford class III or IV 
IVUS-CAV or any luminal irregularities [151]. Other echo-
cardiographic techniques have been used including myocar-
dial contrast echocardiography [152] and directly imaged 
coronary flow [153] with reasonable success.

Nuclear imaging is an alternative noninvasive technique 
for CAV screening. Dipyridamole myocardial scintigraphy 
has a good specificity (64–88 %) but a low sensitivity (21–
58 %) for CAV. When exercise is used instead of pharmaco-
logical stimulation, sensitivity and specificity are increased, 
but it remains limited by the problem of achieving an 

 adequate heart rate response [148]. SPECT perfusion defects 
have been recognized as a predictor for resultant CAV-related 
events during follow-up [154].

PET studies have revealed that resting myocardial blood 
flow is higher than in controls perhaps driven by the increased 
heart rate due to allograft vagal denervation [155]. Hyperemic 
flow is also lower than in controls and is inversely related to 
intimal thickness [156].

Other noninvasive options for assessing the presence of 
CAV include MRI or CT scanning. The presence of late gado-
linium enhancement is correlated with the degree of CAV 
visible at angiography [157] as was strain rate seen with CMR 
tagging [158]. Recent work has suggested that CT may also 
be an alternative option to detect CAV [159].

9.5.5  Microvascular Assessment 
and Endothelial Function

While initial focus was placed on the documentation and 
diagnosis of CAV affecting the epicardial vessels, evidence is 
accumulating to demonstrate the effect of CAV on the micro-
vasculature. PET and MRI have both confirmed the presence 
of CAV throughout the entire coronary tree, not just macro-
vasculature [156, 160]. Similarly, RV biopsies have shown a 
microvasculopathy as part of this disease entity and when 
present has adverse prognostic implications [140]. Therefore 
techniques to specifically investigate the microcirculation are 
both insightful and perhaps ultimately predictive.

Additionally, the process of CAV also affects endothelial 
function as has been recognized with PET scanning which 
may provide another target for diagnostic purposes [156]. 
Abnormal endothelial function is seen with invasive studies 
where vasoconstriction in response to acetylcholine is a pre-
dictor of the presence of coronary intimal thickening [161]. 
Both the rate of change of endothelial function when assessed 
serially [162] as well as the baseline endothelial function 
[163] appear to be good predictors of events.

Dipyridamole-induced CFR measured invasively during 
catheterization appears to have a role in predicting outcome 
in transplant patients mediated by CAV. Two years after cath-
eterization, a CFR < 2.5 was a predictor for a decline in exer-
cise ejection fraction [164]. However, as CFR is actually 
influenced by both epicardial and microvascular responses, it 
is interesting to note studies involving more specific investi-
gative targets for the microcirculation.

As such, the index of microvascular resistance has been 
used to delineate the macro- and microvascular changes after 
transplantation. In a group of 25 patients, an improvement in 
IMR was noted over time in conjunction with deterioration 
in FFR (which was itself associated with plaque burden on 
IVUS) but an unchanging CFR [165]. This demonstrates the 
importance of separating the micro- and macrovascular 
domain and the fact that CFR is unable to distinguish 
between their divergent changes.
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In those patients with an abnormal IMR (defined as >20) 
1 year after transplantation, microvascular dysfunction was 
associated with a history of acute rejection and smaller donor 
hearts. Most interestingly, the majority of patients (86 %) 
with impaired microvascular function in this study had no 
evidence of impaired epicardial function as demonstrated by 
FFR implying this process may originate before that of epi-
cardial changes [166]. Therefore, there seems to be a spec-
trum of responses in the microcirculatory resistance 
following transplantation, and their recognition may prove 
helpful in assessing these patients.

The concept of resistance has been advanced through the 
use of another measure of microvascular function – IHDVPS 
(instantaneous hyperemic diastolic velocity pressure slope). 
This is a measure of conductance (the inverse of resistance) 
and is a reflection of the relationship between pressure and 
flow in mid-to-late diastole during hyperemia. While it was 
initially applied to macrovascular disease [167] in the absence 
of coronary artery lesions, it provides dedicated information 
on the microvasculature.

In an insightful series of experiments, Escaned et al. per-
formed IHDVPS in transplant patients with simultaneous 
biopsies. The amount of arteriolar obliteration, as well as cap-
illary density, at biopsy was significantly correlated with 
IHDVPS with a higher sensitivity over other measures of 
coronary resistance and reserve. Therefore, IHDVPS and 
other emerging dedicated measures of microvascular func-
tion are likely to be useful in the early diagnosis and perhaps 
monitoring of CAV [168].

9.5.6  Conclusion

CAV is one of the most concerning issues in the management 
of post-cardiac transplant patients. While many certainties 
are acknowledged, there remains a lot of debate particularly 
regarding the pathogenetic process. Importantly, it is now 
apparent that this is a disease not just of the epicardial vessels 
but also of the microvasculature, and in fact, it may even 
begin in this domain.

The resultant morbidity and mortality of this condition, 
combined with the worrying number of patients who present 
with sudden cardiac death, make risk stratification, early 
identification, and regular screening essential in these 
patients. At present, recommendations focus on the macro-
vascular appreciation of this disease. However, as intravascu-
lar microcirculatory assessment tools (such as IMR and 
IHDVPS) become more refined and sophisticated, it may 
become appropriate to employ these, along with IVUS and/
or endothelial assessment techniques to provide a complex 
but detailed risk stratification and prognostication in these 
patients.

Encouragingly, some therapeutic options now exist 
with more on the horizon. It is key to target appropriate 
therapies to the higher-risk patients hopefully either pre-
venting or slowing the progression of CAV. Identification 

of those patients most at risk perhaps using the above 
more complex screening strategy would allow a more 
bespoke approach to the treatment of CAV. As we begin to 
appreciate the diffuse pathological cardiac burden of this 
disease, more investigative strategies will emerge and 
guide therapy.

Regarding cardiomyopathies, the process by which the 
myocardium and coronary circulation interact cannot be 
ignored. Countless evidence has demonstrated the effect of 
the myocardium on driving coronary blood flow both in 
health and disease, and the disruption of this delicate inter-
play causes significant morbidity and mortality. Therefore, it 
should be of no surprise that the gross macro-pathology seen 
in the majority of cardiomyopathic processes significantly 
impacts on the normal micro- and macrovascular physiology.

The ultimately treatment goal for many patients affected 
by these diseases is heart transplantation. However, once 
undertaken, the unique process of cardiac allograft vascu-
lopathy is an ever-present concern, this time with structural 
alterations affecting the walls of the coronary arteries them-
selves and with a significant resultant disease burden.

The options to investigate the domains of the microcircu-
lation appear now to at least match those for the coronary 
domain, and their increasing application is producing fasci-
nating information regarding the disease process and may 
even offer options for treatment. In many conditions, per-
haps most significantly that of allograft vasculopathy, micro-
circulatory involvement may be appreciable before that of the 
macrocirculation allowing an earlier diagnosis and more 
timely instigation of therapy.
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10.1  Introduction

Direct measurements of intracoronary pressure and flow are 
vital tools for determining the clinical significance of inter-
mediate epicardial lesions and identifying microvascular 
dysfunction. Functional assessment of coronary artery dis-
ease complements the anatomical data obtained from coro-
nary angiography and provides more reliable prognostic 
information. Noninvasive assessments of perfusion, includ-
ing radionuclide myocardial perfusion scans but also more 
precise techniques such as positron emission tomography, 
suffer from well-recognized limitations in resolution, sensi-
tivity, and specificity. Obtaining accurate intracoronary mea-
surements may be straightforward in most cases, but can be 
fraught with technical pitfalls. Interpretation of the data 
should take into account both the physiologic and technical 
limitations of the various techniques and indices. In this 
chapter, we review the challenges that may affect intracoro-
nary hemodynamic measurements.

10.2  Background on Pressure and Flow 
Indices

To appreciate the derivations of the commonly used physiol-
ogy measurements, a brief review of coronary flow and pres-
sure will be helpful. Myocardial ischemia results from an 
imbalance between the myocardial oxygen supply and 
demand. Coronary blood flow provides the required oxygen 
supply for any given myocardial oxygen demand, and nor-
mally increases automatically from a resting level to a maxi-
mum level in response to increases in myocardial oxygen 
demand from exercise, neurohumoral or pharmacologic 
hyperemic stimuli. There are three major resistance points to 
blood flow; the epicardial vessel (R1), the small arteries and 
arterioles (R2), and the intramyocardial capillary system (R3) 
(. Fig. 10.1). In patients without atherosclerosis, the large 
epicardial vessel resistance (R1) is trivial. Adjustment of cor-
onary resistance occurs principally at the arterioles (R2), 
which mediates the autoregulatory functions that maintain 
flow at a constant level in response to changing pressure con-
ditions, and the hyperemic response to increasing demand. 
Atherosclerotic stenoses produce epicardial (R1) vessel resis-
tance and can reduce coronary blood flow as described below. 
Several conditions, including left ventricular hypertrophy, 
myocardial ischemia, or diabetes can affect the microcircula-
tion (R3 resistance), blunting maximal increases in coronary 
blood flow even in the absence of epicardial vessel narrowing.

10.2.1  Coronary Flow Reserve

Coronary flow reserve (CFR) is the ratio of maximal hyper-
emic to basal mean flow velocity in the target vessel obtained 
distal to the stenosis. CFR measures the capacity of the two- 
component system of the coronary artery and the supplied 
vascular bed to achieve maximal blood flow in response to a 

given hyperemic stimulation. Resting coronary flow is not 
impeded by mild or moderate stenoses and is maintained by 
normal vasodilatory regulation of the microcirculation. As 
shown by the classic experiments of Gould et al. [1], resting 
coronary blood flow remains constant up to the point where 
an epicardial coronary constriction exceeds 85–90 % of the 
normal segment diameter. However, unlike resting flow, 
maximal hyperemic coronary blood flow begins to decline 
when diameter stenosis exceeds 45–60 % (. Fig. 10.2).
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Stenosis

R1 R2

Microvascular bed

R3

Precapillary arterioles

       . Fig. 10.1 Diagram of coronary resistances. The epicardial arteries 
(R1) normally have negligible resistance until an atherosclerotic nar-
rowing occurs (top artery). The precapillary arterioles (R2) regulate 
most of the coronary flow to the microvascular bed (R3). Diseased 
epicardial vessels are often connected to normal blood flow regions 
by collateral channels
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       . Fig. 10.2 Coronary flow reserve expressed as ratio of maximum to 
resting flow plotted as a function of percent diameter narrowing. With 
progressive narrowing, resting flow does not change, whereas maximum 
potential increase in flow and coronary flow reserve begins to be impaired 
at approximately 50 % diameter narrowing. The shaded area represents 
the limits of variability of data about the mean (From Gould et al. [1])
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Although early studies in animals and humans suggested 
a normal CFR of 3.5–5, clinical studies of patients undergo-
ing cardiac catheterization have generally found a CFR of 
<2.0 to be the best threshold value for insufficient reserve 
[2]. As CFR reflects the summed response of both the epi-
cardial artery and the microvasculature, an abnormal CFR 
cannot be used as the sole indicator of epicardial lesion sig-
nificance (. Fig. 10.3). Relative CFR (rCFR), the ratio of 
maximal flow in the coronary with stenosis to flow in a nor-
mal coronary without stenosis, may be an alternative but has 
limited applicability due to the need for a normal reference 
vessel and the assumption of a homogenous microcircula-
tory response [3].

10.2.2  Fractional Flow Reserve

In normal coronary arteries, there is minimal pressure loss 
along the length of the coronary artery. Therefore, in a nor-
mal epicardial coronary artery, the myocardial perfusion 
pressure equals aortic pressure (Pa) minus central venous 
pressure (Pv). In the presence of an epicardial stenosis, myo-
cardial perfusion pressure is the poststenotic distal pressure 
(Pd) minus Pv.

Fractional flow reserve (FFR) is an index of the functional 
significance of coronary stenosis defined as the maximal flow 
in a vessel in the presence of a stenosis divided by the maxi-
mal flow in the theoretical absence of the stenosis (. Fig. 10.4). 
Assuming flow is linearly related to pressure  during hyperemia 

(when myocardial resistance is minimized), the translesional 
pressure ratio during hyperemia serves as a surrogate for the 
percent of normal flow possible in the absence of the stenosis. 
FFR can thus be estimated as Pd − Pv/Pa − Pv, or ≈Pd/Pa as the 
effect of central venous pressure is usually negligible.

Unlike other physiologic indexes, FFR has a uniform 
normal value of 1.0 for every patient and every coronary 
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       . Fig. 10.3 Limitations of 
CFR. A normal epicardial and 
microvascular bed results in a 
normal CFR (top panel). If either a 
stenosis or microvascular disease 
is present, then CFR is reduced 
(middle and lower panels) (From: 
Wilson [27])

Fractional flow reserve

Pd

Pa

FFR

During maximal hyperemia

=
QS

Pd

Pa

max

QN
max

       . Fig. 10.4 Fractional flow reserve (FFR) is derived from the ratio 
of myocardial flow (Qs) across stenosis/myocardial flow (Qn) without 
stenosis. Fractional flow reserve is the ratio of maximal myocardial 
perfusion in the stenotic territory divided by maximal hyperemic flow 
in the same region in the hypothetical case where the lesions were 
absent. Stated another way, FFR represents the fraction of hyperemic 
flow that still persists despite the presence of the stenosis. It has been 
demonstrated that this ratio of two flows could be calculated solely 
from the ratio of mean coronary pressure divided by mean aortic pres-
sure provided both pressure are recorded under conditions of maximal 
hyperemia.
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artery. FFR is not significantly influenced by changes in heart 
rate, blood pressure, or contractility [4]. A threshold value of 
0.75 to define ischemia has been validated against a rigorous 
three-test standard of inducible ischemia [5]. Subsequent 
comparative studies of various single stress tests against FFR 
produced a range of values within a “gray zone” of uncer-
tainty (0.75–0.80) such that high confidence for the presence 
or absence of ischemia is associated with FFR<0.75 and 
FFR>0.80, respectively. These cut-points were confirmed in 
prospective clinical trials such as DEFER, FAME, and 
FAME2 [6–8].

10.3  Basic Principles and Prerequisites for 
Measurements of Pressure and Flow

In previous chapters the clinical benefits of FFR have been 
well described. In order to obtain such benefits the impor-
tance of meticulous technique to ensure FFR measurements 
are accurately obtained and proper interpretation of tracing 
is key.

10.4  Measurement of Coronary Flow Velocity

10.4.1  Measurement of Coronary Flow 
Velocity by Intracoronary Doppler

Previous chapters have highlighted the importance of 
Doppler flow measurements to calculate CFR and indices of 
coronary resistance (. Fig. 10.5).

 Doppler Flow Measurements: Technical 
Challenges

Effect of Wire Position
Accurate flow velocity depends on a satisfactory velocity 
envelope. The Doppler wire transducer position must be 
adjusted to sample the correct volume of blood to optimize 
the velocity signal. The midstream signal should have the 
highest average peak velocity (APV). Poor Doppler signal 
acquisition may occur in 10–20 % of patients (even within 
normal arteries). Several different tip orientations interrogat-
ing the maximal velocity spectra are necessary (. Fig. 10.6). 

       . Fig. 10.5 Coronary Doppler flow velocity signals used for the 
measurement of coronary flow velocity reserve in the cardiac catheter-
ization laboratory. The top panel is divided into the baseline (left) and 
the peak hyperemic velocity (right) signals. Phasic flow velocity tracing 
is demarcated by systolic (S) and diastolic (D) markers, corresponding 
to the electrocardiogram and aortic pressure at top of panels. Diastolic 
flow predominates over systolic flow. Flow velocity scale is from 0 to 
240 cm per second. Continuous trend plot of average peak velocity 

showing the baseline and time course of peak hyperemia (bottom 
panel). The intracoronary bolus adenosine injection can be seen by 
the square wave signal preceding the rapid increase in average peak 
velocity. The phasic peak hyperemic velocity signal was captured and 
displayed in the upper right panel. The trend plot scale is from 0 to 
60 cm per second with a time base of 0 to 90 s (bottom panel). In this 
example, baseline flow is 13 cm per second and peak hyperemic flow 
is 30 cm per second for a coronary flow reserve of 2.3.
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Some operators recommend retroflexing the tip of the guide 
wire to a retrograde position to coronary blood flow.

The Doppler transducer measures the average peak veloc-
ity of coronary blood flow, as observed along the direct line 
or vector of the transducer. As in echocardiography, any dif-
ference in angulation (Ø) between the Doppler vector and 
the transducer reduces the measured velocity, particularly for 
angles greater than 30°. For tortuous vessels, the ability to 
measure an accurate blood flow velocity may be particularly 
impaired.

Effect of Turbulent Flow
Quantification of coronary blood flow by Doppler presumes 
a laminar flow profile within the coronary artery. However, 
even in nonatherosclerotic coronary arteries turbulent flow 
patterns have been observed during open heart surgery stud-
ies. In an in vitro experiment, Ferrari et al. [9] determined 
that above a critical Reynolds number of 500, Doppler wire 
measurement underestimated actual volumetric flow by up 
to 22.5 %. In an accompanying in vivo experiment, the maxi-
mum APV exceeded this critical Reynolds value in 20 % of 
patients, indicating that the true flow velocity may be under-
estimated (. Figs. 10.7 and 10.8). As hyperemic APV values 
are most likely to be in the turbulent zone than resting values, 
this potential underestimation should be kept in mind when 
calculating CFR.

Effect of Epicardial Stenosis on Doppler Flow
A significant epicardial coronary stenosis will reduce the 
poststenotic APV and the diastolic/systolic flow velocity 
ratio while increasing the proximal/distal AVP. With hemo-
dynamically significant stenoses, the Doppler signals distal 
to a stenosis may be difficult to detect above the background. 
APV should be measured sufficiently distal to the stenosis 

to avoid turbulence. If the transducer is not sufficiently dis-
tal to the stenosis, it may also inadvertently measure the 
acceleration of flow through a tight lesion. This higher flow 
velocity would not accurately describe the flow velocity in 
the vessel as a whole after laminar flow is restored.

10.4.2  Measurement of Coronary Flow 
by Thermodilution

The coronary thermodilution technique uses the piezoelec-
tric pressure wire sensor as a thermistor. The shaft of 
the  angioplasty pressure-monitoring guide wire 
(PressureWireCertus, St Jude Medical) has a temperature-
dependent electrical resistance and acts as a proximal 
thermistor. Measurement of temperature change (arrival 
time to the thermistor) during injection of saline reflects 
coronary blood flow; thus the temperature curve at rest and 
during hyperemia can be used to determine coronary flow 
reserve. The pressure wire is connected to a dedicated inter-
face with modified software for online analysis of the ther-
modilution curves (. Fig. 10.9). Three milliliter of room 
temperature saline is injected via the guide catheter at rest 
and during peak hyperemia. These injections should be 
rapid, consistent, and performed in triplicate. Unlike in car-
diac output measurements by thermodilution, the precise 
temperature and volume of the injection are relatively unim-
portant – only the timing of injection and the change in dis-
tal temperature is required.

Thermodilution CFR (CFRthermo) is defined as the ratio 
of hyperemic divided by resting coronary flow (F).
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d

       . Fig. 10.6 Effects of Doppler wire position. a Effective sampling of 
midstream blood flow leads to b good Doppler flow signals. c Doppler 
wire not sampling midstream, resulting in d poor Doppler flow signals 
(From Safian [28]).

200
[cm/s]

[mm]

Turbulent

Velocity of
the CRN

160

Laminar

120

80

40

0
0 1 2 3

Diameter

A
PV

4 5 6

       . Fig. 10.7 Maximum value of the average peak velocity APV in 
43 patients before (○) or after an angiographically successful angio-
plasty of 32 patients (●). The highest values of APV were taken for 
each individual. The flow velocity at the critical Reynolds number (CRN) 
500 describes the change from laminar to turbulent flow profile (From 
Ferrari [9])
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Doppler wire

Laminar flow = (APV / 2) * (d/2)2 * p

Turbulent flow = (APV / 2) * (d/2)2 * p * X
(0 < X < 1)

Doppler scan d

d

APV

APV

Laminar
flow profile

Turbulent
flow profileDoppler scan

Doppler wire

       . Fig. 10.8 Flow profile under 
laminar and turbulent condi-
tions. Under laminar flow the 
average peak velocity divided 
by 2 (APV/2) multiplied with the 
lamina area (vessel diameter = d) 
can be used for exact quantitative 
measurement of the blood flow. 
Under turbulent flow an underes-
timation of the blood flow occurs 
when measured with a Doppler 
wire (From Ferrari [9])
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       . Fig. 10.9 Thermodilution-derived transit time curves at baseline and during maximal hyperemia (From Varho [29])
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Flow is the ratio of the volume (V) divided by mean tran-
sit time (Tmn). Thus, CFR can be expressed as follows.
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Assuming the epicardial blood volume (V) remains 
unchanged, CFR can be calculated as follows.

CFR
T

T
mn

mn

=
at rest

at hyperemia

In animal experiments, a significant linear relation was 
found between flow velocity and 1/Tmn. When comparing 
directly measured CFRDoppler and CFRthermo, a good correlation 
was found (r  =  0.80) [10]. Simultaneous measurements of 
CFR and FFR can thus be obtained for research studies on 
coronary resistance. When combined with poststenotic pres-
sure measurements, thermodilution measurements can pro-
vide a complete description of the pressure-flow relationship 
and the response of the microcirculation.

 Limitations of Thermodilution Flow 
Measurements
Measurement of coronary flow by thermodilution has the 
potential to be simpler than Doppler flow measurements. 
The technical success rate varies from 87 to 97 %, compared 
with a success rate of 69–91 % for successful Doppler CFR 
measurement, indicating that it may be easier to measure as 
wire position may be less critical. However, compared with 
CFRDoppler values, CFRthermo values are consistently higher, by 
up to 20 % [10].

CFR by thermodilution may be overestimated when 
large side branches are present. This especially occurs if 
such a side branch originates closely proximal to the steno-
sis and the sensor is located distal to the stenosis, and more 
of the coronary blood flow is directed toward the side 
branch. This limitation is not very important for proximal 
stenoses but may lead to overestimation of CFR by thermo-
dilution in the case of stenoses in the mid or distal part of a 
coronary artery.

CFR by thermodilution requires steady-state hyperemia 
so that the repeated measurements of hyperemic flow are 
comparable. This precludes the use of intracoronary adenos-
ine, and requires intravenous adenosine or papaverine. As 
discussed below, however, the hyperemic effects of intrave-
nous adenosine are frequently not stable or consistent. This 
risks inaccurate thermodilution measurements of flow, as the 
coronary flow rate may change over the typical course of time 
to perform three thermodilution injections. In addition, the 

epicardial volume (V) can change in response to hyperemic 
vasodilation or spasm – this may violate the assumption of 
constant V and lead to erroneous CFR calculations.

10.4.3  Variation of Coronary Flow

Coronary blood flow is autoregulated for myocardial 
demand. Moreover, coronary flow reserve is also variable 
depending on the flow status at the time of measurement. 
Hence, there is no absolute normal value for coronary blood 
flow. Flow may vary significantly between patients and 
within an individual depending on the conditions of mea-
surement. Within the same individual, multiple factors can 
alter either basal or hyperemic flow. Tachycardia increases 
basal flow and reduces hyperemic flow; coronary flow reserve 
is reduced by 10 % for each 15 beats increase in heart rate 
[11–13]. Coronary flow reserve may be reduced in patients 
with essential hypertension and normal coronary arteries 
and in patients with aortic stenosis and normal coronary 
arteries. In some patients with moderate coronary artery dis-
ease, the stenosis configuration and surrounding vessel seg-
ments are subject to vasomotor stimuli. Thus, vasoconstrictor, 
neurologic or humoral influences, endothelial dysfunction, 
and extra vascular compression of intramural vessels may 
produce dynamic or episodic ischemia-related symptoms 
with activities of daily life such as exercise, emotional stress, 
or adrenergic stimulation.

10.5  Measurement of FFR and Pitfalls

Previous chapters have highlighted the background and 
methods of obtaining FFR measurements.

10.5.1  Technical Issues

 Mechanical Issues: Transducers, Zeros, 
Connections
Measurement of aortic pressure through a fluid-filled guide 
catheter is subject to technical issues such as loose connec-
tions, leak in guide connections, and improper zeroing. 
Improper leveling of the systemic pressure transducer can 
over- or underestimate aortic pressure. Loose connections 
and malfunctioning pressure transducers can generate 
abnormal or moving systemic pressure measurements, mim-
icking wire drift. Most commonly, the Y-connector or Touhy- 
Borst may be inadequately tightened, or the needle introducer 
left in during measurement or normalization of pressures, 
leading to a decrease in measured aortic pressure 
(. Fig.  10.10). Finally, a saline flush prior to any pressure 
measurement clears blood and radiographic contrast from 
the guide catheter, reducing the risk of a damped aortic pres-
sure waveform (. Fig. 10.11).
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 Beat to Beat Variation
Physiologic pressure measurements may vary from one 
beat to another. These can result from spontaneous respira-
tion, coughing (. Fig. 10.12), arrhythmias (. Fig. 10.13), or 
exaggerated respiratory activity (e.g., sleep apnea). The 
default setting for the commercial FFR software from 

Volcano and St Jude Medical is to take the lowest value of 
Pd/Pa over a single beat resulting in an underestimated 
FFR.  We and others recommend changing the settings of 
the software to measure the three or five-beat average 
FFR  to minimize the impact of beat-to-beat variation 
(. Fig. 10.14).
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       . Fig. 10.10 Loose connections. Equalized Pa and Pd pressures (left panel) become unequal when the Touhy-Borst introducer is not tightened 
(right panel), causing partial loss of aortic pressure. Leaving a needle introducer in place causes a similar loss of pressure
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       . Fig. 10.11 Contrast damping. 
Equalized Pa and Pd pressures (left) 
become unequal after an injection 
of radiographic contrast causes 
damping of the Pa waveform 
(right) due to the viscosity of the 
contrast medium. This can also 
occur with blood and is accentu-
ated by the use of small-caliber 
guides or diagnostic catheters
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 Catheters with Side Holes
Use of guide catheters with side holes in cases of aortic pres-
sure damping introduces a potential source of error in that a 
pressure gradient through the guide side holes may be 
formed. A side-hole catheter may produce a pressure reading 
that is a combination of the aortic and coronary pressures, 
leading to a higher recorded value than the true proximal 
coronary pressure (. Fig.10.15). The additional gradient may 
not be detected until hyperemia has occurred and hence FFR 
may be underestimated. If a guiding catheter with side holes 

is to be used, then it is mandatory to disengage the catheter 
from the coronary ostium before pressure measurements are 
made. The use of IC adenosine is not advised, given that part 
of the drug may be delivered into the aorta.

 Guide Wire Whipping
An uncommon artifact of the guide wire sensor is the phe-
nomenon of “whipping”. During cardiac contraction, the 
guide wire sensor may hit a moving coronary wall and pro-
duce an exaggerated and sharp increase in the pressure sig-
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       . Fig. 10.12 Cough. Transient 
rise in both Pd and Pa in response 
to coughing reflex (evident on 
ECG tracing) increasing intratho-
racic pressure
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       . Fig. 10.13 Arrhythmia. 
Transient heart block, PVCs, and 
irregular heart rhythms may all 
alter the Pd/Pa relationship
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nal (. Fig. 10.16). Although this artifact increases the 
recorded coronary pressure, the nonphysiologic waveform is 
easily recognized. Correction of the whipping artifact is per-
formed by withdrawing or advancing the wire a few millime-
ters and avoiding placement of the wire into small side 
branches.

 Wire Signal Drift
All piezoelectric pressure sensors are subject to electronic 
signal offset or drift during a procedure. Signal stability is 
confirmed by checking the matching of aortic and guide wire 
pressures at the guide catheter before and after the measure-
ments. On occasion, after inserting the guide wire across a 
lesion a resting gradient with the aortic pressure may be 

noted. Several clues suggest that it is not a true pressure 
 gradient and is instead the result of signal drift: (1) distal 
pressure is higher than aortic pressure; (2) the distal pressure 
signal is unstable and continues to drift higher or lower 
(. Fig. 10.17); or (3) distal pressure is lower than aortic pres-
sure but retains the identical waveform characteristics, 
including the dicrotic notch. A true significant stenosis acts 
like a high- frequency filter and obscures transmission of 
high-frequency signals responsible for the dicrotic notch in 
the aortic pressure. Therefore, when a translesional pressure 
gradient is present, but pressure recordings are identical in 
shape, signal drift should be suspected.

Signal drift occurs most commonly with the following:
Disconnection/reconnection of the wire, especially after PCI.
Prolonged use of the wire and exposure to blood.
Older generations (prior to 2013) of pressure wires. Note: 
Fiberoptic wires and catheters have less signal drift than 
piezoelectric sensors.

10.5.2  Physiologic Issues

 Effect of Hydrostatic Pressure
One assumption when comparing Pd with Pa is that both the 
distal and proximal pressures are at the same level in the 
heart relative to the pressure transducer. This is certainly the 
case at the time of equalization at the guide catheter tip; how-
ever, when the wire is advanced into the coronary circula-
tion, there may be a small change in its position relative to 
the heart, which can result in a small change in pressure mea-
sured due to hydrostatic forces (e.g., gravity). This phenom-
enon occurs primarily in the distal RCA, posterior descending 
artery, and distal circumflex artery, and may result in a small 
0.01–0.04 increase in FFR measurement. This effect is par-
ticularly evident in normal vessels where the resting Pd/Pa 
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       . Fig. 10.14 Measurement of 
FFR by one-beat vs. three-beat 
averages. The single-beat FFR var-
ies from 0.68 to 0.75, whereas the 
three-beat average FFR attenuates 
these fluctuations and is preferred 
(From Seto et al. [25], reprinted 
with permission)

       . Fig. 10.15 Confounding effects of guiding catheters with side 
holes. Pa is represented by the red pressure wave, while the Pd is repre-
sented by the blue pressure wave. The femoral artery pressure (green) is 
also recorded by the side arm of the arterial sheath. The sensor has been 
advanced to the tip of the guiding catheter and hyperemia has been 
induced. A gradient has developed between the femoral pressure and 
the Pa
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may be as high as 1.04. Pullback into the guide confirms the 
absence of wire signal drift and the physiologic basis of the 
change in distal pressure.

 Effects of Central Venous Pressure
FFR was formally derived and validated as Pd −  Pv/Pa −  Pv 
during maximal hyperemia. In practice the effects of central 
venous pressure are typically presumed to be negligible, and 
FFR is assumed to be ≈Pd/Pa. However, in a study of 66 patients 
using invasive measurement of right atrial pressure (Pv) and 

an FFR cutoff of 0.75, Perera et al. demonstrated that 14 % of 
all lesions would be misclassified as insignificant when Pv was 
ignored. Presuming a fixed Pv value of 5, 8, or 10  mmHg 
improved sensitivity but decreased specificity [14]. In a math-
ematical analysis, Kumar showed that (1) any elevation in Pv 
can only make the estimated FFR lower, so that there is no 
value to measuring Pv when FFR is ≤0.80; (2) the effect of Pv is 
less in hypertensive patients; and (3) the use of an FFR thresh-
old value of ≤0.80 reduced the chance of a false-negative FFR 
compared with a threshold of ≤0.75 (. Fig. 10.18) [15].
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       . Fig. 10.16 Wire sensor “whip”. 
When the guide wire sensor is in 
direct contact with the coronary 
wall or myocardium, brief spikes 
in the pressure signal are mea-
sured by the wire
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       . Fig. 10.17 Wire drift. Electronic signal drift can occur with solid-
state wires, whereby Pd can increase/decrease without movement of 
the wire. The maximal and true gradient (left panel) decreases (center 

panel) and even reverses with wire drift (right panel), without any 
movement of the wire or change in the waveform
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The practice of ignoring the effect of Pv has been validated 
by the clinical outcomes of the DEFER, FAME, and FAME2 
trials, which did not require measurement of Pv to estimate 
FFR in a selected population of stable angina patients. The 
use of the FFR ≤0.80 rather than <0.75 effectively captures 
most patients who might have had a false-negative FFR due 
to elevated Pv. However, in patients with hypotension or con-
gestive heart failure, incorporation of Pv measurements 
adheres more closely with the theory of FFR and may be 
clinically appropriate.

 Limitations of a Single Cutoff Value
Following multiple clinical trials including DEFER, FAME, 
and FAME 2, the FFR-guided approach has been shown to be 
superior to the angiographic approach to revascularization. 
Ultimately these studies supported FFR ≤0.80 as the thresh-
old value for intervention. However, Petraco et al. [16] dem-
onstrated the limitations of any single cutoff value when the 
method and tools have inherent imprecision. They found 
that in the gray area zone of 0.77–0.83, the chance of an FFR 
value crossing the threshold of 0.80 upon remeasurement of 
the same lesion 10 min later was 20 %. The closer the initial 
FFR value was to 0.80, the higher the likelihood of crossing 
the threshold value. Like any diagnostic test, FFR has an 
inherent coefficient of variation, largely due to the variable 
physiological response to adenosine.

A more nuanced approach is suggested by a patient-level 
meta-analysis of all FFR trials by Johnson et  al. [17]. They 
found that the clinical outcome of patients was found to 

directly correlate with their FFR measurement, such that 
lower FFR values were associated with a higher risk of car-
diovascular complications. Thus, rather than a simple binary 
outcome, FFR instead provides a continuum of risk based on 
the severity of the ischemia that can be demonstrated 
(. Fig.  10.19). Patients with the most severe lesions would 
benefit most from revascularization, while more borderline 
lesions could be potentially deferred if the clinical situation 
suggests (i.e., a higher risk of PCI complications, or minimal 
symptoms). However, to test outcomes it is of value to employ 
a single cutoff understanding the limitations of applying such 
a value in clinical practice.

10.6  Technical Challenges Common to 
Pressure and Flow Measurements

10.6.1  Damping by Guiding Catheter

Because of the guide catheter size relative to the coronary 
ostium, a guide catheter can create a partial obstruction and a 
gradient between the aorta and the coronary artery often 
resulting in a distorted aortic pressure waveform (i.e., a 
damped pressure signal) and decreased flow. Damping is most 
common with larger guiding catheters (8 Fr), but can also 
occur with 6 Fr guide catheters in small coronary ostia or when 
the catheter is not coaxial with the artery. Extra backup guides 
are most commonly associated with damping, but any catheter 
that is deeply seated can create aortic pressure damping.
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       . Fig. 10.18 Effect of 
right atrial pressure (Pra) on 
FFR. Actual vs. estimated FFR 
for scenarios where 80 ≤ Pa ≤ 
110 mmHg showing progres-
sive decrease in actual FFR 
with increasing Pra. At a Pra of 
15 mmHg, an estimated FFR of 
0.838 (circled) corrects to 0.80 
(From Kumar [15])
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Aortic pressure damping will lower the measured Pa, 
underestimating the hyperemic gradient and lesion severity 
while overestimating the true FFR value (. Fig. 10.20). The 
guiding catheter may also blunt maximum blood flow 
through the artery impairing accurate FFR. Pressure signal 
damping is best recognized by careful visual examination of 
the aortic pressure waveform, and prevented by disengaging 
the guide catheter from the ostium at the time of measure-
ment. In a small study of 21 patients, even in the absence of 
clear ostial disease or dampening at baseline, the presence of 
the guide catheter caused the FFR value to be 0.04 higher 
than that measured with the guide disengaged, suggesting 

that routine guide catheter disengagement may be necessary 
for the precise measurement of FFR [18].

Damping of the guide catheter is also a concern with CFR 
measurements. This is especially the case with thermodilution 
measurements, where the guide catheter must be sufficiently 
engaged in the coronary artery to guarantee adequate delivery 
of the injectate into the vessel; but guide catheter obstruction 
can result in a decrease in coronary flow, resulting in underes-
timation of CFR. With Doppler flow measurements, damped 
flow in the coronary artery may be evident as a blunted coro-
nary flow velocity profile that fails to increase with hyperemia, 
but is relieved with guide catheter disengagement.
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       . Fig. 10.19 Outcomes as a function of FFR value. a Normalized 
1-year major adverse cardiac event (MACE) rate for study-level analysis. 
b Cox model 1-year MACE rate for patient-level analysis. Colored lines 
depict the model fit for revascularization (red) or medical therapy (slate) 

treatment. These curves cross at the optimal FFR threshold, here shown 
for the unadjusted model. FFR fractional flow reserve, MI myocardial 
infarction (From Johnson et al. [17])

       . Fig. 10.20 Guide catheter 
damping. When oversized or 
deep seated, a guide catheter can 
create a damped Pa waveform 
(Left panel) that lacks a dicrotic 
notch. Disengagement of the 
guide reveals the true higher 
aortic pressure waveform (Right 
panel)
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10.6.2  Wire Spasm and Pseudostenosis

Like any coronary guide wire, passing of a coronary pres-
sure guide wire can induce vasoconstriction and spasm. 
Coronary spasm narrows the artery and can generate a 
pressure gradient consistent with a physiologic stenosis. To 
demonstrate that such a vasospastic stenosis is reversible, 
IC nitroglycerin (100–400  mcg) should be given prior to 
any intracoronary wire insertion. Even in the relatively 
hypotensive patient (systolic pressure 90–100  mmHg), 
50–100 mcg of IC nitroglycerin is generally safe and well-
tolerated.

Guide wires of all types can also create straightening arti-
facts in tortuous vessels, producing the so-called “accordion 
effect” (. Fig. 10.21). This phenomenon occurs especially in 
the right coronary artery and with the use of stiffer wires or 
catheters. Guide wire straightening can create temporary 
obstructions or kinking with a pressure gradient that can 
decrease the FFR and flow measurements. The kinking or 
pseudostenoses are detected by observing the lesion after 
pulling back of the guide wire, or having only the most flexi-
ble wire tip portion in the tortuous section. In the presence of 
significant tortuosity and pseudostenosis, accurate measure-
ments may be impossible.

10.6.3  Limitations of Adenosine 
as a Hyperemic Agent

FFR and CFR require the induction of a maximal hyperemic 
state to minimize the effect of microvascular resistance. The 
most commonly available agent, adenosine, is widely avail-
able and easy to use but may have an effect that can vary with 
the method of delivery, dose, the presence of interfering sub-
stances, and physiologic responses.

 Methylxanthines and Adenosine Maximal 
Hyperemia
Methylxanthines such as caffeine, theobromine (from choco-
late), and theophylline are competitive antagonists of the 
adenosine receptor. It is generally recommended that all such 
substances be held prior to studies using adenosine to obtain 
an optimal hyperemic response. Matsumoto et  al. recently 
found that caffeine in the range of 1.8–4.6 mg/L inhibited the 
effect of IV adenosine (FFR 0.813 compared with 0.779 with 
papaverine), although larger doses of IV adenosine (210 mcg/
kg/min) reduced the impact (. Fig. 10.22) [19]. Avoidance of 
caffeine for several hours prior to a procedure may thus be 
advisable, but more severe restrictions are likely unnecessary.

 Intracoronary Versus Intravenous Adenosine 
Induced Hyperemia
IV adenosine is regarded as the gold standard due to stan-
dardized dosing of 140 mcg/kg/min, but because of additional 
time and cost when giving IV adenosine, many operators pre-
fer IC adenosine. The typical doses of IC adenosine produce 
submaximal hyperemia relative to IV adenosine in 10–15 % 
of patients, thus overestimating FFR and underestimating ste-
nosis severity [20]. To compare the routes of adenosine 
administration, DeLuca et  al. demonstrated a progressive, 
dose-dependent increase in the number of patients with 
FFR<0.75 with increasing IC adenosine doses up to 720 mcg 
(. Fig. 10.23). These data show that IC adenosine is an effec-
tive alternative to the current standard IV adenosine, albeit at 
higher doses than typically administered clinically [21].

 Peripheral Versus Central Intravenous 
Adenosine Infusion
Some controversy exists around the adequacy of adenosine 
delivery when given via a peripheral as compared with a cen-
tral vein due to the short half-life and intravascular deactiva-

       . Fig. 10.21 Wire straightening 
artifact. The stiffness of the wire 
can straighten the tortuosity of a 
vessel, creating kinks in the artery 
(arrow) that may be hemody-
namically significant
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tion of adenosine. However, multiple studies using antecubital, 
forearm, and hand venous access sites have documented that 
peripheral infusion of adenosine produces comparable FFR 
values to central infusion [22–24]. During peripheral IV ade-
nosine administration, one must ensure that the blood pres-
sure cuff is deflated or placed on the contralateral arm. 

Similarly, potential venous obstructions such as pacemakers, 
dialysis catheters, or deep venous thrombosis may interfere 
with venous flow, requiring central infusion to ensure adequate 
delivery.

 Variable Responses to IV Adenosine Infusion
Theoretically, once maximal hyperemia is achieved with an 
intravenous adenosine infusion, it should be sustained as a 
stable hyperemic state. Such a state would allow for accurate 
pullback measurements or multivessel assessment with FFR, 
with the presumption that stable hyperemia is sustained. 
Coronary flow measurements would also be stable, especially 
the repeated measurements required of the thermodilution 
technique.

However, we and others have shown that over the course 
of a single continuous intravenous adenosine infusion, the 
hyperemic effect varies significantly. Several patterns of pres-
sure causing an FFR increase are identifiable. The most fre-
quent pattern was that of Pd rising more than the Pa 
(. Fig. 10.24) or fluctuating in a phasic pattern (. Fig. 10.25). 
Using a combined pressure and flow wire, these patterns can 
be shown to be associated with an attenuation of the hyper-
emic response to continuous adenosine (. Fig. 10.26), typi-
cally after 2 min of infusion. This phenomenon may be due to 
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       . Fig. 10.22 Caffeine effect. FFR measured with IV adenosine at 140, 
175, 210 mcg/kg/min compared with papaverine in patients with and 
without caffeine. In patients with caffeine, FFR was overestimated with 

adenosine compared with papaverine (Matsumoto et al. [19], reprinted 
with permission from HMP Communications)
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       . Fig. 10.23 Bar graph shows the cumulative percentage of patients 
with fractional flow reserve (FFR) ≤0.75 with increasing dose of adenos-
ine (From De Luca et al. [2], reprinted with permission)
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inadequate delivery of IV adenosine, saturation of the vascu-
lar smooth muscle A2A receptor, or exhaustion of cAMP pre-
cursors.

A second pattern involves a sudden spike in Pa pressure 
early at the onset of hyperemia (. Fig. 10.27), causing the 
lowest Pd/Pa value to occur prior to any significant drop in Pd. 

The last pattern of FFR change involves a fall in Pa relative to 
Pd. Adenosine can cause variable degrees of systemic vasodi-
lation in different individuals, occasionally causing more sys-
temic than coronary vasodilation (. Fig. 10.28).

Recently, Johnson et  al. [26] found that among 190 
complete paired FFR tracings obtained during adenosine 
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       . Fig. 10.24 Pd rising more than 
Pa following maximal hyperemia 
during continuous adenosine 
infusion. This may reflect attenu-
ation of adenosine hyperemia 
after prolonged (>90 s) infusion 
(Seto et al. [25], reprinted with 
permission)
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       . Fig. 10.25 Phasic rises and 
falls in the Pd/Pa ratio during 
continuous adenosine infusion 
(From Seto et al. [25], reprinted 
with permission)
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       . Fig. 10.26 Instability of hyperemic flow with prolonged adenosine 
infusion. A combined pressure and flow wire (Combowire) measure an 
average peak velocity (APV) of 61 cm/s and a FFR value of 0.82 at maxi-
mal hyperemia (top panel). After continued adenosine infusion (bottom 
panel), the APV decreases to 22 cm/s and the FFR value increases to 
0.94, indicating attenuation of adenosine hyperemia despite continued 
infusion. Phasic responses can also be demonstrated (From Seto et al. 
[25], reprinted with permission)
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       . Fig. 10.27 Sudden spike of 
Pa early in the onset of hyperemia. 
This may reflect a neurologic reflex 
in response to the sensation of 
hyperemia (From Seto et al. [25], 
reprinted with permission)

infusion, a stable hyperemic state was created in only 
57 % of cases, with 39 % having a fluctuating hyperemic 
response as in . Fig. 10.25. Even in the same patient and 
lesion, on repeated testing the pressure waveform pat-
terns duplicated themselves only a minority of times. 
What was consistent on repeat  testing was the lowest 
measured Pd/Pa value (r2 = 98.2 %), which did not differ 
from core lab analyses. Their conclusion, while contrary 
to classic teaching of FFR, is that the lowest value of Pd/Pa 
should be used as the FFR rather than awaiting any stable 
value (. Fig. 10.29). Similarly, the highest coronary flow 
velocity measured should be taken as the maximal hyper-
emic flow.

10.7  Conclusions

Invasive coronary hemodynamic evaluation is critical for a 
comprehensive understanding of coronary artery disease. 
CFR, either by Doppler or thermodilution, gives unique 
insight into the summed effect of the coronary arteries and 
microvasculature. FFR provides a simple and reliable tech-
nique to determine the functional significance of epicardial 
coronary stenoses. Understanding the potential technical 
challenges of pressure and flow measurements (. Table 10.1) 
and the limitations of adenosine hyperemia will prepare the 
operator for any unexpected findings and avoid any miscal-
culations.
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       . Fig. 10.28 Systemic hypo-
tension, with Pa falling relative 
to the Pd during continuous 
adenosine infusion. Adenosine 
can cause variable degrees of 
systemic vasodilation in different 
individuals, in some cases causing 
more systemic than coronary 
vasodilation (From Seto et al. [25], 
reprinted with permission)
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       . Fig. 10.29 Typical coronary 
hemodynamic response to intra-
venous adenosine. The lowest sin-
gle-beat Pd/Pa (0.68) occurs early 
in hyperemia, at point A. Values 
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11.1  Introduction

The coronary flow reserve (CFR) [1] is a well-validated phys-
iological index that allows the identification of blood flow 
impairment in the coronary territory under investigation [1, 
2]. This index summarizes flow impairment originating from 
focal epicardial, diffuse epicardial, and microcirculatory dis-
ease and therefore allows one to identify the overall available 
vasodilator capacity in the vasculature under investigation. 
The principle of CFR has been extensively applied to both 
invasive and noninvasive diagnostic techniques, including 
intracoronary Doppler- and thermodilution-derived flow 
[3–7], transthoracic echocardiography, positron emission 
tomography, and magnetic resonance imaging. All of these 
investigations have documented CFR to be a robust risk 
stratification tool [8–11]. Nonetheless, several limitations, 
including its sensitivity toward hemodynamic conditions, 
practical ambiguities associated with its assessment, and 
ambiguities related to its interpretation, have been important 
limitations toward its application in clinical practice. 
However, besides the well-documented prognostic informa-
tion that can be derived from CFR, novel insights into its 
combined interpretation with fractional flow reserve (FFR), 
the contemporary physiological standard for functional ste-
nosis assessment, have led to a renewed interest in this phys-
iological index [9, 12, 13]. As such, ongoing developments on 
a technical level, as well as the development of novel concepts 
based on CFR theory, underscore the relevance of CFR in 
daily clinical practice.

This chapter will discuss the invasive assessment of CFR 
in the catheterization laboratory, starting from the physical 
aspects of currently available armamentarium to measure 
coronary flow invasively, toward clinical data, its application 
in daily clinical practice, and future outlooks regarding novel 
CFR-based concepts.

11.2  Invasive Assessment of Coronary Flow 
in the Cardiac Catheterization 
Laboratory

The ad hoc calculation of coronary flow reserve in the cath-
eterization laboratory requires the invasive assessment of 
coronary flow. For this purpose, three modalities are cur-
rently available that will be reviewed in detail below.

11.2.1  Doppler Flow Velocity

 Physical Principles
First described by Christian Andreas Doppler in 1842, the 
Doppler effect has found distinct practical expression cardio-
vascular medicine within ultrasound-based assessment of 
blood flow velocity. The principle described by Doppler is the 
apparent change in the frequency or wavelength of a wave 
when there is relative motion between the source of the wave 
and an observer. The observed frequency is higher (com-
pared to the actual emitted frequency) when the source of the 
wave is moving toward the observer, and it is lower when the 
source of the wave is moving away from the observer. This 
apparent change in the pitch (or frequency) of sound is called 
Doppler effect or Doppler shift (. Fig. 11.1) and can be used 
to determine the velocity of an object.

The currently available intracoronary Doppler flow veloc-
ity system (ComboMap, Volcano Corp., San Diego, CA) uti-
lizes a piezoelectric crystal at the tip of a 0.014″ guide wire 
(ComboWire or FloWire, Volcano Corp., San Diego, CA), 
which serves as both the transmitter and receiver of a pulsed 
ultrasound signal and has a relatively large sample volume 
about 5  mm distal to the tip (. Fig. 11.2a, b). The signal is 
emitted by the crystal in short bursts and is “echoed” by blood 
cells within the sample volume, which are moving away from 

f = transmitter frequency

Blood flow

q

q = angle between ultrasound beam and direction of blood flow
c = speed of sound in blood
v = velocity of blood cells within sample volume
Df= frequency Doppler shift

Df = 2f cosqv
c

       . Fig. 11.1 Intravascular velocity measurement by Doppler ultra-
sound. The ultrasound signal emitted by the Doppler crystal (in white) 
is reflected by red blood cells moving away from the transducer. The 

reflected sound waves, which have a lower frequency than the emitted 
waves, are received by the Doppler crystal. The console converts the 
received signal to velocity information expressed in cm/s
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the transducer (. Fig. 11.1). These echoes therefore return at 
the receiver at a lower frequency, and it is this Doppler shift 
that is detected by the instrumentation. When the Doppler 
beam is parallel to the bloodstream and given a constant 
transmitter frequency and a constant speed of sound in blood, 
this Doppler shift is directly proportional to the velocity of the 
blood cells within the sample volume (. Fig. 11.1). When the 
Doppler beam is not parallel to the bloodstream, flow velocity 
may be underestimated. Nonetheless, such inaccuracy is lim-
ited to 6 % when at a 20-degree angle, and it is therefore an 
accepted assumption that the ultrasound beam is relatively 
parallel to the main direction of the bloodstream.

The spectrum of frequencies received by the transmitter 
from the sample volume at any given moment represents a 
range of velocities at which the blood cells within the sample 
volume travel. The instrumentation then provides an overview 
of the frequency components of the Doppler signal converted to 
velocity, their relative intensity, and their variation in time. Flow 
velocity is extracted from these data by detecting the instanta-
neous peak velocity, which represents the maximum velocity 
within the sample volume (. Fig. 11.2c). The average of instan-
taneous peak velocity over one or multiple heartbeats is termed 
average peak velocity and is the common parameter described 
in investigations using intracoronary Doppler flow velocity.

Flow
sensor

Radiopaque tip 3 cm

SlyDx® coating
Working length 175 cm / 300 cm

0.014 inch (0.36 mm) Diameter
Torque
device

Unlock

Lock
Connector

Flow plug

Flexible length 30 cm

a

b

c

1.5 cm Offset
Model 9515

Flow
sensor

Pressure
sensor

1.5 cm Offset

Radiopaque tip

Flow
sensor

Pressure
sensor

0.014” (0.36 mm) Diameter Torque device

PTFE CoatingFlexible length 30 cm SlyDx® Coating

Working length 185 cm

Lock

Unlock

Connector

Pressure plug

Flow plug

501-0100.105/002

Radiopaque tip 3 cm

       . Fig. 11.2 Doppler flow velocity instrumentation. a FloWire (Volcano-
Philips). A 0.014″ guide wire with a Doppler crystal at the tip. b ComboW-
ire (Volcano-Philips). A 0.014″ guide wire equipped with both a Doppler 
crystal at the tip and a pressure sensor either just distal or at 1.5 cm distal 
to the Doppler crystal. c ComboMap console display. Instrumentation 
displays temporal changes in coronary flow velocity (Doppler signal in 

white). The instantaneous peak velocity (the maximum velocity in the 
sample volume) is represented by the blue line on top of the Doppler 
signal. The console additionally displays ECG (top white line), aortic pres-
sure (red line), and (in case of the ComboWire) distal coronary pressure 
(yellow line)
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 Practical Aspects and Limitations
An advantage of Doppler flow velocity as a coronary flow 
parameter is that it is intrinsically normalized for the magni-
tude of perfused myocardial mass. This is due to the fact that 
nature normalizes coronary artery wall stress, which means 
that vessel diameter is directly related to the myocardial mass 
in its arterial distribution: the larger the perfused myocardial 
mass, the larger the supplying coronary artery [14, 15]. 
Where absolute flow (in mL/min) decreases with each 
branching of the coronary tree, the accommodating decrease 
in arterial diameter means that flow velocity is intrinsically 
corrected. This facilitates the interpretation of Doppler flow 
velocity values, since, despite its expression in cm/s, it is an 
accurate reflection of absolute flow per unit of perfused myo-
cardial tissue.

As is illustrated by the description of the Doppler ultra-
sound technique above, the most important practical aspects 
of intracoronary Doppler flow velocity measurements are 
related to wire positioning to ensure optimal quality of the 
acquired signal and to ensure that these Doppler signals are 
representative of true blood flow velocity. Hence, operators 
are to be familiar with Doppler technology and should aim to 
manipulate wire position until a stable signal is obtained that 
is representative of the maximal cross-sectional velocity 
(. Fig. 11.3). This aim is interfered by the natural tortuous 
vessel anatomy and cardiac motion, which can both degrade 
velocity signals. When inadequate signal quality is encoun-
tered despite wire position manipulation or when prolonged 
periods of stable velocity profiles are required, such as in 
extended research protocols, flipping of the wire tip can 
improve signal quality and ensures stable signals for pro-
longed recording times (. Fig. 11.4). Nonetheless, the 
Doppler flow measurements remain technically difficult with 
the currently available measurement system, which leads to 
acquisition of Doppler signals of insufficient quality in up to 
10–15 % of cases.

11.2.2  Coronary Thermodilution-Derived 
Mean Transit Time

 Physical Principles
The indicator-dilution principle, first introduced by Stewart 
in 1897 for the measurement of cardiac output, has been val-
idated for the invasive assessment of coronary flow as well. In 
short, the indicator-dilution theory dictates that injection of 

V

T

a

V

T

b

       . Fig. 11.3 Wire positioning and 
Doppler flow velocity signal qual-
ity. Signal quality is determined by 
the location of the sample volume. 
Optimal signals are obtained when 
the sample volume is positioned 
midstream a. When the sample 
volume is directed toward the 
vessel wall, the Doppler signal is 
degraded b

       . Fig. 11.4 Flipping of the wire tip. When suboptimal signal quality 
is encountered despite wire manipulation, flipping of the wire tip 
may be performed. The Doppler signal is the obtained in a retrograde 
fashion, and such retrograde wire position frequently allows to obtain 
stable Doppler signals of higher quality (Adapted from van Lavieren 
et al. with permission [16])
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a known amount of indicator into the bloodstream and mea-
surement of the indicator concentration over time distal to 
the injection site allow quantification of coronary blood flow. 
This theory can be applied to the coronary circulation by 
exploiting the temperature sensitivity of sensor-equipped 
coronary guide wires [6, 7]. In this application, the shaft of 
the coronary guide wire serves as the proximal thermistor, 
allowing the identification of the start of the indicator 
 injection. The temperature-sensitive sensor at the distal end 

of the guide wire then serves as the distal thermistor. While 
keeping the distance between the proximal and distal therm-
istor constant throughout the measurements, the volume of 
blood between the two remains equal. As such, the change in 
temperature over time can be registered and allows calcula-
tion of the mean transit time of the indicator from the proxi-
mal to the distal thermistor (. Fig. 11.5a, b). Since greater 
magnitudes of coronary flow cause greater and more rapid 
dilution of the injected indicator, mean transit time of the 

Sensor element

Symmetrical tip

Torque device Proximal connector

SJM

Connector

Hydrophobic surfacePTFE coatingHydrophilic coating

Radiopaque tip 3 cm

Guidewire length 175 cma

Flexible length 31 cm

0.036 cm/0.014” diameter

b

       . Fig. 11.5 Coronary thermodilution instrumentation. a PressureWire 
(St Jude Medical). A 0.014” guide wire equipped with a temperature- sensitive 
pressure sensor, which allows the assessment of both intracoronary pres-
sure and coronary thermodilution curves. b RadiAnalyzer (St Jude Medical) 
console display. Instrumentation displays the thermodilution curves in 
per formed in triplicate in resting (blue curves) and hyperemic (yellow curves) 

conditions. The mean transit time is calculated from these curves and is 
shown to decrease from resting to hyperemic conditions (Bas (0.79) to Hyp 
(0.35)). The console additionally displays the ECG (top yellow line), as well as 
aortic pressure (red line) and distal coronary pressure (green line) (Courtesy of 
Dr. J. Escaned, Hospital Clinico San Carlos, Madrid, Spain)
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indicator will decrease with increasing blood flow. Since the 
amount of indicator injected is known and equal across mea-
surements, mean transit time provides a measure of coronary 
blood flow defined as the inverse of mean transit time.

 Practical Aspects and Limitations
The contemporary application of coronary thermodilution in 
the catheterization laboratory requires the bolus injection of 
3  cc of room-temperature saline as the indicator, which 
should be rapid and brisk. Since the timing of the injection 
during the cardiac cycle may influence the thermodilution 
curve, the latter is performed in triplicate, and the average 
mean transit time of these three injections is used for calcula-
tions. This is likely only clinically relevant when there is 
marked bradycardia, and it has been documented that ECG-
controlled injection is generally not superior to manual 
injection of saline as the indicator [7].

Since saline boluses themselves cause significant transient 
reactive hyperemia [17], even in doses of 3 cc [18], it is impor-
tant that sufficient time is allowed between repeated saline 
injections, especially during resting conditions. Otherwise, the 
repeated assessment of mean transit time is performed during 
a period of reactive hyperemia, which leads to overestimation 
of resting flow and therefore underestimation of CFR.

It is recommended that the distal thermistor, thus the guide 
wire sensor, be placed at least 6 cm distal from the injection site 
of the indicator, thus the catheter tip, to allow adequate mixing 
of blood and saline [7]. Neglecting this requisite leads to a 
larger variability in measurements and weaker correlation of 
the obtained mean transit time with absolute flow and there-
fore diminishes the accuracy of the measurements. This may 
not generally be a practical issue but should be considered 
while performing these measurements in clinical practice as 
coronary anatomy may not allow adherence to these guide-
lines and may therefore not allow accurate thermodilution 
flow measurements. Moreover, since the use of mean transit 
time as a surrogate for flow requires that the volume between 
the thermistors remains equal, catheter and wire position 
should remain the same throughout the measurements both 
during resting and hyperemic conditions for accurate flow 
measurements of flow and accurate calculation of CFR.

The measurement of coronary thermodilution-derived 
mean transit time during coronary hyperemia necessitates 
the induction of a hyperemic plateau long enough to per-
form the bolus injection and preferably long enough to 
 perform these in triplicate. As such, thermodilution mea-
surements cannot be performed with intracoronary adenos-
ine administration, but requires the use of either intravenous 
adenosine administration, the administration of regadeno-
son, or the use of papaverine for the induction of a hyper-
emic plateau phase. In practice, the use of intravenously 
administered adenosine is customary for thermodilution 
measurements. The important consequences of this limita-
tion will be discussed separately below.

Similar to Doppler flow velocity measurements, the 
assessment of adequate thermodilution curves is challeng-
ing, and sets of thermodilution curves of insufficient quality 

are also reported to occur in 10–15 % of cases, which mainly 
originate from cases where the distal thermistor cannot be 
placed distally enough to ensure a 6-cm distance between 
the  two thermistors, leading to unacceptable variability in 
the repeated measurement of mean transit time to ensure 
accurate assessment of flow [6, 7].

11.2.3  Coronary Thermodilution-Derived 
Absolute Flow Measurement

The indicator-dilution theory also allows the assessment of 
absolute flow by coronary thermodilution, but this is much 
more complex and practically challenging. Nonetheless, 
using the same indicator-dilution theory, and the same 0.014- 
in. temperature-sensitive sensor-equipped coronary guide 
wire, the use of continuous infusion of room-temperature 
saline through a 2.8-F infusion catheter allows the measure-
ment of absolute volumetric flow in mL/min directly in the 
catheterization laboratory [19, 20].

 Practical Aspects and Limitations
Besides the intrinsic limitations of absolute flow values for their 
interpretation and application in clinical practice [20], the req-
uisite of continuous saline infusion for the assessment of abso-
lute flow means that this technology does not allow to measure 
coronary flow reserve, since resting flow cannot be accurately 
assessed. Moreover, the setup and measurement process is 
much more complicated than for regular thermodilution or 
Doppler flow velocity measurements and therefore takes 
10–15 min to complete [20]. Nonetheless, technical advance-
ments may make absolute flow measurements less cumber-
some in the catheterization laboratory and may lead to novel 
insights into their applicability and value in clinical practice.

11.3  Coronary Flow Reserve: Definition 
and Characteristics

11.3.1  Definition of Coronary Flow Reserve

The concept of coronary flow reserve relates to the ability of 
the coronary circulation to increase blood flow in response to 
alterations in oxygen demand. As such, coronary flow reserve 
is defined as the ratio of maximal flow during vasodilated 
 conditions, termed hyperemic coronary flow, to flow during 
conditions of coronary autoregulation, termed resting or base-
line coronary flow.

11.4  Coronary Flow Reserve: What’s Normal 
and What’s Not?

In healthy subjects, coronary flow is expected to increase 
more than 4.5-fold upon pharmacological induction of 
 coronary hyperemia [21]. In contrast, in patients without 
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 epicardial stenosis but known risk factor for cardiovascular 
disease, CFR was documented to amount to approximately 
2.8 [3]. When assessed in vessels without epicardial coronary 
stenoses, CFR values below this threshold have consistently 
been associated with impaired clinical outcomes, including 
hard clinical end points such as myocardial infarction and 
death [10, 11, 22, 23]. CFR has additionally been investigated 
thoroughly in the setting of epicardial stenosis, where it is 
now generally accepted that a CFR of less than 2.0 should be 
considered a clinically relevant impairment of the vasodila-
tor capacity of the coronary vasculature under investigation 
[24, 25]. In more detail, these data have documented a range 
of optimal cut points of invasively measured CFR for nonin-
vasively assessed myocardial ischemia that lies from 1.7 to 
2.1. In other words, a CFR below 1.7 should definitely be 
considered to reflect an impaired vasodilator capacity in the 
vasculature under investigation. A CFR in the range of 1.7–
2.1 lies within the CFR range that is associated with myocar-
dial ischemia and should also be considered clinically 
relevant, as it may clinically be associated with signs and 
symptoms of myocardial ischemia. A CFR between 2.1 and 
2.8 lies above the CFR threshold that has been associated 
with myocardial ischemia and should be considered suffi-
cient to prevent myocardial ischemia even though it is 
decreased compared with nonobstructed coronary arteries. 
Finally, as noted above, a CFR of 2.8 or higher can generally 
be considered normal for a patient population with risk fac-
tors for coronary artery disease.

These considerations borne in mind, the application of 
physiology techniques in both research and clinical practice 
is frequently dichotomous in nature. As such, the 2.0 CFR 
cutoff has become customary in the evaluation of adverse 
events in patients at risk for cardiovascular disease [26, 27]. 
This cutoff value is the most widely validated and allows 
robust risk stratification in patients at risk for cardiovascular 
events. Nonetheless, available data support that the spectrum 
of CFR values represents a risk continuum, where risk for 
adverse events becomes higher with decreasing CFR values: a 
risk stratification value that is likely not optimally reflected 
by a dichotomous interpretation.

11.4.1  Limitations of Coronary Flow Reserve

Despite the unequivocal prognostic information provided by 
CFR, several practical and intrinsic physiological limitations 
of this index need to be considered.

First and foremost, the assessment of coronary flow 
reserve requires the direct measurements of a surrogate of 
coronary flow in the catheterization laboratory, which is 
more challenging than, for example, pressure measurements. 
This is illustrated by the fact that flow data of insufficient 
quality for accurate calculations occurs in 10–15 % of cases 
for both Doppler- and thermodilution-derived flow, whereas 
insufficient data quality for pressure recordings occurs sel-
dom. Obviously, operator experience with the specific arma-
mentarium is crucial in this aspect, and, furthermore, 

technical advances are ongoing that may improve feasibility 
of flow measurements in the catheterization laboratory.

Second, CFR intrinsically provides insight into the overall 
impairment in coronary flow in the vasculature under investi-
gation, regardless of its origin in the epicardial coronary 
artery, due to either focal stenosis or diffuse atherosclerosis, or 
in the microcirculation. Although such comprehensive assess-
ment of flow impairment has distinct advantages and bears 
important prognostic information, CFR is intrinsically unable 
to differentiate between these domains to determine the dom-
inant origin of blood flow impairment. Hence, solitary assess-
ment of CFR does not allow identification of optimal 
treatment strategies in ischemic heart disease.

Third, CFR as an index of hyperemic to resting flow is 
sensitive toward alterations induced in either of these con-
ditions [28]. Moreover, since flow during vasodilated con-
ditions is determined by coronary perfusion pressure, 
changes in perfusion pressure also affect CFR. . Figure 11.6 
shows the effect of alterations in coronary hemodynamics 
on CFR on the basis of the pressure-flow relationships dur-
ing resting and vasodilated conditions (e.g., during adenos-
ine-induced coronary hyperemia). First, CFR is affected by 
changes in coronary perfusion pressure, which may occur 
secondary to the administration of vasodilators to induce 
hyperemia but may also occur in settings of elevated venous 
pressure (. Fig. 11.6b). At lower perfusion pressure, auto-
regulated (rest) flow remains equivalent, while flow in vaso-
dilated conditions may be significantly reduced due to the 
reduction in perfusion pressure, leading to a decrease in 
CFR. Second, CFR may be affected by alterations in resting 
flow. Elevated resting flows result in a decrease in CFR as 
shown in . Fig. 11.6c and may occur in a variety of settings, 
which are shown in . Table 11.1. Third, an increase in zero-
flow pressure causes a rightward shift of the pressure-flow 
relationship and yields a decrease in CFR as shown in 
. Fig. 11.6d. Such rightward shift may occur in various clin-
ical settings, as shown in . Table 11.3. Fourth, CFR may 
also decrease due to an increase in resistance to coronary 
flow in the vasodilated vessels. This increase in resistance 
leads to a decrease in coronary flow at maximal vasodilation 
as shown in . Fig. 11.6e. Factors associated with a decrease in 
hyperemic coronary flow are noted in . Table 11.3. Finally, 
the abovementioned factors may occur in combination, 
increasing the effect of both pathophysiological and physio-
logical alterations in coronary hemodynamics on CFR. As can 
be derived from . Tables 11.1–11.3, factors associated with a 
decrease in CFR represent both physiological and patho-
physiological alterations in coronary hemodynamics. While 
it is the latter that likely drives the association of CFR with 
impaired clinical outcomes, one should be aware of the con-
founding effect of physiological adaptations on CFR to 
ensure its accurate interpretation.

These limitations accounted for, CFR has still been rigor-
ously documented to provide robust prognostic information 
and risk stratification in a distinct number of populations 
and patient subsets, illustrating the clinical potential of this 
physiological index.
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       . Fig. 11.6 Coronary pressure-flow relations and coronary flow reserve. 
a Normal coronary circulation and definition of CFR. P

zf
 indicates zero-flow 

pressure. b Effect of decreased perfusion pressure on CFR. Since maximal 
flow depends on perfusion pressure, CFR is sensitive toward changes in 
the latter. With a reduction in perfusion pressure, e.g., due to the intrave-
nous administration of adenosine or regadenoson, CFR decreases from 
CFR

1
 to CFR

2
. c Effect of an increase in resting coronary flow on CFR. Since 

coronary autoregulation ensures resting flow accommodates myocardial 
demand, any increase in demand leads to increases in resting flow. Since 

CFR relates hyperemic to resting flow, increases in resting flow induce a 
decrease in CFR from CFR

1
 to CFR

2
. d Effect of elevated zero-flow pressure 

on CFR. An increase in zero-flow pressure results in a parallel rightward 
shift of the hyperemic pressure-flow relation from vasodilation

1
 to vasodi-

lation
2
. As illustrated, this leads to a reduction in CFR from CFR

1
 to CFR

2
. e 

Effect of altered coronary resistance to flow on CFR. Alterations in coronary 
resistance to flow at vasodilation are characterized by a change in the 
slope of the hyperemic pressure-flow relation and are associated with a 
decrease in CFR as illustrated
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11.4.2  Induction of Coronary Hyperemia: 
Intracoronary Versus Systemic 
Vasodilation

For the assessment of CFR, flow values should be obtained 
during both resting and vasodilated conditions. Several 
agents are available for the induction of coronary hyperemia, 
such as adenosine, adenosine triphosphate (ATP), regade-
noson, and papaverine, among which adenosine is the most 
commonly used agent in the catheterization laboratory. 
Whereas for Doppler flow velocity, measurements for either 
of these agents suffice; coronary thermodilution requires 
the administration of an agent that allows to create a hyper-
emic plateau during which the repeated bolus injections of 
saline can take place, such as intravenous administration of 
adenosine or ATP, regadenoson, or papaverine. It is impor-
tant to realize that although intracoronary and intravenous 
adenosine administration, as well as the use of ATP, regad-
enoson, or papaverine, is generally considered interchange-

able for the assessment of physiology techniques in clinical 
practice, this is not completely accurate for the assessment 
of maximal coronary flow at hyperemia. The administration 
of either of these agents is intended to induce coronary 
vasodilation and thereby to abolish coronary vasomotor 
tone. At coronary vasodilatation, coronary flow directly 
depends on the magnitude of the driving pressure. While 
intracoronary  administration of adenosine does not alter 
systemic hemodynamics and therefore maintains equiva-
lent driving pressure from resting to hyperemic conditions, 
intravenous infusion of adenosine/ATP or the use of regad-
enoson leads to significant decreases in aortic pressure at 
hyperemia of 10–15 % [29, 30]. Since maximal coronary 
flow at coronary hyperemia, and therefore CFR, depends on 
driving pressure, such a reduction in aortic pressure is asso-
ciated with a proportional drop in maximal coronary flow 
(. Fig. 11.6). Therefore, maximal flows and CFR assessed 
with the use of systemic vasodilation are prone to signifi-
cant underestimation when these are determined using sys-
temically administered vasodilators. It should therefore be 
considered to correct the obtained flow and CFR values for 
the accompanying drop in blood pressure by multiplying 
the CFR value with the ratio of resting to hyperemic mean 
aortic pressure, as was suggested previously [31].

11.5  Reintroduction of CFR in Clinical 
Practice: Combined Assessment of CFR 
and FFR

Although CFR is not routinely assessed in the clinical man-
agement of stable coronary artery disease, a setting where 
FFR is routinely applied to study the functional effect of a 
coronary stenosis [32], convincing data documents that the 

       . Table 11.1 Factors associated with an increase in autoregu-
lated flow

(Relative) increase in 
myocardial demand

Left shift of oxygen 
dissociation curve

Exercisea Abnormal hemoglobins

Fever Fetal hemoglobin

Increased inotropyb Carboxyhemoglobin

Tachycardiaa,b Alkalosis

Thyrotoxicosis

Ventricular hypertrophya,b

Hypoxemia

Anemia

aMay additionally increase zero-flow pressure
bMay additionally reduced maximal flow

       . Table 11.2 Factors associated with a rightward shift of zero-
flow pressure

Increased left ventricular diastolic pressurea

Increased right ventricular diastolic pressure >10 mm Hg

Pericardial tamponadea

Increase in coronary sinus and venous pressure >10 mm Hg with 
normal right ventricular diastolic pressure

Beta-adrenergic blockade or alpha-adrenergic stimulationa

Left and right ventricular hypertrophya

Tachycardiaa

Several anesthetic agents

aMay additionally reduce maximal flow

       . Table 11.3 Factors associated with a decrease in maximal 
flow

Small vessel disease Abnormal cardiac function

Hypertension Ventricular hypertrophya,b

Hypertrophic 
cardiomyopathya,b

Tachycardiaa,b

Diabetes mellitus Decrease in aortic pressure

Cigarette smoking Increased left ventricular 
diastolic pressurea

Aortic stenosis Pericardial tamponadea

Systemic lupus 
erythematosus

Substantial increase in 
myocardial contractilityb

Large vessel disease Increased blood viscosity

Atherosclerosis Polycythemia

Thrombosis Macroglobulinemia

aMay additionally increase zero-flow pressure
bMay also increase autoregulated flow
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impairment of coronary flow goes beyond the domain can be 
interrogated by fractional flow reserve [9, 12, 13]. As such, 
a strong body of evidence now supports the complemen-
tary nature of these two modalities, showing an important 
added diagnostic and prognostic value of CFR over FFR 
alone. Although FFR estimates whether a focal stenosis plays 
a dominant role in the impairment in myocardial perfu-
sion [33–35], concomitant diffuse epicardial atherosclerosis 
or microvascular disease is not identified by this technique. 
The latter two conditions have been documented to be asso-
ciated with a quantifiable risk for cardiovascular morbidity 
and mortality [8, 9] and thereby constitute an important 
area of interest both in clinical research and clinical practice 
settings. A wealth of data supports CFR as a tool to quan-
tify the effect of both diffuse epicardial atherosclerosis and 
microvascular disease on myocardial perfusion, and CFR 
has been demonstrated to represent a robust risk stratifica-
tion tool. Whether assessed invasively, as discussed in this 
chapter, or noninvasively, a normal CFR has repeatedly been 
associated with a low risk of cardiovascular events, with risk 
for such events increasing proportionally with decreasing 
CFR values. This ability of CFR to stratify risk for adverse 
cardiovascular events is independent of the presence of epi-
cardial coronary artery disease and even of the presence or 
absence of stress-induced myocardial ischemia. Hence, CFR 
provides substantial incremental information over contem-
porary pressure-derived standards.

The combined assessment of FFR and CFR leads to chal-
lenges regarding the interpretation of the results, since dis-
agreement occurs in over 30 % of cases (. Fig. 11.7). When 
CFR and FFR agree, and they are both either in the normal 
range or in the abnormal range, interpretation of the results 
poses no difficulty. A stenosis yielding an abnormal FFR 
and normal CFR is by definition non-flow limiting, since 
flow can increase normally despite the atherosclerotic nar-
rowing. Smalling et al. already documented that when coro-
nary flow remains stable, coronary perfusion pressure may 
lower to FFR values below 0.5 without occurrence of myo-
cardial ischemia [36]. Additionally, recent observational 
data suggests that the natural course of these non-flow-lim-
iting stenoses is indeed associated with favorable clinical 
outcome [9]. Since non-flow-limiting stenoses are therefore 
likely not associated with myocardial ischemia and have a 
favorable clinical outcome, it is now debated whether these 
stenoses are optimally managed with percutaneous coro-
nary intervention [37]. When FFR is normal and CFR is 
abnormal, two situations may (co)exist. First, this may rep-
resent the presence of dominant diffuse epicardial coronary 
artery disease, diminishing flow without inducing a signifi-
cant pressure gradient due to the lack of flow acceleration 
and flow separation that dominates pressure gradients in 
focal disease [25, 38]. Second, this may be a representation 
of dominant microvascular disease, limiting the vasodilator 
reserve of the vasculature under investigation. Pure micro-
vascular disease is more likely when the FFR value 
approaches 1.0, and these pathophysiological patterns may 

coexist leading to the individual CFR-FFR pattern in a 
given patient. Importantly, this FFR-CFR pattern has been 
associated with a distinct risk for cardiovascular events [9, 
39], and it was recently hypothesized that these patients 
may benefit from mechanical revascularization in specific 
situations [16].

11.6  Future Perspectives

CFR likely represents the most widely studied physiological 
index available, since its application is not restricted to inva-
sive cardiology. Nonetheless, the limitations described above 
and lack of acknowledgement of its clinical potential have led 
to CFR being applied mainly as a research tool. Novel insights 
into the complexity of ischemic heart disease have now led to 
a renewed research and clinical interest, which is closely fol-
lowed by technical partners that are improving flow assess-
ment armamentarium. Hence, the clinical application of CFR 
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       . Fig. 11.7 Conceptual plot of the fractional flow reserve (FFR)-
coronary flow velocity reserve (CFR) relationship. Four main quadrants 
can be identified by applying the clinically applicable cutoff values for 
FFR and CFVR, indicated by the dotted lines. Patients in the upper right 
blue area are characterized by concordantly normal FFR and CFVR, and 
patients in the red lower left area are characterized by concordantly 
abnormal FFR and CFVR. Patients in the upper left orange area and lower 
right light green area are characterized by discordant results between 
FFR and CFVR, where the combination of an abnormal FFR and a normal 
CFVR indicates predominant focal epicardial but non-flow-limiting, 
coronary artery disease, and the combination of a normal FFR and an 
abnormal CFVR indicates predominant microvascular involvement in 
coronary artery disease. The small dark green region in the lower right 
is characterized by an FFR near 1 and an abnormal CFVR, indicating 
sole involvement of the coronary microvasculature. The FFR gray zone 
indicates the equivocal 0.75–0.80 FFR range (Reproduced from van de 
Hoef et al. [9])
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is likely to become more important in the near future and will 
likely become more feasible as soon as industrial partners 
distribute updated measurement systems.

Moreover, concepts are now being developed that over-
come part of the limitations associated with the use of 
CFR. One of these is the concept of coronary flow capacity, 
which incorporates CFR and maximal hyperemic flow in a 
comprehensive flow map of the coronary vasculature under 
investigation (. Fig. 11.8) [40–42]. First applied to positron 
emission tomography, this coronary flow capacity concept 
was recently introduced based on invasive Doppler flow data 
and was documented to improve risk stratification character-
istics of CFR. This is likely due to the fact that coronary flow 
capacity overcomes the limitations of CFR related to varia-
tions in the resting state.

Besides the improvement in the application of CFR and 
development of concepts that overcome its associated limita-
tions, measurement systems nowadays allow to measure 
both pressure and flow simultaneously. Such techniques 
allow calculation and differentiation of the resistance to coro-
nary blood flow induced by a stenosis or epicardial segment 
and the microcirculation [43, 44]. Ultimately, techniques that 
apply CFR or coronary flow capacity may therefore allow to 

evaluate whether clinically significant flow abnormalities 
occur in the vasculature under investigation, after which 
these novel technologies may be applied to identify the dom-
inant source of flow impairment and to guide treatment 
strategies [37].

11.7  Conclusion

CFR is a well-validated physiological index that provides 
extensive diagnostic and prognostic information. Its assess-
ment in the cardiac catheterization laboratory is associated 
with practical ambiguities that dominantly require operator 
experience with the specific armamentarium. For this pur-
pose either intracoronary Doppler flow velocity or thermo-
dilution can be used, both having their own practical and 
physiological advantages and limitations. Recent acknowl-
edgement of the clinical pertinence of CFR will support 
reintroduction of CFR in the daily interventional cardiology, 
and the accompanying conceptual and technical advances 
may overcome many of the intrinsic and practical ambigui-
ties associated with its assessment in the catheterization 
laboratory.
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       . Fig. 11.8 Coronary flow 
capacity concept. Since coronary 
flow reserve (CFR) equals hyper-
emic to baseline flow, a two-
dimensional map of CFR versus 
hyperemic flow comprehensively 
describes the invasive flow char-
acteristics of the coronary vascu-
lature under investigation. Within 
this concept, four clinically mean-
ingful categories are defined 
(coded with different colors in the 
graph) based on well-validated 
invasive CFR cutoff values and 
the corresponding hyperemic 
flow values (Reproduced from 
van de Hoef et al. [40])
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12.1  Introduction

The hemodynamic consequences of a coronary artery steno-
sis can be estimated either by assessment of coronary pres-
sure, flow velocity, or their combination. In daily clinical 
practice, the fractional flow reserve (FFR) is used which is 
measured using a coronary guidewire equipped with a distal 
pressure sensor. FFR expresses the ratio of the maximal flow 
in a conduit vessel in the presence of a stenosis compared to 
the maximal flow in the hypothetical absence of the stenosis. 
It has been proven that FFR is equal to the ratio of distal 
coronary artery pressure and aortic pressure under hyper-
emia [1]. Given a solid underlying theoretical framework, 
extensive clinical validation, ease of measurement, and the 
fact there is a sharp cutoff value, FFR is currently the guide-
line recommended tool to guide revascularization for inter-
mediate stenoses in patients with stable coronary artery 
disease [2–5]. However, in patients with impairment of coro-
nary microvascular function or an exceptionally large auto-
regulatory reserve, the sharp cutoff value used for FFR may 
be inappropriate [6, 7]. These patients cannot be identified, 
however, without a more comprehensive physiological 
assessment of the coronary circulation, which can be 
obtained, by combined coronary blood flow or flow velocity 
and pressure measurements. Unfortunately, in clinical prac-
tice patients with an abnormal microvascular function 
where the rigid FFR cutoff value of 0.80 may not appropri-
ately guide revascularization are not identified because coro-
nary flow measurement is not part of standard clinical 
work-up. The coronary flow reserve (CFR) is defined as the 
ratio of hyperemic and resting coronary blood flow; it is 
dependent on both the severity of the epicardial stenosis as 
well as the microcirculatory function. When FFR and CFR 
both are below their respective cutoff points of 0.80 and 2.0, 
revascularization is clearly indicated. Similarly, when both 
FFR and CFR are negative, revascularization should be 
deferred. However, in approximately 25–40 % of patients, 
discordant FFR and CFR values are found (. Fig. 12.1) [8, 9]. 
The discordant FFR and CFR result in these cases often orig-
inates from either abnormal microcirculatory function or a 
very large autoregulatory reserve. In these discordant cases, 
it is unclear whether revascularization should be performed 
or patients should have optimal medical treatment. 
Furthermore, it must be kept in mind that CFR is influenced 
by hemodynamic conditions and inotropic state, which fur-
ther complicates the interpretation of discordant CFR and 
FFR results [10].

In an attempt to assess coronary stenoses severity inde-
pendent on microcirculatory function, indices have been 
developed based on the combined information of both 
Doppler flow velocity together with proximal and distal cor-
onary pressure. The resistance of the entire coronary perfu-
sion territory is the sum of the epicardial and microcirculatory 
resistance. The resistance of the total coronary perfusion ter-
ritory is the ratio of the mean aortic pressure and the mean 
Doppler flow velocity (. Fig. 12.2). The coronary microcircu-
latory resistance is the ratio of coronary artery pressure distal 

to the stenosis and mean flow velocity. Finally, the epicardial 
stenosis resistance can be calculated as the ratio between the 
pressure gradient across the stenosis and the mean flow 
velocity.

In this chapter, we review the rationale and currently 
compiled scientific knowledge of stenosis resistance as a 
method to guide coronary intervention. Furthermore, we 
address the diastolic pressure gradient at a flow velocity of 
50 cm/s (dpv50), as different way to assess epicardial stenosis 
severity.

12.2  Pressure Loss Across a Stenosis

In 1974, Gould et al. postulated based on experimental data, 
a curvilinear relationship to determine the pressure gradient 
across a stenosis (ΔP). This curvilinear relationship was 
described by the formula, ΔP = Av + Bv2, where v is the 
(steady) flow velocity distal to the stenosis and terms A and B 
are a function of stenosis geometry and the rheological prop-
erties of blood [11, 12]. This formula takes into account the 
equations of Bernoulli and Hagen-Poiseuille, which are phys-
ical laws to describe fluid dynamics. Across the throat of the 
stenosis, there is frictional resistance to flow that contributes 
to the pressure loss and is described by the law of Hagen- 
Poiseuille. These frictional pressure losses are linearly related 
to flow and are described by term A of the formula. Pressure 
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       . Fig. 12.1 FFR and CFR are concordant in 60–75 % of cases, but a 
FFR and CFR discordance has been reported in 25–40 % of stenoses. 
From invasive combined pressure and Doppler flow velocity measure-
ments in 106 stenoses, we established the FFR and CFR discordance to 
be in 29 % in this population. Data indicates that both a reduced CFR 
and FFR are associated with a poorer prognosis, as such it is difficult to 
determine the appropriate revascularization approach in discordant 
cases

 G.A. de Waard et al.



177 12

contraction with subsequent convective acceleration (accord-
ing to the law of Bernoulli) causes pressure loss at the 
entrance of the stenosis. Due to eddy formation and flow 
separation, these pressure losses are not recovered at the exit 
of the stenosis. These pressure losses are included into Gould’s 
formula as term B and increase with the square of flow veloc-
ity. Terms A and B are a function of stenosis geometry and 
the rheological properties of blood. As can be inferred from 
Gould’s formula, however, the pressure gradient across the 
stenosis depends not only on coefficients A and B but also on 
the flow velocity. Because the flow velocity depends on aortic 
driving pressure, epicardial stenosis resistance, and microcir-
culatory resistance, these factors exert influence on the pres-
sure gradient across the stenosis. . Figure 12.3 clarifies the 
components that determine the pressure loss across a steno-
sis, while . Fig. 12.4 represents the unique flow velocity and 

pressure gradient relationship for a stenosis as described by 
Gould’s formula.

12.3  Advantages of Combining Coronary 
Pressure and Flow Velocity 
into Stenosis Resistance

The maximal, hyperemic flow rate depends on both the ste-
nosis severity and on the microvascular resistance. Given a 
healthy microvasculature, with a large capacity to vasodilate 
as often is the case in trained athletes, flow can increase four- 
to fivefold in response to a hyperemic, vasodilating stimulus 
such as exogenous adenosine or exercise. According to 
Gould’s formula, the pressure gradient across the stenosis 
increases along with the increase in flow when hyperemia is 

Total vascular resistance = Pa / Qvelocity

Stenosis resistance = (Pa – Pd) / Qvelocity

Paortic
Qvelocity

Pdistal
Pvenous ≈ 0

Microvascular resistance = Pd / Qvelocity

       . Fig. 12.2 Schematic repre-
sentation of a coronary artery 
with a stenosis and the micro-
vascular bed. The total vascular 
resistance can be subdivided into 
the stenosis resistance over the 
epicardial coronary artery and 
the microvascular resistance spe-
cifically. The venous back pres-
sure, left ventricular end-diastolic 
pressure, and collateral pressure 
are normally not assessed in 
clinical practice and typically 
neglected in the resistance equa-
tions. P

a
 aortic pressure, P

d
 distal 
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 flow velocity

Gould's formula: DP = Av + Bv2

Laminar flow
Dref DrefDs Laminar flow
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Contraction and convective acceleration

Friction losses, Term A

Expansion and eddy’s

       . Fig. 12.3 The total transstenotic pressure gradient (ΔP) is calcu-
lated by ΔP = Av + Bv2. At the entrance and along the throat of the 
stenosis, pressure is lost by frictional resistance and determined by the 
law of Hagen-Poiseuille, which is translated into term A. Contraction, 
with subsequent convective acceleration of flow along the throat of 

the stenosis, causes pressure loss (law of Bernoulli). These losses are 
not recovered at the exit of the stenosis, due to flow separation and 
eddy formation, as described by term B. A

s
 area of the stenosis, A

ref
 area 

of the normal, reference segment
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established. For this reason, the pressure gradient across the 
stenosis is thus directly dependent on the functional status 
of the microvascular bed. Since this phenomenon also 
applies when microcirculatory function is impaired, this has 
important limitations for pressure-only assessment of func-
tional stenosis significance by FFR. In case of a trivial steno-
sis but a healthy, preserved, microvascular function, flow 
increases dramatically when hyperemia is induced resulting 
in an exacerbated pressure gradient. Since flow rate is high, 
the large pressure gradient could lead to a positive FFR 
result, which is unlikely to be an expression of true myocar-
dial ischemia [13]. Conversely, in the presence of impaired 
microvascular function with a small capacity to dilate, the 
increase in volumetric flow rate is limited in response to the 
hyperemic stimulus, and only a small pressure gradient will 
be produced. In this case, FFR remains relatively high, while 
myocardial perfusion can in fact be compromised [7]. 
Nevertheless, the theoretical framework of FFR is in fact not 
flawed, but the discrepancy between the FFR result and the 
presence of inducible myocardial ischemia arises from the 
use of a rigid cutoff value to indicate revascularization. As 
such, the FFR cutoff value of 0.75 may truly be the threshold 
for ischemia in some patients, but could very well be lower 
or higher for other patients depending on the functional sta-
tus of their microcirculation. The theoretical framework of 
FFR describes that it is linearly related to the relative flow 
reserve, which is defined as the ratio between hyperemic 
myocardial flow in an obstructed and unobstructed territory 
[14]. The relative flow reserve assumes that microvascular 
function is similar across the entire myocardium, and it thus 
describes the flow impairment owing to a stenosis in relation 

to the theoretical absence of the stenosis independent of the 
microvascular status. For a patient with a very healthy 
microcirculatory function, an FFR of 0.75 may not indicate 
ischemia, while for a patient with an impaired microcircula-
tory function, the same FFR value can be indicative of deep 
myocardial ischemia. Nevertheless, the theoretical frame-
work of FFR is not necessarily violated, since, in both 
patients, a 25 % reduction of myocardial blood flow exists in 
the presence of the stenosis in comparison to had that steno-
sis not been present.

Combined assessment of mean values for Doppler flow 
velocity, aortic driving pressure, and distal coronary artery 
pressure allows the calculation of stenosis resistance. The 
hyperemic stenosis resistance index (HSR) is defined as 
the ratio of hyperemic stenosis pressure gradient (mean 
aorta pressure-mean distal pressure) and hyperemic aver-
age peak- flow velocity (. Fig. 12.2). In the absence of a ste-
nosis, the pressure gradient across the stenosis is small or 
negligible, and consequently, the reference value of HSR is 
close to zero (HSR = 0  mmHg/cm per second). With 
increasing stenosis severity, the hyperemic pressure gradi-
ent increases, while hyperemic flow velocity simultane-
ously declines and HSR will rise accordingly. As mentioned 
above, not only the stenosis but also the microcirculation 
exerts effects on coronary flow, and by taking into account 
flow velocity, HSR thus corrects for the functional status of 
the microcirculation and is much more stenosis specific 
than FFR.

With these theoretical considerations in mind, HSR 
would provide a better representation of the functional con-
sequences of an epicardial coronary artery stenosis than 
either CFR or FFR alone. Furthermore, because HSR may 
provide better guidance of revascularization in patients with 
a discordant CFR and FFR result [12]. An example of how 
the HSR can help to distinguish two stenoses with similar 
FFR, but a normal and abnormal perfusion, respectively, is 
shown in . Fig. 12.5.

The above descriptions of the hypothetical positive 
aspects of HSR have primarily focused on the presumed 
advantages over pressure-only measures such as FFR. Flow- 
only- based parameters such as CFR and the hyperemic 
myocardial blood flow could also be used and provide an 
indication of ischemia at the myocardial level. However, 
these indices are unable to discern between the individual 
contributions of the epicardial coronary and the microvas-
cular compartments (. Fig. 12.2). As such, it can be difficult 
to assess the impact of stenosis revascularization on the 
reduction of myocardial ischemia based on CFR alone. In 
contrast, HSR reflects solely the epicardial coronary segment 
and distinguishes clearly between the epicardial coronary 
artery and the downstream microvasculature. Based on 
these considerations, HSR appears to be a very robust phys-
iological invasive index at present for guidance of revascu-
larization. However, as will be described in the section 
below, obtaining stenosis resistance has some notable disad-
vantages and comes with its own set of difficulties as well.

Flow velocity (cm/s)

DP = 0.16*v + 0.016*v2
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       . Fig. 12.4 Each stenosis has a unique hemodynamic footprint 
that is derived primarily from stenosis geometry (although the 
rheological properties of blood also play a role). The curvilinear 
relationship between ΔP and flow velocity is depicted here under 
resting and hyperemic conditions. Through curve fitting, terms A 
and B of Gould’s formula were calculated for the stenosis
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12.4  Hyperemic Stenosis Resistance (HSR)

The first report providing insight into the assessment of ste-
nosis resistance in humans was published by Meuwissen 
et al. in 2002 [15]. In their study, distal pressure and Doppler 
flow velocity measurements were obtained using two sepa-
rate wires for 181 lesions in 151 patients with either one- or 
two-vessel coronary artery disease. From these measure-
ments, HSR, FFR, and CFR were calculated, and the predic-
tive power of these indices to assess the presence of a 
reversible perfusion defect as defined by myocardial perfu-
sion scintigraphy (MPS) was evaluated. A significantly higher 
area-under-the-receiver-operator curve to predict a revers-
ible perfusion deficit was found for HSR in comparison to 
either FFR or CFR.  The cutoff point, yielding the optimal 
combined test sensitivity and specificity for the presence of 
MPS-defined myocardial ischemia, was determined at a HSR 
value of 0.80  mmHg/cm per second or more. Using this 
value, the diagnostic improvement obtained with HSR was 
pronounced in vessels where discordant results between FFR 
and CFR were observed. These findings underline the hypo-
thetical advantages of HSR outlined in the paragraph above 
and suggest that it is perhaps a better discriminator for the 
identification of coronary artery stenosis that would benefit 
most from revascularization than either FFR or CFR.

The interpretation of the obtained HSR value and the 
optimal cutoff point somewhat differs from the interpreta-
tion of FFR.  Firstly, higher values of HSR represent incre-
mental resistance and severity, whereas for FFR, higher 
values correspond to smaller stenosis severity. Secondly, the 
optimal cutoff point for HSR represents the ischemic thresh-
old, which corresponds to an FFR value of 0.75. The frac-
tional flow reserve versus Angiography for Multivessel 
Evaluation (FAME) trials (2;3) used a higher cutoff value of 
0.80, which consequently became the cutoff point used to 
guide revascularization in contemporary clinical practice. It 
can be envisaged that if HSR would be introduced into clini-
cal practice, a more aggressive approach to revascularization 
would be chosen, similar to what has been done for FFR, by 
lowering the HSR threshold of 0.80 mmHg/cm per second.

Circumstantial evidence that HSR appears to be a more 
stenosis-specific measure than FFR can be inferred from a 
study investigating the impact of opening a chronic total 
obstruction on the intracoronary physiology of large collat-
eral donor vessels [16]. It was shown that after opening of the 
occlusion, FFR in the predominant donor vessel significantly 
increased, while no intervention was performed in that vessel 
leaving stenosis geometry unaltered. The increased FFR was 
likely mediated by a decreased hyperemic flow velocity 
paired with an increased hyperemic microvascular resis-
tance, since the amount of myocardium subtended by the 
donor vessel decreases after revascularization. If we recall the 
Gould’s formula, it becomes apparent that with the reduction 
of hyperemic flow velocity, the pressure gradient falls and 
FFR increases. Importantly, HSR remained numerically and 
statistically equivalent in the large donor vessel after opening 
of the occlusion, since the decreased hyperemic flow velocity 

corrects for the decreased pressure gradient. These findings 
provide supporting evidence that HSR is more stenosis- 
specific than FFR, but do not inform about whether or not 
HSR is also a better indicator of myocardial ischemia.

12.5  Baseline Stenosis Resistance (BSR)

The administration of a pharmacological agent with micro-
vascular vasodilating properties to establish the hyperemic 
state, such as adenosine, maximizes flow velocity and mimics 
exhaustion of the autoregulatory reserve of the microcircula-
tion as would be induced by physical exercise [17]. Although 
strictly speaking, pharmacological induction of hyperemia 
allows for greater vasodilation than can be established by 
exercise, while exogenous administration also does not 
increase myocardial contractility and systemic blood pres-
sure as exercise does. The establishment of true microvascu-
lar hyperemia is crucial for reliable assessment of FFR and 
CFR. As can be inferred from the theoretical framework for 
the evaluation of stenosis resistance outlined above, HSR is 
less dependent on the establishment of true maximal hyper-
emia since the magnitude of flow velocity somewhat corrects 
for the pressure gradient across the stenosis. Nevertheless, in 
their original work, Meuwissen et al. dismissed the option to 
assess stenosis resistance under resting conditions, due to the 
concern of hemodynamic variability under resting condi-
tions, which might negatively affect the test reliability. 
Recently, however, physiological lesion assessment without 
hyperemia has gained renewed attention [18]. The primary 
reason for this appears to be the low penetrance of FFR 
despite guidelines explicitly advocating the use of FFR in 
clinical practice [19]. It was assumed that a significant con-
tributing factor of the poor guideline adherence could be the 
requirement of pharmacological induction of the hyperemic 
state, which frequently causes temporary yet undesirable side 
effects and is contraindicated in patients with severe COPD 
or asthma. In the wake of the recent introduction of the 
instantaneous wave-free ratio (iFR) as a hyperemia- 
independent physiological alternative to FFR, the baseline 
stenosis resistance (BSR) was proposed by van de Hoef et al. 
in 2012 as the hyperemia-free alternative to HSR [20]. The 
computation of BSR is identical to that of HSR and calculated 
as the transstenotic pressure gradient divided by flow veloc-
ity, with the only difference being the omission of the admin-
istration of a hyperemic agent. In the study by van de Hoef 
et al., BSR, HSR, CFR, and FFR were compared against MPS- 
defined myocardial ischemia. It was found that BSR, CFR, 
and FFR had an equal diagnostic performance, but HSR sig-
nificantly trumped the other physiological indices. The opti-
mal cutoff point for BSR was determined at 0.66 mmHg/cm 
per second. Later, the same authors confirmed the diagnostic 
equivalence between BSR and FFR, when tested against 
stenosis- specific (and thus microcirculatory independent) 
myocardial ischemia, defined as the presence of both MPS- 
and HSR-positive stenoses [21]. While these results challenge 
the true necessity for adenosine-induced hyperemia to 
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unmask the hemodynamic significance of coronary artery 
disease, BSR still underperformed compared to 
HSR. Furthermore, the results teach us that the optimal isch-
emic cutoff points for BSR and HSR are not identical, and in 
fact, BSR values are consistently lower than HSR values. This 
difference in BSR and HSR values is unlikely to be explained 
by hemodynamic variability, but again Gould’s formula may 
provide the explanation. Since term B is squared by flow 
velocity, the relationship between pressure gradient and flow 
velocity is not linear, but quadratic. As such, the computed 
stenosis resistance will increase with higher flow velocity, as 
is the case when hyperemia is induced. Despite these two 
parameters of stenosis resistance are not numerically identi-
cal, this should not necessarily impact diagnostic accuracy, 
since the threshold for a positive test result for BSR is lower 
than it is for HSR. However, the assumption that diagnostic 
accuracy is equivalent only holds true when the data acquired 
is very robust and not prone to measurement variability or 
inaccuracy. In reality, Doppler flow velocity is in fact prone to 
measurement variability, and an optimal flow envelope can-
not always be obtained. With induction of hyperemia, flow 
velocity increases, and the impact of the measurement devia-
tion proportionally reduces, presumably making HSR more 
robust than BSR.

12.6  Diastolic Pressure Gradient at Flow 
Velocity of 50 cm/s (dpv50)

While stenosis resistance is less reliant on microcirculatory 
function than FFR and CFR, the degree of hyperemia 
achieved still affects the measured stenosis resistance, and 
achieving submaximal hyperemia may underestimate the 
HSR. Marques et al. proposed the pressure gradient at flow 

velocity of 50 cm/s (dpv50) in 2006 as a way to assess hemody-
namic stenosis significance that is not influenced by either 
microcirculatory function, the requirement of achieving 
maximal hyperemia, or hemodynamic variability that may 
occur under resting conditions [22]. The dpv50 is derived 
from the relationship between flow velocity and the pressure 
gradient across the stenosis during diastole. To calculate 
dpv50, instantaneous diastolic values of coronary flow velocity 
on the x-axis and the pressure gradient at the y-axis are plot-
ted in graph and involve cardiac cycles between peak hyper-
emia and resting conditions (. Fig. 12.6a). A regression line 
according to the Gould’s formula is drawn to fit the data 
points on the graph, and the dpv50 is determined as the pres-
sure gradient at a coronary flow velocity of 50  cm/s 
(. Fig. 12.6b) [23]. The optimal cutoff point for dpv50 to pre-
dict myocardial ischemia as defined by either MPS or dobu-
tamine stress echocardiography was found at 22.4 mmHg by 
receiver- operator- characteristic analysis. Using this cutoff 
value, dpv50 had a diagnostic accuracy of 95 % compared with 
myocardial ischemia, which was higher than FFR at 91 % and 
CFR at 75 %. The stellar diagnostic performance of dpv50 does 
not come as a surprise, given dpv50 is solely determined by 
stenosis geometry. By normalizing the flow velocity at 
50  cm/s, variable factors that may influence flow velocity 
such as the degree of hyperemia, the functional status of the 
microcirculation, and hemodynamic variability will have no 
influence on dpv50. For these reasons, dpv50 could even be 
superior to HSR and may well be the optimal method to 
quantify stenosis severity specifically. Unfortunately, no algo-
rithm that automatically constructs the curves and calculates 
dpv50 is commercially available at present. Constructing the 
curves manually is cumbersome and not feasible to immedi-
ately perform at the catheterization laboratory. In conclusion, 
while dpv50 may be theoretically superior to any other existing 
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       . Fig. 12.6 Panel a: To calculate dp
v50

, the coronary flow velocity 
and pressure gradient during middiastole are first plotted for cardiac 
cycles during resting conditions and after administration of adenos-
ine. Panel b: A regression line is then plotted that represents the rela-
tionship between flow velocity and pressure gradient. For stenosis A, 

the dp
v50

 is 56 mmHg and for stenosis B dp
v50

 is 9 mmHg. The cutoff 
value for dp

v50
 is 22.4 mmHg, indicating that stenosis A is hemody-

namically significant, while stenosis B is not severe; dp
v50

 = diastolic 
pressure gradient at flow velocity of 50 cm/s (Reprinted with permis-
sion from Marques [22])
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physiological index, the difficulties in calculating dpv50 and 
obtaining high-fidelity Doppler flow velocity signals preclude 
clinical use.

12.7  Hypothetical Limitations of Stenosis 
Resistance

While comprehensive assessment of the coronary circulation 
by measuring stenosis resistance has many advantages, the 
validation of the indices that describe stenosis resistance has 
been less extensive than for FFR and has not been done in 
specific subsets of patients. Firstly, in patients with a previous 
myocardial infarction, interpreting the different indices that 
estimate stenosis resistance (HSR, BSR, and dpv50) may be 
treacherous. In the presence of a prior myocardial infarction, 
less viable myocardium remains, and myocardial flow 
demand is decreased. While, the theoretical framework of 
FFR is not violated and still applies, this may not be the case 
for stenosis resistance indices [24]. These indices estimate the 
true resistance across the stenosis and do not account for the 
myocardial demand. As such, while the resistive capacity of a 
stenosis may be severe, the remaining subtended viable myo-
cardium has little flow demand, and myocardial blood flow 
may still be adequate even in the presence of a severe steno-
sis. Secondly, coronary flow velocity is not the same as abso-
lute coronary blood flow, and this may hamper accurate 
assessment of stenosis resistance in specific subsets of 
patients. In the presence of diffuse epicardial coronary artery 
disease, the measured hyperemic flow velocity is preserved, 
while absolute hyperemic coronary flow velocity is inade-
quate because of the narrow luminal diameter. Flow velocity 
may thus underestimate stenosis resistance. Conversely, 
when the segment distal to the stenosis where the measure-
ment is done is aneurysmatic, flow velocity is low, while 
absolute coronary blood flow may be higher. In this case, ste-
nosis resistance calculated from flow velocity is relatively 

higher than it would be when calculated from absolute coro-
nary blood flow. Ideally, quantitative coronary blood flow is 
available to accurately assess true stenosis resistance.

12.8  Future of Stenosis Resistance as a 
Clinical Tool

At the time Meuwissen et al. published their first report on 
HSR, it was cumbersome to obtain measurements of Doppler 
flow velocity and distal coronary artery pressure. Two con-
secutive measurements using both a pressure and a Doppler 
flow velocity wire, with subsequent induction of the hyper-
emic state, were required. Furthermore, for the calculation of 
HSR, it is imperative that the variables of flow velocity, aortic, 
and distal pressure are obtained under consistent hemody-
namic conditions and stenosis morphology. However, heart 
rate, proximal aortic driving pressure, microvascular resis-
tance, and epicardial vessel tone are in a constant state of flux 
in order to maintain homeostasis. Albeit minor hemody-
namic adaptations, imperfections in the computation of HSR 
are inevitable when two separate wires are used in succes-
sion. Taken together, these difficulties have precluded wide-
spread clinical application and further larger-scale trials at 
the time.

Ongoing technological advances have allowed for smaller 
sensors, however, which now permit the incorporation of 
both a Doppler flow velocity and a pressure sensor at the tip 
of a single 0.014-in. guidewire (. Fig. 12.7). With the use of 
this specific wire, all parameters required for the computa-
tion of HSR can be obtained simultaneously, and a built-in 
algorithm in the console allows for instantaneous estimation 
of HSR during the catheterization procedure. With this con-
temporary wire, much of the aforementioned barriers hin-
dering clinical adaptation and further scientific examination 
appear to be solved. Nevertheless, as operators who fre-
quently use wires equipped with flow velocity sensors can 
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       . Fig. 12.7 Simultaneous combined intracoronary pressure and 
Doppler flow velocity measurements obtained in the distal part of the 
right coronary artery. This measurement was obtained during stable 

hyperemia induced by intravenous administration of 140 μg/kg/min of 
adenosine. APV average peak Doppler flow velocity
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undoubtedly attest, obtaining stable and representative 
Doppler flow velocity signals with this wire can be difficult 
and sometimes requires extensive maneuvering. Although 
not reported in literature, stenosis resistance could also theo-
retically be calculated using coronary thermodilution in 
combination with distal coronary pressure, which could per-
haps solve the aforementioned quality issues that can arise 
with Doppler flow velocity (although thermodilution may 
come with its own theoretical and practical drawbacks) [25]. 
Further clinical trials investigating the potential advantage of 
a combined flow velocity and pressure-based approach to 
determine stenosis resistance and guide coronary revascular-
ization are eagerly awaited before adoption into clinical 
guidelines can be considered.
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13.1  Introduction

The coronary microvasculature is an extremely dynamic sys-
tem that responds to multiple physiological conditions in 
order to maintain adequate myocardial perfusion [1, 2], 
modulation of microcirculatory resistance plays a key role in 
this regulatory process. The underling pathophysiology and 
adaptive mechanisms of the microcirculation are fully 
described in other chapters in this book. In patients with 
ischemic heart disease (IHD), obstructive lesions in epicar-
dial vessels are not a prerequisite for myocardial ischemia [3], 
which may arise from microcirculatory dysfunction (MCD). 
It has been shown that MCD is an independent predictor of 
poorer clinical outcomes in various clinical scenarios [4, 5] 
and, therefore, outlining its presence in such clinical situa-
tions might be important. However, the diagnosis of MCD is 
hampered by the lack of standardized methodologies. 

The microcirculation is often referred to as a “blackbox” 
largely because, while the major epicardial coronary arteries 
are easily visualized and treated using coronary angiography 
alone, the microcirculation cannot be visualized in vivo, and 
only surrogate measures of its function can be appreciated 
using more sophisticated techniques. In previous chapters of 
this book, we have explored different measurements and the-
oretical frameworks to assess the coronary circulation. 
Coronary flow reserve (CFR) provides a global evaluation of 
the coronary circulation both the macro-and microvascula-
ture using the concept of flow. Pressure drop across a stenosis 
can be used as a surrogate of myocardial flow impairment, 
allowing fractional flow reserve (FFR) and the instantaneous 
wave-free ratio (iFR) to evaluate the physiological impact of 
obstructive coronary disease. A third potential framework is 
vascular resistance, which requires measurements of pres-
sure and flow for its calculation and is particularly suitable 
for the assessment of the coronary microcirculation.

In this chapter we will focus on resistive physiological 
measurements in the coronary microvasculature, paying 
attention to two indices that have been used in the clinical 
field: the index of microcirculatory resistance (IMR) and the 
hyperemic microcirculatory resistance (HMR). We will also 
discuss how the coronary microvasculature can be evaluated 
by assessing diastolic conductance (the inverse of resistance) 
and how to estimate the coronary pressure at which flow 
ceases, named zero-flow pressure (Pzf) (. Fig. 13.1)

13.2  Invasive Physiology Measurements

Resistance can be calculated in the catheterization laboratory 
by combining coronary pressure with measurements of flow, 
using one of the two commercially available physiology wires 
to assess the latter: Doppler or thermodilution. Doppler- 
tipped guidewires estimate coronary flow velocity [6] while 
thermal sensitive guidewires, based on the thermodilution 
method, estimate mean transit time, an index of absolute cor-
onary flow [7]. Following acquisition of the pressure and flow 
measurements at baseline and during hyperemia, several 

physiological indices can be obtained by relating Ohm’s law to 
fluid flow [8] (. Figs. 13.2 and 13.3). Volumetric flow requires 
the calculation of absolute luminal cross-sectional area and 
Doppler flow velocity. However, the close correlation between 
volumetric flow and average peak flow velocity by Doppler 
has allowed the use of flow velocity as a surrogate measure of 
coronary flow [9]. Since the sampling rates of the Doppler and 
pressure sensors rarely exceed heart rate frequency, Doppler 
flow allows calculation of mean indices based on the entire 
cardiac cycle or phasic measurements within the cardiac 
cycle. Using the thermodilution method to estimate coronary 
flow provides an index of absolute flow, the mean transit time. 
Disadvantages of thermodilution include an inability to pro-
vide a whole cycle estimate of flow, and its calculation is also 
affected by the presence of side branches.

13.3  Index of Microcirculatory Resistance 
(IMR)

The index of microcirculatory resistance (IMR) was first 
 proposed by Fearon et  al. [10] and is calculated from 
thermodilution- derived estimates of coronary flow and intra-
coronary pressure measured during maximal coronary hyper-
emia [11]. For its validation, the authors used a porcine model 
where they compared the true microcirculatory resistance 
(TMR), defined as distal coronary pressure divided by abso-
lute coronary flow at hyperemia, with the IMR in both normal 
and disrupted microcirculations, as well as in the presence 
and absence of epicardial stenoses. The authors observed that 
IMR was significantly correlated with TMR (r = 0.54, 
P < 0.0001) and that the presence of epicardial stenosis did not 
significantly affected the values of TMR or IMR.

As IMR uses distal coronary flow in its calculation, it can be 
used to selectively interrogate the coronary microvasculature [10, 
12, 13]. For its clinical measurement, the physiology guidewire is 
advanced into the coronary artery of interest, where the pressure 
sensor of the wire acts as a distal thermistor, and the shaft of the 

FFR/iFR
HMR/IMR/IHDVPS/Pzf

CFR

Macrocirculation Microcirculation

       . Fig. 13.1 Coronary circulation
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wire acts as a proximal thermistor. Following  injection of intra-
coronary boluses of saline at room temperature, the mean transit 
time (Tmn) of the saline bolus is derived from the recorded coro-
nary thermodilution curve. Using the distal pressure (Pd) and the 
Tmn, IMR is then calculated, using the equation

IMR .d mn= *P T  

In the presence of an epicardial stenosis, collateral flow can 
be a confounding factor in the determination of  microvascular 
resistance. Therefore, it has been proposed that it was 

 necessary to invasively measure coronary wedge pressure 
(Pw), as a measurement of collateral flow, in order to account 
for its possible impact on the estimated resistance [14, 15]. 
While the confounding effect of collateral flow in the calcula-
tion of microvascular resistance is still controversial [16], 
recent work by Yong et  al. [17] has proposed an equation 
aimed to simplify the calculation of the IMR in the presence 
of a significant coronary stenosis without the need to inva-
sively measure Pw. Other investigators have found that 
the IMR is only influenced by Pw in the presence of a severe 
stenosis (FFR <0.6) [16].

Mean transit time (Tmn)

CFR ~
Tmn hyp

Tmn rest

Time (s)

Tmn hyp

DT (ºC)

Tmn rest

Thermistor
in guidewire

Coronary artery

Catheter

Bolus speed at rest

Bolus speed during hyperemia

3cc bolus
injections

(saline at room
temperature)

       . Fig. 13.2 Combined pressure 
and flow wire using thermodilu-
tion

Coronary artery
Doppler
sensor

Pressure
sensor

Baseline Hyperaemia

Catheter

       . Fig. 13.3 Combined pressure 
and flow wire using Doppler
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As such, IMR can be described as the apparent IMR 
(IMRapp) calculated directly without the measurement of Pw

IMR .app d mn= *P T
 

Application of Yong’s formula aims to account for the pres-
ence of epicardial stenosis and provides a corrected IMR 
(IMRcorr)

IMRcorr a mn= [ ]-( )P T P Pd a* * . * / .1 35 0 32
 

Tmn – mean transit time
Pd – distal arterial pressure
Pa – proximal arterial pressure

13.3.1  Prognostic Value of IMR

The potential clinical value of IMR to assess microcircula-
tory injury in patients undergoing primary percutaneous 
intervention (PPCI) for STEMI was first demonstrated in a 
small group of patients (n = 29) [18]. Using a cutoff value, 
32 IMR correlated with peak CK and CK-MB (r = 0.61, 
p = 0.0005, r = 0.67, p < 0.0001) and larger infarction size. 
Measured immediately, post PPCI IMR predicted left ven-
tricular function (LVF), as assessed using a wall motion 
score, at 3 months as well as recovery of LVF at 3 months. 
This initial study demonstrating the ability of IMR to pre-
dict LV recovery and discriminate viability has further 
been supported by studies using CMR [19, 20], single pos-
itron emission tomography [21], and PET [22]. A large 
study (n = 253) evaluating the prognostic value of IMR in 
the context of acute myocardial infarction demonstrated 
that an IMR > 40 post PPCI (the median IMR value of the 
study population) was associated with a fourfold increase 
in mortality risk, with IMR the only independent predictor 
of death alone (hazard ratio, 4.3 p = 0.02) [23]. Furthermore, 
in the same study, patients with IMR >40 had higher rates 
of hospitalization for cardiac failure in the first year. 
Therefore IMR appears to be a useful tool in identifying 
patients who may require closer follow-up post STEMI.

To date no cutoff value for abnormal IMR has been 
established in patients with stable ischemic heart disease 
(IHD). Recent work by Lee et al. [24] based on an interna-
tional IMR registry investigated the distribution and deter-
minants of IMR values in 1,452 vessels in 1,096 patients 
with stable IHD. All patients enrolled in the registry under-
went measurement of both FFR and IMR in coronary ves-
sels with stenosis. Given that the distribution of IMR varied, 
a cutoff of the 75th percentile in each of the major coronary 
arteries was taken to define high IMR, being 22, 24, and 
28  in the left anterior descending artery, circumflex, and 
right coronary artery, respectively. IMRcorr was calculated 
using Yong’s formula, and all patients with at least one ele-
vated IMR were classified as having high microvascular 
resistance. No correlation was found between IMRcorr and 

FFR or IMRcorr and angiographic diameter stenosis (r = 0.01, 
p = 0.62, r = −0.03, p = 0.25). Overall 17 % of patients had a 
stenosis with nonischemic FFR values (FFR >0.8) but 
abnormally high microvascular resistance suggesting that 
MCD was the predominant contributor to myocardial isch-
emia. Similarly on a per-vessel level analysis, one quarter 
(26 %) of vessels had an FFR >0.8 with an abnormal 
IMR.  Predictors of high IMR which included previous 
myocardial infarction, right coronary artery, female, and 
obesity were different to those of ischemic FFR.  Overall 
these findings suggest that IMR provides valuable addi-
tional information to that provided by FFR; hence, there is 
a need to integrate IMR with FFR when evaluating patients 
with myocardial ischemia. Recently Lee et al. evaluated the 
long-term outcome of 313 patients (663 vessels) with >1 
coronary stenosis with an FFR >0.80. Concomitant mea-
surements of CFR and IMR were performed to investigate 
whether they could predict the patient-oriented composite 
outcome (POCO) of any death, myocardial infarction, and 
revascularization [13]. The authors found that patients with 
high IMR and low CFR had the highest POCO (p = 0.002). 
This work highlights the benefit of integrating IMR and 
CFR in the evaluation of patients with a normal FFR to 
improve risk stratification and target medical therapy. 
Interestingly, an abnormal IMR with normal CFR did not 
identify patients with worse prognosis.

In summary, evaluation of IMR post STEMI appears to 
be beneficial in predicting poorer prognosis and may be 
useful to identify patients who should receive stricter clini-
cal follow-up. In the stable IHD population without myo-
cardial infarction, integration of IMR should be considered 
to fully evaluate the cause of the ischemia and appropriately 
target therapies. A major obstacle in the integration of the 
concept of IMR into clinical practice has been the lack of 
well- validated normal ranges. To date no large study has 
shown the distribution of IMR values in a healthy popula-
tion without clinical symptoms or evidence of ischemia on 
noninvasive testing. Of note although the IMR interna-
tional registry used the IMRcorr, there was negligible differ-
ence between the IMRcorr and IMRapp, and using IMRapp did 
not change any of the results obtained using IMRcorr; there-
fore in the absence of a severe stenosis, IMRapp may be a 
more practical way to assess the microcirculation in routine 
clinical practice [24].

13.4  Hyperemic Microvascular Resistance 
(HMR)

Hyperemic microvascular resistance (HMR) is a vascular 
resistance index calculated from Doppler and pressure 
measurements. In clinical practice HMR is easily obtained 
with pressure guidewires fitted with both pressure and 
Doppler sensors and is calculated as the ratio of hyper-
emic mean distal coronary pressure to mean distal coro-
nary flow velocity. Similar to IMR it has been argued that 
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HMR might overestimate the true microvascular resis-
tance in the presence of a flow limiting stenosis, as it fails 
to account for the contribution of collateral flow to total 
myocardial blood flow [14, 15]. Nolte et  al. [25] studied 
228 patients with intermediate coronary stenosis by QCA 
(40–70 %) and evaluated the association between high 
HMR in the target vessel and reversible perfusion defects 
on myocardial perfusion scintigraphy (MPS). HMR does 
not have a validated clinical cutoff or normal range; there-
fore in this study the median HMR was used to define 
high and low HMR. Epicardial disease severity as assessed 
by the FFR was not significantly different between the 
high and low HMR groups (0.81 [0.7–0.89] vs 0.79 [0.79–
0.88] p = 0.46). However, lesions with high HMR demon-
strated significantly more reversible myocardial ischemia 
on MPS (37 % vs 19 % p <0.001) than those with low 
HMR. When the analysis was restricted to lesions with an 
FFR >0.6, where the contribution of collateral flow is 
unlikely, the results did not change, thus implying the 
HMR allows identification of microcirculatory dysfunc-
tion in the presence of a coronary stenosis without the 
need to account for collateral flow.

13.4.1  Prognostic Value of HMR

Similarly to IMR, the HMR value post primary PCI in 
acute myocardial infarction has been found to be corre-
lated to peak creatine kinase-MB (CK-MB) and infarct size 
as assessed by cardiac magnetic resonance (CMR) [26, 27]. 
HMR has also been found to be an independent predictor 
of left ventricle (LV) remodeling at 8 months post PPCI, 
defined as an increase in LV end-diastolic volume >20 % on 
CMR [28]. Teunissen et  al. [27] evaluated 60 patients 
immediately post PPCI with intracoronary pressure–flow 
measurements and performed CMR and H2

15O positron 
emission tomography (PET). An HMR cutoff point of 
2.5 mmHg/cm/sec was shown to predict the development 
of CMR-defined microvascular impairment and PET-
derived flow impairment in the days immediately after 
PPCI.  Elevated HMR was also associated with increased 
final infarct size and impaired LV ejection fraction as 
assessed by CMR at 3 months follow-up. Finally Yoon et al. 
showed that HMR was correlated to myocardial viability at 
7 days and recovery of LV contractility as assessed by fluo-
rodeoxyglucose PET [29].

HMR has been less extensively evaluated in patients with 
stable IHD, and, similarly to IMR, to date well-defined cut-
offs for HMR in the healthy population, stable IHD, and 
acute coronary syndromes have not been established.

In summary high HMR post PPCI is predictive of poorer 
outcomes and may be useful in identifying patients at higher 
risk. Similarly in patients with stable IHD, high HMR corre-
lated with ischemia demonstrated on noninvasive testing and 
may be useful in identifying patients in whom aggressive 
medical treatment should be initiated.

13.5  Instantaneous Hyperemic Diastolic 
Velocity–Pressure Slope

The instantaneous hyperemic diastolic velocity–pressure 
slope (IHDVPS) was first proposed by Mancini et al. [30] in 
1989 as an alternative method to CFR to assess stenosis 
severity. As such, IHDVPS was based on aortic pressure and 
coronary flow measured during maximal coronary hyper-
emia. The concept was translated to the study of coronary 
microcirculation by Escaned et  al. by using either aortic 
 pressure in the absence of obstructive epicardial disease or 
intracoronary pressure distal to the stenosis in case of 
obstructive disease [31].

IHDVPS constitutes an estimate of mid- and late- diastolic 
microcirculatory conductance. The effects on coronary flow 
of extravascular systolic compression of the microcircula-
tion, as well as the early diastolic modification of coronary 
capacitance, are thus negated. In animal and human models, 
IHDVPS, used to estimate stenosis severity, was found to be 
independent of heart rate, aortic pressure (Pa), preload, myo-
cardial contractility, and basal blood flow [32, 33].

The calculation of IHDVPS can be envisaged as part of 
intracoronary pressure–flow velocity loops analysis 
(. Fig. 13.4). IHDVPS is defined as the slope of the relation 
between distal pressure (Pd) and flow velocity (FV) in the 
mid- to late diastolic segment of the loop obtained during 
maximal hyperemia. The mid- to late diastolic interval (DI) 
used to calculate IHDVPS is defined from the maximal dia-
stolic velocity to the onset of the rapid decline of coronary FV 
due to myocardial contraction (. Fig.  13.4). Recent clinical 
studies using IHDVPS have incorporated automated meth-
ods for the calculation of IHVDPS and Pzf that are likely to 
circumvent the relatively high degree of variability associated 
with manual calculation [33]. Currently there are no com-
mercially available systems to calculate IHDVPS.

13.5.1  Prognostic Value of IHDVPS

Escaned et al. [31] evaluated the value of IHDVPS and other 
intracoronary indices to detect changes in the microcircula-
tion in patients post heart transplantation, chosen as a model 
for microcirculatory dysfunction (related to cardiac allograft 
vasculopathy). In brief they compared intracoronary physi-
ology with cardiac biopsies in patients undergoing routine 
screening. They found that both arteriolar obliteration and 
capillary rarefaction have an independent influence on 
microcirculatory hemodynamics and that IHDVPS was the 
index that best reflected the influence of the abnormalities 
(r = 0.84, P = 0.0002). Lower IHDVPS values were found in 
patients who developed cardiac events during follow-up.

In a large study evaluating the relationship between 
Doppler- derived invasive physiological measures in patients 
post STEMI and microvascular impairment, Teunissen et al. 
confirmed the expected inverse relationship between HMR 
and IHVDPS (r= −0.52, p = 0.004); however they failed to 
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show a relationship between IHVDPS and microvascular 
injury as demonstrated using CMR [27].

In summary, IHVDPS is a reliable measurement of capac-
itance, the inverse of resistance, and can be used to evaluate 
the microcirculation in both stable IHD and patients with 
ACS.  To date the calculation of IHDVPS has been tedious 
requiring the manual selection of cardiac cycles and fitting of 
regression lines meaning easy integration into decision mak-
ing at the time of invasive investigation is difficult. The devel-
opment of an automatic algorithm to calculate IHVDPS 
would allow the calculation of IHDVPS with increased speed 
and accuracy, which may increase its incorporation into 
everyday clinical practice.

13.6  Zero-Flow Pressure (Pzf)

The concept of zero-flow pressure (Pzf), which can be 
described as the backpressure in the coronary circulation, 
has its origin in the vascular waterfall theory [34]. In practi-
cal terms, Pzf can be thought of as the calculated pressure at 
which coronary flow would cease. Of note, the value of Pzf is 
typically higher than that of central venous or right atrial 
pressure, and it could be the result of closure of collapsible 
elements of the coronary circulation (mainly capillaries) 
under the effect of extravascular compression (including 
intramyocardial and intraventricular pressures). As it is not 
possible to measure Pzf in vivo, it is extrapolated from pres-
sure–flow velocity loops obtained in the manner described in 
the IHDVPS section (. Fig. 13.4).

13.6.1  Prognostic Value of Pzf

In 2003 Shimada et al. first reported the correlation between 
Pzf and myocardial viability. In 27 patients with acute ante-
rior, they found that Pzf correlated with myocardial viability 

as assessed by FDG–PET (r = −0.696, p = <0.001) [35]. A later 
study showed that Pzf is increased post myocardial infarction 
[36]. In a study evaluating HMR, Pzf and CFR (Doppler) in 
patients post anterior myocardial infarction all correlated 
with infarct size in early (13 days) CMR, with Pzf higher in 
patients with >75 % transmural infarct [26].

More recently work from our group evaluated the predic-
tive effect of intracoronary physiology indices for the occur-
rence of microvascular injury and microvascular perfusion 
defects post successful PPCI. It was found that measurement 
of Pzf provided useful prognostic information [27], since Pzf 
was significantly higher in patients with microvascular injury 
(45.68 ± 13.72 vs 34.01 ± 13.67 mmHg, p = 0.009). These find-
ings were subsequently supported by the OxAMI study [37], 
aimed to assess which invasive measure of the microcircula-
tion at the time of PPCI best predicted the extent of left ven-
tricular infarction as determined by CMR 6 months post 
STEMI. They found the Pzf was superior to HMR and IMR 
for predicting a greater than 24 % infarction (area under the 
receiver operating curve: 0.94 vs 0.74 (p = 0.04) vs 0.54 
(p = 0.003), respectively). Pzf was also found to have signifi-
cant direct relationships with troponin area under the curve 
(rho = 0.55, p = 0.002), final infarct mass (rho = 0.75, 
p < 0.001), percent transmurality of infarction (rho = 0.74, 
p = <0.001), percent of LV infarction (rho 0.77, p = <0.001), 
and inverse relationships with myocardial salvage index 
(rho = −0.53, p= −0.01) and 6-month ejection fraction 
(rho = −0.73, p= −0.0001).

In summary the clinical application of Pzf has been limited 
due to the technical difficulties in obtaining stable Doppler 
signals as well as the fact that it is technically tedious and time 
consuming to reconstruct pressure volume loops. However 
given that Pzf has been shown to be an accurate predictor of 
outcome post myocardial infarction, the development of 
automated algorithms to allow its calculation should increase 
its integration into clinical practice allowing the targeting of 
therapies in patients at increased risk of poorer outcomes.
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       . Fig. 13.4 Illustration of 
IHDVPS and Pzf indices estima-
tion from physiology data. The 
diastolic interval is defined from 
the maximal diastolic velocity 
to the onset of the rapid decline 
of coronary flow velocity due to 
myocardial contraction or simply 
as late diastole. Formally, if the 
diastolic pressure–flow velocity 
relationship is determined by a 
regression line (y = a + bx), then 
IHDVPS is defined to be equal to 
the slope, b, and Pzf = −a/b, i.e., 
the intercept of the line with the 
pressure axis
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13.7  Summary

The evidence supporting the prognostic value of microvas-
cular impairment is mounting. Both elevated HMR and 
IMR are predictive of poorer outcomes in the setting of 
STEMI evaluated using biomarkers, echocardiography, 
CMR, and PET testing, with elevated IMR shown to be 
associated with increased mortality. Similarly in stable cor-
onary artery disease, elevated IMR and HMR have been 
shown to be associated with myocardial ischemia on non-
invasive imaging in the absence of functionally significant 
epicardial stenosis. All invasive measures of the microvas-
culature have suffered from a lack of well-validated normal 
ranges. To date no large study has shown the distribution 
of values in a healthy population without clinical symp-
toms or evidence of ischemia on noninvasive testing. Both 
IHVDPS and Pzf have been shown to accurately assess the 
microcirculation and act as predictors of poorer prognosis; 
however to date the clinical applications of these measures 
have been limited due to several factors including the tech-
nical difficulties in obtaining stable Doppler signals, the 
fact that it is technically tedious and time consuming to 
reconstruct pressure volume loops, and a lack of standard-
ization across studies.
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14.1  Introduction

Limitations of coronary angiography in the assessment of 
the severity of a coronary stenosis are well known [1]. In 
particular, the use of a luminogram to determine treatment 
strategies explains the observed dissociation between steno-
sis assessment by coronary angiography and clinical mani-
festation [2]. This particularly holds true for angiographically 
intermediate stenoses [3]. Thus, in the late 1980s, the search 

for an index of functional stenosis severity began. Of note, 
this index would have to be easy to use, reproducible, and 
able to identify ischemia-producing lesions. Intracoronary 
(IC) Doppler and pressure guidewires were tested, and even-
tually fractional flow reserve (FFR) was developed and vali-
dated as an invasive index of functional stenosis severity 
[4–6]. Nowadays, FFR has a high class of recommendation 
and level of evidence in guidelines for myocardial revascu-
larization [7]. In this chapter we will describe the basic 
aspects of FFR including development of the concept and 
formula, validation against ischemia tests, and some practi-
cal aspects to be borne in mind in the catheterization labora-
tory (. Figs. 14.1, 14.2, and 14.3).
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       . Fig. 14.1 Coronary pressure–flow relationship. At a constant 
myocardial oxygen consumption level, coronary flow is autoregulated: 
coronary blood flow is constant within a physiological range of perfu-
sion pressures (resting conditions). An increase in myocardial oxygen 
demand causes an increase in the autoregulatory plateau, called meta-
bolic adaptation (exercise). During hyperemia, the relationship between 
coronary pressure and flow tends toward a linear relationship although 
it does not pass through the origin and has a slightly concave course 
(hyperemia) (Adapted from Ref. [12])
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       . Fig. 14.2 Total pressure loss derives from two sources: frictional 
losses along the entrance and throat and inertial losses stemming from 
the sudden expansion, causing flow separation and eddies (exit losses). 
Frictional losses are linearly related to flow, Q (law of Poiseuille), and exit 
losses increase with the square of the flow caused by convective accel-

eration in the narrowed segment (law of Bernoulli). Total pressure gradi-
ent (∆P) is the sum of the two: ∆P (f1 × Q) + (f2 × Q2). The loss coefficients 
f1 and f2 are a function of stenosis geometry and rheologic properties of 
blood (viscosity and density). As indicates area of the stenosis, An area of 
the normal segment

       . Fig. 14.3 The figure illustrates coronary flow reserve (CFR) vs. arte-
riographic percent diameter stenosis in canine experimental model. 
Because of the autoregulation phenomenon, the flow remains con-
stant as stenosis severity increases. In particular, hyperemic coronary 
flow begins to decline when a short 50 % diameter stenosis is present 
(75 % cross-sectional area). However, the resting flow does not change 
until a tight narrowing of at least 80–85 % in diameter is reached 
(Adapted from Ref. [13])
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14.2  Principles

14.2.1  Principles of FFR

FFR is defined as the ratio of hyperemic flow in the index 
myocardial territory to hyperemic flow in the same terri-
tory, in the hypothetical case that the epicardial vessel was 
 completely normal. FFR relies on the principle that during 
maximal hyperemia, the pressure–flow relationship in the 
coronary tree becomes linear [8–10]. This makes it possible 
to use a pressure gradient for the assessment of stenosis 
severity in terms of flow impairment. Accordingly, when 
the pressure–flow relationship is linear, the ratio between 
two coronary pressures is identical to the ratio between 
coronary flows  corresponding to these pressures. This con-
cept is applied to pressure proximal and distal to a stenosis 
(. Fig. 14.4). In other words, FFR represents the fraction of 
maximum flow that is maintained despite the presence 
of the stenosis or the maximum flow expressed as fraction 
of its normal value.

FFR Maximummyocardialflowin thepresenceof astenosis
Normalma

=
/ xximumflow.

More generally, normal maximum myocardial blood flow 
(QN) is given by QN = (Pa − Pv)/R, where R is myocardial 
resistance at maximum vasodilation and Pa and Pv represent 
mean aortic pressure and mean central venous pressure, 
respectively. Actual maximum blood flow in the presence of 
the stenosis is given by Q = (Pd − Pv)/R where Pd represents 
hyperemic distal coronary pressure. As the myocardial vas-
cular bed is maximally vasodilated, its resistance is minimal 
and constant. Therefore, FFR defined Q/QN and is given by 
FFR = Pd − Pv/Pa − Pv where Pa, Pd, and Pv represent mean aor-

tic, distal coronary, and central venous pressure, obtained at 
maximum coronary hyperemia. This equation can be further 
simplified to [14–18]:

FFR duringmaximalhyperaemia.d a= P P/
 

Suppose that we have a system consisting of a coronary artery 
and its dependent myocardium studied at maximum vasodi-
lation, corresponding to maximum coronary and myocardial 
hyperemia when myocardial resistance is minimal (and 
therefore constant) and blood flow is proportional to driving 
pressure. In the absence of a coronary stenosis, the perfusion 
pressure over the myocardium would be 100  mmHg 
(. Fig. 14.5, panel A) [19]. In the presence of a coronary ste-
nosis, resulting in a hyperemic gradient of 30  mmHg, the 
perfusion pressure decreases to 70 mmHg. Therefore, maxi-
mum attainable blood flow to the myocardium in the pres-
ence of stenosis is only 70 % of normal maximum flow. We 
now say that the FFR of the myocardium supplied by this 
artery is 70 % or 0.7 (. Fig. 14.5, panel B).

Thus, we state that FFR is defined as the ratio of the 
hyperemic flow in the index myocardial territory to the 
hyperemic flow in that same territory in the hypothetical case 
the epicardial vessel was completely normal [20, 21]. In other 
words, FFR expresses maximal hyperemic blood flow in the 
myocardial territory as a fraction of its normal value, or more 
simply, FFR expresses the extent to which maximal myocar-
dial blood flow is limited by the presence of an epicardial ste-
nosis. For example, if FFR is 0.60, it means that maximal 
myocardial blood flow reaches only 60 % of its normal value.

Of note, FFR is independent of heart rate, blood pressure, 
and contractility [6, 21, 22] with an unequivocal normal value 
of 1.0. In the initial definition, FFR was termed myocardial 
FFR (FFRmyo) as this index takes into account the contribution 
of the collateral flow and consequently expresses the FFR for a 

Flow (Q) is calculated by the ration of the pressure (P) difference across the coronary stenosis
and divided by coronary resistance (R)

Resistance within the coronary artery is minimal due to maximal hyperemia and therefore can
be omitted from the equation

For practical purposes, Pv is omitted as it is negligible in the coronary arteries

FFR is the ration of myocardial flow in the stenotic epicardial artery (Qsmax) to normal
myocardial flow (Qnmax) during maximal hyperemia

Qsmax
FFR=

Qnmax

(Pd-Pv)/RSmax
FFR=

(Pa-Pv)/RNmax

(Pd-Pv)
FFR=

(Pa-Pv)

(Pd)
FFR=

(Pa)

       . Fig. 14.4 Mathematical deri-
vation and equation of fractional 
flow reserve. FFR fractional flow 
reserve, Pa aortic pressure, Pd distal 
coronary pressure, Pv venous pres-
sure, Qnmax hyperemic myocardial 
blood flow in the normal artery, 
Qsmax hyperemic myocardial 
blood flow in the stenotic artery, 
Rnmax hyperemic myocardial 
resistance in the normal territory, 
Rsmax hyperemic myocardial resis-
tance in the stenotic artery
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given myocardial territory. The term coronary FFR (FFRcor) 
refers to the ratio of maximal blood flow in the target coronary 
artery to the hypothetical maximal blood flow in the same 
artery in the absence of a stenosis. Its calculation requires the 
exclusion of contributions to myocardial blood flow other than 
the main coronary vessel, such as coronary collaterals or 
bypass graft. Therefore, FFRcor is defined as (Pd − Pw)/(Pa − Pw), 
where Pa represents the mean aortic pressure, Pd represents the 
mean distal coronary pressure, and Pw can be considered the 
coronary wedge pressure, which is assumed to be an estimate 
of collateral flow supply and is measured at coronary occlusion 
[20–23]. The difference between FFRmyo and FFRcor represents 
the contribution of collateral flow to total myocardial perfu-
sion and is called fractional collateral flow [20–23]. Because 
FFRmyo reflects both anterograde and collateral contribution to 
maximum myocardial perfusion, it is the most important flow 
index from a clinical point of view and for this reason gained 
the definition of “FFR.”

14.2.2  Potential Limitations of FFR

Due to its ease of use, FFR is increasingly utilized worldwide. 
However, interventionalists should be aware of some poten-
tial limitations that are intrinsic with the assumptions on 
which FFR has been developed. First, the actual pressure–
flow relationship at hyperemia is not linear but actually curvi-
linear, namely, it is incremental linear in the physiological 
range of perfusion pressures but has a nonzero pressure inter-
cept because coronary blood flow ceases at a perfusion pres-
sure of approximately 20 mmHg [24]. Venous back pressure, 
collateral flow, epicardial capacitance (which describes the 
effect of blood storage in epicardial vessels during systole and 
its subsequent discharge into subendocardial vessels during 
diastole), and intramyocardial compliance contribute to the 
intercept pressure [11, 20]. Venous pressure was subtracted 

from both aortic and distal coronary pressure in the experi-
mental validation of FFR [25]. However, this correction is not 
often performed in daily clinical practice as venous pressure 
is usually very low, and its influence is consequently consid-
ered negligible in comparison with the other determinants of 
the nonzero pressure intercept. In patients with myocardial 
dysfunction and heart failure, the contribution of venous 
pressure should be taken into account.

As stated above the same degree of stenosis may produce 
different FFR results in the presence of microvascular dys-
function as it may reduce the pressure gradient leading to 
overestimation of FFR and underestimation of stenosis 
severity (. Fig.  14.6). This possibility should be considered 
when microvascular dysfunction is suspected due to cluster-
ing of many risk factors including diabetes or in patients with 
an acute coronary syndrome where the microcirculation may 
be affected [26]. Interestingly, coronary flow reserve (CFR) 
and FFR may be discordant in such scenario with “normal” 
FFR (>0.80) but reduced coronary flow reserve (<2.0) due to 
microvascular dysfunction (putative false-negative FFR) 
[27–30]. This patient group seems to carry a high risk of car-
diovascular events in long-term follow-up [31, 32]. Less 
commonly, coronary flow reserve may be normal but FFR 
abnormal due to a large (supernormal) increase in flow in the 
presence of moderate stenosis leading to greater gradient and 
lower FFR values (putative false-positive FFR) [27, 31, 32].

Finally, coronary steal may occur when a collateral sup-
plying vessel is stenoses [33]. In this scenario distal pressure 
will be lower due to steal phenomenon; indeed when distal 
resistance in the territory of the second vessel decreases 
(e.g., after administration of a vasodilatory stimulus), blood 
flow increases, and as a result distal coronary pressure 
decreases, resulting in a lower perfusion pressure over the 
collaterals and decreased collateral flow to the territory of 
the first artery, leading to greater transtenotic gradients and 
lower FFR values. Theoretically, infusing vasodilators via an 
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       . Fig. 14.5 When no epicardial 
stenosis is present (panel A), the 
driving pressure Pa determines a 
normal (100 %) maximal myocar-
dial blood flow. In case of stenosis 
responsible for a hyperemic pres-
sure gradient of 30 mmHg (panel 
B), the driving pressure will no 
longer be 100 mmHg but instead 
will be 70 mmHg (Pd). Because 
the relationship between driving 
pressure and myocardial blood 
flow is linear during maximal 
hyperemia, myocardial blood 
flow will only reach 70 % of its 
normal value. This numerical 
example shows how a ratio of two 
pressures (Pd/Pa) corresponds to 
a ratio of two flows (QS max/QN 
max). Pv central venous pressure 
(Adapted from Ref. [19])
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intracoronary (IC) route in the interrogated vessel should 
lead to higher FFR as distal pressure will not be reduced by 
coronary steal and collateral pressure contribution will be 
maintained. However, large studies in this area are lacking.

14.3  Validations of FFR and Ischemic 
Thresholds

FFR has been validated for its accuracy in identifying coro-
nary stenoses associated with reversible myocardial isch-
emia detected by noninvasive stress testing [21, 34–58]. 
. Table 14.1 shows the principal studies comparing FFR with 
non-invasive exercise or pharmacological stress testing to 
assess myocardial ischemia [21, 37–60]. Initially, an FFR cut-
off value of 0.66 was proposed by De Bruyne and colleagues, 
as this value most accurately reflected the results of electro-
cardiographic exercise tolerance testing, with an associated 
sensitivity and specificity of approximately 86 % [35]. 
Subsequently, Pijls et al. suggested a second cutoff value of 
0.74 on the basis of a comparison of FFR with inducible isch-
emia during stress testing. Importantly, in this study patients 
were only enrolled if the positive stress test was associated 
with the presence of single-vessel disease and the stress test 

was negative after successful treatment of the stenosis with 
balloon angioplasty [21]. Thereafter, a cutoff value of 0.75 
was proposed, as a result of multitest comparison with elec-
trocardiographic exercise tolerance testing, stress echocar-
diography, and myocardial perfusion imaging [36]. This 
cutoff value was adopted in the first decision-making trial 
using FFR, the DEFER study [59]. Other studies were unable 
to reproduce the high diagnostic accuracy of the 0.75 FFR 
cutoff observed by Pijls et al. in the exercise tolerance testing 
and the multitest study (97 % and 93 %, respectively) [21, 
36]. However, it should be acknowledged that a large num-
ber of these studies did not enroll patients with documented 
relief of ischemia after a successful revascularization (a 
Bayesian approach) but simply correlated noninvasive tests 
to FFR values. This may have influenced the accuracy of FFR 
by enrolling patients with false-positive ischemia during 
noninvasive stress testing. An FFR < 0.75 has a 100 % speci-
ficity, 88 % sensitivity, 100 % positive predictive value, and 
93 % overall accuracy for ischemia. However, in order to 
improve the sensitivity (>90 %) at the price of more false-
positive results and less specificity, recent large-scale FFR tri-
als have moved the cutoff to perform  percutaneous coronary 
intervention (PCI) to 0.80 [60]. By using this cutoff, clinical 
outcome was improved by FFR both in the FAME and in the 
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       . Fig. 14.6 Pressure gradient–
flow velocity relationship. Pres-
sure loss over a normal epicardial 
segment can be considered 
negligible and therefore does 
not change significantly with 
increasing flow velocity (reference 
vessel). With increasing stenosis 
severity (increasing stenosis 
severity from stenoses A to C), the 
pressure gradient–flow velocity 
(ΔP−v) curve becomes steeper, 
reflecting a higher perfusion pres-
sure loss over the stenosis with 
increasing flow velocity. Changes 
of microvascular resistance may 
explain the dissociation between 
FFR and CFR observed in some 
cases by modulation flow velocity 
(Adapted from Ref. [12])
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       . Table 14.1 Studies comparing FFR with noninvasive stress testing to assess myocardial ischemia

Year Author
Lesions 
(n) Hyperemic stimulus Ischemic test

Best FFR 
cut-off value Accuracy (%) Clinical setting

1995 Pijls [21] 60 IV adenosine infusion 
(140 μg/kg/min)

EST, SPECT, DSE 0.74 97 Single vessel CAD

1995 Tron [44] 70 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.69 67 Multivessel CAD

1995 De Bruyne 
[37]

60 IC papaverine (up to 
8–12 μg) and adenosine 
bolus (up to 12–18 μg)

EST, SPECT 0.66 87 Single vessel 
CAD

1996 Pijls [38] 45 IV adenosine infusion 
(140 μg/kg/min)

DSE 0.75 93 Single vessel 
CAD

1996 Bartunek [52] 75 IC papaverine (up to 
8–12 μg) and adenosine 
bolus (up to 12–18 μg)

DSE 0.75 81 Single vessel 
CAD

1997 Bartunek [45] 37 IC adenosine bolus  
(up to 40–60 μg)

DSE 0.67 90 Single vessel 
CAD

2000 Caymaz [46] 40 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.75 95 Single vessel 
CAD

2000 Fearon [47] 10 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.75 95 Single vessel 
CAD

2000 Abe [53] 46 IV ATP infusion  
(150 μg/kg/min)

SPECT 0.75 91 Single vessel 
CAD

2001 Jimenez-
Navarro [40]

21 IV adenosine infusion 
(140 μg/kg/min)

SPECT, DSE 0.75 90 Single vessel 
CAD

2001 Chamuleau 
[48]

161 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.74 77 Multivessel CAD

2001 De Bruyne 
[54]

57 IV adenosine infusion 
(150 μg/kg/min; IC 
adenosine bolus (40 μg); 
IC ATP bolus (40 μg)

SPECT 0.78 85 Previous MI

2002 Seo [49] 25 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.75 60 Previous MI

2002 Yanagisawa 
[55]

194 IC papaverine  
(up to 8–12 μg)

SPECT 0.75 76 Previous MI

2004 Zlaee [56] 55 IV adenosine infusion 
(140 μg/kg/min; 
IC adenosine bolus  
(up to 30–50 μg)

EST, SPECT, DSE 0.75 88 Ostial lesions

2004 Rieber [41] 48 IV adenosine infusion 
(140 μg/kg/min)

SPECT 0.75 76-81 Multivessel CAD

2004 Morishima 
[57]

20 IC ATP bolus (40 μg) SPECT 0.75 85 Single vessel 
CAD

2005 Erhard [42] 47 IV adenosine infusion 
(140 μg/kg/min)

SPECT, DSE 0.75 77 Multivessel CAD

2005 Hacker [43] 50 IV adenosine infusion 
(140 μg/kg/min)

SPECT 0.75 86 Single vessel 
CAD

2005 Kruger [50] 42 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.75 88 ISR

2005 Kobori [58] 156 IC papaverine  
(up to 8–12 μg)

SPECT 0.75 70 ISR

(continued)
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       . Table 14.2 Drugs used to achieve hyperemia during FFR evaluation in the catheterization laboratory

Method of 
administration Dose range Plateau Half-life Side effects

Papaverine IC 8–20 mg 2 min 2 h QT prolongation, T-wave changes; ventricular 
dysrhythmias

Adenosine IC and IV 60–600 μg IC, 
140 μg/kg/min IV

30–60 sec 1–2 min 10 sec IC: AV block; IV: hypotension; burning or angina-like 
chest pain during infusion

NTP IC 0.3–0.9 μg/kg 1 min 2 min Headache, hypotension, cyanide toxicity

ATP IC and IV 20–40 mg IC,  
140 μg/kg/min IV

30–60 sec 1–2 min 
60–120 sec

IC: AV block; IV: hypotension; burning or angina-like 
chest pain during infusion

ATP adenosine triphosphate disodium, AV atrioventricular, CM contrast medium, h hours, IC intracoronary, IV intravenous, min minutes,  
NTP sodium nitroprusside, sec seconds

Year Author
Lesions 
(n) Hyperemic stimulus Ischemic test

Best FFR 
cut-off value Accuracy (%) Clinical setting

2006 Samady [51] 48 IC adenosine bolus  
(up to 40–60 μg)

SPECT, DSE 0.78 92 Previous MI

2007 Ragosta [59] 36 IC adenosine bolus  
(up to 30–100 μg)

SPECT 0.75 69 Multivessel CAD

2012 Van der Hoef 
[60]

299 IC adenosine bolus  
(up to 40–60 μg)

SPECT 0.76 74 Multivessel CAD

ATP adenosine triphosphate disodium, CAD coronary artery disease, DES dobutamine stress echocardiogram, EST exercise stress test,  
IC intracoronary, ISR instent restenosis, IV intravenous, MI myocardial infarction, SPECT single-photon emission scintigraphy

       . Table 14.1 Studies comparing FFR with noninvasive stress testing to assess myocardial ischemia

FAME 2 studies [60, 61]. However, the concept of a fixed cut-
off has been recently challenged by a meta- analysis suggest-
ing that FFR demonstrates a continuous and independent 
relationship with subsequent outcomes, with lesions having 
lower FFR values receive larger absolute benefits from revas-
cularization [62].

Finally, it should be emphasized that FFR has a high 
reproducibility as shown in a study with serial FFR measure-
ment in 325 patients in whom FFR was measured twice 
within a 10-min interval (R of correlation = 0.983) [37].

14.4  Practicalities

FFR can be measured using one of the commercially avail-
able pressure wires produced by two companies: St. Jude 
Medical and the Volcano Corporation. Both systems employ 
0.014-in wires with pressure sensors positioned 3 cm from 
the tip of the wire at the junction of the radiopaque and 
radiolucent portion of the wire. Recently, a micro-catheter 
system (ACIST|RXi™ Rapid Exchange FFR System, Acist 
Medical Systems, Minnesota, USA) mounted on a standard 
coronary guidewire has been proposed for FFR assessment, 

but needs to be validated in large clinical studies. Most oper-
ators prefer to use 6-French guiding catheters, but FFR can 
be measured through 5- and 4-French systems. Intracoronary 
nitroglycerin at 100–200 μg is administered to induce epi-
cardial vasodilation; this attenuates resistance induced by 
epicardial vascular tone. The pressure wire is connected to 
the system’s console, and it is calibrated and advanced out of 
the guiding catheter until the sensor is positioned at the 
catheter’s ostium. In this position, the pressure wire is equal-
ized to the guiding catheter pressure. The wire is then 
advanced to the distal two-thirds of the vessel being investi-
gated. Once the sensor is distal to the stenosis, a maximum 
hyperemic stimulus is administered for complete evaluation 
of the physiologic significance of the lesions and FFR assess-
ment. It is important to remember that the greater the flow 
across a particular stenosis, the greater the gradient and the 
lower the FFR.  Thus, achieving maximal hyperemia is of 
paramount importance for FFR accuracy. Several drugs, 
administered IC or IV, have been shown to induce hyper-
emia suitable for invasive evaluation of coronary stenosis; 
among these, adenosine, in particular administered intrave-
nously, is currently considered the reference standard 
(. Table 14.2).
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14.4.1  Inducing Hyperemia

 Adenosine
FFR was originally validated using IV adenosine adminis-
tered via a central vein at a dose of 140 μg/kg/min [63–65]. 
Adenosine is a natural nucleoside synthesized by the heart, 
by dephosphorylation of adenosine triphosphate (ATP) or 
cyclic adenosine monophosphate, under physiological con-
ditions due to an increase in metabolic demand or in patho-
logical conditions due to ischemia, and it is responsible for 
angina pain due to stimulation of cardiac-sensitive nerve 
fibers [65]. By binding to A2 receptors on smooth muscle 
cells of arterioles, it causes vasodilatation of the microvascu-
lar bed [65]. Due to its short half-life (< 20 s), an IV infusion 
allows longer hyperemia. When given intravenously, it 
induces hyperemia relatively rapidly (within 60–90 s after the 
start of the infusion), and hyperemia persists for the duration 
of the infusion, with an effect that disappears within 1 min 
after cessation of administration. This allows careful study of 
long lesions or multiple stenoses using the pullback tech-
nique or ostial stenosis, by disengaging the guiding catheter. 
Patients often experience chest discomfort, shortness of 
breath, and a rather characteristic facial flush during the 
infusion, and these may limit the tolerability of the test. These 
effects, absolutely normal and related to the mechanisms of 
action of adenosine, should never be confused with those 
characteristics of myocardial ischemia [65]. Due to its bron-
choconstrictive action, IV adenosine should be avoided in 
patients with a history of severe chronic obstructive pulmo-
nary disease or asthma. Atrioventricular blocks are not very 
common with continuous infusion of adenosine intrave-
nously. The hemodynamic response to IV adenosine is gen-
erally characterized by a pressure drop of 10–20 % and an 
increase in heart rate, unless overridden by the direct effect of 
heart rate lowering of adenosine itself. In general a central 
vein ensures a greater stability in hyperemia. However, use of 
a peripheral vein has an efficacy comparable to that obtained 
with IV adenosine via the central route using the dose of 
140 μg/kg/min [63, 64]. The dosage may be increased to 170–
180 μg/kg/min [64] (. Tables 14.3 and 14.4) to ensure maxi-
mum hyperemia is achieved. It is important to ensure the 
patient avoids deep breathing (common temptation to allevi-
ate the sensation of breathlessness typical of the adenosine) 
to avoid altering the venous return to the heart. . Tables 14.3 
and 14.4 show the methods of preparation and administra-
tion of various compositions of adenosine.

There is a large body of evidence on the safety and the effi-
cacy of adenosine administered IC [66–68]. It is well known 
that the effect of IC adenosine reaches a peak within 10 s of 
administration, but the duration of action is less than 20  s. 
Intracoronary adenosine allows a more rapid and  economic 
induction of hyperemia, free from a series of systemic effects 
of IV adenosine described above but has a not negligible rate 
of transient atrioventricular blocks (especially in the adminis-
tration in the right coronary artery). Despite the wealth of 
data available and the extensive use made of it in the real 
world instead of IV adenosine, surprisingly the optimal dos-

age of IC adenosine is not yet well established. However, it is 
evident that doses initially proposed (15–20 μg for the right 
coronary artery and 18–24 μg for the left coronary artery) 
[66–69] are associated with an overestimation of FFR value in 

       . Table 14.4 Nomogram for intravenous administration of 
vials of Adenocor or Krenosin during FFR evaluation in the 
catheterization laboratory

Adenocor or Krenosin vials (6 mg of adenosine in 2 ml)

N of vials for 140 μg/Kg/min

N of vials for 180 μg/Kg/min

Posiology

Weight of 
patient 
(Kg)

Length of 
infusion: 
2min

Length of 
infusion: 
3min

Length of 
infusion: 
2min

Length of 
infusion: 
3min

50 2.3 3.5 3.0 4.5

60 2.8 4.2 3.6 5.4

70 3.3 4.9 4.2 6.3

80 3.7 5.6 4.8 7.2

90 4.2 6.3 5.4 8.1

100 4.7 7.0 6.0 9.0

Vials diluted in 0.9% saline up to 60 ml of solution, infused in 2  
or 3 minutes by hand

       . Table 14.3 Nomogram for intravenous administration of 
adenosine (galenic preparation) and adenoscan vials during  
FFR evaluation in the catheterization laboratory

Adenosine (galenic preparation – 200 mg of adenosine in a 
100ml bag of NaCl)

Weight of patient (Kg) Infusion rate (ml/h)

50 210

60 252

70 294

80 336

90 378

100 420

ADENOSCAN® vials (30 mg of adenosine in 10 ml)

Weight of patient (Kg) Length of infusion: 2min

50 2.3

60 2.8

70 3.3

80 3.7

90 4.2

100 4.7
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up to 10 % of cases [66, 67]. Recent studies demonstrate that 
the use of high doses of adenosine up to 600 μg is safe and has 
a comparable efficacy to IV adenosine notwithstanding that 
progressive increases in doses increase the likelihood of tran-
sient atrioventricular block [69, 70]. A prudent approach may 
be to administer incremental doses of IC adenosine (e.g., from 
60–600 μg) moving to the IV route if atrioventricular block 
develops or in cases close to the threshold of significance (i.e., 
between 0.81 and 0.83) [70]. From a practical point of view, it 
is necessary to emphasize the need to avoid the use of cathe-
ters with side holes, to limit the interruption of the Pa signal, 
given the short duration of action of adenosine IC and to flush 
the catheter as rapidly as possible. Finally, it is important that 
the mean signal should not be averaged for more than three 
beats to avoid erroneous FFR readings.

It should be noted that methylxanthines such as caffeine, 
by blocking the receptors for A2A, prevent the hyperemic 
response to adenosine [71]. Therefore, although there is 
sparse evidence on the effect of caffeine on FFR, it is prudent 
to advise patients to avoid consuming coffee or tea for at least 
24 h before the procedure [71].

 Papaverine
The IC injection of papaverine induces an effective and stable 
maximal coronary hyperemia; the peak effect is reached after 
10–30 s, and the duration of the plateau is around 45–60 s 
[72]. The recommended dose is 12–16 mg in the right coro-
nary and 16–20  mg in the left coronary artery. Papaverine 
was one of the first hyperemia-inducing drugs tested. Despite 
a vast body of evidence supporting the mode of action and 
effectiveness, the use of papaverine is limited by its pro- 
arrhythmic action. Indeed, it can prolong the QT interval, 
potentially leading to polymorphic ventricular tachycardia 
and ventricular fibrillation (1–2 % of cases) [73, 74]. For this 
reason it is mandatory to correct hypokalemia before the 
procedure and to advise patients to not take other medicines 
that lengthen the QT interval, to minimize the risk of these 
potentially fatal arrhythmias. In addition, coadministration 
with some contrast media may cause crystallization [74]. 
However, its prolonged duration of action allows pullback 
maneuvers, but this also means that at least 5 min is required 
between measurements to allow the Pd/Pa to return to base-
line. In conclusion papaverine is considered a second-level 
hyperemic agent reserved for carefully considered cases with 
absolute contraindication to adenosine.

 Sodium Nitroprusside
As its action does not depend on any specific adrenergic 
receptor, unlike antagonists of the sympathetic system, 
sodium nitroprusside does not change the regional distribu-
tion of blood flow [75, 76]. In the coronary arteries, this drug 
acts as an inducer of vasodilation, through the stimulation of 
the release of nitric oxide [77]. Its use was initially restricted 
to the treatment of the phenomenon of no reflow, rather than 
the evaluation of coronary stenosis. For measurement of 
FFR, the dose of 0.6 μg/Kg has been proven to document 
mean FFR values and FFR ≤0.80 comparable to IC adenosine 

with a duration of maximal hyperemia 25 % higher than that 
obtained with IC adenosine. Unfortunately, these favorable 
effects are counterbalanced by a significant reduction in 
blood pressure, although rapidly reversible, that can not only 
make this drug uncomfortable for the patient but also affect 
the accuracy of FFR assessment [78]. Finally, nitroprusside 
lacks validation in large clinical trials [6]. Overall sodium 
nitroprusside should be seen as second-choice hyperemic 
agent to be reserved for cases with absolute contraindication 
to adenosine.

 Other Vasodilators
Adenosine 5′-triphosphate (ATP) has a short plasma half- life 
and is rapidly degraded to ADP, AMP, and adenosine. 
Although the effects of ATP depend on its degradation to 
adenosine, it cannot be ruled out a direct action on adenosine 
receptors or on purine receptors P2. Indeed, doses between 
15 and 50 μg of IC ATP induce the same degree of vasodila-
tion as 10 mg of papaverine without any change in hemody-
namics or in the electrocardiographic waveform [79, 80]. The 
use of IC ATP was first described by Japanese investigators 
and mostly used in Japan. It produces less chest discomfort as 
compared to adenosine, with similar blood pressure reduc-
tion (10–15 %) and heart rate increase (10–15 %).

Drugs that are widely used for noninvasive stress testing 
such as dobutamine (10–40  μg/Kg per minute) or dipyri-
damole (0.56–0.84 mg/kg) have been occasionally used for 
FFR assessment but due to practical reasons (longer time for 
induction of hyperemia for dobutamine, side effects) are not 
commonly used in the catheterization laboratory [81, 82].

Finally, there is ongoing interest in the development of an 
easy to administer, effective, and safe hyperemic inducer 
based on synthetic derivatives selective for the adenosine 
A2A receptor, such as regadenoson [83–85]. This would have 
the advantage of avoiding the side effects; dependent recep-
tor stimulation of A1, A2B, and A3A receptors; and charac-
teristics of adenosine such as bronchospasm, dyspnea, and 
chrono- and dromotropic negative effects. Despite the vast 
experience available in the field of nuclear medicine, there is 
little data available regarding their use in FFR. However, it 
appears they have comparable effectiveness to IV adenosine, 
with fewer side effects, a more rapid action, and a fixed dose 
independent of the weight [85].

Nonionic radiographic contrast medium, routinely used 
during coronary angiography, has been demonstrated to 
induce hyperemia, although inferior to adenosine [86]. Thus, it 
is conceivable that the Pd/Pa ratio registered by pressure wire 
during reactive hyperemia induced by IC injection of conven-
tional nonionic contrast medium may be sufficient for the 
assessment of physiological severity of stenosis in a large num-
ber of cases, avoiding the drawbacks of adenosine injection. In 
this context, the RINASCI study [87] demonstrated that con-
trast medium-induced Pd/Pa ratio (CMR), a novel index calcu-
lated as Pd/Pa after the induction of submaximal hyperemia 
using IC injection of standard radiographic contrast medium, 
is accurate in predicting the functional significance of interme-
diate coronary artery stenosis assessed by FFR. Moreover, in 
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this study, the authors proposed an  algorithm for the measure-
ment of FFR using sequential utilization of CMR and IC and 
IV adenosine to obtain maximal coronary vasodilation. In par-
ticular, a CMR value ≤ 0.83 is considered significant and con-
sequently performing PCI is recommended; a CMR 
value ≥ 0.88 is judged not significant and therefore deferring 
PCI is suggested; a CMR value between 0.84 and 0.87 is con-
sidered doubtful, therefore requiring induction of maximal 
hyperemia using IC or IV adenosine for FFR assessment; 
finally, if FFR measured during IV adenosine is ≤0.80, PCI is 
recommended (. Fig. 14.7) showing that contrast induced Pd/
Pa (also called cFFR) provides diagnostic performance supe-
rior to that of resting indexes for predicting FFR [88, 89].

14.4.2  Avoiding Practical Pitfalls

 Needles, Y-Connector, and Equalization
Reduction of fluid-filled pressure (aortic) due to backflow 
either through the introducer needle or the Y-connector 
should be avoided as they may produce falsely high 

FFR. Thus, the needle introducer should be withdrawn and 
the Y-connector tightly closed during FFR measurement to 
avoid loss of aortic pressure [4, 19]. Importantly, once the 
pressure wire has reached the coronary ostium, pressure 
measured by the catheter end hole and that measured by the 
wire needs to be equalized [4, 19, 90]. The radiopaque marker 
of the wire should be positioned 1–2 mm outside of the cath-
eter tip. Differences in aortic and wire pressures may be due 
to inappropriate height of the fluid-filled pressure transducer 
that should be positioned 5 cm below the patient’s sternum 
(the estimated location of the aortic root). Electronic equal-
ization should be done after proper flushing and is essential 
in order to start the vessel interrogation with the same pres-
sure at the origin of the coronary [4, 19, 90].

 Guiding Catheter
When performing coronary pressure measurements, it is 
advisable to use at most a 6-F catheter. If using a larger guide, 
an additional gradient between the aorta and the proximal 
coronary artery will be created either at rest or during maxi-
mum hyperemia by the presence of the guiding catheter. This 
situation is recognized by damping or ventricularization of 
the pressure signal recorded by the guiding catheter [91]. It is 
important to stress that this “damping” is often only 
unmasked by hyperemia, leading to an underestimation of 
the hyperemic gradient across the coronary artery stenosis 
and a corresponding overestimation of FFR. Disengaging the 
guiding catheter, leaving the pressure wire in the distal vessel, 
and using an IV instead of an IC hyperemic stimulus can pre-
vent this. This should also be considered with smaller guid-
ing catheters in the presence of ostial disease or an 
anatomically small ostium.

Catheters with side holes should be avoided when using 
IC hyperemic stimuli, as the delivered dose of the drug will 
be unpredictable. Furthermore, the pressure measured by the 
fluid-filled transducers will be influenced by the pressure at 
the tip of the catheter (coronary pressure) and by the pres-
sure at the side holes (aortic pressure). Thus, if guiding cath-
eters with side holes are the only option, one should 
remember to disengage the guiding catheter after injection of 
the hyperemic stimuli; however preferably IV hyperemic 
agents should be used.

 Intra-Procedural Pitfalls: Drift, Whipping, 
Accordion Effect
Particularly after long procedures, a gradient between aortic 
and distal pressures may occur; this however is not a true 
pressure gradient. This phenomenon is known as electronic 
drift. In order to differentiate a true gradient from a drift, one 
should check the morphology of the distal pressure curve. If 
the shape of the curves is almost identical, this is a clear evi-
dence of drift as distal pressure usually ventricularizes in case 
of a true gradient. In particular, if the aortic notch is present 
in the distal pressure signal with an important gradient, drift 
should be suspected. Due to preferential contribution of the 
diastolic flow in the left coronary system as compared to the 
right coronary system (where a systolic contribution is well 

Intermediate coronary artery stenosis

Perform CMR

Equivocal
CMR (0.84-0.87)

FFR with adenosine

Perform PCI Defer PCI

Positive FFR
(≤ 0.80)

Negative FFR
(≥ 0.80)

Positive CMR
(≤ 0.83)

Negative CMR
(≥ 0.88)

       . Fig. 14.7 Algorithm proposed by the RINASCI study for the mea-
surement of fractional flow reserve (FFR) with sequential utilization of 
contrast medium and intracoronary (IC) and intravenous (IV) adenosine 
to obtain maximal coronary vasodilation.

A contrast medium-induced Pd/Pa ratio (CMR) value ≤ 0.83 is consid-
ered significant, and consequently performing percutaneous coronary 
intervention (PCI) is recommended; a CMR value ≥ 0.88 is judged not 
significant and therefore deferring PCI is suggested; a CMR value between 
0.84 and 0.87 is considered doubtful, therefore requiring to induce maxi-
mal hyperemia using IC or IV adenosine for FFR assessment; finally, if FFR 
measured during intravenous adenosine is ≤ 0.80, PCI is recommended 
(Adapted from Ref. [87])
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recognized), drift may be more difficult to be identified in the 
right coronary artery. In this case, it may be useful to pull 
back the guidewire, check for the presence of drift, and 
 eventually re-equalize the pressure tracings, or, if rechecking 
the stenosis is not possible, the value of the drift can be 
inserted into the FFR formula and FFR manually calculated 
(e.g., FFR = Pd ± drift value/Pa). Post-PCI current large clini-
cal studies suggest that a drift of ±2  mmHg is tolerated. 
Otherwise, it is better to re-equalize and check distal pressure 
under hyperemia for more accurate FFR values. Flushing the 
guiding catheter with saline to remove contrast will occa-
sionally eliminate this apparent drift. Finally, pullback stud-
ies during IV adenosine may help clarify the presence of drift 
(by comparing the pressure just distal to the stenosis of inter-
est to the pressure proximal to that stenosis) and the signifi-
cance of an apparently “new” gradient after stenting (drift vs. 
unmasking the hemodynamic effects of proximal plaques 
due to increased blood flow).

Whipping is easily recognized by the presence of a spike 
in the pressure tracing due to the hit of the wire against the 
coronary wall. Changing wire position usually solves this 
artifact. Furthermore, the accordion effect due to folds of the 
vessel walls in tortuous vessels that is induced by the wire 
may cause false pressure gradients. Again, pulling back the 
wire solves this phenomenon.

 Guidewire Disconnection for PCI
The FFR wire can be disconnected, used as a PCI wire, and 
reconnected in order to assess post-PCI FFR values. It is 
important to clean the distal 2.5 cm (where the electrodes are 
positioned) with wet gauzes and dry thoroughly before 
reconnection to the interface connector; otherwise measure-
ments may be inaccurate.

 Modulation of Stenosis Severity 
by Vasoconstriction
In some cases patients may have a moderate stenosis (non- 
ischemia producing) that is aggravated by exertion (becom-
ing ischemia producing) causing abnormal stress test results. 
However, when measuring FFR with a hyperemic stimulus, 
vasoconstriction does not occur, and FFR will be non- 
ischemic. This should be considered when there are discrep-
ancies between stress testing and FFR in the case of a 
single-vessel moderate stenosis [91].

14.5  Conclusion

Due to limitations in the assessment of coronary stenosis 
severity, coronary angiography is increasingly supported by 
invasive functional evaluation of coronary stenosis especially 
when such narrowings are deemed angiographically inter-
mediate. FFR was introduced and validated in the late 1980s 
and early 1990s and is currently recommended in the guide-
lines on myocardial revascularization. However, an appropri-
ate understanding of the basic principles and assumptions 
leading to FFR calculation is necessary in order to avoid 

 mistakes in patient management. In particular, the role of 
hyperemia is of paramount importance for FFR assessment. 
Finally, some practical points regarding the use of guidewires 
and the steps in FFR acquisition should be borne in mind in 
order to appropriately diagnose and treat patients affected by 
coronary artery disease.
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15.1  Intermediate Stenosis

Angiographically intermediate stenoses, usually defined as 
a 40–70 % diameter narrowing, are frequent findings at cor-
onary angiography. They pose a dilemma to the operator as 
their functional severity is unknown, lesions with very sim-
ilar angiographic appearances can be both significant and 
not, and only those truly significant are likely to benefit 
from angioplasty (. Figs. 15.1 and 15.2). Intracoronary 
imaging can provide relevant morphological information 
and clarify anatomical severity. However it does not pro-
vide information about the myocardial repercussions of 
such stenoses, which, in a clinically stable context, is prob-
ably the most important information. Intracoronary imag-
ing and physiologic assessment may be complementary 
when evaluating coronary lesions [1]. FFR has emerged as 
the most frequently used physiological tool to assess func-
tional severity of coronary stenoses, and intermediate ste-
noses have been the most important subset in which it has 
been evaluated.

Pivotal studies, such as DEFER [2], FAME [3], and FAME 
2 [4], included patients with coronary lesions causing ≥50 % 
stenosis. In this context, it has been shown that:

 5 It is safe to defer PCI in lesions with an FFR ≥0.75 [2].
 5 FFR-guided PCI improves outcomes [3].
 5 PCI of lesions with FFR ≤0.80 leads to better outcomes 
than medical therapy alone [4].

Most importantly, these studies have demonstrated that 
treatment based on functional assessment performed with 
FFR translates into improved clinical outcomes, and the cost- 
effectiveness of PCI in lesions with a low FFR in FAME 2 
appears favorable [5]. It has recently been demonstrated that 
not only does FFR have the ability to distinguish stenosis sig-
nificance in a meaningful dichotomize manner but also its 
value is continuously related to clinical outcomes, and lesions 
with the lowest FFR values seem to benefit the most with 
revascularization [6].

In a recent meta-analysis involving data from 49,517 
patients, FFR-guided PCI has shown to be associated with 

       . Fig. 15.1 A 64-year-old man referred for angiography for stable angina. An intermediate stenosis in mid-RCA was noted. FFR was negative 
(0.82). Revascularization was deferred. RCA right coronary artery

       . Fig. 15.2 A 57-year-old woman referred for angiography for stable angina. An intermediate stenosis in distal-RCA was noted. FFR was positive 
(0.67). Revascularization performed with PCI. RCA right coronary artery
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improved clinical outcomes, i.e., lower MACE/MACCE, 
death, MI, and repeat revascularization, when compared to 
angiography-guided PCI [7]. Diabetes mellitus is associated 
with microvascular disease, with consequent anatomical 
and functional changes that may lead to a decreased reliabil-
ity of intracoronary pressure in assessing stenosis signifi-
cance. Although not completely resolved, several studies 
have demonstrated that the presence of diabetes mellitus 
does not seem to significantly affect the value of FFR mea-
surements [8–11].

15.2  Multivessel Disease

The definite management strategy for stable ischemic heart 
disease is not completely established, and the specific sub-
group of patients with multivessel disease (MVD) can be 
particularly challenging. In general, cardiovascular risk 
stratification based on anatomical estimates of atheroscle-
rotic burden (obstructive or not) provides important prog-
nostic information in symptomatic or asymptomatic patients 
[12, 13]. However, major management decisions ultimately 
depend on whether or not revascularization can improve 
outcomes when compared with medical therapy (OMT) 
alone for any given anatomic scenario. For stable MVD, 
landmark clinical trials have suggested that revasculariza-
tion of all anatomically significant stenosis or vessels is not 

necessarily associated with better results compared to OMT 
alone [14, 15]. These findings coupled with the observations 
that reduction of ischemic burden (by OMT, revasculariza-
tion or both) is associated with improved outcomes have 
laid the foundations for the yet unproven hypothesis that 
ischemia- guided revascularization decreases death and MI 
rates [16, 17].

Unfortunately, noninvasive identification of lesions or 
vessels causing ischemia is intricate and largely unreliable for 
revascularization guidance since most of the methods cur-
rently available lack adequate spatial resolution [18]. 
Therefore, pressure wire-derived index technologies, by pro-
viding real-time, vessel-level specificity, ease of use, and 
interpretation, are now widely accepted as the preferred 
methods for selection of target lesions or vessels for revascu-
larization [19]. More importantly, physiologically guided 
revascularization has proven to be safe and associated with 
improvement in the rate of unplanned urgent revasculariza-
tion [17]. Advantages of physiologically guided revascular-
ization in the context of MVD are numerous. It allows only 
ischemia causing lesions to be exposed to the risks and ben-
efits of revascularization (. Fig. 15.3). The FAME study has 
persuasively shown the merits of PCI deferral based on FFR 
guidance in MVD.  In this randomized international trial, 
percutaneous revascularization guided by FFR was associ-
ated with a significant 5.1 % absolute risk reduction in a com-
posite measure of death, MI or any repeat revascularization 

       . Fig. 15.3 An 85-year-old female referred for CABG after diagnostic 
coronary angiography documenting an intermediate stenosis in distal LM 
coronary artery (50–70 %) and chronic total occlusion in mid-RCA. Distal 
RCA was supplied mainly from left coronary collaterals (*). The patient 
refused surgery and percutaneous coronary revascularization was sug-
gested. Before RCA recanalization FFR in distal LAD was 0.82 (panel I) and 
0.90 in distal LCX (panel II) suggesting a larger contribution of collateral 

circulation from LAD. After successful revascularization of RCA (panel III), 
FFR was again measured and increased from 0.82 to 0.89 in distal LAD 
(panel IV) and remained practically unchanged in LCX (0.92) (not shown). 
CABG coronary artery bypass graft surgery, FFR fractional flow reserve, 
LAD left anterior descendent artery, LCX left circumflex artery, LM left 
main, RCA right coronary artery
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at 12 months as compared to angiography-guided revascu-
larization [20]. Two years after the intervention, the initial 
30 % relative risk reduction was maintained, and importantly, 
for lesions deferred on the basis of FFR >0.80, the rate of 
myocardial infarction or revascularization was only 0.2 % 
and 3.2 %, respectively [21].

Complete anatomical revascularization of MVD in 
patients with moderate to severe ischemia is encouraged by 
international recommendations. However, clinical data 
from trials and registries have repeatedly shown that real-
time combined anatomy and physiology assessment has the 
potential for CAD severity reclassification and consequent 
reorientation of the management strategy (. Fig. 15.4). In a 
large French registry, investigators were asked to define pro-
spectively their revascularization strategy based on angiog-
raphy in patients for whom FFR could be performed. After 
performing FFR the final management strategy changed in 
42 % of cases. Importantly 1-year outcomes, for patients 
reclassified by FFR, were equivalent to those without reclas-
sification, underlying the safety of the FFR-based decision- 
making process. This safety was maintained irrespective of 
baseline risk category [22]. Another retrospective study 
using data from the FFR-guided PCI arm calculated the 
functional SYNTAX score (SYNTAX score including only 
physiologically significant lesions). Again, over 40 % of 
patients with an anatomic SYNTAX score >22 (usual recom-
mendation for CABG) were reclassified to a score <22 (rec-
ommendation for PCI). Also, the functional score was 
more  important than the anatomic score as a predictor of 

 subsequent ischemic events [23]. Botman et  al. previously 
studied this concept in a small cohort of patients with ana-
tomic MVD.  They compared the 2-year outcomes of PCI 
versus CABG guided by FFR. Surgical revascularization was 
selected for functionally significant three-vessel disease or 
two-vessel disease including proximal LAD and with PCI 
(using bare- metal stents) in the remaining scenarios. In con-
trast to most studies comparing PCI with CABG, there were 
no significant differences between groups at all endpoints, 
including repeat revascularization [24]. The ongoing FAME 
3 trial (NCT02100722) is currently recruiting patients with 
three- vessel disease for comparison of PCI vs. CABG revas-
cularization. However, in this trial, FFR-guided PCI (using a 
second-generation drug-eluting stents) will be compared to 
anatomy-guided CABG.

Often-quoted disadvantages of routine invasive physio-
logical assessment are that it is mostly used by inexperienced 
operators to rule out significant stenosis and that it is time- 
consuming and expensive. Each of these points has been 
systematically discredited. It has been eloquently proven 
that regardless of operator experience, concordance between 
FFR and angiogram rarely exceeds 60 %. Moreover, even in 
intermediate lesions (50–70 % stenosis), more than a third 
will have an FFR value <0.8 [25] (. Fig. 15.5). For experi-
enced operators the interventional procedure is not signifi-
cantly prolonged [20], and for patients with MVD, the FFR 
strategy has been proven to be cost-effective [26]. 
Notwithstanding the described advantages and guideline 
recommendations, penetration of invasive physiological 

       . Fig. 15.4 A 56-year-old, diabetic asymptomatic male with moderate 
anterior and mild lateral myocardial wall perfusion defects (panel a) and 
moderate LV systolic dysfunction (LVEF = 48 %). Coronary angiography 
revealed diffuse angiographically moderate lesions in all, small-caliber, 
epicardial vessels: proximal and mid-LAD (red circles in panels b and c), 
OM1 (yellow circle in panel c), and proximal to mid-RCA (green circle in 
panel d). All lesions were physiologically significant by FFR assessment 

and the patient was referred for CABG. The LCX and RCA lesions were 
underappreciated because of the relatively more severe compromise of 
the LAD lesion. CABG coronary artery bypass graft surgery, FFR fractional 
flow reserve, LAD left anterior descendent artery, LCX left circumflex 
artery, LM left main, LVEF left ventricular ejection fraction, OM1 first 
obtuse marginal branch, RCA right coronary artery
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evaluation in clinical practice is perceived to be exceedingly 
low [27]. Further technology refinements, such as adenos-
ine-free iFR, described in other chapters in this book, are 
expected to be important contributors to more widespread 
adoption of these techniques.

15.3  Unprotected Left Main Disease

15.3.1  Clinical Background

Significant left main lesions (≥50 % diameter stenosis) are 
present in 3–5 % of patients with coronary artery disease 
undergoing coronary angiography, frequently in association 
with multivessel disease [28, 29], and are linked to a dire clini-
cal outcomes when medically treated [30]. In early studies of 
myocardial revascularization, coronary bypass grafting was 
shown to confer a mortality benefit over medical therapy in 
this setting [30, 31], and thus LMS disease has been universally 
accepted as an indication for CABG for many years. Recently, 
percutaneous stent implantation (especially in the era of DES) 
has proved to be a viable alternative to CABG in suitable 
patient subsets and angiographic scenarios and is being 
increasingly used [32–35]. Although the exact mechanism by 
which revascularization reduces mortality in patients with left 
main disease is largely unknown, it has been suggested that a 
link may exist between the severity of flow limitation and the 
risk of plaque instability and subsequent ischemic events, as 
for other coronary plaques [36]. However, a significant dis-
crepancy between the angiographic findings and true ana-
tomic features of left main lesions, especially the severity of the 
stenosis, has been recognized [37]. Therefore, the ability of 
angiography to predict the extent to which  coronary flow is 

truly compromised and thus to anticipate the potential bene-
fits of revascularization is limited. Of note, in the long-term 
follow-up of the CASS registry, CABG failed to prolong sur-
vival in the subgroup of patients with lesions 50–59 % by visual 
estimate [31], raising the question of whether or not these 
lesions were actually ischemic in the first place. Even for expe-
rienced operators, the accuracy of estimating the severity of 
angiographic stenosis and predicting functional significance of 
intermediate left main lesions (taking FFR as the gold stan-
dard) has been shown by Lindstaedt et al. [38] to be no more 
than 50 %; in the same report, unanimous classification (as sig-
nificant or nonsignificant) by four different observers was 
achieved in only one third of all cases. In addition, obstructive 
disease elsewhere in the coronary tree may limit the accuracy 
of noninvasive testing to discriminate between inducible isch-
emia caused by a LMCA stenosis or by other coronary abnor-
malities (. Fig. 15.6). Finally, mid- to long-term bypass patency 
has been shown to be affected by baseline FFR [39], and thus, 
confirmation of true hemodynamic significance of left main 
disease is of paramount importance if a sustained benefit from 
revascularization is to be expected.

15.3.2  Outcomes of Unprotected Left Main 
Revascularization Based on FFR 
Evaluation

To date, no adequately powered prospective randomized trials 
have been conducted to specifically address the issue of FFR-
guided management of unprotected left main disease (ULMD). 
Also, and importantly, patients with angiographically significant 
LMD have been systematically excluded from the most impor-
tant randomized trials, namely, the DEFER [2], FAME [3],  

       . Fig. 15.5 Symptomatic 46-year-old female with angiographically 
mild to moderate stenosis in mid-LAD in two orthogonal views (circle 
in panels a and b). Invasive physiological assessment with FFR proved 

that the lesion was hemodynamically significant (FFR = 0.77). After 
LAD stenting FFR value increased to 0.94 (panel c). FFR fractional flow 
reserve, LAD left anterior descendent artery
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and FAME 2 [17] studies. The outcome of patients whose treat-
ment of intermediate/equivocal ULMD was deferred based on 
an FFR above the accepted “ischemic thresholds”  – clinically 
validated in the DEFER (≥0.75) and in the FAME 2 (>0.80) tri-
als – has been examined in small observational cohort studies 
including only stable patients [40–43]. Mid- to long-term sur-
vival of medically treated patients, with left main FFR above 0.75 
to 0.80, was excellent and at least as good as those for whom 
surgery was deemed necessary based on an FFR below 0.75 to 
0.80 (. Table 15.1). Typically, an early hazard was observed in 
surgically treated patients, due to CABG-related mortality. Most 
of the ischemic events were revascularizations driven by pro-
gression of atherosclerosis, persistent symptoms, and positive 
stress tests, as the rate of myocardial infarction in deferred 
patients was remarkably low (≤1 %). However, when considered 
individually, these studies have limited power to detect statisti-
cally meaningful differences between study groups. In a recently 
published meta-analysis of six cohort studies including 525 

patients (41 % undergoing revascularization based on usual FFR 
thresholds), Mallidi et al. [44] reported no statistically signifi-
cant differences between groups concerning the rates of the pri-
mary composite endpoint of death from all causes, nonfatal 
myocardial infarctions and subsequent revascularizations 
(p = 0.15), all- cause mortality (p = 0.06), or nonfatal myocardial 
infarctions (p = 0.76). However, there was a significant increase 
in the rate of subsequent revascularizations in the deferred 
patients (p = 0.002).

15.3.3  Technical Aspects of FFR Evaluation 
of Left Main Lesions

Given its unique anatomy, the left main poses special challenges 
to operators performing invasive pressure measurements. 
Small vessel caliber (<3 mm) as well as the presence of ostial 
disease and angulation will frequently make stable  cannulation 

       . Fig. 15.6 Illustrative case of a patient that had initially underwent 
CABG because of left main disease in the setting of a positive SPECT. 
Follow-up repeat angiography 3 years after original surgery, driven by 
a new positive SPECT (apical reversible defect in panel e), showed an 
occluded left internal mammary artery graft (arrows in panel b), an FFR 

of 0.84 in the left circumflex, and an eccentric lesion on the distal LAD 
(circle on panel c) with an FFR 0f 0.59. This lesion most likely was over-
looked during the original angiography (prior to surgery) and justifies 
the apical ischemia. Patient was treated medically (Source: Raposo, L, 
MD; Personal Presentation, EuroPCR 2014, Paris)
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cumbersome. There is also the risk of damping pressure curves 
and subsequent limitation of maximal hyperemic flow, which 
will likely overestimate FFR. In our experience, the use of a sec-
ond wire allows disengagement of the guide catheter, while still 
allowing adequate manipulation of the pressure wire, without 
significantly interfering with pressure gradients.

Another important limitation of FFR evaluation in LM 
disease is that the presence of downstream lesions in the left 
anterior descending and the circumflex may cause an overes-
timation of the hyperemic pressure gradient across the left 
main stem stenosis [45]. Currently there is no completely 
validated method that accurately predicts FFR in sequential 
lesions without the need for transient occlusion of the distal 
vessel for obtaining hyperemic wedge pressures [46]. 
Emerging resting indexes, which minimize the impact of 
flow on pressure gradients, may prove to be of value in this 
setting, as will be discussed further in this chapter.

15.4  Bifurcations

Bifurcation lesions are frequent targets for PCI, accounting 
for 15–20 % of treated lesions [47], and always represent a 
challenge to the operator for several reasons. Firstly, the 
 relevance of this subgroup is well illustrated, by the fact that 
bifurcation lesions are independent predictors of periproce-
dural myocardial infarction [48] and stent thrombosis [49] 
and they are associated with lower success and higher reste-
nosis, cost, and complication rates [50]. Secondly, at an ana-
tomical level, the bifurcation lesion is difficult to evaluate by 
any imaging technique. The plaque is frequently not only 
eccentric and with a complex structure, but it is also dynamic 
during main branch PCI (e.g., plaque shift, dissection, 
thrombus, spasm, stent struts, etc.). Thirdly, at a physiologi-
cal level, significance may be difficult to access due to many 
factors, namely, the subtended myocardium to a side branch, 
which is, in principle, smaller than the main branch's, but is 
highly variable and not necessarily related to the vessel 
diameter.

Bifurcation lesions’ severity is more difficult to estimate 
based on angiography than non-bifurcation lesions. Even 
with dedicated 3D quantitative analysis integrating fractal 
laws, angiography has limited diagnostic accuracy for physi-
ologic significance [51]. Intracoronary imaging such as IVUS 
and OCT may play a role, but their accuracy in this subset is 
reported to be relatively low [52–54]. Difficult measurements 
and variable myocardial mass related to any given intracoro-
nary measurements are probably among the main reasons for 
intracoronary imaging inaccuracy. Full understanding of 
patient-level coronary physiology is very complex and 
unlikely to be fully predicted only by anatomical criteria [55].

FFR has been demonstrated to be useful in this setting, 
providing important physiologic information to guide treat-
ment. Since the provisional one-stent approach has generally 
been accepted as the preferred technique for the majority of 
situations [47, 56], FFR may be useful in determining the 
need to treat a side branch once the main branch has been 
stented. FFR of a side branch before PCI is unlikely to be use-
ful, given the complexity of the anatomic substrate and its 
dynamic behavior during PCI [50]. The bifurcation atheroma 
is usually contiguous with the main branch, with the possi-
bility of creating a tandem-lesion effect, which will be diffi-
cult to evaluate even with careful pullback.

More often than not, jailed side-branch lesions are 
 nonsignificant when assessed by FFR [57, 58], and their severity 
is frequently overestimated by angiography. In one series with 94 
lesions, less than 1/3 of the jailed side-branch lesions with >75 % 
stenosis had an FFR <0.75 [59]. FFR in this context has shown to 
be relatively easy, safe, and a reliable measure that does not 
change significantly over time, from immediately after PCI to 
6–8-month follow-up [60, 61]. To date, no randomized study 
has proven that FFR-guided PCI of a jailed side branch is clini-
cally superior to angiography- guided PCI [61], but it has been 
demonstrated that FFR guidance reduces side-branch stenting, 
with very similar clinical outcomes, as recently demonstrated in 
the DKCRUSH-VI study [62]. DKCRUSH-VI was a random-
ized multicenter study, comparing FFR-guided and angiogra-
phy-guided provisional stenting of true bifurcation lesions in 

       . Table 15.1 Summary of most relevant observational cohort studies addressing FFR-guided management of equivocal or intermediate 
unprotected left main lesions

Bech et al., Heart  
(2001) [49]

Lindstaedt et al., Am 
Heart J (2006) [50]

Hamilos et al., Circulation 
(2009) [52]

Courtis et al., Am Heart J 
(2009) [51]

Total pt. number 54 51 213 142

Follow-up (months) 
[mean ± SD]

29 ± 15 29 ± 16 35 ± 25 14 ± 11

Management  
groups and FFR 
threshold

FFR ≥0.75 
Medical 
(n = 24)

FFR <0.75 
CABG 
(n = 30)

FFR >0.80 
Medicala 
(n = 24)

FFR <0.75 
CABGa 
(n = 27)

FFR ≥0.80 
Medical 
(n = 138)

FFR <0.80 
CABG 
(n = 75)

FFR >0.80 
Medicala 
(n = 82)

FFR <0.75 
CABGa 
(n = 60)

Total survival 100 % 97 % 100 % 81 % 89.8 % 85.4 % 96.3 % 95 %

MACE-free survival 76 % 83 % 69 % 66 % 74.2 % 82.8 % 87 % 93 %

aPatients in the “gray zone” of 0.75 to 0.80 were treated according to additional evidence and clinical considerations for each individual case
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320 patients. In the FFR group, side-branch stenting was 
attempted less frequently than in the angiography group (25.9 
vs. 38.1 %, respectively; p = 0.01), with identical 1-year endpoint 
rates (death, MI, TLR, TVR, stent thrombosis, and composite 
MACE). As myocardial territory from a side branch is usually 
smaller than that from the main branch, it will probably be very 
difficult to ever demonstrate a clinical benefit in this subset [63] 
such as that demonstrated in FAME [4] and FAME 2 [17].

Care must be taken when interpreting FFR values in spe-
cific patients. For example, a negative FFR in a side branch does 
not necessarily mean it doesn’t need treatment, as anatomical 
considerations must also to be taken into account, for example, 
an important side branch in a young patient. A significantly 

diseased branch may also have a higher FFR value due to the 
ability to redirect hyperemic blood flow to an unobstructed 
branch. Likewise, an FFR measurement on a small side branch 
may be positive, but its clinical meaning will be unclear.

In summary, bifurcation lesions are difficult to assess by 
any method. FFR can help determine the need for side- 
branch treatment after main branch PCI. In this context FFR 
has demonstrated to lower the rates of side-branch treat-
ment, with similar clinical outcomes. Risks of further lesion 
manipulation should always be outweighed by the potential 
benefits, so FFR guidance is proposed only in clinically 
 significant side branches, which may be determined by care-
ful integrated angiographic assessment.

       . Table 15.2 Summary of studies directly addressing the usefulness of FFR in ACS

Paper Year
Sample 
sizea ACS typeb

Time from 
symptom onset 
to FFR

FFR 
threshold 
to treat Major findings

De Bruyne et 
al. [105]

2001 57 Q wave 34 
(60%), non-Q 
wave 23 (40%)

≥6 days (20 ± 27) <0.75 85% concordance with SPECT

Tamita et al. 
[5]

2002 33 STEMI 310 ± 134 min ND FFR higher in AMI culprit than in SA for the 
same stenosis severity

Leesar et al. 
[106]

2003 35 NSTEMI 24 
(69%); UA 11 
(31%)

≤48 h <0.75 FFR associated with lower costs, without 
differences in clinical outcomes

McClish et al. 
[108]

2004 43 STEMI/Q wave 
36 (84%); 
NSTEMI/
non-Q wave 8 
(16%)

1–5 days ND FFR correlates to diameter stenosis by 
angiography in AMI as in SA

Samady H et 
al. [109]

2006 48 STEMI 36 
(75%); NSTEMI 
12 (25%)

STEMI >3 days; 
NSTEMI >2 days 
(total 3.7 ± 1.3)

≤0.75 91% concordance with SPECT (for “true 
reversibility”)

Potvin et al. 
[110]

2006 124 STEMI 11 (9%); 
NSTEMI 31 
(25%); UA 82 
(66%)

STEMI 48 h (IQR 
24–144); 
NSTEACS 24 h 
(IQR 2–144)

<0.75 No different cardiac events from SA patients 
at 2 years

López-Palop 
et al. [111]

2010 106 STEMI 14 
(13%); 
NSTEACS 92 
(87%)

ND ≤0.75 Low event rate at 1 year in patients with PCI 
deferred due to negative FFR (mortality 1.9%, 
nonfatal MI 0%, TLR 0.9%, cardiac cause 
hospital admission 4.7%)

Ntalianis et 
al. [101]

2010 101 STEMI 75 
(74%); NSTEMI 
26 (26%)

STEMI 
230 ± 201 min; 
NSTEMI 52 ± 45 h

<0.80 FFR reproducible (r = 0.91, p < 0.0001) 
between acute phase and follow-up 
(35 ± 4 days) in nonculprit artery lesions

Sels et al. 
[104]

2011 150 UA and 
NSTEMI

ND ≤0.80 Similar benefit of FFR-guided PCI as in SA

Layland et al. 
[107]

2014 350 NSTEMI 3 (IQR 2, 5) days ≤0.80 FFR changed treatment in 21.6% patients

Lower revascularization in FFR-guided strategy (p = 0.054)
IQR interquartile range (expressed as first quartile, third quartile), ND not defined, SA stable angina
aSample size refers to the number of ACS patients included in that particular study in which the clinical decision was performed based on FFR
bNumber of patients with each ACS type: UA (unstable angina), NSTEMI (non-ST-elevation myocardial infarction), NSTEACS (non-ST-eleva-
tion acute coronary syndrome, includes UA and NSTEMI), STEMI (ST-elevation myocardial infarction)
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15.5  Sequential Stenosis and Diffuse 
Disease

Diffuse and serial/tandem intermediate coronary lesions are 
common in patients with coronary artery disease, and func-
tional evaluation can be particularly challenging in these cases. 
In the presence of consecutive lesions in the same vessel, the 
fluid-dynamic interaction between the stenosis alters their rela-
tive severity and impedes determination of FFR from the simple 
hyperemic ratio of pressure across each single stenosis. Because 
hyperemic flow declines significantly whenever any 50 % reduc-
tion in lumen diameter is observed, even mild secondary lesions 
can affect hyperemic pressure indexes. Identifying the most 
appropriate stenosis to be treated out of several in sequence is an 
important interventional decision. Several approaches have 
been developed to try to overcome this limitation, including 
equations for predicting independent FFR values, hyperemic 
pullback, and resting pullback with evaluation of pressure gradi-
ent in the wave-free period (iFR).

15.5.1  Equations for Predicting FFR 
of Individual Lesion

In an animal model, De Bruyne and colleagues derived an 
equation for predicting the FFR value for two sequential 
lesions in the same vessel [64]. This equation includes, 
besides the distal (Pd) and proximal pressures (Pa), also the 
pressure measured between the lesions (Pm) and the coro-
nary wedge pressure (Pw). The equation was tested in 
humans, and the predicted FFR value for one lesion showed 
a good correlation with the “true” FFR, measured after angio-
plasty of the other lesion (r = 0.92, Δ% = 4 ± 0 %) [46]. 
Importantly, the authors confirmed that without accounting 
for stenosis interaction, the value of FFR for each stenosis 
would have been significantly overestimated, both for the 
proximal and the distal lesions.

This approach was again tested more recently in an in vitro 
model of several sequential lesions. Two different complex 
equations were mathematically derived to predict true FFR of 
each stenosis in multiple sequential stenoses and to predict 
the true FFR after releasing a given stenosis in multiple 
sequential stenoses. Both equations showed excellent correla-
tion with “true” FFR values (R2 = 0.92 and 0.97, respectively) 
[65]. However, these theoretical models are time- consuming 
and difficult to implement in daily clinical practice.

15.5.2  Hyperemic Pressure Wire Pullback

In order to quantify lesion severity in a diffusely affected 
coronary vessel, a live pressure pullback curve can be used. 
In this technique, the pressure guidewire is manually with-
drawn from a distal position during steady-state maximum 
hyperemia, resulting in a curve that represents the pressure 
gradient over the entire length of the vessel. Performing the 
pullback together with angiographic visualization identifies 

the vessel segments where the pressure “jump” is more 
important, thus allowing spot stenting in the presence of 
long and diffuse lesions. This strategy was tested in a small 
study, including 131 patients with multiple intermediate ste-
noses within the same coronary artery, assessed by FFR with 
pullback pressure tracings, in which the stenosis that caused 
the largest pressure step-up was stented first. The technique 
was safe and effective and was associated with a very low 
event rate; of note, there were no events related to deferred 
lesions. However, prolonged adenosine hyperemia (required 
for the pullback) may have unexpected consequences with 
changing pressure ratios [66], which may go unnoticed dur-
ing a pullback and affect its interpretation. This effect may be 
particularly relevant when profound hypotension occurs 
[67, 68]. While more studies are needed to clarify the clinical 
role of hyperemic pullback, these pitfalls must be under-
stood when performing this technique, in order to avoid 
erroneous lesion functional classification.

15.6  Post PCI

Although FFR is mainly a tool for decision-making regarding 
the need for revascularization, it has also been studied in the 
setting of post-intervention. It has been demonstrated that 
there is an inverse association between post-PCI FFR and the 
restenosis rate [69, 70]. After successful PCI, no significant 
gradient should be present across the stent [71], and values 
>0.90 [69] and >0.95 [72] have been associated with lower 
event rates in the follow-up. In a large multicenter registry, 
evaluating FFR after stenting, a residual gradient (FFR <0.90) 
was present in nearly 1/3 of the patients and was associated 
with a significantly higher event rate in the follow-up. This 
might be due to the presence of diffuse disease and higher 
atherosclerotic burden rather than the stent itself and is in 
line with more recent evidence from coronary CT angiogra-
phy that diffuses disease, and higher atherosclerotic burden 
has important prognostic implications [73, 74]. The type of 
implanted stent may have an impact on the consequent FFR 
measurement. In a small study comparing FFR values in a 
sirolimus-eluting stent (SES) and a BMS, FFR immediately 
after stenting was the same (0.88 vs. 0.9, respectively; p = 0.55) 
but different at 6-month follow-up, favoring the SES (0.91 vs. 
0.83, p = 0.027) [71]. In the presence of in-stent restenosis 
(ISR), FFR does not have conclusive data on hard endpoints. 
However, in this context, angiographic quantification seems 
to be even less reliable in estimating functional significance 
given a relatively poor correlation with FFR [75, 76]. Angio- 
guided PCI in ISR thus has the potential to lead to an inap-
propriate decision in a significant proportion of patients [77]. 
An FFR value of 0.75 in the ISR context has shown an agree-
ment of 88 % with stress perfusion myocardial scintigraphy 
to detect functional significance in a 42-patient sample with 
a single ISR lesion of intermediate angiographic significance 
(40–70 % diameter stenosis) [78]. From available data, trans-
lation of FFR-guided PCI in ISR into better clinical outcomes 
has not been formally proven, but may be expected.
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15.7  CABG

FFR has been evaluated in the context of coronary artery 
bypass graft surgery (CABG). In planning the procedure, FFR 
can help on the correct identification of the number of ves-
sels/lesions with functional stenosis, and therefore it is 
expected to be associated with a lower number of grafts and 
higher patency in the follow-up. It has been prospectively 
demonstrated that failure of grafts implanted on coronaries 
with no flow-limiting stenosis (FFR >0.8, blinded to the sur-
geon) can be up to three times higher than in those with FFR 
<0.8 in the first year after surgical revascularization [39]. In 
another study, angiography-guided and FFR-guided CABG 
were compared in a single-center retrospective analysis [79]. 
At 3 years the rate of MACE was similar between the groups. 
However, the FFR guidance was associated with lower num-
bers of grafts used, higher rate of off-pump surgery, higher 
rate of venous graft patency, and less angina. In order to pro-
spectively confirm these findings, the ongoing GRAFFITI 
trial [NCT01810224] is currently randomizing patients with 
MVD already committed to surgical revascularization (based 
on LM/LAD anatomy) to one of the two alternative strategies 
of revascularization for the remaining vessels. In the FFR arm, 
only coronaries with FFR <0.8 will be grafted. In the angiogra-
phy arm, all lesions >70 % will be grafted. The primary end-
point is graft patency at 12 months. FFR may also be used to 

evaluate hemodynamic significance of bypass graft stenosis. 
In a small study including patients with lesions in saphenous 
vein grafts, there was a reasonable specificity and negative 
predictive value as compared to myocardial perfusion imag-
ing, although further research is needed in this field [80].

15.8  Valve Disease

About 20–50 % patients with severe valvular heart disease 
have concomitant coronary artery disease (CAD) [81]. 
European and American guidelines recommend myocardial 
revascularization at the time of valvular surgery when a steno-
sis >50 % is present in a major epicardial artery. In contrast to 
other groups of patients with stable coronary artery disease, 
demonstration of functional significance of such lesions is not 
currently endorsed in this context. Evidence supporting 
revascularization in this context is fragile and mostly based in 
observational studies suggesting a negative impact of non-
revascularized CAD in postoperative outcomes [19, 82].

Generally, provocative ischemia test is considered unsafe in 
the setting of severe symptomatic VHD, particularly for aortic 
stenosis (AS) [82]. However, the use of intravenous adenosine 
to induce maximal hyperemia has been shown to be safe and 
accurate in patients with AS in the context of noninvasive 
assessment [83] (. Fig. 15.7). Similarly, anecdotal reports of 

       . Fig. 15.7 A 79-year-old female patient with severe aortic stenosis and 
angiographically significant stenosis in mid-LAD (panel Ia) and LCX (panel 
Ib) considered for TAVI procedure. Only the LAD lesion was shown to be 
hemodynamically significant under IV adenosine administration. After 
successful LAD stenting, the hyperemic flow increased from 0.7 to 0.81. 

The same FFR value was obtained in disease-free D1 suggesting residual 
diffuse myocardial ischemia possibly related to supply/demand imbalance 
in the context of severe valvular disease. D1 first diagonal, FFR fractional 
flow reserve, LAD left anterior descendent artery, LCX left circumflex artery, 
TAVI transaortic valve implantation
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invasive physiologic assessment of CAD using FFR in patients 
with severe AS have been described to be safe and have been 
effectively applied to guide percutaneous revascularizations 
before transaortic valve implantation [84, 85]. It is plausible that 
not all patients and not all vessels with anatomically significant 
stenosis require revascularization during  valvular surgery. To 
date all major studies showing benefits of FFR-guided revascu-
larization in comparison to angiography-guided revasculariza-
tion have excluded patients with significant VHD.  Thus, the 
validity of these pressure- derived physiological surrogates of 
myocardial ischemia requires further investigation before its 
routine use can be recommended to guide percutaneous or sur-
gical revascularization in patients with significant VHD.

15.9  Conclusion

FFR is a useful tool in a wide range of clinical scenarios for 
the evaluation of the severity of coronary stenosis. It is 
important to bear in mind that the utility of FFR is situation 
dependent with each clinical scenario having its own benefits 
and limitations that have to be considered when applying the 
results of FFR evaluation.
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Initial landmark studies on coronary physiology presented 
the theory of coronary wave intensity analysis [1] and intro-
duced the concept of instantaneous wave-free ratio (iFR) as 
an index of coronary stenosis severity [2]. Whilst these ear-
lier studies set the physiological foundations for iFR and 
demonstrated its close relationship with fractional flow 
reserve (FFR), they were limited in their ability to directly 
reflect the performance of iFR in clinical practice, as their 
samples were not selected solely from patients undergoing 
FFR measurement in clinical practice [3]. For instance, 
ADVISE evaluated iFR’s performance across a broad range of 
coronary stenosis severities, which included tight and mild 
coronary lesions, in the same line as pioneering studies of 
FFR [4] and other perfusion modalities [5]. However, in 
everyday practice, and in agreement with clinical practice 
guideline recommendations [6], functional intracoronary 
assessment of stenosis severity is predominantly used to 
interrogate intermediate stenoses of unclear severity. It was 
likely that these different strategies of lesion selection could 
influence the agreement between iFR and FFR on classifying 
coronary stenoses. Therefore, the next step in the validation 
of iFR as a clinically applicable index was to study its perfor-
mance against FFR in clinical registries. In this chapter, we 
aim to demonstrate the importance of clinical registries on 
the initial validation of iFR and explain how they more 

closely reflect the true clinical performance of an index when 
directly applied to patients. Finally, we present the initially 
proposed approach to use iFR and FFR in a hybrid diagnostic 
pathway, a concept derived from combined clinical registries.

16.1  Diagnostic Performance and Disease 
Severity: The Importance of Clinical 
Samples

The diagnostic accuracy of a test is largely dependent on the 
distribution of disease severity in the underlying sample being 
studied [3]. . Figure 16.1 demonstrates why accuracy is high 
at the extremes but falls close to intermediate values of disease 
severity. In the case of iFR and coronary disease, studies that 
include more severe stenoses in their samples are bound to 
present higher values of diagnostic accuracy against FFR – or 
indeed any other reference gold standard. This was the case 
for ADVISE, a study formed by a wide range of stenosis sever-
ities and which reported an agreement between iFR and FFR 
of 88 % with an AUROC curve of 93 % [2]. Therefore, follow-
ing ADVISE, it was essential for the relationship between iFR 
and FFR to be tested in clinical registries, studies which are 
formed by patients solely selected by clinicians and which 
reflect the daily applicability of physiology in clinical practice.
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       . Fig. 16.1 Schematic rep-
resentation of the relationship 
between disease severity in a 
study sample (x axis) and the 
accuracy of a diagnostic method 
being evaluated (y axis). This is a 
universal principle also applica-
ble to the validation of iFR. Study 
samples made of intermediate 
forms of disease severity such 
as clinical registries will result in 
lower values of overall accuracy 
than pilot studies which include 
a wider range of disease severity
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16.2  The Concept of Physiologically 
Intermediate Stenoses

Different from early validation studies, which include ste-
noses with a wide range of FFR values, clinical registries 
are formed by samples of intermediate physiological 
severity, with lesions clustering around the FFR cut-off of 
0.80 (. Fig. 16.2). For instance, 72 % of lesions in the 
ADVISE in practice study [7] had FFR values between 
0.70 and 0.90 with only 1 % being lower than 0.50. This 
phenomenon was originally observed in the ADVISE 
Registry and subsequently described in the ADVISE II [8] 
and other independent clinical registries [9, 10]. The find-
ing that registries are formed predominantly by stenoses 
close to the ischaemic cut-off, with less extreme disease, 
not only has implications to the diagnostic accuracy of 
new indices being evaluated but also demonstrates that 
clinicians, when selecting anatomically intermediate 
lesions to interrogate with physiology, are relatively accu-
rate at identifying those which are physiologically inter-
mediate.

16.3  Lesion Distribution and the Agreement 
Between iFR and FFR

The first clinical registry published on iFR, the ADVISE 
Registry, reported a classification agreement between iFR 
and FFR of 80 % with an AUROC curve of 86 % [3]. These 
slightly lower values of accuracy than originally reported 

in ADVISE do not reflect any worsening in the numerical 
relationship between the indices. Indeed, the standard 
error of the estimate (SEE) between iFR and FFR in 
ADVISE Registry was slightly lower than in ADVISE (0.06 
versus 0.09), reflecting a closer overall numerical agree-
ment between the indices. The lower values of agreement 
(80 % versus 88 %) solely reflected the differences in sam-
ple distribution between the studies. For instance, whilst 
41 % of the patients in ADVISE had FFR values < 0.7, in 
ADVISE Registry most FFR values (81 %) fell between 0.60 
and 0.90, a pattern found in data from the three participat-
ing institutions (. Fig. 16.2) and in other published clinical 
registries [8].

Following the publication of ADVISE Registry, many 
other independent studies have been published describing 
the relationship between iFR and FFR in clinical samples 
[7, 9–11]. . Table 16.1 summarises the findings of all clini-
cal registries published to date and demonstrates the con-
sistency of reported diagnostic agreement across all studies, 
independently from sample size or study location. Amongst 
these studies, three are particularly relevant as they brought 
new insights into the utilisation of iFR in clinical practice. 
Firstly, the ADVISE in practice was the first to report the 
performance of live iFR, with values obtained from clinical 
consoles and reported by operators from catheter laborato-
ries around Europe, Africa and Asia. Its results, therefore, 
demonstrated the feasibility of iFR utilisation by the clini-
cal community and confirmed the applicability of earlier 
offline core lab reports to clinical practice. Secondly, an 
Italian registry presented by Fede et al. demonstrated very 
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high reproducibility for three sequential measurements of 
iFR from clinical consoles [10]. Finally, Indolfi et  al. 
independently demonstrated the potential for iFR utilisa-
tion in non-culprit lesions of patients presenting with acute 
coronary syndrome [11].

16.4  Reproducibility of FFR Stenosis 
Classification Is Also Affected by Study 
Sample

Initial iFR validation studies, including clinical registries, 
used FFR as a reference ischaemic modality. Therefore, it 
was equally important to explore the limitations of the gold 
standard and understand how frequently FFR disagrees 
with itself in repeated measurements. The ADVISE Registry 
demonstrated that, similar to the relationship between iFR 
and FFR, FFR reproducibility of lesion classification also 
falls close to the 0.80 cut-off (. Fig. 16.3) [3]. As a result, 
FFR intrinsic agreement – when FFR is measured 10 min 
apart in the same lesion – is also dependent on the under-
lying sample distribution, with clinical populations of 
physiologically intermediate stenoses showing lower val-
ues than studies with wider lesion distribution [12]. For 
instance, it can be estimated that, in clinical registries, in 
15 % of cases in which FFR is measured twice, 10 min apart, 
there will be disagreement between the first and the second 
measurement, with respect to being below or above the 
0.80 cut-off. This intrinsic FFR accuracy of 85 % is relevant 
because it represents a ceiling against which other modali-
ties cannot improve upon in lesion classification when 
tested against FFR.

16.5  Clinical Registries and Optimal iFR 
Cut-Off

Another important step in iFR validation derived from clini-
cal registries was the establishment of its optimal cutpoint to 
match a clinical FFR cut-off of 0.80. The ADVISE study, as a 
pilot physiological study, reported an optimal iFR cut-off of 
0.83 to match an FFR value of 0.80 [2]. However, as we dis-
cussed before, ADVISE was underpowered in the physiolog-
ically intermediate range of FFR values, precisely the region 
which influences AUROC-derived cut-offs. All subsequent 
studies on iFR performed in clinical samples reported an 
optimal iFR cut-off of 0.89–0.90 (. Table 16.1), a finding 
later prospectively validated in the ADVISE II study [8].

16.6  The Hybrid iFR-FFR Approach 
to Decision-Making

Clinical registries which directly compared the classification 
of intermediate coronary stenoses by iFR and FFR revealed a 
consistent pattern of agreement between the two methods: 
outside of the intermediate range of iFR and FFR values 
agreement is very high (>90 %), whilst disagreements are 
concentrated in the zone near their cut-offs [3]. This pattern 
of high classification agreement between iFR and FFR out-
side of the intermediate zone provided the opportunity for 
the introduction into clinical practice of a staged, hybrid iFR- 
FFR decision-making strategy, in which only patients within 
a certain range of intermediate iFR values would require FFR 
measurement. In a combined analysis of the ADVISE 
 Registry and a South Korean registry, the hybrid iFR-FFR 
strategy was compared with an FFR-only strategy, in which 
all patients would undergo FFR measurements [13]. About 
519 stenoses were included in the original study, with results 
summarised in . Fig. 16.4: if an iFR value is >0.93, it can be 
used to defer treatment, and an iFR value of <0.86 can be 
used to confirm the need for revascularisation. Values in 
between 0.86 and 0.93 would require FFR measurement for 
revascularisation decision. With such approach, 57 % of 
stenoses would be spared from vasodilator administration 
with a 95 % classification agreement with an FFR-to-all strat-
egy. This strategy permitted the benefits of both techniques 
to be immediately applied to patients: the safety and prog-
nostic implications of a high agreement with FFR classifica-
tion of lesions (95 %) and a significant reduction (57 %) in the 
need for vasodilator administration. In practice, it meant that 
soon after the introduction of iFR into clinical practice, a 
three-vessel physiological assessment could be performed 
with adenosine only being given to one interrogation. The 
ADVISE II study later prospectively validated the hybrid 
iFR-FFR approach in a larger, multicentre study including 
centres in the USA (see below). The hybrid approach has 
since been applied clinically in man centres around Europe, 
Asia and Africa, a strategy likely to become established until 
outcome data for iFR is available.

       . Table 16.1 List of iFR clinical registries published to date

Study
Author, 
year Size (N)

Reported 
iFR-FFR 
agreement (%)

Optimal 
iFR 
cut-off

ADVISE 
Registry

Petraco, 
2012

339 80 0.89

South 
Korean 
Registry

Park, 
2013

238 82 0.90

ADVISE in 
practice

Petraco, 
2014

392 80 0.90

Italian 
Registry I

Indolfi, 
2015

123 80 0.89

Italian 
Registry II

Fede, 
2015

89 85 0.89

German 
Registry

Harle, 
2015

151 83 0.90

ADVISE II Escaned, 
2015

690 83 0.89
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       . Fig. 16.3 The reproduc-
ibility scatter plot from the 
DEFER study (top panel, two FFR 
measurements, 10 min apart) is 
presented together with the clas-
sification agreement between 
repeated FFR measurements 
(bottom panel). Agreement 
between repeated FFR measure-
ments falls in the intermediate 
range of FFR values (close to 0.80 
cut-off ). In populations such 
as found in clinical registries, 
formed predominantly by inter-
mediate stenoses, FFR reproduc-
ibility in lesion classification is 
approximately 85 %

16.7  The Limitation of iFR Clinical 
Registries: FFR as a Gold Standard 
for Ischaemia

Clinical registries were an essential step in the validation of 
iFR as a novel index of disease severity as they evaluated the 
relationship between iFR and FFR in clinical practice. 
However, all iFR registries shared a common fundamental 
limitation, which is the utilisation of FFR as a reference gold 
standard. Although over the last 20 years FFR has been estab-
lished as the most widely used methodology for invasive 
lesion interrogation in clinical practice, its utilisation as a 
true biological reference for ischaemia could be challenged 
[14, 15]. For instance, contemporary metro-analysis of FFR 
performance in clinical practice reported an overall agree-
ment between FFR and other perfusion modalities to 76 % 
[16], similar to the overall 80–90 % performance of 
iFR.  Indeed, subsequent steps in iFR validation have since 
determined that despite its overall 10–20 % disagreement 

with FFR in lesion classification, it has equal ability to detect 
ischaemia [17] and flow limitation [18, 19] when other per-
fusion modalities are used as differentiators.

16.8  ADVISE II: Prospective Validation 
of the Hybrid iFR-FFR Approach 
in Clinical Practice

The first studies that reported the initial performance of iFR in 
clinical samples were all retrospective analysis of previously col-
lected data, originally used for clinical decision- making. This 
methodology represents one of the strengths of clinical regis-
tries with respect to the meaningfulness of their results to clini-
cal practice. However, the lack of prospective protocols for data 
collection and, most importantly, the absence of a core lab for 
data analysis were inevitable limitations of such studies. Also, 
most initially reported iFR registry studies were single-centre 
experiences from outside the USA (mostly Europe, Asia and 
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Africa). Finally, the initially proposed hybrid iFR-FFR strategy 
was also a retrospective analysis of two independent cohorts.

The ADVISE II study was an investigator-led, multicentre 
study with an independent core lab, designed to overcome all 
of the above limitations [8]. It aimed to corroborate the results 
of previously reported registries and, most importantly, pro-
vide a prospective validation of the hybrid iFR-FFR strategy. 
ADVISE II differed from previous landmark FFR studies as it 
recruited only patients undergoing physiological interroga-
tion of stenosis based on clinical grounds, hence providing a 
clinical distribution of disease severity. ADVISE II results con-
firmed all previous retrospective reports, by demonstrating, 
across 45 centres and in 690 lesions, an overall 83 % agreement 
between iFR and FFR using a prespecified iFR cut-off of 0.89. 
Also, it prospectively confirmed the findings of the initial ret-
rospective hybrid analysis, showing that 69 % of stenoses could 
be interrogated without vasodilator, whilst maintaining a high 
94 % agreement with FFR. Importantly, ADVISE II presented 
its FFR data distribution and confirmed its role as the first pro-
spective physiological study performed with a clinical distri-
bution of ischemia, making its results immediately applicable 
to clinical practice. ADVISE II results led to iFR being 
approved by FDA in a hybrid strategy with FFR.

16.9  Chapter Summary: Lessons from iFR 
Clinical Registries

• Study samples can significantly affect the diagnostic accu-
racy of new indices (. Fig. 16.1);

• Clinical iFR registries are formed predominantly by 
physiologically intermediate lesions, clustered around the 
FFR cut-off of 0.80 (. Fig. 16.2);

• Reproducibility of FFR in lesion classification is also 
affected by disease distribution of the underlying sample, 
being approximately 85 % in clinical registries (. Fig. 16.3);

• Agreement between iFR and FFR in clinical samples 
ranges from 80 to 85 % (. Table 16.1);

• The optimal iFR cut-off to match an FFR of 0.80 is 0.89 
(. Table 16.1);

• The hybrid iFR-FFR strategy can spare 57–69 % of steno-
ses from the need for vasodilator whilst maintaining a 
94–95 % agreement with FFR (. Fig. 16.4);

• The ADVISE II study prospectively validated across 45 
centres the results of previous clinical registries and con-
firmed the applicability of iFR in clinical practice;
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17.1  Introduction

The instantaneous wave-free ratio (iFR) is a clinical tool that 
uses a pressure wire to guide whether a stenosis in a coronary 
artery is sufficiently severe to benefit from stenting.

iFR is a resting pressure-only index of stenosis severity 
which measures coronary pressures during a specific part 
of diastole, known as the wave-free period [1]. During this 
period, the flow in a coronary vessel is at its highest and 
resistance the lowest, relative to other parts of the cycle 
during rest (. Fig. 17.1) [2]. In studies of physiologically 
important stenoses, the flow over the wave-free period is 
statistically not different from flow measured during ade-
nosine-mediated hyperemia [2]. Similarly, the trans-
lesional pressure gradient is the largest at rest over the 
wave-free period, and pressure-flow curves generated from 
large datasets while resting flow is relatively preserved 
across stenosis severities, can readily distinguish between 
stenosis severities [3].

The nature of iFR is that it quantifies the impact of a ste-
nosis upon the coronary microcirculation [3]. Important 
coronary stenoses cause natural resting microcirculatory 
dilatation, causing a reduction in microvascular resistance. 
This preserves resting coronary flow to maintain homeosta-
sis, but it occurs at the expense of distal coronary pressure. 
The reduction in transtenotic gradient over the wave-free 
period is directly related to the physiological importance of 
the stenosis. These findings are true in both focal and diffuse 
stenoses, as well tandem disease [3]. The relative preserva-
tion of resting flow within a vessel means that pressure gra-
dients measured at specific points in the vessel are valid for 
the stenoses proximal to measurement point. This enables 
interesting clinical applications when the iFR is measured 
using a pressure pullback and measured after coronary 
intervention [4–6].

This chapter discusses iFR and its determination, practi-
cal considerations when making a pressure wire assessment, 
and its applications in common clinical scenarios.

17.2  Clinical Measurement of iFR

17.2.1  Calculation of iFR

iFR is a pressure-only index that is measured during the 
wave-free period in diastole. The wave-free period was deter-
mined using wave-intensity analysis [1], and is a period 
where the conflicting forces the control blood flow are quies-
cent, and microcirculatory resistance is at its lowest value 
compared to the whole cardiac cycle at rest. Since resistance 
is stable, pressure and flow are linearly related over the wave- 
free period, enabling a resting pressure index to assess steno-
sis severity without the need of an exogenous vasodilator 
(. Fig. 17.1).

iFR is calculated in the same manner as other pressure- 
only- based pressure wire techniques. Once the pressure sen-
sor beyond the stenosis is in question, iFR can be calculated 
over a single heartbeat calculation or more typically as aver-
age of several beats. Activating the iFR calculation on the 
console will trigger the algorithm to make a measurement 
over several heartbeats – when the calculation is consistently 
stable, the value is reported: this is typically over five heart-
beats (. Fig. 17.2).

17.2.2  Dealing with Variable Heart Rhythms

Algorithms within the commercial consoles are capable of 
excluding inappropriate beats with a wide variability. When 
significant variability is detected on a beat-to-beat basis, the 
console will typically measure over more heartbeats to pro-
vide a more reliable average iFR value. The algorithm relies 
upon both pressure and ECG gating to ensure the correct 
time period in diastole is isolated. This means that iFR is not 
affected by beat-to-beat variability or atrial arrhythmias. 
Measurements are accurate within heart rates typical for 
 performing physiological assessment (40–130  bpm). 
Physiological assessment at heart rates beyond these values is 
unlikely to be helpful  – patients with such bradycardia or 
tachycardias will have other clinical priorities that require 
treatment first.

ECG monitoring has been recommended to correctly 
elucidate the diastolic wave-free period; the console systems 
should be linked to the hemodynamic system using the cath-
eter laboratory. New advances mean that newer pressure- 
only algorithms can accurately measure iFR without ECG 
connection and this will further simplify the setup required. 
This may be of value when patients are found to have unreli-
able ECG recordings or if the catheter lab in question is 
unable to output ECG data to the pressure wire console.

17.2.3  Performing an iFR Pullback

iFR can be plotted throughout the vessel during gentle pres-
sure wire pullback to identify focal and diffuse disease 
throughout the vessel (. Fig. 17.3). The degree of informa-
tion observed will depend partly upon the speed of pullback; 
about 20–30 s typically suffices. Since this information is 
acquired at rest, the degree of flow interaction that can occur 
between multiple stenoses during hyperemia is minimized. 
This provides an additional advantage of an iFR pullback 
approach, since it becomes possible to predict the hemody-
namic effect of removing a stenosis. The residual resting gra-
dients typically remain the same after coronary intervention 
since resting flow velocity changes little. This novel additional 
information may facilitate a more physiologically guided 
coronary intervention than hitherto possible.

Application of iFR in Clinical Scenarios
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       . Fig. 17.2 Example of iFR. 
Example of iFR calculation. The 
ratio of pressures over the wave-
free period (shown in green) are 
averaged over five beats. A value 
of <0.90 suggests the presence of 
ischemia. Note an ECG is attached 
and used to gate the detection of 
the wave-free period. The quality 
of the ECG should be checked
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       . Fig. 17.3 Example of iFR 
pullback. The operator should 
observe the line while watching 
the wire position on fluoroscopy. 
A novel innovation is the inclu-
sion of a dotted raw iFR line, and 
the sold line which never falls 
back below the last calculated iFR 
value. A great deal of information 
can be observed on the solid 
blue line compared to the raw 
pressure trace it is acquired from 
(lower panel)
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17.2.4  Using iFR During Adenosine 
Infusions

It is also possible to measure iFR during the administration 
of a vasodilator such as adenosine (referred to as iFRa). This 
will consistently produce lower iFR values, and in the IDEAL 
study, 87 % of iFRa values were lower than the FFR in the 
same vessel. However, there is no additional diagnostic 
advantage with similar diagnostic accuracies between iFR 
and FFR when compared against a third-party gold stand 
such as hyperemic stenosis resistance [2].

17.3  Practical Considerations of Pressure 
Wire Measurement

17.3.1  Aortic Pressure Measurement

It is typical to measure aortic pressure (Pa) continuously 
throughout intracoronary procedures utilizing the fluid- filled 
hollow guide catheters. Pressure is transmitted through the col-
umn of fluid from the tip of the guiding catheter through a con-
necting tube to a pressure transducer integrated into the catheter 
laboratory hemodynamic system. The height of transducer sys-
tem was adjusted according to the patient size and position on 
the catheter table, typically 5 cm below the sternum and then 
fixed for each case. This position estimates the location of the 
aortic root (. Fig. 17.4). The transducer system and the console 
were simultaneously zeroed by opening the ports to air at the 
beginning of every case and during the case when adjustments 
to patient position or a new pressure wire were required. All the 
tubing and manifold system was flushed and kept clear of any 
bubbles that may interfere with pressure tracings.

17.3.2  Challenges in Optimizing Pressure 
Recordings

 1. Transducer height: Transducer height should be placed at 
the level of the aortic root, since when it is above the 
heart, the aortic pressure trace will be below that of the 
coronary pressure trace (. Fig. 17.4). This error is com-
monly and easily recognized. If, however, the transducer 
is below the heart, then the aortic pressure trace is above 
the distal coronary pressure to give the appearance of an 
apparent transtenotic pressure gradient. This is more 
challenging to recognize and if missed can lead to errone-
ously positive results. However, it is readily resolved by 
performing normalization at the beginning of the case 
and checking for equalization of pressures whenever the 
sensor is returned to the vessel ostium.

 2. Pressure signal drift: Iterations of pressure wire technology 
have reduced pressure wire drift, but it remains a recognized 
issue that must be actively sought. This can be identified at 
the end of the distal pressure recording when the sensor is 
returned to the ostium. Provided there is no drift, the Pd/Pa 
ratio should remain at 1.0. If the value differs from 1.0, then 
drift has occurred – a result of electrical charge developing 
on the pressure sensor. Drift may also be identified when the 
wire is distal to a stenosis since the pressure waveform may 
take on the appearance of the aortic trace. Measurements 
should be repeated if drift exceeds 2  mmHg. Drift is a 
dynamic problem as a result of electrical phenomenon and 
is more likely if the wire is used rapidly after activation. To 
prospectively counter this, early activation of the wire with a 
heparinized saline flush is recommended. Allowing a longer 
period of inactivity between activation and clinical usage 
should minimize early wire drift.

       . Fig. 17.4 Transducer height. 
Position the transducer height at 
the level of the heart. When the 
transducer is above the heart, 
the Pa pressure trace is artificially 
lower. If it is below the heart, the 
Pa trace is higher and can give 
the impression of a transtenotic 
gradient

Transducer higher
Pa= lower

Transducer lower
Pa= higher

CorrectHeart
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 3. Guide catheter damping: All guiding catheters will pro-
duce a degree of ostial stenosis for the vessel. This is par-
ticularly problematic for 8Fr and 7Fr catheters and may be 
observed as damping of the aortic pressure signal with loss 
of the dicrotic notch (. Fig. 17.5). 5Fr and 6Fr catheters are 
less likely to cause significant damping, but if it occurs, the 
wire should be normalized in the aortic root, and then the 
catheter should be disengaged once the wire is passed dis-
tal to the stenosis. Caution is also required during intrave-
nous adenosine infusion since the increase in intracoronary 
flow and altered aortic hemodynamics mean that the guid-
ing catheter can be drawn into the vessel: this will cause 
damping with a reduction of flow and underestimation of 
distal stenosis significance. Catheters with side holes 
should be avoided since although they appear to generate a 
normal aortic pressure waveform, the catheter pressure is 
not truly representative of aortic pressure.

 4. Whipping artifact: Whipping may be observed if the pres-
sure sensor is against the vessel wall or is repeatedly striking 
it. This can be overcome by withdrawing the wire slightly.

 5. Erroneous console determination of indices: It is com-
mon for pressure wire consoles to compute FFR values 
when the pressure ratio is at its lowest. However, FFR 
should be calculated when there is stable hyperemia, and 
this may not be the lowest ratio. This issue is accentuated 
when using intracoronary adenosine injections where 

recording or calculation during the injection phase can 
give an artifactual aortic pressure trace and therefore an 
erroneous FFR value. Manual adjustment of the recorded 
ratio will resolve this. During iFR recording, ectopy or 
erroneous ECG tracings may affect iFR calculation. 
Errors can be identified by assessing when the wave-free 
period has been calculated and making a repeat measure.

17.3.3  Practical Tips and Best Practice 
Considerations for iFR Measurement

When performing resting physiological assessment, a rigor-
ous standardized approach is necessary.

Physiological assessment requires the use of adequately 
sized guiding catheters to engage the vessel of interest. Six 
French catheters are suitable although some prefer to utilize 
five French guiding catheters, in particular when using a radial 
approach. Caution is required to ensure there is no damping of 
the pressure signal after engagement, since this will compro-
mise all measurements. Catheters with side holes should be 
avoided; although the side hole can improve the appearance of 
the pressure trace, there remains a relative ostial obstruction 
such that the pressure trace on the screen does not represent 
the true proximal pressure. In the event of pressure damping 
or the presence of important ostial disease, it is appropriate to 
perform measurements with the guiding catheter disengaged. 
This, however, obviates the possibility of using intracoronary 
vasodilators or injectants for thermodilution.

In general, experts and local practice suggests that guid-
ing catheters are used in preference over diagnostic catheters. 
One practical reason is for the management of wire-related 
complications. Although infrequent, wire-related complica-
tions such as wire-related coronary dissection or vessel 
occlusion can occur at the rate of 0.5–1.0 % [7]. These events 
would be more rapidly treated if a guiding catheter was uti-
lized rather than a diagnostic catheter.

An essential step is to administer intracoronary nitrates. 
Nitrates are required for all physiological assessments in 
order to stabilize epicardial resistance. This will counter the 
impact wire-induced coronary vasospasm that occurs 
whenever any wire is introduced into the vessel. Doses vary, 
but typically 300  mcg to 1  mg according to the systemic 
pressure should be administered as soon as the guiding 
catheter is engaged and before the pressure wire is passed 
into the vessel. If time has elapsed between the last adminis-
tration and a recording, it is recommended to readminister 
nitrate doses. Nitrates do not cause significant or long-lived 
hyperemia. Shortly after injection, it will be noted that 
translational gradients will increase because there is a tem-
porary increase in flow; however, the flow returns to base-
line state within 30 s. To mitigate against confusion this may 
cause, it is best practice to administer the nitrate before the 
pressure wire is passed.

Damped trace Damped trace

1.  Dicrotic notch lost 3.  Dicrotic notch
2.  Ventricular
morphology

4.  Normal diastolic
pressure trace

       . Fig. 17.5 Damping of pressure traces. Two traces are compared. 
On the left, a damped trace due to deep engagement of the guiding 
catheter. The dicrotic notch is lost and the aortic pressure takes on a 
ventricular morphology rather than an aortic morphology. On the right, 
the guiding catheter has been withdrawn slightly causing the dicrotic 
notch to return and a normal decline in aortic pressure over diastole
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“Normalization” of the pressure wire at the vessel ostium 

is an essential that should never be omitted (. Fig. 17.6). This 
ensures that intracoronary pressure measurements are made 
in comparison to the aortic pressure. Furthermore, it gives the 
operator a further chance to review the aortic pressure traces 
and ensure they are not damped in appearance. Knowledge of 
the waveform is essential, and in general, an anacrotic and 
dicrotic notch should be present. In the majority of cases, the 
guiding catheter will not damp the pressure trace, and the 
normalization can be performed with the pressure sensor 
placed at the ostium of the vessel. Good practice includes 
fluoroscopic documentation of the wire position during nor-
malization. Normalization should be performed with the 
introducer needle removed, since this can create an offset of 
1–2 mmHg which may be important for borderline stenoses. 
Active normalization will not only ensure the pressure ratios 
are 1.0 but also ensure there is no time delay between proxi-

mal and distal pressure tracings. This is pertinent for phasic 
pressure analysis such as iFR, since time offsets will generate 
incorrect calculation. iFR-based systems utilize a prospective 
normalization technology to ensure accurate normalization. 
Should the traces not be aligned, or remain out of phase, nor-
malization should be repeated until the errors are removed.

When ostial stenoses are present and/or there is damp-
ing of the pressure trace, it is appropriate to normalize the 
pressure wire in the aorta. The guiding catheter should 
remain disengaged and the pressure wire advanced until the 
sensor is within the aorta. Once normalized, the wire can be 
withdrawn, and the guiding catheter can be engaged in the 
normal manner. Once the pressure wire is located in the 
correct distal location, the guiding catheter should be disen-
gaged again to remove the decamping effect.

Pressure wires should be placed with the sensor at least 2 
vessel diameters from the lesion in question; this may be 
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       . Fig. 17.6 Normalization of pressure wire. a The pressure wire sensor 
should be normalized at the ostium of the vessel. The sensor is placed 
at the junction between the radio-opaque marker and the rest of wire 
(3 cm proximal to the end of the wire). b There was initial phase delay 
between proximal aortic pressure (Pa, red) and distal wire pressure 
(Pd, yellow); while the Pd/Pa ratio over the whole cycle is 1.0, during 

the wave-free period in diastole, the ratio is an erroneous 1.08 at the 
ostium. Therefore any measurements taken would be erroneous. c After 
activating the formal normalization process on the console, the distal 
pressure trace (Pd) is aligned with the aortic trace (Pa) in terms of both 
pressure values and also in phase throughout the cardiac cycle
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practical limitation in very distal lesions but remains neces-
sary as flow turbulence close to the stenosis can alter the 
pressures measured.

Finally, once the wire has been positioned in the location 
for measurement, there should be no further touching of the 
pressure wire. For optimal resting assessment, additional 
contrast injections should be avoided immediately before the 
measurement of iFR. For most, documenting wire position 
without contrast is sufficient. If there remains doubt and con-
trast injection becomes necessary, then it is recommended 
that 20 s is allowed to elapse to allow the impact of submaxi-
mal hyperemia to subside.

In the post-PCI state, either after ballooning or stenting, 
resting flow states have typically resumed by the time the bal-
loon is withdrawn or the catheters have been flushed. In 
practical terms, there is no delay in the time required to make 
a resting measurement.

Overall, an optimal physiological approach can be encap-
sulated by the “3Ns”: nitrates, normalize, and no touch.

17.3.4  Performing an Optimal Pressure Wire 
Pullback

Modern iFR consoles have the capacity to perform an iFR 
pullback. Pullback assessment can be particularly useful 
when multiple coronary stenoses are present or if there is 
additional diffuse disease that may modulate the likelihood 
of hemodynamic improvement after coronary intervention.

iFR and iFR pullback can be used to determine the resting 
pressure loss caused by each individual stenosis. The iFR value 
calculated at any given location in the vessel is the iFR value 

caused by all the stenoses proximal to the pressure sensor; 
unlike FFR, the iFR value is only trivially affected by the pres-
ence of more distal disease. If a stenosis can be removed per-
fectly, with minimal pressure loss across the treated segment, 
then it should be possible to predict the post-PCI iFR value. This 
could be done simply by placing the pressure sensor proximal to 
the stenosis in question: the value calculated there will be that 
which would be achieved if all the distal stenoses were removed.

This is further simplified if iFR is plotted continuously 
throughout the vessel during an iFR pullback. As the pres-
sure sensor crosses a stenosis, a step in pressure trace will be 
observed. Since the operator may not be intending to remove 
all stenoses distally, or that there may be diffuse disease dis-
tally, then the iFR post-PCI will not simply be the iFR value 
proximal to the stenosis. The iFR pullback trace can help sig-
nificantly. The stented segment would remove the pressure 
loss in the area of interest; the residual disease continues to 
cause the pressure loss.

The speed of wire movement will determine if the step 
change is very shallow or very steep. When a consistent pull-
back speed is utilized, steep steps tend to represent focal dis-
ease while more shallow changes represent diffuse disease. 
Even in focal disease, the pressure steps can be small or large; 
a single stenosis may in fact cause several different areas of 
pressure change. If the wire is moved too quickly through the 
stenosis, such granularity may be lost, but the important 
aspect of observing the step will remain true.

The iFR pullback trace is made up of two separate lines: 
(1) the dotted line which represents the raw iFR value at the 
given location and (2) the solid line which represents a pro-
cessed value that prevents the iFR pullback line from falling 
below what has already been plotted (. Fig. 17.7). In many 
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       . Fig. 17.7 iFR pullback in a vessel with multiple stenoses and subtle 
pressure recovery. In this LAD vessel, there is moderate in-stent restenosis 
of a previously placed proximal stent; there is further atheromatous 
disease in the mid-vessel and two more tandem lesions in a tortuous seg-
ment distally. Two areas of pressure recovery (dotted blue line dips below 

the solid blue line), marked with red arrows, are noted: they correspond 
to the atheroma marked in red on the angiogram. The steps marked in 
yellow and orange boxes correspond to the equivalently marked boxes on 
the angiogram: if pullback speed is not consistent, then additional care is 
required to mentally co-register the steps with angiographic appearances
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cases, both lines overlap and may not be visible. In some 
cases, it is possible to see that the dotted line falls significantly 
at the outlet of a stenosis before returning to the solid line. 
This is a fascinating demonstration of the pressure loss 
caused by turbulence of blood, which must accelerate to pass 
through a stenosis and the subsequent pressure recovery that 
is observed within a few millimeters of the stenosis outlet. No 
previous pressure wire technologies have had sufficient fidel-
ity to demonstrate these known physiological concepts in 
routine clinical practice.

17.3.5  Practical Tips and Tricks 
of Performing the iFR Pullback

When performing an iFR pullback assessment, a short period 
of time should be allowed from the moment the pullback is 
activated to when the pullback is started. This will enable a 
steady line for pullback to be displayed on the console.

Effort should be made to ensure the Y connector is closed; 
the wire can normally be withdrawn without opening the 
O-ring. The wire should be withdrawn at a steady pace while 
observing the position of the pressure sensor on angiogra-
phy. When pressure steps are noted on the pullback trace, 
fluoroscopy should be stored to help identify the location of 
pressure changes. This will aid the interpretation of small or 
steep changes in pressure and help the operator co-localize 
the pressure changes with angiographic appearances.

The pressure sensor should be moved to the ostium of the 
vessel as part of the pullback. This means that any drift can be 
identified. The pullback systems automatically reformat the 
pressure trace for small degrees of pressure wire drift, which 
assists in interpreting the data collected.

17.3.6  Co-registration of iFR Pullback 
with Angiographic Data

With the advent of advanced computational systems, it is now 
feasible for the pressure wire tip to be tracked during continu-
ous fluoroscopy. This would facilitate co-registration between 
pressure changes and angiographic disease and enable opera-
tors to move the wire freely. At present, detailed co-registra-
tion requires a careful approach of using a motorized pullback 
device to move the wire at a fixed speed. Using continuous 
tracking of the wire position removes this need and provides 
confidence for physicians in identifying stenoses causing the 
pressure loss. As systems advance, such co- registered 
approaches enable advanced planning of coronary interven-
tion: stenoses of interest can be removed from the pressure 
trace using “virtual-PCI”: the iFR pullback can be recalculated 
after stenoses are selectively removed from the co-registered 
angiographic image. This can produce a predicted post-PCI 
iFR value, and operators can consider which stenting approach 
will achieve an optimal hemodynamic result while balancing 
risk of potentially complex coronary intervention.

17.4  Common Clinical Applications

Common clinical applications for iFR include assessment of 
stenosis significance in stable coronary artery disease and 
during acute coronary syndromes.

iFR can also be used to assess the success of coronary 
angioplasty and be used in the planning of coronary inter-
vention using iFR pullback approaches such as iFR-Scout.

iFR has attraction in simplifying stenosis assessment by 
removing the absolute need for a vasodilator. This likely 
reduces cost, time, and patient discomfort from vasodila-
tors. There are additional potential uses one example being 
cases where patients cannot be given a vasodilator, such as 
those with allergy, severe airways disease, or with conditions 
which cannot tolerate hypotension – including aortic steno-
sis. Multivessel assessment and physiologically planned cor-
onary intervention with assessment after intervention 
provide further potential scenarios.

17.4.1  Coronary Stenoses at Rest

The widest application of iFR is the assessment of coronary 
stenoses within native coronary arteries in patients with sta-
ble coronary disease.

To date, much of the validation work of iFR has been to 
compare the diagnostic classification of a stenosis (whether 
ischemic or nonischemic) according to iFR to other ischemic 
parameters. Much of this work has been in patients with sta-
ble coronary disease and by extension it remains the most 
applicable clinical setting for iFR to be applied.

In stable patients, iFR can be readily measured in any 
major epicardial artery to determine the hemodynamic sig-
nificance of a stenosis. The pressure wire can be passed past 
the stenosis in question and the iFR calculated after following 
the appropriate steps of wire preparation and application of 
intracoronary nitrates.

17.5  iFR in Clinical Trials

iFR has been compared to FFR most notably the ADVISE 
family of studies. The degree of classification match is strongly 
dependent upon the distribution of lesions included with clin-
ical cohorts demonstrating 80–88 % match. The limit of match 
is driven by the capacity for FFR to match itself when repeated. 
This varies according to the technique and analysis route cho-
sen but can be as much as 15 % change in classification match 
when FFR is close to its threshold. When compared to third-
party markers of ischemia, including HSR, CFR, SPECT, and 
PET imaging, iFR and FFR are equal in their capacity to detect 
ischemia. These assessments are perhaps the fairest assess-
ment of iFR, since while FFR is an accepted clinical standard, 
its capacity to detect ischemia was itself inferred by compari-
sons to noninvasive tests such as exercise testing and stress 
echocardiography in a relatively small dataset.
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Clinical outcome studies are underway in very large ran-
domized controlled trials: DEFINE-FLAIR and the iFR- 
SWEDEHEART studies will compare clinical outcomes 
when patients are undergoing revascularization based upon 
either iFR or FFR. At the time of writing, both studies have 
finished enrolment and are expected to report soon.

17.5.1  The iFR-FFR Hybrid Approach

While awaiting outcome data, a prudent application of iFR in 
the clinical setting is to apply the Hybrid iFR-FFR strategy 
[8]. The aim is to achieve a high diagnostic agreement with 
FFR, which has outcome data, while reducing the need to 
administer adenosine. iFR is measured in all patients; if the 
value found is within a narrow range, then adenosine is 
administered to calculate FFR.  Multiple different Hybrid 
iFR-FFR approaches are possible according to classification 
match sought: a match of 95 % requires adenosine if iFR val-
ues are between 0.86 and 0.93, sparing almost 60–70 % of 
patients’ adenosine [8].

External validity of the iFR-FFR hybrid approach has 
been provided by ADVISE-II and the ADVISE-In-Practice 
studies. ADVISE-II was a prospective global double-blind 
multicenter study of 690 truly intermediate stenoses (mean 
FFR 0.83 ± 0.11) [9]. Nearly 70 % of stenoses could avoid ade-
nosine using the Hybrid approach while maintaining 94 % 
overall classification match with an FFR-only approach.

ADVISE-in-practice was the first study to employ the 
commercially available iFR console [10]. In this interna-
tional, multicenter study of 392 stenoses in 313 patients, iFR 
had a high classification match with FFR (80 % using the FFR 
0.80 cut point; 88 % with ischemic threshold of 0.75 and 92 % 
if the FFR gray zone was accounted for) [10]. Using the 
Hybrid approach, 61 % of the patients could be spared from 
adenosine with a 94 % classification match with FFR [10].

The Hybrid approach has been adopted in routine clinical 
practice and is being used in SYNTAX-II (NCT 02015832) 
(European Cardiovascular Research Institute 2014) in which 
three-vessel disease on angiography will undergo revascular-
ization according to physiological findings on iFR-FFR 
assessment. Since physiological assessment can convert angi-
ographic three-vessel disease to lesser severities [7, 11], 
SYNTAX- II may show rapid assessment with iFR-FFR can 
assist in focusing revascularization to functionally important 
stenoses in cases otherwise treated surgically.

Clinicians experienced in using iFR are increasingly 
using it alone as a single physiological parameter, with a sin-
gle threshold of significance (an iFR <0.90 is treated with 
revascularization, while iFR ≥0.90 are deferred). These 
thresholds were determined against an FFR threshold of 
0.80  in the large and independent RESOLVE study which 
combined many different datasets [12]. The validity and 
safety of such approach is being assessed in two international 
studies, DEFINE-FLAIR (Imperial College London 2013) 
and the iFR-SWEDEHEART (Uppsala University 2014).

17.6  iFR in Acute Coronary Syndromes

17.6.1  Non-culprit Vessels in ACS

At present, iFR has very limited data in the setting of ACS, 
but it raises the interesting prospect of guiding intervention 
to non-culprit vessels. In the ACS setting, the microcircula-
tory bed may be less responsive to exogenous hyperemic 
agents which may lead to the underestimation of lesion 
severity. By removing the need for an exogenous hyperemic 
agent, then the variability of responsive to the agent is 
removed, and it may simplify assessment. The added value of 
non-culprit assessment at the time of ACS treatment is that 
patients with multivessel may be spared multiple procedures 
and therefore reduce costs and risks.

The FORECAST study is an independent study, using 
offline iFR calculation, which demonstrated it is feasible to 
make iFR measurements in non-culprit vessels in ACS 
[13]. In 123 stenoses in 82 patients with ACS and stable 
disease, an iFR threshold of 0.92 best matched an FFR of 
0.80 with a diagnostic concordance with FFR of 81.3 % 
[13]. No difference in diagnostic efficiency between ACS 
patients and those with stable disease was found and all 
apparent discrepancies were within the FFR 0.75–0.80 gray 
zone [13]. Furthermore, when using a Hybrid iFR-FFR 
approach, they found 68 % of patients would be spared 
adenosine.

Further significant data will come from the DEFINE- 
FLAIR study which has included a large proportion of 
patients with ACS. FLAIR will provide the clinical outcomes 
of ACS patients having non-culprit vessel therapy guided by 
iFR or FFR and confirm whether using iFR in this setting is 
sufficiently safe for routine use.

17.6.2  Culprit Vessels in ACS

For culprit vessels, the application of physiological assess-
ment to guide stenting remains a difficult concept; vessels 
which have had a thrombotic occlusion or stepwise change in 
lesion severity following plaque rupture are likely best treated 
with coronary stents since significant clinical benefit has 
been repeatedly shown in studies who selected patients with-
out physiological assessment. The risk of physiological 
assessment in the culprit vessel is that a non-occlusive rup-
tured plaque may not cause sufficient flow limitation to reach 
a fixed threshold (e.g., an FFR of 0.80 or iFR 0.90, both of 
which were determined in stable disease) but may still prog-
ress rapidly and cause further events. It is well recognized 
that patients with ACS have the highest rate of further events 
and therefore deferring an angiographically significant ste-
nosis that is consistent with clinical presentation of ACS may 
pose a risk to the patient. The FAMOUS Study used FFR to 
assess both culprit and non-culprit vessels [14]. Unfortunately 
the data was not presented in a manner that allowed determi-
nation of whether the major adverse events occurring in 

Application of iFR in Clinical Scenarios



244

17

deferred patients did so in the deferred culprit vessels. 
However, it is clear from the Kaplan-Meier plot that all 
patients deferred from stenting based upon the FFR had an 
event by the end of the follow-up, suggesting that deferring 
may not be the optimal result.

17.7  Coronary Artery Bypass Grafts

17.7.1  Using Physiology to Guide PCI or 
CABG

In general, the findings of angiographic multivessel disease 
may lead referral for coronary artery bypass grafting (CABG) 
but should automatically lead to physiological assessment.

Much of the historical data for the value of coronary 
artery bypass surgery has been based upon studies in patients 
with angiographically defined disease, without the use of 
intracoronary physiology. This has remained true even in 
recent history, such as BARI [15] and CARDIA [16] but also 
in the more modern era of studies such as SYNTAX [17] and 
FREEDOM [18] – both of which demonstrated a benefit of 
CABG over PCI in patient cohorts defined only angiographi-
cally. Conceptually, many of the vessels treated will not have 
been ischemic and therefore were conferred no advantage 
from either PCI or bypass surgery. While the presence of an 
unnecessary bypass graft may go clinically undetected (vein 
graft occlusion will be asymptomatic if the native is non-flow 
limiting), the presence of unnecessary stents in nonischemic 
vessels poses the risks of late stent thrombosis and in-stent 
restenosis that can count against PCI.

The FAME study demonstrated that FFR-guided PCI in 
the multivessel setting (where CABG was not being offered) 
was safer than stenting all stenoses >50 % [19]. In the FAME 
study, patients were already selected for PCI as opposed to 
surgical revascularization. However, as an extension of these 
findings, it has been suggested that physiology can be used to 
reclassify angiographic disease from, say, three-vessel disease 
to two or even one vessel based upon the presence or absence 
of ischemia [7, 19, 20]. This may spare a significant propor-
tion of patients from surgical treatment and simplify a poten-
tial PCI approach, reducing the number of vessels requiring 
intervention.

The SYNTAX-II study has prospectively enrolled patients 
with multivessel disease who are in equipoise between a sur-
gical or PCI approach. Patients undergo multivessel iFR/FFR 
assessment using the Hybrid approach, and only vessels that 
are physiologically significant are treated and stents are IVUS 
optimized. The outcomes of the cohort will be compared to a 
historical cohort from the SYNTAX I study. FAME 3 follows 
a similar concept, randomizing patients with three-vessel 
disease to FFR-guided PCI or to angiographic-guided 
CABG. Both studies will add considerably to our knowledge 
of converting patients otherwise destined for surgery into 
PCI candidates.

17.7.2  Guiding Surgery with Physiology

There is data to suggest that bypass grafts have a higher rate 
of occlusion if the native vessel is nonischemic or non-flow 
limiting. There is biological plausibility: normal flow in the 
native vessel would mean insufficient demand upon the vein 
graft and ultimately lead to the occlusion of a vein graft or 
cause atresia of a mammary artery. Much of this work has 
been performed with FFR [21]. Conceptually the findings 
should hold true for iFR also although studies remain to be 
done.

17.7.3  Graft Physiological Assessment

There remains limited data for the application of intracoro-
nary physiology in the assessment of bypass grafts. Venous 
grafts demonstrate an aggressive type of atherosclerosis that 
is more likely to progress rapidly or have plaque rupture; the 
outcomes of deferring stenoses based upon physiological 
assessment in vein grafts remains a speculative and untested 
paradigm.

17.8  Pullback and Planning PCI Using iFR 
Pullback and Virtual PCI

Advances in how the wave-free period can be calculated 
upon a beat-to-beat nature means that iFR can be calculated 
live during a pressure wire pullback. This enables to the iden-
tification of stenoses and their physiological significance at 
rest without the need for a long infusion of hyperemic agent. 
Commercial systems are already in testing, and early data 
suggests important advantages to performing a resting pull-
back [5, 6].

A controlled pullback, using a mechanized device, enables 
the plotting of changes in iFR along the vessel length on an 
angiogram. Data can be plotted as a simple change in gradi-
ent or more visually integrated with angiogram, such as more 
intuitively understood graphical markers plotted directly 
onto the vessel. If plotted as intensity, that is, the change in 
iFR per millimeter, then the stenoses causing the greatest 
pressure drop in the vessel can be readily identified. This may 
help an interventionalist identify which stenosis is causing 
the greatest physiological effect, which is particularly perti-
nent as coronary disease becomes increasingly complex and 
frequently tandem.

In lieu of a pullback device, co-registration systems that 
can track the movement of pressure wire will allow manual 
hand-guided pressure wire pullbacks. The advanced tracking 
software will compute the speed of wire movement and loca-
tion at a given time-point to plot the physiological data 
directly upon the angiogram. This is under active develop-
ment and remains an area of great growth, reliant upon inte-
grated physiology, x-ray, and advanced computing systems.
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A key advantage of a resting pressure wire pullback, such 
as the iFR pullback, is the limited interaction between steno-
ses, such that the effect of distal disease upon proximal steno-
ses is minimized or mitigated. The presence of cross talk 
between stenoses under hyperemic conditions is well estab-
lished – the presence of a distal stenosis will mean maximal 
hyperemia is not achieved, such that the significance of a 
proximal stenosis is underestimated. Since hyperemia is lim-
ited by stenoses of even trivial severity and more diffuse dis-
ease, then it is possible that many hyperemic assessments are 
confounded by this interaction between diseased segments. 
In the resting state, it has been observed that the resting coro-
nary flow velocity is preserved despite the presence of even 
severe stenoses. The result is that the transtenotic pressure 
drop observed distal to the stenosis is resultant only due ste-
noses proximal to the pressure sensor. In the context of a rest-
ing pressure wire pullback, the gradient observed at a given 
point will be valid for that physical location in the vessel.

This leads to an exciting new domain. It is possible for 
computer algorithms to “remove” a stenosis on an iFR pull-
back trace [5, 6]. Using “virtual-PCI,” removal of a stenosis 
will lead to a recalculation of the pullback trace to compute 
what the expected iFR would be if the selected intervention 
was performed in the real world. The expected iFR value is 
computed under the assumption that the intervention is ideal 
without any residual gradient in the treated segment. In the 
first iFR pullback study, it was found that process could pre-
dict a post-PCI iFR value with high accuracy and without a 
significant systematic bias [5, 6]. In that regard, it can provide 

a target physiological value for the real-world intervention 
(. Fig.  17.8). It can also permit multiple different stenting 
strategies to evaluate their potential physiological benefit.

It can be seen that such an advance would elevate physi-
ologically guided intervention to a truly physiologically 
directed process with more intelligent approach to stenting 
complex vessels. It may be that an iFR pullback reveals that 
an acceptable physiological result can be achieved by a more 
limited stenting approach rather than a more extensive stent-
ing; this may help long-term with reduced in-stent restenosis 
or stent-related complications.

This is an area of intense interest, and it is expected this 
will continue to advance with the simultaneous advance-
ments in both pressure wires, computing power and inte-
grated approaches with angiographic imaging.

17.9  Post-PCI Assessment

Physiological indices can provide an assessment of the success 
of coronary intervention. Both FFR and iFR may be used to 
assess the hemodynamic improvement after a stent [4, 22, 23].

17.9.1  Measuring FFR Post-PCI

According to FFR theory, if a stenosis is successfully treated 
with PCI without a residual pressure gradient across the 
treated segment, then the flow should be restored to normal 

       . Fig. 17.8 Example of iFR 
pullback being used to predict 
post-PCI iFR results. The LAD 
has diffused disease proximally 
and in the mid-segment with a 
focal lesion in the mid-to-distal 
segment. Pressure wire shows the 
vessel has an iFR 0.87 suggesting 
ischemia. Just proximal to the 
focal stenosis, an iFR of 0.93 is 
observed. Therefore, if the steno-
sis could be removed completely 
without residual gradient, then 
the iFR in the distal vessel would 
be 0.93
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and the post-PCI FFR value should be 1.0. Any residual ste-
nosis will cause a residual pressure loss and give a lower FFR 
value suggesting further intervention is required.

In reality, it is uncommon to achieve an FFR value of 1.0 
post-PCI because even angiographically unobstructed ves-
sels can produce a pressure drop under hyperemia: cases 
have been reported previously and the IDEAL study demon-
strated FFR values as low as 0.85 in unobstructed reference 
vessels [3]. How does this occur? In the presence of hyper-
emia, blood flow may lose energy and therefore pressure due 
to resistance along mild diffuse atheroma. A much larger 
energy loss is observed secondary to turbulence generated by 
an irregularities or stenoses within the vessel. A stent may 
also cause a significant turbulence, and this may be accentu-
ated if the stent is inadequately deployed, for example, if stent 
struts remain unopposed.

Opposing these factors, there may be a relative resistance 
of the microcirculation to respond to adenosine or other 
exogenous hyperemic agents. Long balloon inflations cause 
relative ischemia which is potent vasodilator, and additional 
adenosine during this phase will be unable to achieve addi-
tional hyperemia which can be falsely interpreted as increased 
microvascular resistance due to micro-embolization. This 
can often be resolved by waiting for a short period to allow 
the normal resting state to return, but there may still be 
doubts of the responsiveness to adenosine giving a falsely 
elevated FFR value.

A further complex and poorly appreciated phenomena 
may also occur post-PCI under hyperemic conditions. Since 
any stenosis of more than 30–40 % severity will limit hyper-
emic flow, then even mild more proximal stenoses will pre-
vent more distal stenoses from experiencing the same degree 
of hyperemic flow velocity. The more significant the proximal 
stenosis, the greater the reduction in proximal flow velocity. 
Since the pressure drop across a stenosis is a function of the 
flow velocity, then proximal stenoses can cause underestima-
tion of the importance of distal stenoses. Removing a stenosis 
will increase hyperemic flow velocity in the vessel and thereby 
unmask the significance of the distal stenoses. In the post-PCI 
setting, this can account for unexpectedly low FFR values. In 
some cases, the FFR value can be even lower than the pre-PCI 
value which can be concerning to the operating physician.

If this phenomenon is observed, it would be recom-
mended to ensure that the stent has been optimally deployed 
and then remeasure the FFR. If the low value remains, it sug-
gests an important stenosis remains elsewhere in the vessel. 
Since the FFR value of a even a mild-to-moderate stenosis 
cannot be predicted, then a detailed pullback assessment is 
required to determine which segment of the vessel is respon-
sible for the pressure loss.

Clinical outcome studies suggest that post-PCI FFR val-
ues exceeding 0.90 are associated with improved outcomes – 
with fewer events observed the higher the FFR value. 
Post-PCI values of >0.95 had the least events, in particular 
re-PCI or acute myocardial infarction [23]. Conceptually this 
is in keeping with FFR theory  – vessels with less residual 
ischemia will cause less symptoms or events in patients.

17.9.2  Measuring iFR Post-PCI

iFR can also be measured post-PCI in the same manner as 
FFR although clinical outcome data is still awaited. The 
changes in iFR values across a broad range of stenoses was 
statistically similar to the change observed in FFR [4]. The 
change in iFR and FFR was significantly larger than that 
observed for Pd/Pa suggesting there was greater fidelity of 
information when using the wave-free period as compared to 
the whole cycle average. The advantage of this is that residual 
disease would be more readily detected using iFR and FFR 
than Pd/Pa.

The change in iFR after PCI can be observed rapidly dur-
ing the procedure. Although it is well established that balloon 
inflation or stent deployment will cause relative ischemia and 
that can disrupt resting physiology, it is observed that in the 
time taken to remove the interventional balloons, flush the 
catheters, readminister intracoronary nitrates, and prepare 
the pressure wire to make a measurement, there is stabiliza-
tion of the resting state.

Since iFR is based upon resting physiology, there is 
some added advantage over FFR. Since resting flow veloc-
ity has evolved to be remarkably consistent in the pres-
ence and absence of stenoses and that it has been 
demonstrated that it changes little after coronary inter-
vention to most moderate- to- severe stenoses, then it is 
expected that there will be little change in flow velocity in 
the vessel after PCI to a given stenosis. If there are multi-
ple stenoses present in a vessel, each will produce a degree 
of pressure loss that is relatively independent of each 
other. Removing a given stenosis will resolve the pressure 
loss in that segment but leave the remaining areas unaf-
fected. This is best observed when using iFR  pullback: an 
iFR pullback measurement made after coronary interven-
tion will feature the same steps in the pressure trace in the 
untreated segments [5, 6].

17.10  Other Clinical Applications

17.10.1  Aortic Stenosis

Other conditions in which iFR may find use include the 
assessment of stenosis significance in severe aortic stenosis 
(AS). In patients with severe AS, it is preferable to avoid the 
large hemodynamic changes that may occur during vasodi-
lator infusion. Drugs such as adenosine cause a significant 
fall in peripheral pressure which will lead to a dangerous 
rise in aortic gradient and risk hemodynamic collapse. As 
such, iFR may provide an attractive alternative to assess ste-
noses  without vasodilators. iFR should be measured in the 
typical fashion and a single cut point could be used to guide 
therapy. However, it should be recognized that there is a 
paucity of data to support the use of any physiological 
parameter in the management of coronary disease in 
patients with aortic stenosis.

 S. Nijjer and J. Davies
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Until recently, there was little need for the approach: 
patients with angiographically significant stenoses with severe 
aortic stenosis would be offered surgical aortic valve replace-
ment with concomitant bypass grafting. With the advent of 
transcatheter aortic valve implantation (TAVI), not only are 
whole cohorts of patients previously unsuitable for valve 
replacement being treated, but also there is a paradigm shift 
in how aortic valve disease is managed. The management of 
concomitant coronary disease remains controversial [24] and 
is limited that many of the TAVI studies have treated the pres-
ence of coronary disease in a binary manner. Furthermore, 
there is no agreement on how to define ischemia in aortic ste-
nosis – which is known to cause microvascular ischemia even 
in the absence of epicardial coronary disease.

At present, FFR remains the principle physiological tool 
utilized when judging coronary stenoses in patients with aortic 
stenosis. However, there are a number of factors that suggest 
that FFR will underestimate stenosis severity in aortic stenosis.

Firstly, aortic stenosis itself likely behaves as a critical 
proximal tandem stenosis which will drive significant cross 
talk between it and stenoses within the vessels under hyper-
emic conditions. Therefore stenoses may be underestimated.

Secondly, patients with aortic stenosis have a reduced 
coronary flow reserve even in the absence of stenosis [25]. 
This is likely to be partly secondary to left ventricular hyper-
trophy in response to the aortic stenosis which causes a 
degree of fixed microvascular resistance. This means there is 
a relative failure to respond to hyperemic agents causing a fall 
in the flow reserve. Simultaneously, a number of vasocon-
strictors, such as angiotensin and vasopressin, are elevated in 
aortic stenosis to preserve blood pressure: all of these counter 
the effects of infused vasodilators such as adenosine. The 
combined consequence is that stenosis severity may be 
underestimated.

Thirdly, in aortic stenosis systole is prolonged, and mea-
sures that rely upon whole cycle averaging of pressure data, 
such as FFR, will become confounded. Since the purpose of 
stenosis assessment is to keep microvascular resistance mini-
mal and constant, any involvement of systole which has the 
most variance in microvascular resistance will impair the 
capacity of a marker to detect a significant stenosis.

These factors strongly suggest that a resting physiological 
approach such as iFR has advantages over a hyperemic 
approach in aortic stenosis. However, further work is required 
to confirm the validity and long-term safety of such approach.

17.10.2  Heart Failure

Coronary disease in the context of heart failure can be a chal-
lenge to assess physiologically. Elevated left ventricular end 
diastolic pressures, increased wall strain, and elevated right 
atrial pressures can mean that distal coronary pressures are 
falsely elevated even in the presence of a significant stenosis. 
For hyperemic indices, there is an additional complexity, as 
microvascular dilatation in response to exogenous vasodila-
tors requires preserved myocardial function. Therefore, 

stenoses may be underestimated when assessed by any intra-
coronary physiological index in the context of severe heart fail-
ure. In this cohort of patients, where complete revascularization 
may offer the patient an improvement in pump function, a 
complete clinical picture should be sought rather than a single 
coronary parameter. The opposite is also true: when a physio-
logical parameter is significant in the presence of severe LV 
impairment, it suggests the degree of flow limitation is truly 
significant and revascularization should be considered.

17.10.3  Peripheral Artery Stenoses

Peripheral artery disease remains a common cause of mor-
bidity, but identification of important stenoses remains a 
challenge. The lack of a good understanding of hyperemia in 
the peripheral circulation means that resting physiology is 
the principle approach employed. Resting parameters such as 
iFR have been suggested to quantify stenosis severity in the 
peripheral vasculature. An important limitation is that iFR, 
as a diastolic measure, may have limited utility in the periph-
eries where flow is predominantly systolic. A whole cycle 
average pressure tracing may have greater utility.
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18.1  Introduction

The coronary circulation is an intricate and dynamic network 
composed of the large epicardial vessels and the microvascula-
ture. This network is controlled by multiple physiological mech-
anisms that maintain adequate myocardial perfusion despite 
ever-changing hemodynamic conditions [1–3]. The underlying 
pathophysiology and adaptive mechanisms of the coronary cir-
culation, beyond the scope of this chapter, are fully described in 
other chapters in this book. Epicardial vessels, and therefore epi-
cardial stenoses, can be visualized and assessed using one of 
most the fundamental tools of interventional cardiology, the 
coronary angiogram; the microcirculation however cannot be 
directly visualized in vivo and requires more sophisticated tech-
niques to assess its function. Importantly, a comprehensive view 
of the origin of myocardial ischemia, and its relationship with 
the different domains of the coronary circulation, has to be 
borne in mind when applying and interpreting the results of 
both invasive and noninvasive functional tests (. Fig. 18.1).

Several different measurements and theoretical frame-
works exist to assess the coronary circulation including flow, 
coronary flow reserve (CFR), pressure as a surrogate of flow, 
instantaneous wave-free ratio (iFR) and fractional flow reserve 
(FFR), and vascular resistance, which is calculated using mea-
surements of pressure and flow giving the index of microcircu-
latory resistance (IMR) and the hyperemic microcirculatory 
resistance (HMR). The development of the coronary angio-
gram along with pioneering work from Gould et al. [4], who 
identified disturbed coronary flow in the presence of epicardial 
stenosis >85 % and >50 % at rest and during hyperemia, respec-
tively, leads to the initial belief that there was a cause and effect 
relationship between coronary stenosis and myocardial isch-
emia. Significant progress has ensued in the intervening years, 
and we now appreciate that myocardial ischemia is not a single 
entity but a disease spectrum that may be due to a focal epicar-
dial stenosis, diffuse coronary artery disease, microvascular 
dysfunction (MCD), or a combination of these.

Therefore, in order to comprehensively assess and target 
treatment, in individual patients, a thorough understanding 
of the underlying etiology of the myocardial ischemia is 
required. In this chapter we will discuss how, when used in 
combination, invasive measurements of pressure and flow 

complement each other and allow us to clearly delineate the 
underlying etiology of myocardial ischemia as well as provid-
ing prognostic information.

18.1.1  Fractional Flow Reserve and Coronary 
Flow Reserve: Friends, Not Foes

Fractional flow reserve (FFR) was first proposed by Pijls et al. 
[5, 6] and is calculated as the ratio of invasively measured coro-
nary pressures, distal (Pd) and proximal (Pa) to an epicardial 
stenosis, under hyperemic conditions, usually obtained with 
adenosine. It is assumed that the Pd/Pa ratio acts as a surrogate 
for the fractional peak flow across the lesion given that hyper-
emia induces minimal and constant myocardial resistance [7]. 
Several large clinical trials, most notably DEFER [8], FAME 
[9], and FAME II [10], have shown FFR to be both safe and 
efficacious in predicting the functional significance of a coro-
nary stenosis, with a cutoff value of 0.75–0.8. The relative ease 
and simplicity with which FFR can be obtained during daily 
clinical practice and its inclusion in the current guidelines [11, 
12] means it is a commonly used tool for investigating the 
functional significance of a coronary stenosis.

It is important to note that FFR guidance does not confer 
absolute protection against the development of cardiovascu-
lar events. A significant percentage of patients included in 
pivotal FFR studies presenting an initial normal FFR develop 
major adverse cardiovascular events (MACE) at long-term 
follow-up. In the DEFER study [7], which evaluated the 
appropriateness of stenting functionally nonsignificant ste-
noses, the deferred group (PCI deferred as FFR >0.75) had 
excellent 5-year outcomes. Nonetheless, there was a MACE 
rate of 21 % (all-cause mortality, cardiac death, and any type 
of revascularization), and one third of patients had ongoing 
chest pain during 5-year follow-up. The FAME trial demon-
strated that limiting PCI to significant hemodynamically 
coronary stenoses based on FFR resulted in a significant 
decrease in target vessel revascularization, myocardial infarc-
tion, and death, compared to the angiography-based decision 
arm. However, 20 % of patients with an epicardial coronary 
artery stenosis with deferred PCI (FFR > 0.80) had recurrent 
angina during 2-year follow-up [9].

Systemic disease

Haemodynamic conditions

Epicardial vessel domain

Microcirculation domain

Myocardial domain

Cardio-
vascular

risk factors

Thrombosis

Compression

Reperfusion

       . Fig. 18.1 Schematic represen-
tation of the origin of myocardial 
ischemia in ischemic heart disease. 
Ischemias may have an origin in 
the epicardial of microcirculatory 
domains of the coronary circula-
tion or in the myocyte itself, and it 
is influenced by additional factors 
including systemic disease, car-
diovascular risk factors, hemody-
namic conditions, or thrombosis, 
reperfusion, and compression in 
acute coronary syndromes
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Another point to bear in mind is that FFR only provides 
surrogate data about coronary flow in the presence of an epi-
cardial stenosis. An FFR will only vary from one in the pres-
ence of coronary stenosis and flow disturbance causing a drop 
in the distal coronary pressure. In the absence of an epicardial 
stenosis, an FFR value of one will be documented, indepen-
dent of the perfusion pressure. Therefore, FFR cannot be used 
to evaluate the coronary circulation in the absence of CAD 
[19] and does not evaluate other domains contributing to 
myocardial ischemia. This is an important concept, since FFR 
is often described as the “gold standard” in invasive evaluation 
of ischemia, while in reality it provides information on the 
contribution of the interrogated stenosis to myocardial isch-
emia (if present). FFR itself was validated against a number of 
noninvasive assessment tools, each with varying sensitivity 
and specificity [13]. Importantly, to be included in that study, 
patients in whom PCI was performed had to demonstrate a 
lack of detectible ischemia in subsequent ischemia testing 
(i.e., demonstrate that the ischemia was clearly linked to the 
presence of the interrogated stenosis).

Structural and functional microcirculatory abnormalities 
may significantly limit the maximal myocardial flow due to 
an increase in the resistances of arterioles and capillaries, 
which in turn provokes a smaller distal pressure drop. 
Consequently, the pressure gradient (distal pressure/aortic 
pressure) across an epicardial stenosis in presence of MCD 
may be closer to one. For example, an FFR >0.80 could be 
obtained in an epicardial lesion with significant MCD limit-
ing the coronary flow, while it may be possible that the same 
epicardial lesion in absence of high microcirculatory resis-
tances could result in an FFR ≤0.80.

While FFR-guided percutaneous coronary intervention 
(PCI) circumvents many of the limitations of angiography in 

assessing stenosis severity and has improved the patient out-
comes, its utility is limited to the assessment of the epicardial 
coronary artery stenosis. Other important contributors to 
myocardial ischemia are not assessed using FFR. Therefore in 
order to comprehensively evaluate and risk stratify patients 
with IHD, the combination of pressure and flow measure-
ments aims to obtain valuable information about the coro-
nary circulation beyond focal epicardial disease.

Coronary flow reserve (CFR) has long been established as 
providing a global invasive and noninvasive assessment of 
the microcirculation, evaluating the ability of the coronary 
vasculature to increase its flow in response to increasing 
myocardial oxygen demand [4, 6, 15]. In the absence of an 
obstructive epicardial coronary artery stenosis, the coronary 
vasculature can increase its flow up to four times above base-
line with an intact autoregulatory system [16]. Therefore fail-
ure of the coronary vasculature to increase its flow in the 
absence of a focal coronary stenosis implies that there is 
either diffuse coronary artery disease, which may not always 
be appreciated at coronary angiography, or the presence of 
MCD. Despite it being the initial tool in the invasive assess-
ment of ischemia, CFR has fallen out of favor in recent years 
due to the perceived difficulties in its measurement. While 
obtaining stable Doppler signals can be difficult with a little 
experience, CFR can be reliably obtained and adds signifi-
cantly to the toolkit in the assessment of ischemia.

Studies comparing FFR and CFR in the evaluation of the 
functional significance of epicardial stenoses have frequently 
reported discordance, 30–60 % of lesions, between these 
measurements [17–20]. Integrating both PET and invasive 
physiology, Johnson et al. proposed classifying coronary ves-
sels into four quadrants based on the cutoff values of CFR 
(>2) and FFR (<0.8) [21] (. Fig. 18.2). Understanding these 
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       . Fig. 18.2 Conceptual plot of FFR and CFR values used in multimodal physiology (Johnson et al. [21])
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four quadrants is key to understanding the complementary 
information that CFR and FFR provide. The concordance 
between CFR and FFR when evaluating the coronary circula-
tion can be relatively easily interpreted; if both are normal 
(CFR >2, FFR >0.80), it can be assumed that myocardial isch-
emia is unlikely as there is no significant limitation to flow 
through the epicardial artery or impediment to the micro-
vasculature in appropriately increasing flow. When both the 
CFR and FFR are abnormal, myocardial ischemia occurs due 
to an inability of the autoregulatory mechanisms of the 
microvasculature to augment flow in response to increased 
resistance caused by the epicardial stenosis. In this case 
revascularization of the coronary stenosis should restore flow 
through the coronary artery; however,  if there is coexisting 
MCD revascularization will not restore the autoregulatory 
mechanisms, discordance between CFR and FFR leads clini-
cians to question which result is providing the correct answer. 
When one considers the underlying physiological principles 
of these techniques, it can be easily understood why appar-
ently discordant results can be obtained. With this under-
standing rather than questioning which technique is 
providing us with the “correct” answer, one should view them 
as complementary physiological indices [22] and incorporate 
the information provided from both techniques in order to 
provide the best possible treatment to our patients. In the fol-
lowing paragraphs, we will discuss the discordant groups and 
how the addition of resistance can further classify ischemia 
in these groups.

18.2  Normal FFR with Abnormal CFR

This pattern of coronary hemodynamics can perhaps be 
most easily explained by the presence of microvascular dis-
ease causing a decreased CFR with normal or nonobstruc-
tive epicardial vessels reflecting the normal FFR values. 
Structural microcirculatory remodeling or microcirculatory 
plugging may exist, therefore limiting the maximal myocar-
dial flow due to increased resistance in the arterioles and 
capillaries which leads to a reduced distal pressure drop, and 
thus a higher FFR would be obtained in the absence of MCD 
[23]. This is supported by the work of Meuwissen et al. who 
assessed CFR, FFR, and minimal microvascular resistance, a 
velocity-based index of microvascular resistance during 
maximal hyperemia, in 150 intermediate coronary lesions 
[24]. When the two discordant groups were analyzed, there 
were no significant differences found in the clinical or angi-
ographic characteristics; however in the group with a nor-
mal FFR but abnormal CFR, there was a significantly higher 
minimal microvascular resistance when compared to the 
group with an abnormal FFR but normal CFR (2.42 ± 60.77 
vs. 1.91 ± 60.70 p <0.05), thus implying the presence of 
microvascular disease in the group with the normal FFR and 
abnormal CFR. The presence of diffuse epicardial coronary 
disease, which limits hyperemic flow to the point that the 
pressure gradient across the stenosis is low or nonexistent, is 

an alternative cause for this scenario. In the presence of dif-
fuse atherosclerotic disease, there is a lack of convective 
accelerative flow and flow separation loss. This causes mini-
mal pressure drop (normal FFR) in the flow-limiting coro-
nary segment, despite its effect on vessel conductance, which 
is reflected as a low CFR. Due to low flow, the pressure gra-
dient through the stenosis is limited and therefore FFR 
remains relatively normal despite the presence of angio-
graphically significant stenosis. Gould et  al. described the 
hemodynamic effects of diffuse coronary artery disease on 
coronary flow in patients with angiographically mild CAD 
without myocardial perfusion defects using dipyridamole 
positron emission tomography (PET) [25]. Despite demon-
strating no segmental myocardial perfusion defects, which 
in this instance can be interpreted as a surrogate of normal 
FFR, they found a graded, longitudinal base to apex myocar-
dial perfusion gradient significantly different to that 
observed in healthy subjects. This work was further sup-
ported by De Bruyne et al. who measured FFR in patients 
with non-stenotic CAD and controls without atherosclero-
sis; in coronary arteries with diffuse atherosclerosis and no 
focal stenosis, they found a pressure gradient along the 
length of the artery, a phenomenon that was not seen in nor-
mal coronary arteries [26]. These findings can be interpreted 
as diffuse atherosclerosis causing increased flow resistance, 
therefore promoting myocardial ischemia. Echavarría-Pinto 
et al. [27] eloquently integrated microcirculatory resistance, 
using IMR, along with FFR and CFR into the investigation 
of intermediate coronary artery stenosis in order to further 
elicit this discordance. They found a high frequency of 
abnormal CFR and/or IMR in arteries with normal FFR 
(63 % of cases). Furthermore, in vessels with FFR > 0.80 and 
CFR < 2 (n = 28, 39 %), IMR had a wide dispersion. Given 
that high IMR reflects increased microvascular resistance 
and thus is a marker of MCD, this can thus lead and allow us 
to differentiate ischemia predominantly due to MCD (nor-
mal FFR, low CFR, high IMR) from ischemia predominantly 
due to diffuse coronary artery disease (normal FFR, low 
CFR, low IMR) (. Fig. 18.3).

18.3  Abnormal FFR with Normal CFR

A key aspect to bear in mind is that in FFR it is assumed that 
the Pd/Pa ratio acts as a surrogate for the fractional peak flow 
across the lesion given that hyperemia induces minimal and 
constant myocardial resistance; however myocardial function 
depends on coronary blood flow, and not coronary perfusion 
pressure alone [28]. The simplest explanation for this phe-
nomenon is that even a mild stenosis can generate a signifi-
cant trans-lesional pressure gradient if coronary flow increases 
sufficiently. This scenario occurs most commonly in proximal 
stenoses or those which have a large subtended myocardial 
mass. The presence of virtually no pressure gradient at rest, 
but a significant gradient during hyperemia, should alert 
the  operator to the possibility of this phenomenon [29]. 
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Echavarría-Pinto et al.’s [27] work once again provides us with 
an understanding of this group by incorporating the IMR 
measurements. In this case, the epicardial lesion limits the 
conduction of blood through the vessel (FFR ≤0.80), although 
the overall myocardial blood supply in the territory is not sig-
nificantly impaired as shown by the normal CFR. The lowest 
IMR values were found in this group supporting a functional 
microcirculation (. Fig. 18.3).

18.3.1  Prognostic Value of CMR, FFR, 
and Resistance

Although CFR was first used for the assessment of epicardial 
stenosis severity [4], its utility in providing a global assess-
ment of the coronary circulation and in stratifying cardiovas-
cular risk has been extensively investigated using both 
invasive and noninvasive techniques [18, 27, 30, 31]. A good 
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       . Fig. 18.3 Conceptual and documented plots of the FFR/CFR 
relationship with schematic representation of the coronary hemo-
dynamic patterns. Conceptual plot of the FFR/CFR relationship show-
ing the four different quadrants. Scatterplot of FFR and CFR with IMR 
values (in red high IMR [>29.1U]). A schematic representation of the 
coronary hemodynamic patterns in the presence of focal epicardial 
stenosis is superposed. A, Vessel with a non-severe focal stenosis 
(FFR>0.80) without associated DCA or MCD (normal CFR [>2.0] and 
normal IMR [>29U]). B, Vessel with a non-severe focal stenosis but 
depressed CFR in presence of high values of IMR, due to predomi-
nant MCD as the cause of ischemia. C, Vessel with a non-severe focal 
stenosis but depressed CFR; despite a normal FFR, an abnormal CFR 
with low IMR suggests that DCA is the predominantly affected com-

partment, which would account for the discrepancy between FFR 
and CFR. D, Vessel with depressed CFR as a result of predominant 
physiologically significant epicardial stenosis. E, Vessel with physio-
logically significant epicardial stenosis (abnormal FFR) but preserved 
CFR as a result of functional microcirculation (normal [low] IMR) and 
the absence of significant DCA. The abnormal hemodynamics illus-
trated in B and C can be only identified by combining information 
of FFR, CFR, and microcirculatory resistance (Adapted from Mauro 
Echavarria-Pinto et al. [27], with permission of the publisher) CFR 
coronary flow reserve, CMVD coronary microvascular dysfunction, 
DCA diffuse coronary atherosclerosis, IMR index of microcirculatory 
resistance, FFR fractional flow reserve
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example of this is the work of Murthy [31], evaluating myo-
cardial perfusion and CFR in patients with and without coro-
nary artery disease (CAD) with positron electron tomography 
(PET). These authors found that an impaired CFR was asso-
ciated with an adjusted 3.2- and 4.9-fold increase in the rate 
of cardiac death in diabetic and nondiabetic patients, respec-
tively (p 0.0004). Interestingly diabetes has always been con-
sidered a cardiovascular risk factor; however in this study, 
diabetic patients without CAD with an impaired CFR experi-
enced a similar rate of cardiac death to nondiabetic patients 
with CAD (2.8 vs. 2.0 %/year p 0.33). In contrast diabetic 
patients without CAD with a preserved CFR had a very low 
rate of cardiac mortality similar to patients without diabetes 
or CAD and a preserved CFR (0.3 vs. 0.5 %/year p 0.65). It 
must also be borne in mind that while FFR is now widely 
used in clinical practice, there was a MACE rate of approxi-
mately 20 % at long-term follow-up in the patients with 
deferred PCI in both DEFER [8] and FAME [10]. These along 
with other studies [24, 32–34] highlight the importance of 
looking beyond the epicardial stenosis when attempting to 
risk stratify patients.

The combined prognostic value of CFR, FFR, and resis-
tance was evaluated by Meuwissen et al. in 2008, who inves-
tigated deferral of PCI in 186 intermediate stenoses 
interrogated with FFR, CFR, and HMR.  In this study the 
authors found a significantly higher rate of MACE in the 
group with concordantly abnormal CFR and FFR when 
compared to the discordant groups or the concordantly nor-
mal group (33.3 % vs. 19.7 % vs. 5.4 %, p 0.008). This initial 
work showing the additional prognostic benefit of adding 
CFR to FFR regenerated interest in researching the comple-
mentary information these two measures can provide. 
Recent work from van de Hoef et al. provides us with long-
term follow-up, mean 11.7 years, of 157 patients with inter-
mediate stenosis studied with FFR and CFVR [18, 20]. 
Interestingly they divided the patients into four quadrants 
using both a FFR cutoff value of 0.75, the original proposed 
value, and the currently widely accepted value of 0.80. When 
an FFR value of 0.75 was used, discordant results, FFR >0.75, 
CFVR <2, and FFR <0.75, CFVR > 2, were found in 14 % and 
16 % of patients, respectively. Using the cutoff value of 0.8 
for FFR, discordant results were found in 6.4 % and 30.6 % of 
patients, FFR >0.8, CFVR <2, and FFR <0.8, CFVR > 2, 
respectively. Discordance between FFR and CFVR was asso-
ciated with an overall higher incidence of MACE than in the 
group with normal FFR and CFVR. The combination of a 
normal FFR with an abnormal CFVR leads to significantly 
more MACE early in the study and this increased MACE 
rate remained significant throughout follow-up. In contrast 
when a normal CFVR was associated with an abnormal FFR, 
the MACE rate was equivalent to that in patients with a nor-
mal FFR and CFVR up to 3 years and 10 years with cutoff 
points of 0.75 and 0.8, respectively. Interestingly the 
 combination of a normal FFR and abnormal CFVR had a 
significantly higher MACE rate than the group with an 
abnormal FFR and normal CFVR up to 3 years and 10 years 
using the cutoff points of 0.75 and 0.8, respectively 

(. Fig. 18.2). The key message this study adds is that while 
discordance with a normal FFR and abnormal CFVR is 
associated with adverse clinical outcomes compared to con-
cordance, discordance with an abnormal FFR and normal 
CFVR has an equivalent clinical outcome to concordance. 
The authors also integrated the measurements of HMR into 
the interpretation of these concordant groups. In the group 
with a normal FFR but abnormal CFVR, the HMR was high 
implying an impairment of the vasodilatory response of the 
microcirculation during hyperemia, i.e., MCD. Conversely 
in the group with an abnormal FFR but normal CFVR, the 
HMR was low implying that despite the presence of a focal 
epicardial stenosis, the vasodilatory mechanisms of the 
microcirculation remain intact, and thus myocardial perfu-
sion is preserved. The increased MACE rate when an FFR 
cutoff value of 0.75 was used is in keeping with prior studies 
support the concept that FFR values are a spectrum rather 
than a fixed cutoff point; the lower the FFR value of the cut-
off point, the higher the event rates [10, 14, 35, 36]. This 
study highlights the importance of combining measure-
ments of pressure and flow not only to fully elicit the isch-
emic potential in the coronary circulation but importantly 
to provide prognostic information and thus assist in opti-
mizing the treatment of the individual. This concept that it is 
clinically safe and efficacious to defer stenting in arteries 
with an abnormal FFR but normal CFR is currently being 
prospectively investigated in the ongoing multicenter clini-
cal trial DEFINE-FLOW (NCT02328820), in which patients 
with clinical intermediate stenosis are being investigated 
with pressure wire measurements with deferral of stenting 
when the FFR is <0.80 with an CFR >2. Recruitment is 
expected to finish in December 2018.

Lee et al. aimed to investigate prognostic implications of 
CFR and IMR in patients undergoing investigation with 
FFR [17]. In total 663 vessels in 313 patients undergoing 
clinically indicated coronary angiography were evaluated. 
Given that there are no well-accepted values for IMR, they 
used an IMRcorr >75 % percentile as a high IMR, in this case 
>23 U. About 230 patients, 516 vessels, with a normal FFR 
were divided into groups based on low and high CFR and 
then subdivided into four groups: (A) high CFR with low 
IMR, (B) high CFR with high IMR, (C) low CFR with low 
IMR, and (D) low CFR with high IMR. The primary out-
come was patient-oriented composite outcome (POCO), a 
 combination of all-cause mortality, any MI, and any revas-
cularization, with the individual components of POCE as 
the secondary outcomes. Patients were followed for a 
median of 658 days (IQR 503.8–1139.3). This group, once 
again, show that patients with a normal FFR and low CFR 
had a higher incidence of POCE (HR 4.189, 95 % CI 1.117–
15.715, p 0.034). When looking at the subgroups, the cumu-
lative incidence of POCE was 9.5 %, 0 %, 7 %, and 27.9 % for 
groups A, B, C, and D, respectively (p 0.002). Thus patients 
with impaired flow due to microvascular disease (low CFR, 
high IMR) had the worst outcomes. As all patients had sim-
ilar clinical and angiographic characteristics, the 
 measurement of flow and  resistance provided additional 
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prognostic information in this group who by FFR alone 
would have been characterized as not having functionally 
significant disease (. Fig. 18.4). Clinical examples of the 
combined use of pressure, flow, and resistance are shown in 
. Figs. 18.5 and 18.6.

18.3.2  Future Perspectives

The instantaneous wave-free index (iFR) differs from FFR as 
it is not intended to estimate the maximal myocardial blood 
flow with pressure and therefore does not require hyperemia 
for its calculation; instead, the iFR is the ratio of the mean 
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       . Fig. 18.4 Clinical outcomes 
in patients with FFR>0.80 accord-
ing to patterns of microvascular 
status, defined with CFR and 
IMR. The cumulative incidence 
of patient-oriented composite 
outcomes was compared among 
four groups divided according 
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       . Fig. 18.5 Combined measurement of pressure and thermodi-
lution-derived flow in a 70-year-old patient with stable angina. Left 
panel shows an intermediate lesion in the mid-segment of the right 
coronary artery. The right shows the curves of the distal (in green) 
and the proximal (in red) hyperemic trans-stenotic pressures, obtain-
ing an FFR of 0.91. At the bottom the mean transit times of Doppler-

derived flow velocities, obtaining a CFR of 1.4 and IMR of 17 U, are 
shown. The results of this multimodal physiological approach are in 
concordance with physiologically nonsignificant epicardial lesion 
but depressed CFR, suggesting the presence of diffuse coronary 
artery disease (normal IMR)
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wave-free period distal to the stenosis to the mean wave-free 
period in the aorta. Although iFR is known to have a close 
pressure relationship to FFR [37], it is relatively insensitive to 
non-flow-limiting coronary stenosis; this can easily be 
explained by the fact that it is calculated during basal condi-
tions and therefore the large pressure gradient during hyper-
emia that results from a large increase in coronary flow and 
thus a low FFR is not observed with iFR. Therefore iFR may 
provide a closer  correlation with CFR and thus better prog-
nostic information. This hypothesis was investigated by the 

JUSTIFY-CFR study [38] where invasive pressure, iFR and 
FFR, and flow velocity CFVR were measured in 216 stenoses 
in 186 patients scheduled for routine coronary angiography. 
The relationship between the pressure and flow indices was 
then compared; iFR showed a stronger correlation with 
CFVR than FFR (iFR–CFVR, ρ =0.68 vs. FFR–CFVR, ρ 
=0.50; P <0.001) and agreed more closely with CFVR than 
FFR in stenosis classification (iFR area under the receiver 
operating characteristic curve, 0.82 vs. FFR area under the 
receiver operating characteristic curve, 0.72; P <0.001, for a 

Flow velocity at rest Flow velocity at hyperaemia

Flow velocity at rest Flow velocity at hyperaemia

a

b

       . Fig. 18.6 Comprehensive assessment of intracoronary pressure 
and Doppler-derived flow in a 65-year-old gentleman with stable 
angina and intermediate multivessel coronary disease. a Left panel is 
an angiographic projection focused to the left main stem and the left 
anterior descending (LAD) showing angiographic intermediate multi-
segment disease. Right panel shows the Doppler flow velocity traces 
(blue curve) and trans-stenotic distal (yellow curve) and proximal (red 
curve) pressures obtained with a combowire located in the distal 
LAD. The bottom boxes of the right panel show the flow velocity dur-
ing adenosine-induced hyperemia and flow velocity at rest. An FFR 
(0.86) and CFR (2.0) were concordantly normal, thus implying physi-
ologically nonsignificant epicardial lesions in this vessel. Furthermore 
normal CFR and HMR (0.6) reflect a preserved coronary microcircula-
tion in the subtended myocardial territory of LAD. b Same patient as 
figure a. b Left panel shows an angiographic projection focused to the 
left circumflex coronary artery (LCx) showing an ostial calcified lesion 

with intermediate stenosis, and the mid-segment with other lesion 
angiographically unlikely significant. Right panel shows the Dop-
pler flow velocity trace (blue curve) and trans-stenotic distal (yellow 
curve) and proximal (red curve) pressures obtained with a combowire 
located in the distal LCx. The bottom boxes of the right panel show 
the flow velocity during adenosine-induced hyperemia and flow 
velocity at rest. FFR (0.90) and CFR (3.3) were normally concordant 
implying physiologically non-significant lesions. Furthermore, nor-
mal CFR and HMR (1.0) reflect a preserved coronary. Following the 
physiological results in both major vessels, no PCI was performed, 
and medical treatment was optimized. CFR coronary flow reserve, 
FFR fractional flow reserve, HSR hyperemic stenosis resistance, HMR 
hyperemic microcirculatory resistance, Pa aortic pressure, Pd distal 
pressure, APV-B average of peak velocity at rest, APV-P average of 
peak velocity at hyperemia, PCI percutaneous coronary intervention
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CFVR of 2). This study also identified an iFR value of 0.85 as 
the cutoff with maximal accuracy to detect a flow-limiting 
stenosis, similar to the 0.86 value reported in the CLARIFY 
study [39]. While prognostic implications were not evaluated 
in this study, the closer association between iFR and CFR 
implies that iFR may provide better insights into the prog-
nostic significance of ischemic heart disease than FFR alone; 
however further studies are required in this regard.

18.4  Conclusions

The evidence supporting the complementary prognostic 
value of CFR and FFR is mounting, with additional benefit 
when measurements of resistance are added to provide a 
comprehensive global assessment of the coronary circula-
tion. While FFR has long been held up as a “gold standard” in 
evaluating the functional significance of a coronary stenosis, 
the presence of a negative FFR does not imply that the 
 individual patient does not have myocardial ischemia and 
therefore a poorer clinical prognosis. Instead of viewing FFR, 
CFR, and measures of resistance as competing tools, the con-
cept of multimodal physiology combining the information 
provided by all three indices in order to achieve our ultimate 
goal, providing the best clinical outcomes to every patient, 
should be adopted. Ongoing prospective clinical trials will 
provide us with further information on the prognostic value 
of this multimodal physiology approach.
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19.1  Introduction

Wave intensity analysis is a technique that has emerged from 
the field of gas dynamics and has found marked applicability 
in assessing coronary physiology. It is particularly useful in 
this system as it cannot only quantify the phasic forces acting 
within a single cardiac cycle but can also separate them 
according to their point of origin. While it remains a useful 
tool to investigate the systemic circulation, its application to 
the coronary circulation has demonstrated its unique 
strength: in this system both the proximal (aortic) and distal 
(myocardial) arterial ends are potentially active and wave 
intensity analysis allows their individual contributions to be 
measured even when they occur simultaneously (. Fig. 19.1).

Wave intensity is derived from simultaneously acquired 
pressure and flow waveforms, which can be measured using a 

dual-tipped Doppler- and pressure-sensor wire. Using this 
system, six dominant waves are evident per cardiac cycle in 
both health and disease. The most clinically relevant wave is 
the backward decompression wave (BDW), which is gener-
ated in the blood vessels in the myocardium at the start of 
diastole. This wave has the most significant impact on coro-
nary flow velocity, causing the acceleration that is evident at 
this time in the cardiac cycle. It is created by the re-expansion 
of the intramyocardial blood vessels that have been com-
pressed during systole producing a distal “suction” effect. The 
BDW, therefore, provides information on the health and effi-
ciency of the myocardium in its ability to effectively generate 
its own blood flow.

Wave intensity in the coronary arteries has been investi-
gated in a number of disease states including left ventricular 
hypertrophy, aortic stenosis, heart failure, and ischemic heart 
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       . Fig. 19.1 The importance of separated wave intensity analysis in the 
coronary circulation: pressure, velocity, net and separated wave intensity 
in the aorta (left) and coronary (right) arteries. In the systemic circulation 
there are very few coincident waves largely because the distal end of 
the vasculature is passive. Therefore net wave-intensity is very similar 
to separated wave-intensity. However, in the coronary system there are 

several coincident waves due to the ‘active’ nature of the myocardium. 
These waves can only be identified and correctly quantified using  
separated wave-intensity analysis. Shaded waves have an accelerating 
effect and unshaded have a decelerating effect. Waves above the  
zero-line originate proximally and below the zero line distally
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disease to provide insightful, diagnostic, and prognostic 
information on the function of the myocardium and micro-
circulation. It has also been directly involved in the construc-
tion of adenosine-free measures of epicardial coronary 
stenoses due to the identification of regular, wave-free parts 
of the cardiac cycle. Its clinical applicability is currently ham-
pered by its need to be assessed using invasive tools; however, 
once this issue is resolved it has the potential to be applied to 
larger cohort-based studies and transferred more broadly 
into the clinical environment.

19.2  Mathematical Concepts

19.2.1  Wave Intensity Analysis: Conceptual 
Theory

Although the geometry of arterial structures is complex, 
when dealing with wave intensity they can be regarded as 
one-dimensional tubes. As a result wave intensity analysis 
cannot provide information on local shear stress distribution 
or variation in velocity across the cross-section of a vessel but 
it can provide detailed information on axial pressure and 
velocity changes.

Wave intensity analysis is a technique that involves wave-
form decomposition. In mathematics, “decomposition” refers 
to ways to express a function (such as a waveform) as a com-
bination of simpler components. There are numerous ways to 
achieve this but within the cardiovascular system Fourier 
analysis is one of the more widely applied decomposition 
tools, first described to simplify the study of heat transfer. It 
uses sinusoidal wave trains of different frequencies as its basis 
functions. It can be shown that a periodic function can be 
represented as the summation of sinusoidal waves with fre-
quencies equal to the fundamental frequency and its har-
monics. Fourier analysis, therefore, decomposes the measured 
pressure and flow waveforms into sinusoidal waves with the 
appropriate amplitudes and phases. Although this technique 
has proven useful in countless applications the transforma-
tion of the problem from the temporal to the frequency 
domain has some drawbacks. Notably, it is impossible to 
ascribe aspects of a frequency-based waveform decomposi-
tion to a particular moment in the (time-based) cardiac cycle.

In wave intensity analysis, the basis functions are incre-
mental wavefronts. The measured pressure and flow wave-
forms are decomposed into the summation of successive 
wavefronts of different amplitudes, either positive or nega-
tive. For application to coronary studies, wave intensity anal-
ysis has two advantages: it is carried out in the time domain 
making it easy to relate its results to particular times in the 
cardiac cycle and it makes no assumption about periodicity 
so it can be used to analyze transient conditions where 
Fourier analysis is invalid.

The simplest definition of a wave is a “disturbance that 
propagates in space and time” and invariably, this propaga-
tion involves the exchange of energy. In the cardiovascular 
system, this exchange is between the kinetic energy of the 

blood and the potential energy stored in the walls of the elas-
tic vessels. In arteries it is observed that these waves travel at 
a speed that is always larger than the velocity of the blood. For 
example, a wave generated by the contraction of the left ven-
tricle travels to the wrist (where it can be appreciated as the 
radial pulse), approximately 1 m from the root of the aorta, in 
about 0.1 s; giving an average wave speed of 10 m/s. The mean 
velocity of blood in the arteries of the arm, at rest, is approxi-
mately 20 cm/s, 50 times slower than the wave speed. Similar 
ratios are found in the coronary arteries. This means that the 
elastic vessel waves can travel forward, from proximal to dis-
tal vessels, or backward, from distal to proximal vessels.

Accordingly these waves influence the medium in which 
they pass in three potential ways, all of which can be assessed:

Direction of travel – originating either proximally (forward 
waves) or distally (backward waves)

Effect on pressure – either compressive (increasing pressure) 
or decompressive (decreasing pressure)

Effect on velocity – either causing acceleration or deceleration

It is important to realize that coincident waves with 
opposing effects will have a summative result so that if a for-
ward acceleration wave meets a backward deceleration wave 
of the same magnitude there will be no net change in the 
velocity.

19.2.2  Wave Intensity Analysis: 
Mathematical Derivation

Wave intensity analysis is based on the solution of the funda-
mental equations for the conservation of mass and momen-
tum in the blood vessel. The solution is based on the method 
of characteristics which involves rather subtle mathematics, 
which are presented elsewhere in detail [1]. Given the com-
plexity of the mathematics, the results are surprisingly simple 
and intuitive.

The fundamental definition of wave intensity (I) is

I dP dU=  

where dP is the change in pressure and dU the change in 
velocity across a wave. The “width” of the wavefront is implic-
itly defined as one sampling time.

Wave intensity has the units Wm−2 and its sign conveys 
the direction of the dominant wave such that a positive value 
reflects the dominance of the wave originating proximally 
and negative the dominance of the wave originating distally. 
A disadvantage of this definition is that its magnitude 
is  determined by the sampling frequency (. Fig. 19.2). 
Therefore, either a universal sampling frequency needs to be 
adopted for standardization or, more conveniently, the defini-
tion of wave intensity can incorporate the sampling rate as:
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In this case, the units are now Wm−2 s−1.
The first step in calculating separated wave intensity is the 

observation that the pressure and velocity changes in each 
elemental wavefront must be related to each other for mass 
and momentum to be conserved. The method of characteris-
tics solution gives this relationship, which are known as the 
“water hammer” equations, as

dP cdU+ += r  

for forward waves (subscript “+”) and

dP c dU- -= -r  

for backward waves (subscript “−”). Here ρ is the density of 
blood and c is the wave speed.

Since our decomposition of the measured waveforms into 
successive incremental wavefronts assumed that the wave-
fronts are additive and only forward and backward waves are 
present, at any point at any time in the artery

dP dP dP

dU dU dU

= +
= +

+ -

+ -  

These equations and the water hammer equations give us 
four equations for the four unknowns, dP+, dP−, dU+, and 
dU−, in terms of the known changes in pressure and velocity, 
dP and dU.

Solving first for dP+

dP dP dP dP cdU
dP c dU dU dP cdU dP

+ - -

+ +

= - = +
= + -( ) = + -

r
r r

 

Thus

dP dP cdU+ = +( )1
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Solving for dP− in the same way

dP dP cdU- = -( )1
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The forward and backward velocity changes follow directly 
from the water hammer equations
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The separated wave intensities are defined in the same way as 
the net wave intensity so that
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       . Fig. 19.2 Pressure, flow and 
wave intensity recorded from a 
human renal artery with differing 
sampling frequencies. The data 
was processed from the same 
waveforms but at both 1000Hz 
and 2000Hz. Whilst both the 
pressure and flow waveforms are 
unchanged, net wave intensity 
(dPdU) is increased with lower 
sampling frequencies.  
Therefore it is suggested that 
wave intensity is calculated from 
dP/dt and dU/dt which makes 
wave intensity independent of 
the sampling time
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Inspection of these results shows, because of the square 
term, dI+> 0 and dI−< 0 which explains why wave intensity 
easily differentiates between forward and backward waves.

Another property of the separated wave intensity is that 
the forward and backward wave intensity sum to the net 
wave intensity, a useful result that is not immediately 
apparent.

I I
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From these derivations, we see that both the forward and 
backward wave intensities can easily be separated from the 
pressure and velocity measured in the cardiac catheterization 
laboratory.

Necessary for the calculation of wave intensity is knowl-
edge of the wave speed. Given the inherent length of coronary 

arteries, a foot-to-foot approach to measuring the wave speed 
is not appropriate and an alternative means for deriving wave 
speed is required. An alternate method has been proposed 
and validated as well as it could be in the absence of an inde-
pendent definitive measure of coronary artery wave speed. 
The derivation of the sum-of-squares method, which is 
beyond the scope of this book, yields the following formula 
(. Fig. 19.3)

c
dP

dU
= å

å
1

2

2r
 

where the summations must be taken over the whole cardiac 
cycle.

Given the uncertainties in the estimation of c, it is impor-
tant to note that the net wave intensity does not require any 
knowledge of c, depending directly on the measured P and U, 
and so any diagnostic conclusions that can be drawn from 
the net wave intensity alone are more reliable. Quantitative 
calculation of the separated wave intensities, which can be 
particularly informative in the coronary arteries, does intro-
duce an increased level of uncertainty into the analysis.
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       . Fig. 19.3 Measurements of 
wave intensity analysis: pressure, 
flow and separated wave inten-
sity calculated from measure-
ments in a human carotid artery. 
The three ways to express wave 
intensity are demonstrated. Peak 
is the largest value of a particular 
wave (units = Wm−2 s−2). Cumula-
tive wave intensity is calculated 
for each wave by measuring the 
area under the peak of wave 
intensity versus time curve (units 
= Wm−2 s−1). Wave energy frac-
tion is the cumulative intensity 
of an individual wave as a propor-
tion of the total cumulative wave 
intensity over the cardiac cycle 
(units = %). Shaded waves are 
accelerative and non-shaded 
waves decelerative
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The wave intensity derived and calculated as above is 
defined throughout the cardiac cycle and the final step is to 
find clinically useful ways to characterize this function (see 
examples of clinically derived wave intensities . Figures 1, 4, 
5 and 6). The wave intensity is invariably characterized as a 
number of distinct peaks, each of which is interpreted as an 
individual wave. Six individual waves are identified in 
. Fig. 19.4, which are common to all of our coronary artery 
results. Waves 1–3 are forward waves originating in the coro-
nary sinuses and 4–6 are backward waves originating in the 
myocardium. These waves are either acceleration waves (1, 
3, 6) or deceleration waves (2, 4, 5) as indicated by the shad-
ing. From the water hammer equations, or simply looking at 
the slope of the pressure at the time of the wave, we see that 
(1, 4, 5) are compressive waves and (2, 3, 6) are decompres-
sive waves.

The wave intensity peaks can be expressed in three differ-
ent but related ways: Firstly, the “peak wave intensity” is 
defined as the maximum value of the wave intensity, which 
has the units (W/m2) and is a measure of the flux of energy 
carried by the wave. Second, the “cumulative wave intensity” 
is defined as the area under the wave intensity versus time 
curve. The cumulative wave intensity has units J/m2 and is a 
measure of the energy of the wave and accounts for the dura-
tion of the wave as well as its peak value. Finally, the “wave 

energy fraction” is defined as the cumulative wave intensity 
for a particular wave divided by the integral of the wave inten-
sity over the cardiac period. It is dimensionless and represents 
the fraction of the wave energy of a particular wave relative to 
the net wave energy generated throughout the cardiac cycle. 
The wave energy fraction can be useful to differentiate, for 
example, between changes due to a particular mechanism and 
changes due to an overall change of heart function.

19.3  Coronary Wave Intensity Analysis 
in Health

Through the above derivation, separated wave intensity can 
be calculated from simultaneously acquired pressure and 
velocity waveforms. These measurements are achieved 
through either individual pressure and velocity sensor wires 
or, more recently, combined pressure- and flow-sensor tipped 
wire (. Fig. 19.5).

Initial work in patients with unobstructed coronary arter-
ies demonstrated a repeating pattern of six waves per cardiac 
cycle evident in all major epicardial arteries [3]. Three waves 
originate proximally and three distally with variable 
 compressing/decompressing and accelerating/decelerating 
effects (. Fig. 19.4).
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       . Fig. 19.4 Coronary wave 
intensity profile. Six waves are 
usually evident in the coronary 
arteries. Three originate from the 
aortic end (1–3) and three origi-
nate from the myocardium (4–6). 
Each wave has either an accelerat-
ing (1, 3, 6) or decelerating (2, 4, 
5) effect on coronary blood as 
indicated by the black and white 
shading
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19.3.1  Proximally (“Aortic”) Originating 
Waves

These waves originate from the aortic end of the coronary circu-
lation and are conventionally described as “forward traveling”.

19.3.2  Forward Compression Wave

Contraction of the left ventricle with an open aortic valve 
results in expulsion of blood into the proximal aorta and 
coronary sinuses. This generates a wave that originates in the 
left ventricle, is transmitted into the aorta, and thus down the 
coronary artery in an antegrade direction. This forward com-
pressive wave results in an accelerative force.

19.3.3  Forward Decompression Wave

As systole concludes, the slowing of ventricular contraction 
creates a suction effect in the aorta at the proximal end of the 
coronary artery. This produces a forward decompressive 
wave causing a decelerating force.

19.3.4  Late Forward Compression Wave

With the transition to diastole, the aortic valve closes creat-
ing a short-lived proximal-to-distal compression wave dur-
ing early diastole. This has an accelerative effect on blood 
flow.

19.3.5  Distally (“Myocardial”) Originating 
Waves

These waves originate from the myocardial end of the coro-
nary artery and are therefore “backward traveling”.

19.3.6  Early Backward Compression Wave

In early systole, prior to the aortic valve opening, the 
period of isovolemic contraction results in compression of 
the intramyocardial blood vessels that generates a distal-
to-proximal compression wave that has a decelerating 
effect.
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       . Fig. 19.5 Wave intensity in the left main stem (LMS), distal left ante-
rior descending (LAD), circumflex (Cx), and right coronary artery (RCA). 
Although the magnitude of the wave intensity profile varies, particularly 

in the right coronary artery, the pattern of six repeating waves is consis-
tent (Note the different y-axis scales)
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19.3.7  Late Backward Compression Wave

A second distal-to-proximal compressive wave is generated 
in early systole by the continuing compression of the micro-
circulation. Additionally, as the forward compression wave 
meets bifurcation sites or compressed microvasculature, 
reflection of this wave occurs contributing to the late back-
ward compression wave. The net effect is a distally originat-
ing compression wave again with a decelerating influence.

19.3.8  Backward Decompression Wave

The backward decompression wave (BDW) occurring at the 
end of systole is perhaps the most clinically relevant wave. It 
originates from the myocardium but is decompressive; there-
fore it causes an accelerative force to be applied to blood flow. 
This wave is created by the re-expansion of the compressed 
intramyocardial blood vessels. This wave has also been called 
a “suction” wave as it draws in blood from aorta akin to a dry 
sponge being squeezed and immersed in water before being 
released.

The two waves, which dominate in terms of magnitude, 
are the forward compression wave and the backward decom-
pression wave – both cause an accelerative force to be applied 
to the coronary circulation. However, during systole this 
force has an attenuated effect on blood velocity due to the 
high myocardial pressure from ventricular contraction as 
well as the wave’s own reflection from the distal vascular bed 
(. Table 19.1).

19.4  Coronary Wave Intensity in Different 
Healthy Arteries

While the magnitude of the individual waves within each 
coronary artery is variable, the pattern of six waves is consis-
tent (. Fig. 19.4). Of note, the arteries subtending the left ven-
tricle from the right coronary artery display different flow 
patterns with a higher systolic:diastolic flow ratio. A smaller 
BDW is seen in the right coronary artery accounting for the 
lower diastolic velocity rates. This is due to the right ventricle 
having lower peak cavity pressures and the resultant diastolic 
relaxation (and thus the myocardial “suction” force) is less.

19.5  Coronary Wave Intensity Analysis 
in Disease

Coronary wave intensity analysis has been applied to a num-
ber of disease states. The most informative wave in this set-
ting has proven to be the BDW.  As outlined above, this is 
caused by the re-expansion of the intramyocardial blood ves-
sels, which are compressed by ventricular contraction dur-
ing systole. This compression reduces the volume of blood 
within them, giving rise to the backward compressive wave, 
and simultaneously increases their resistance to flow signifi-
cantly. This increased resistance is, in part, responsible for 
the failure of the forward compression wave to cause a sig-
nificant increase in coronary flow velocity (similar to a car 
driver trying to accelerate by simultaneously pressing both 
the accelerator and brake pedals). However, once myocardial 
relaxation begins this “brake” is removed and the forces act-
ing on blood velocity are much less opposed. Therefore, as 
this network of vessels reopens, driven in part by the expand-
ing myocardial fibers and in part through their elastic recoil, 
a proximal-to-distal pressure (“decompression”) gradient is 
created resulting in an accelerative force and an increase in 
coronary velocity.

Conceptually, several processes could affect this wave. 
First, relaxation of an increased ventricular force should 
cause a larger “suction” effect from the myocardium resulting 
in a larger BDW.  Second, if the interrogated artery had an 
increased density of subtended vessels the BDW would also 
increase. Third, the efficiency with which the  intramyocardial 
vessels themselves re-expand will also govern the relative 
magnitude of the BDW. Fourth, the efficiency with which the 
ventricle relaxes will also have an important effect on the 
BDW. Changes in the BDW have been observed in a variety 
of pathological states, which can be explained through one or 
more of these processes (. Fig. 19.6).

19.6  Left Ventricular Hypertrophy

Previous large-scale retrospective and prospective studies 
have demonstrated the unfavorable independent effect of left 
ventricular hypertrophy (LVH) on prognosis [4–6]. For every 
increment of 50 g/m height in LV mass the relative risk of 
cardiovascular disease increases approximately 1.5-fold, 

       . Table 19.1 Nomenclature for the potential waves that may travel within the coronary circulation and their origin, effect of pressure, and 
velocity

Wave Origin Pressure effect Resultant effect on velocity

Forward compression Aorta Increase Acceleration

Forward decompression Aorta Decrease Deceleration

Backward compression Intramyocardial blood vessels Increase Deceleration

Backward decompression Intramyocardial blood vessels Decrease Acceleration
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independent from any blood pressure effect [7], possibly 
leading to the development of heart failure [8, 9].

At a structural level, myocardial hypertrophy leads to a 
distortion of myocardial architecture with additional devel-
opment of fibrotic changes over time [10]; this disorganiza-
tion can be appreciated using conventional coronary 
physiology. Animal models have demonstrated that the 
induction of LVH has a negative effect on coronary flow 
reserve, largely driven by an attenuated and recovered hyper-
emic response [11–13], whereas regression of LVH has a 
positive effect. Similarly, pharmacological treatment of spon-
taneously hypertensive animal models can improve coronary 
flow reserve along with an appreciable regression of left ven-
tricular hypertrophy [14, 15]. Equivalent results have also 
been seen in humans where pharmacological treatment can 
improve CFR [16] such that an 8 % reduction in LV mass is 
associated with a 43 % increase in coronary flow reserve [17].

Wave intensity has allowed an even more detailed insight 
into this pathophysiological state [3]. In patients with unob-
structed arteries and no evidence of alular disease, obvious 
changes are recognizable in the wave intensity profile with 
increasing left ventricular wall thickness. Particularly a 
decrease in the BDW energy fraction is noted. There is also a 
reduction in the ratio of the forward compression wave to the 
backward decompression wave highlighting a reduced trans-
fer of energy between the two.

Importantly, this disease also gives us a first glimpse of 
the relative sensitivity of wave intensity analysis where abnor-

malities in its profile are recognizable without induction of 
hyperemia. One can imagine that with exercise or pharmaco-
logical stimulus this disruption becomes magnified to the 
point where coronary flow velocity abnormalities are appre-
ciable.

19.7  Aortic Stenosis

Aortic stenosis is also associated with left ventricular hyper-
trophy. However, in contrast to nonalular left ventricular 
hypertrophy there is also a marked coexisting outflow tract 
gradient. In fact, the development of hypertrophy in this con-
dition is related to the degree of systolic outflow pressure [18] 
and is considered one of the most important mechanisms in 
adapting to the hemodynamic overload of aortic stenosis 
[19] according to Laplace’s law [20]:

Wall stress Pressure Radius Thickness= ´ /  

Physiological dysfunction has been demonstrated in a 
variety of ways over the last 50  years in aortic stenosis, 
including through measurement of the levels of lactic acid 
production [21], thallium scans [22], ST segment shift on 
24-h Holter monitors [23], CFR [24], myocardial contrast 
echocardiography [25], stress echocardiography [26], and 
PET scanning [27]. However, despite this wealth of informa-
tion it remains difficult to tease out the relative contributions 
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       . Fig. 19.6 Example of wave intensity profile in individuals with no 
left ventricular hypertrophy (left) and with left ventricular hypertrophy 
(right). With increasing left ventricular hypertrophy there is a decrease in 
the BDW energy fraction. Additionally, the exchange of energy between 

the forward compression wave and BDW becomes less effective (BDW 
backward decompression wave; LVH left ventricular hypertrophy)
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of myocardial hypertrophy and the stenotic pressure to this 
pathophysiology, which is where wave intensity analysis is 
able to shed some light.

The first striking finding in severe aortic stenosis is the 
dramatically increased BDW (both cumulative and peak). 
This relates to the increased systolic ventricular contractive 
force required to expel blood through a significant outflow 
tract obstruction. When the stenotic valve closes and diastole 
commences, the myocardium relaxes with a similarly 
increased magnitude. There is, therefore, a larger decompres-
sive force generated distally and the proximal-to-distal pres-
sure gradient is more marked. This effect swiftly reverses 
following interventional treatment of aortic stenosis.

The ability to pace a heart with aortic stenosis and/or 
hypertrophy for research purposes has been explored in ani-
mal models (where abnormalities in blood flow have been 
demonstrated [28]) and historic studies in humans (repro-
ducing symptoms of angina [29]). However, by using the 
clinically necessary pacing wire in patients undergoing trans-
cutaneous aortic valve implantation (TAVI), a more modern 
slant on this approach is feasible. Prior to replacement of the 
valve, with pacing at successive increments in heart rate, a 
progressive decrease in the BDW is seen in untreated severe 
aortic stenosis (. Fig. 19.7). This is reversed after TAVI 
returning to what is felt to be the physiological norm [30, 31]. 
It has been proposed that this reflects a “decoupling” of the 
normal ventricular-coronary mechanisms essential for main-
taining normal coronary perfusion. It is also possible to sug-
gest that this now recognizable decoupling is the process 
through which angina occurs in patients with aortic stenosis 
and why there is an instantaneous reduction in mortality fol-
lowing aortic valve replacement [3].

19.8  Heart Failure and Resynchronization 
Therapy

While the effect of resynchronization in patients with heart 
failure and a left bundle branch block (LBBB) are well docu-
mented in terms of symptom and prognostic improvements, 
the effect on coronary physiology is not so well studied. Both 
invasive catheter studies and PET scanning techniques have 
failed to show a marked change in coronary flow rates at rest. 
However, as illustrated above, wave intensity has the sensitiv-
ity to look beyond resting flow rates and demonstrate more 
subtle changes. Additionally, with advances in biventricular 
pacemaker optimization it is possible to measure wave inten-
sity at different “degrees” of atrio-ventricular (AV) optimiza-
tion at identical heart rates.

Using this approach, an obvious change in the wave inten-
sity profile has been noted with different pacing protocols 
[32]. The BDW increases with AV optimization producing an 
increased coronary velocity time integral. Additionally, in a 
suboptimally paced heart no demonstrable differences in the 
BDW are noted when compared with an unpaced heart 
(. Fig. 19.8). In heart failure, therefore, wave intensity analy-
sis informs us that:

 1. Ventricular-ventricular coordination is important in 
improving coronary hemodynamics by ensuring that all 
parts of the myocardium relax, as well as contract, simul-
taneously.

 2. Atrio-ventricular coordination is as important, ensuring 
adequate ventricular filling and thus optimum LV con-
traction and relaxation.
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       . Fig. 19.7 The peak backward 
decompression wave in response 
to successive pacing before and 
after transcatheter aortic valve 
replacement (TAVI). In the presence 
of severe aortic stenosis a decline 
is seen the backward decompres-
sion wave in response to pacing. 
This reverses and returns to the 
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transcatheter valve implantation 
(Reproduced with permission from 
Davies et al. [39])
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19.9  Warm-Up Angina

The phenomenon of warm-up angina has interested scientists 
for 50 years. It was first recognized as an increased exercise 
tolerance after inducing a bout of exercise-induced angina on 
treadmill testing [33] and furthered by documentation of 
reduced electrocardiographic evidence of ischemia in this 
setting [34]. At the time, invasive studies were undertaken 
but failed to reach a conclusion due to the relative crudity of 
the available techniques.

Wave intensity has now been applied to this phenome-
non. In an elegant series of experiments, wave intensity 
analysis performed distal to a coronary lesion during two 
successive periods of exertion has shown a relative increase 
in the BDW with the second phase [31]. It appears that this 
“preconditioning” of the heart results in an improved car-
diac–coronary interaction resulting in this improved per-
formance. This feature interacts with other favorable 
“warm-up” cardiovascular changes including a reduction in 
central aortic pressure augmentation and reduced coronary 
microvascular resistance resulting in a summative or even 
synergistic effect.

19.10  Myocardial Infarction and Functional 
Recovery

While coronary revascularization following acute myocardial 
ischemia is the “corner stone” of modern cardiology treat-
ment, significant numbers of patients go on to develop myo-
cardial cell infarction despite optimal interventional and 
pharmacological therapy. The integrity of the microvascula-
ture is a key determinant of myocardial viability and tissue 

perfusion as demonstrated with PET [35] or myocardial con-
trast echocardiography [36]. Additionally, a number of 
unusual patterns of coronary flow have been acknowledged as 
potential markers for microvascular dysfunction [37, 38]. This 
stimulated the use of wave intensity analysis to explore this 
field and examine for different predictive markers of outcome.

First, it is interesting to note that the peri-infarct BDW 
magnitude is inversely correlated with both biochemical and 
MRI markers of infarct severity in the infarct related, but not 
in the reference, vessel. There is also a reasonable correlation 
between the forward compression wave and ejection fraction 
but not the BDW perhaps implying a relative inefficiency in 
energy exchange between these two similar to that seen in left 
ventricular hypertrophy. The backward compression wave 
appropriately was also related to left ventricular function.

Recovery of left ventricular function can be assessed by 
measuring improvements in wall thickening over a period of 
months and in fact correlates well with BDW values measured 
at the time of percutaneous treatment. Therefore, wave inten-
sity analysis measured at the time of infarction is both a marker 
of infarct size and also conveys information on myocardial 
integrity, an important predictor of functional recovery.

19.11  Conclusion

Coronary wave intensity analysis has emerged as a powerful 
tool to investigate the coronary system and particularly in the 
distal intramyocardial blood vessels. It is able to recognize 
subtle abnormalities in resting coronary physiology that are 
imperceptible through simple velocity or pressure measures 
and that can otherwise only be unmasked with an appropri-
ate hemodynamic stimulus. While the magnitude of waves 
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       . Fig. 19.8 Changes in the backward decompression wave (left) 
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mized AV delay (BiV-OPT). Both the forward compression and backward 
decompression waves are significantly increased at BiV-Opt (p = 0.022 

and p = 0.005, respectively) in comparison with LBBB. The intensities 
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varies in both health and disease, the six waves identified in 
. Fig. 4 are almost always evident, providing temporal infor-
mation on the cardiac cycle.

While initially a research tool, wave intensity has now 
provided important mechanistic insights into a group of het-
erogeneous conditions all of which could be ultimately 
implemented clinically. Additionally, recognition of the 
waves (and thus wave-free periods) of the cardiac cycle has 
led to the development of the instantaneous wave-free ratio 
(iFR) as discussed elsewhere in this book.

With improvements in technology, it is possible that cor-
onary wave intensity could be moved out of the invasive 
catheter laboratory environment and into the noninvasive 
domain. This will allow larger studies to be undertaken per-
haps with sequential follow-up in patients enhancing the 
applicability of techniques. Ultimately, it may be used for 
prognostication in a variety of conditions including hyper-
tension, HCM, aortic stenosis, and heart failure.
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20.1  Introduction

Coronary artery disease is a dynamic process with structural 
as well as functional vascular alterations affecting the whole 
coronary tree including the coronary microcirculation. The 
structural alterations of the epicardial arteries can be exam-
ined by visualization of the vessels using invasive or noninva-
sive coronary angiography. However, the functional 
alterations are more difficult to detect especially when the 
coronary microcirculation is involved. Clinically, patients 
seek medical attention because of various forms of chest dis-
comfort occurring at rest or effort or both, with different 
locations and characters (e.g., burning, squeezing, etc.). 
However, the clinical presentation alone does not allow the 
clinician to predict the underlying (coronary) pathology. 
Indeed, studies have shown that despite signs and symptoms 
of myocardial ischemia up to 60 % of patients do not have 
any relevant epicardial stenosis upon diagnostic coronary 
angiography [1]. Moreover, functional coronary vasomotor 
abnormalities such as epicardial or microvascular spasm 
have been shown to be present especially in patients with 
angina pectoris and unobstructed coronary arteries [2]. One 
established method to assess these functional disorders is 
intracoronary acetylcholine provocation testing. It can be 
useful in various clinical scenarios and some are described in 
more detail in this chapter.

20.2  Intracoronary Acetylcholine 
Provocation Testing

Acetylcholine is a neurotransmitter of the parasympathetic 
nervous system. However, muscarinic acetylcholine receptors 
are also expressed in the endothelium as well as the vascular 
smooth muscle layer of the coronary arteries. When binding to 

the endothelium, acetylcholine induces a nitric oxide depen-
dent vasodilatation, whereas binding with receptors in the vas-
cular smooth muscle layer induces vasoconstriction [3]. 
Depending on the integrity of the endothelium the net effect is 
a slight vasodilatation as described in individuals without 
angina and without coronary stenoses [4] or marked vasocon-
striction and spasm as in patients with vasospastic angina.

After introduction of acetylcholine provocation testing in 
the 1980s [5], the test was widely used for the assessment of 
coronary artery spasm. However, after introduction of percu-
taneous coronary intervention in 1986 the interest in func-
tional coronary vasomotor disorders declined considerably 
at least in Europe and the United States. Still today, acetyl-
choline testing has a class IIa recommendation by the 
European Society of Cardiology Guidelines for stable coro-
nary artery disease for the detection of coronary spasm in 
patients with angina and unobstructed coronary arteries [6].

Preparation of acetylcholine solutions for intracoronary 
injection is easy and catheterization laboratory staff can be 
trained to prepare the solutions in short time. Usually, com-
mercially available Miochol-E is used for preparation of the 
intracoronary ACH solutions as it can be purchased from the 
pharmacy. The protocol for preparation of ACH solutions is 
shown in . Fig. 20.1. Of note, once prepared, the solutions 
should be used within 2 h and then discarded or newly pre-
pared for the next patient. Details regarding the preparation 
of the acetylcholine solutions can be found elsewhere [7].

20.3  Intracoronary Injection 
of Acetylcholine

Acetylcholine injection is performed via the diagnostic cor-
onary catheter. We always commence with the LCA-catheter 
as two vessels can be challenged at the same time. It is of 

1) Pharmaceutical product: Miochol-E© (Bausch&Lomb) = 20mg acetylcholine
chloride (powder) and 2ml solvent

2) Preparation

Important: Prepare ACH-solutions only immediately before application
(solution not usable for more than 2 hours after preparation!)

a) Mix 20mg acetylcholine + 2ml solvent + 98ml NaCl 0,9% (=0,2 mg/ml)

® this is stock solution 1

b) Mix 9ml of stock solution 1 + 91ml NaCl 0, 9% (=18µg/ml)

® this is stock solution 2

c) Label 3 perfusion syringes (each of 50ml) with„high“, „medium“ and
„low“:

- Perfusion syringe 1 „high“ = „ACH 10-5“ (high dose):

® 40ml of stock solution II (=18µg/ml)

- Perfusion syringe 2 „medium“= „ACH 10-6“ (medium dose):

® 8ml perfusion syringe 1 + 32ml NaCl 0,9% (=3,6µg/ml)

- Perfusion syringe „low“, „ACH 10-7“ (low dose):

® 4ml perfusion syringe 2 + 36ml NaCl 0,9% (=0,36µg/ml)

       . Fig. 20.1 Preparation proto-
col for acetylcholine provocation 
test
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utmost importance to follow a stepwise approach with 
increasing dosages starting at 2 μg (and then increasing to 
20, 100, and 200 μg as the maximum dose for the LCA) as 
some patients may develop severe coronary spasm at the 
lower dosages. If assessment of the LCA is uneventful, the 
RCA should be challenged with 80 μg. The injection period 
and time frames are shown in . Figs. 20.2 and 20.3. Usually 
the manual injection should be performed over a period of 
20 s. It is important to have a continuous 12-lead ECG regis-
tration throughout the test and the patient should be asked 
about any symptoms occurring after completion of every 
dose of ACH.  In case of severe angina or ischemic ECG 
shifts nitroglycerine is injected into the respective vessel 
(standard dose is 200 μg) following angiographic documen-
tation of coronary vasospasm. This almost always reverts the 
pathologic findings. Sometimes a second dose of nitroglyc-
erine is necessary. In the rare case of refractory spasm, atro-
pine (e.g., 1 mg intravenously) should be given as this is the 
direct antagonist of acetylcholine. The most frequent side 
effect of intracoronary acetylcholine injection is bradycar-
dia. Thus, some centers prefer to have a temporary pace-
maker inserted into the right ventricle before the ACH-test 

is started. It should, however, be mentioned that duration of 
bradycardia is only short when the speed of the manual 
injection is slowed down.

20.4  Definition of Acetylcholine Testing 
Results

Epicardial coronary spasm: Focal or diffuse epicardial vasocon-
striction ≥90 % in comparison to the relaxed state after intra-
coronary nitroglycerine administration together with ischemic 
ECG shifts and reproduction of the patient’s symptoms.

Microvascular spasm: Reproduction of the patient’s 
symptoms together with ischemic ECG shifts (usually ST- 
segment depression) without epicardial vasoconstriction 
≥90 % (. Fig. 20.4). A more detailed description of the ace-
tylcholine test can be found elsewhere [8].

20.5  Clinical Scenarios Where ACH-Testing 
Can Be Helpful

20.5.1  ACH-Testing as a Spasm Test

The clinical suspicion that coronary spasm may be the cause 
of the patient’s symptoms is of great importance. The most 
frequent clinical presentation is angina pectoris at rest 
(often with a preserved exercise capacity) and smoking has 
been shown to be an important risk factor for epicardial 
spasm [2]. Coronary angiography is recommended in such 
patients to determine the degree of underlying epicardial 
coronary artery disease. Moreover, acetylcholine provoca-
tion testing should be performed to determine the site and 
mode of spasm. Focal spasm (i.e., ≥90 % vasoconstriction 
in one isolated coronary segment, usually complete occlu-
sion) with transient ST-segment elevation and reproduc-
tion of angina is one form of vasospastic angina that is 
called Prinzmetal’s variant angina. However, studies on 
Caucasian patients have shown that distal and diffuse spasm 

Baseline
angiography

2µg acetylcholine
20 seconds bolus i.c.

20µg acetylcholine
20 seconds bolus i.c.

100µg acetylcholine
20 seconds bolus i.c.

Control
angiography

Control
angiography

1 min. 1 min. 1 min.

Control
angiography

Nitroglycerine i.c.

Control
angiography

200µg acetylcholine
20 seconds bolus i.c.

1 min.

       . Fig. 20.2 Acetylcholine 
provocation protocol for the left 
coronary artery

Baseline
angiography

80µg acetylcholine
20 seconds bolus i.c.

1 min.

Nitroglycerine i.c.

Control
angiography

       . Fig. 20.3 Acetylcholine provocation protocol for the right coro-
nary artery
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usually with ST-segment depression on the ECG in response 
to acetylcholine is by far the most frequent finding [9]. The 
distinction between focal and diffuse epicardial coronary 
artery spasm is important as the type of spasm has been 
shown to carry prognostic relevance. In an Asian study, 
Sato et al. found that patients with focal spasm had a worse 
prognosis compared to patients with diffuse spasm [10].

20.5.2  ACH-Testing as a Test 
for the Coronary Microcirculation

Acetylcholine provocation testing can also detect abnormal cor-
onary vasomotion of the coronary microcirculation. Frequently 
acetylcholine testing showed no epicardial spasm but patients 
reported reproduction of their usual symptoms and the simulta-
neously recorded 12-lead ECG showed ischemic shifts. Thus 
coronary microvascular spasm was assumed to be the patho-
physiologic correlate [11]. Recent studies have shown that 

microvascular spasm can be found in ~ 30 % of patients with 
angina and unobstructed coronary arteries [2]. Clinically there 
may be patients with resting angina in whom the ACH-test 
reveals coronary microvascular spasm. However, there are also 
patients with pure effort-induced angina in whom the acetyl-
choline test reveals microvascular “spasm”. Whether microvas-
cular “spasm” is the cause for the effort- induced angina in 
everyday life still needs to be determined but it is also plausible 
that the abnormal ACH-test is a marker for a more general dys-
function of the coronary microcirculation with impaired vaso-
dilatation as the main mechanism for effort angina [12, 13].

20.5.3  ACH-Testing in the Presence 
of Coronary Stenoses

In patients with epicardial coronary atherosclerosis ACH- 
testing may indicate the site of future development of epicar-
dial stenoses [14]. However, this has not been consistently 

a

Acetylcholine i.c. Nitroglycerine i.c.

b

c d

       . Fig. 20.4 The upper panels show left coronary artery angiograms 
and electrocardiograms (ECGs) in a patient with epicardial spasm. Note the 
diffuse but distally accentuated narrowing of the left anterior descending 
coronary artery (wraps around the apex) during acetylcholine infusion 
together with ischemic ECG shifts in the precordial and inferior leads 
(a) and resolution of both findings after intracoronary nitroglycerin 

(b). The lower panels show an example of a patient with microvascular 
spasm. During acetylcholine infusion the patient had reproduction of 
chest pain and ischemic ECG changes but no epicardial vasoconstriction 
(c). After intracoronary nitroglycerin, chest pain and ECG changes resolved 
(d) (With permission from J Am Coll Cardiol. 2012;59:655–62.) Will send 
permission in a separate email.
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shown. Another interesting aspect is the presence of coro-
nary spasm at the site of an intermediate plaque contributing 
to transient occlusion of the vessel. In such cases, stenting 
may abolish spasm at the site of the activated atherosclerotic 
plaque [15]. Moreover, spasms at the site of activated plaques 
have been associated with worse outcomes [16]. Finally, 
patients with previous successful PCI but recurrent or ongo-
ing angina frequently suffer from coronary spasm, which are 
often diffuse and occur usually distal to the stent [17, 18]. 
The reasons for this phenomenon are still not understood but 
they may involve interruption of vascular communication 
due to the stent [19]. Whether or not this pathologic response 
may be prevented by the use of bioresorbable vascular scaf-
fold stents is still under debate [20, 21].

20.6  Clinical Implications

Acetylcholine provocation testing has been shown to be safe 
[9] with a complication rate similar to that of diagnostic cor-
onary angiography [22]. Moreover, the test is cheap and can 
be performed immediately after diagnostic angiography with 
an additional time frame of approximately 15 min. The diag-
nostic information arising from the test is multiple. First, the 
patient can be reassured that a cardiac cause for the symp-
toms is found. Second, if a coronary vasomotor disorder is 
diagnosed, targeted treatment with calcium channel block-
ers, nitrates, and other drugs to improve coronary vasomo-
tion (e.g., nicorandil) can be initiated [23]. Nevertheless, 
approximately 30  % of patients have refractory symptoms 
[24] underpinning the need for a better understanding of the 
pathophysiology and the need for the development of new 
therapeutic strategies.

20.7  Conclusion

Intracoronary acetylcholine provocation testing is a safe and 
reliable technique for the assessment of coronary vasomotor 
disorders. It is useful to detect epicardial and microvascular 
spasm, which can be found in up to 60 % of patients with 
angina and unobstructed coronary arteries. Establishing 
such a diagnosis enables the physician to reassure the patient 
that a cause for the clinical presentation is found. Moreover, 
targeted medical treatment approaches with calcium channel 
blockers and nitrates can be initiated.
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21.1  Introduction

Over the last 50 years, a tremendous amount of knowledge 
pertaining to the structure and control mechanisms that gov-
ern function of the coronary circulation has been obtained 
through invasive studies in experimental animal models 
 [1–5]. The major factors determining coronary blood flow 
(CBF) and myocardial oxygen delivery that were established 
in the experimental laboratory several decades ago have been 
incorporated into the management of ischemic heart disease 
[6–8]. The basic understanding of the fluid mechanical 
behavior of coronary stenoses as studied in the experimental 
setting has also been translated to the cardiac catheterization 
laboratory where measurements of coronary pressure distal 
to a stenosis and CBF are routinely obtained [7, 9, 10]. These 
physiological concepts that were originally studied in the 
experimental animal laboratory now facilitate routine clini-
cal decision-making in a fashion that favorably impacts out-
comes [11, 12].

Notwithstanding these major achievements, there is 
growing concern that animal models have limited transla-
tional value for complex disease processes such as ischemic 
heart disease [13–15]. Understanding the interspecies differ-
ences in coronary anatomy and physiology, as well as the 
limitations of experimental animal models of ischemic heart 
disease is essential to properly appreciate the translational 
value of animal studies. In this chapter we highlight relevant 
differences in coronary anatomy and physiology between 
humans and experimental animals and address the benefits 
and limitations of experimental animal models of ischemic 
heart disease. Since most experimental studies pertaining to 
the coronary circulation have been performed in large ani-
mals, most notably dogs and swine, focus will be particularly 
on these species.

21.2  Comparative Anatomy of the Coronary 
Circulation

Epicardial Coronary Arteries Ventricular blood flow is sup-
plied by the left and right epicardial coronary arteries, which 
originate from the ostia in the left and right sinuses of 
Valsalva, respectively. The main branches of the left coronary 
artery are the left anterior descending artery (LAD) and the 
left circumflex coronary artery (LCx). The LAD supplies the 
left ventricular (LV) anterior wall and anterior two-thirds of 
the interventricular septum, equivalent to ~40 % of the LV 
myocardial mass, while the LCx supplies the lateral LV wall 
(~20 % of LV mass). The RCA supplies the right ventricle 
and in typically right dominant species (humans and swine) 
the LV posterior wall and septum, comprising ~40 % of the 
LV myocardial mass. In contrast, in left dominant species 
(dogs, goats, ruminants) the LCx supplies both the lateral 
and posterior LV wall as well as the posterior LV septum 
comprising ~60 % of the LV myocardial mass. Although 
variations in left versus right dominance are also observed 
within a particular species, a LCx stenosis or occlusion will 
in general yield a markedly greater area of ischemia in dogs 
than in swine [4].

Coronary Collateral Arteries Considerable interspecies differ-
ences exist with respect to the presence of innate coronary 
inter-arterial anastomoses, i.e. coronary collaterals [16, 17]. 
Thus, while species such as rat, rabbit, sheep, and swine have a 
negligible innate coronary collateral circulation, dogs, cats, and 
particularly guinea pigs have an extensive innate collateral cir-
culation (. Fig. 21.1; [17]). Consequently, a coronary artery 
occlusion in cats and dogs results in significantly slower 
 development of myocardial necrosis, while collateral flow in 
guinea pigs is so high that necrosis is virtually absent even during 

Guinea pig

Human (CAD)

Human (no CAD)

Dog

Cat

Rat

Ferret

Baboon

Rabbit

Pig

0 10 20

Collateral flow (% non-ischaemic zone)

30 40

       . Fig. 21.1 Interspecies dif‑
ferences in coronary collateral 
flow relative to normal flow in 
the nonoccluded vessel (Repro‑
duced with permission from 
Seiler et al. [17])
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sustained coronary occlusions [17, 18]. Even in pigs, in which 
collaterals are absent in the normal heart, coronary collater-
als can be readily induced following placement of a (progres-
sive) proximal coronary artery stenosis or repetitive brief 
(2 min) coronary artery occlusions [3, 16]. Recent evidence 
from clinical studies suggests that in humans there may be 
considerable collateral blood flow capacity even in healthy 
individuals, reaching collateral blood flow levels similar to 
those observed in dogs [17]. Moreover, coronary collateral 
supply can be further increased in patients by physical exer-
cise training, where there is a dose–response relation between 
coronary collateral flow augmentation and improvement in 
exercise capacity [17]. Conversely, classical risk factors, 
including diabetes and hypertension, hamper collateral for-
mation [19, 20]. Moreover, genetic factors also influence the 
growth response of collateral blood vessels [20] and together 
with the environmental factors may explain why significant 
interindividual variations in collateral blood flow capacity in 
patients with coronary artery disease are observed [21]. This 
indicates that both collateral-rich and collateral-deficient 
species are useful in ischemia–reperfusion studies, repre-
senting patients with high (e.g., dogs) or low (e.g., swine) col-
lateral blood flow capacity.

21.2.1  Comparative Physiology of the 
Coronary Circulation

Epicardial Coronary Arteries Epicardial conduit arteries do 
not normally contribute significantly to coronary vascular 
resistance, yet arterial diameter is modulated by a wide variety 
of factors, including neurohumoral (norepinephrine, acetyl-
choline), paracrine (platelet-derived), and mechanical (shear 
stress) factors [7]. The net effect of many of these factors 
depends critically on the presence of a functional endothe-
lium. Furchgott and Zawadski originally demonstrated that 
acetylcholine normally dilates arteries via an endothelium- 
dependent mechanism, which was later identified as nitric 
oxide (NO) [22]. When the endothelium is removed, the dila-
tion to acetylcholine is converted to vasoconstriction, reflect-
ing the effect of muscarinic vascular smooth muscle 
contraction. In  experimental animal models as well as patients 
undergoing an intravascular coronary procedure, acetylcho-
line is the gold standard for testing epicardial coronary endo-
thelial function [23]. However, in swine the vascular smooth 
muscle constrictor effects of acetylcholine outweigh its endo-
thelium-dependent vasodilator effects, making acetylcholine 
unsuitable for investigating endothelial-dependent vasodila-
tion in this species [3].

Coronary Microvasculature and the Regulation of Coronary 
Blood Flow The principal locus of coronary vascular resis-
tance resides in microvessels smaller than 200 micron in diam-
eter, termed arterioles [3, 24]. Regulation of tone in these 
microvessels is the result of a balance between a myriad of vaso-
dilator and vasoconstrictor signals exerted by metabolic signals 

from the myocardium, the endothelium, and neurohormonal 
influences [3, 24]. These signals enable the heart to match the 
coronary blood supply to the need for oxygen and nutrients, 
while maintaining a consistently high and near maximum level 
of oxygen extraction (60–80 %) [1, 3]. As a result of the high 
oxygen extraction under resting baseline conditions, an increase 
in myocardial oxygen demand such as during dynamic exercise 
increases CBF in proportion to the heart rate, with peak values 
during maximal exercise typically three to five times the resting 
level [25]. The strong correlation between coronary flow and 
heart rate occurs because heart rate is a common multiplier for 
the other determinants of myocardial oxygen demand (contrac-
tility and cardiac work), which are computed per beat. 
Regression analysis of published LV myocardial blood flow data 
against heart rate demonstrates remarkably similar relation-
ships between canine, equine, human, porcine, and even rodent 
data during dynamic exercise (. Fig. 21.2).

Although the increases in CBF during exercise are compa-
rable among large mammalian species, the mechanisms con-
trolling coronary vascular resistance – including differences 
in autonomic, endothelial, and metabolic control – can vary 
markedly as is highlighted in . Table 21.1. There is evidence 
that CBF regulation follows a nonlinear redundancy design in 
the dog [26], whereas coronary flow regulation appears to fol-
low a linear additive design in the pig [27], demonstrating 
that significant species differences exist [3]. It  is presently 
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       . Fig. 21.2 Relations between heart rate and left ventricular myo‑
cardial blood flow (LVMBF) at rest and during treadmill exercise in 
dogs, horses, humans, and swine. Data from humans were obtained 
principally from young healthy male subjects performing upright 
bicycle exercise. Data from rats have been added (solid diamonds) to 
illustrate that the high LVMBF values in this species are the result of 
the high heart rates, so that the rat data fall close to the regression 
line for the human data (Reproduced from Duncker et al. [28], with 
permission from Elsevier)

Comparative Physiology and Pathophysiology of the Coronary Circulation



290

21

unclear whether control of the human coronary circulation 
follows a redundancy or additive design [28].

Species differences clearly exist with respect to neurohu-
moral control of CBF.  For example, swine lack significant 
alpha-adrenergic control of CBF [29, 30], whereas the 
exercise- induced increase in CBF is impeded by an increase 
in alpha-adrenergic tone in dogs [5, 31], and the role of 
alpha-adrenergic constriction in healthy humans during 
exercise remains uncertain [32]. Conversely, beta-adrenergic 
vasodilation occurs in all three species [3]. Species differ-
ences are also noted for parasympathetic control of the coro-
nary circulation, with parasympathetic tone exerting a 
coronary vasodilator influence in resting dogs but a vasocon-
strictor influence in resting swine [3]. Similarly, angiotensin 
II contributes to coronary vascular tone in resting swine, but 
not in resting dogs or humans [19, 28].

Endothelial control of CBF also demonstrates significant 
differences between species [28]. For example, inhibition of 
nitric oxide synthase results in coronary vasoconstriction in 
resting humans and swine and to a lesser extent in dogs, 
while inhibition of prostanoid production produces coro-
nary vasoconstriction in swine, but not in dogs or humans. 
Conversely, endothelin exerts a vasoconstrictor influence in 
awake resting swine, dogs, and healthy humans (insert 
. Table ‑).

Interestingly, an interaction exists between NO and pros-
tanoids in the canine coronary circulation [33]. These find-
ings indicate an increased contribution of prostanoids when 
NO synthase activity is blunted and could explain why clini-
cal studies of patients with (minimal) coronary artery disease 
reported a role for vasodilator prostanoids [34–36], whereas 
the single study in healthy human volunteers failed to observe 

such a role [37]. In swine, the contribution of prostanoids to 
the regulation of coronary vascular tone was not enhanced 
by inhibition of NO synthesis [38] suggesting that in the por-
cine heart, prostanoids and NO do not act in a compensatory 
manner when one of these pathways is blocked. As the effects 
of endogenous prostanoids decrease with age both in pigs 
[39] and humans [40], the discrepancy between porcine ver-
sus human/canine studies may reflect a difference in age- 
dependent contribution of prostanoids to regulation of 
coronary resistance vessel tone. These examples highlight the 
importance of taking the presence of risk factors or coronary 
artery disease into account when interpreting data from 
older patients with (minimal) disease versus studies in young 
healthy animals.

21.2.2  Comparative Pathophysiology 
of the Coronary Circulation 
in Coronary Artery Disease

 Coronary Artery Disease in Humans Versus Experimental 
Animal Models Ischemic heart disease in humans is the 
result of long-term exposure to risk factors that predispose to 
the development of atherosclerosis in the arterial vessels. 
Atherosclerosis can start as early as the second decade of life 
[41, 42] but often does not become symptomatic until the 
sixth or seventh decade of life. Symptoms of myocardial isch-
emia occur when an atherosclerotic plaque obstructs the vas-
cular lumen by more than 75 % of its cross-sectional area to 
produce a hemodynamically significant coronary artery ste-
nosis or when a (hemodynamically insignificant) plaque rup-
tures and a thrombus causes the arterial vessel to become 
suddenly occluded [7]. A coronary artery stenosis can even-
tually result in chronic myocardial stunning and hibernation, 
whereas a sudden thrombotic occlusion poses an acute threat 
to myocardial viability [7].

In the majority of experimental studies, myocardial 
ischemia has been studied in anesthetized animals, either 
open- or closed chest, in the acute setting [18]. Acute severe 
ischemia is almost invariably produced by complete occlu-
sion of a coronary artery. In open-chest animals, this can be 
accomplished by ligation of the vessel or occluding the ves-
sel by inflation of a balloon placed around the vessel. In 
closed- chest animals, intracoronary devices can be used to 
occlude a vessel. This approach has the advantage that sur-
gical trauma produced by the thoracotomy is avoided. The 
most frequently employed method is inflation of a balloon 
placed at the tip of a catheter [18, 43]. Studies into novel 
strategies to protect the heart against irreversible ischemia–
reperfusion damage have provided us with a wealth of 
information on the mechanisms of ischemia–reperfusion 
damage [44], including a role for the coronary microcircu-
lation [45, 46]. To date, however, this has not yet yielded a 
proven and established novel therapy against ischemia–
reperfusion injury [47–49]. There are several explanations 
for the disparity between experimental and clinical studies, 

       . Table 21.1 Mechanisms demonstrated to be involved in the 
regulation of coronary vascular resistance in dogs, swine, and 
humans in vivo

Dog Swine Human

Neurohumoral control

Alpha‑adrenergic + − +a

Beta‑adrenergic + + +

Muscarinic +b +b ?

Angiotensin II

Endothelial mediators − + +

Nitric oxide + −c +

Prostanoids − + −

Endothelin + + +

Metabolic regulators

Adenosine − + +

KATP channels + + +c

KV channels + + ?
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including methodological limitations in clinical studies but 
also lack of risk factors, comorbidities, and co-medication 
in animal studies. For an in-depth review of this issue, the 
reader is referred to several excellent review articles else-
where [47–49].

In order to produce mild or moderate ischemia, the flow 
in the coronary artery must be reduced rather than com-
pletely abolished. In open-chest anesthetized animals, this 
can be achieved through a hydraulic occluder positioned 
around the coronary artery, tightening a J-shaped screw 
clamp or other mechanical devices [18]. Flow reductions can 
also be achieved by intracoronary placement of a cylinder 
attached to a catheter [50]. The lumen of a hole drilled in the 
length of the cylinder provides the partial perfusion when 
the catheter is so far advanced into the coronary artery that 
the cylinder occludes the vessel completely. An advantage of 
this method is that it can be used in closed-chest animals and 
that the lumen of the catheter provides an opportunity to 
obtain post-stenosis pressure measurements. A disadvantage 
of all above-described methods is that they produce concen-
tric stenoses, while in man the majority (~70 %) of stenoses 
are eccentric. Vessels with a fixed concentric constriction do 
not respond to vasodilators, while vessels with eccentric ste-
noses are capable to increase their lumen, thereby enlarging 
coronary blood flow. Consequently, some investigators have 
attempted to mimic an eccentric stenosis by partially inflat-
ing an intraluminal balloon [51].

Over the past 20 years, investigators have begun to use 
more chronic models of ischemia, for example, to study 
post- infarct remodeling [52, 53] and chronic myocardial 
stunning and hibernation [54–56]. In infarct studies 
mechanical approaches to coronary artery ligations have 
been employed either to permanently occlude a coronary 
artery or produce a transient coronary artery occlusion 
(1–2-h balloon occlusion) to mimic reperfusion therapy of 
myocardial infarction [43, 57]. To study chronic myocardial 
stunning and hibernation, investigators have implanted 
small (C-shaped) occluder devices sutured around the coro-
nary artery in young growing swine [54–56, 58]. Over time, 
the initially mild stenosis increases in severity as the animals 
grow leading to severe narrowing and even occlusion in sub-
sets of animals [56].

Notwithstanding the usefulness of direct mechanical 
approaches to coronary artery obstructions in all of the 
aforementioned studies, a limitation of these experimental 
models is that they typically involve young healthy animals 
with no risk factors or comorbidities. For this purpose, sev-
eral research groups have begun studying the influence of 
high-fat diet, familial hypercholesterolemia, metabolic syn-
drome, and diabetes mellitus on coronary atherosclerosis 
and coronary microvascular dysfunction [59–61]. Swine 
appear to be particularly useful as their blood lipid profile is 
similar to humans and atherosclerosis can be easily induced 
[60, 62]. Although studies in swine are very expensive as they 
often require large amounts of specific (high-fat) diets and 
housing over an extended period of time to produce coro-
nary atherosclerosis, they allow the study of functional and 

structural alterations in the coronary microvasculature, 
which are now recognized as an integral part of ischemic 
heart disease [63–65]. The coronary atherosclerosis pro-
duced in most large animal models typically represents early 
stage plaques, with only very few studies reporting advanced 
complex plaques [66, 67]. Furthermore, no study has, to our 
knowledge, demonstrated yet that spontaneous coronary 
plaque rupture does actually occur, but recent advances in 
transgene technology in swine may soon yield a valid human 
model of vulnerable plaque formation and possibly coronary 
microvascular dysfunction [68].

 Coronary Microvascular Dysfunction in Humans Versus 
Experimental Animal Models It is well appreciated that ath-
erosclerosis of conduit epicardial arteries is often the culprit 
underlying the complications of coronary heart disease [7]. 
For instance, it has been demonstrated by coronary angiogra-
phy in several studies that there is a close relationship 
between the severity and extent of coronary artery disease 
and patient survival. However, a growing body of literature 
indicates that the coronary microcirculation also contributes 
substantially to the pathophysiology of cardiovascular dis-
ease [40, 63, 65, 69]. In addition, cardiovascular events in 
patients presenting with acute coronary syndromes, and 
undergoing successful coronary intervention, were equally 
attributable to culprit and non-culprit lesion sites, indicating 
that coronary artery disease is a diffuse and systemic disease 
affecting all coronary macro- and microvessels, even 
when  only a single flow-limiting stenosis is present [70]. 
Consequently, understanding the exact mechanisms that 
regulate coronary microvascular function in health and how 
it is altered in disease states is essential, particularly as regula-
tory mechanisms can vary substantially across species and 
vascular beds [25, 71].

Assessment of coronary microvascular function in 
humans has been somewhat hampered to date due to the 
fact that no technique allows the direct visualization of coro-
nary microcirculation in vivo in humans [65]. Several mea-
surements that rely on the quantification of blood flow 
through the coronary circulation, such as intracoronary 
thermodilution or intracoronary Doppler wire in large 
proximal coronary arteries, are commonly used to assess 
function of the coronary microvasculature. However, these 
techniques still provide only indirect information about the 
flow through the coronary microvasculature. Somewhat 
more direct information regarding human coronary artery 
microvascular (dys)function has been obtained by positron 
emission tomography, which is a functional imaging tool 
applying short-lived radioisotopes to measure myocardial 
blood flow noninvasively and in absolute terms [72]. These 
studies have revealed that myocardial flow reserve is 
impaired in several clinical conditions such as in patients at 
high risk for CAD [73], hypercholesterolemia [74], hypertri-
glyceridemia [75], hypertension [76], chronic kidney dis-
ease [77], LV hypertrophy [78], and diabetes [79, 80]. 
Importantly, in all these studies, reduced myocardial blood 
flow reserve was detected in anatomically normal coronary 
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arteries highlighting the importance of coronary microvas-
cular dysfunction that accompanies many common comor-
bidities. Recent evidence also indicates that microvascular 
dysfunction is an independent  predictor of adverse clinical 
events following coronary revascularization [81].

To complement the studies addressing coronary microvas-
cular function in humans, numerous animal studies have pro-
vided important mechanistic information on the topic. It is of 
note that particularly large animal studies have recapitulated 
many clinical features of coronary microvascular  dysfunction 
as described above. For instance, several large animal models 
with features of metabolic syndrome have recently addressed 
alterations in coronary (micro)vascular function and struc-
ture. In Ossabaw swine with metabolic syndrome, coronary 
arterial enlargement with diffuse coronary artery disease was 
present in the absence of severe focal stenosis [82]. Moreover, 
hypertrophic inward remodeling of coronary resistance 
microvessels and capillary rarefaction occurred in the myocar-
dium, which contributed to decreased coronary flow and myo-
cardial ischemia [60]. Furthermore, a reduction in nitric oxide 
bioavailability and impairment of the endothelin-1 vasocon-
strictor responses were observed in coronary microvessels 
from a pre-atherosclerotic diabetes mellitus porcine model 
with type 2 characteristics [59]. This reduction in coronary 
microvascular NO bioavailability is similar to that observed in 
human coronary arteries [40] and results in a loss of the “nor-
mal” contribution of NO to shear stress-dependent vasodila-
tion in CAD patients [40]. It is highly plausible that this 
reduced NO bioavailability is due to increased production of 
reactive oxygen species which are elevated in practically all 
cardiovascular disease states [40]. Interestingly, shear stress-
mediated vasodilation was still present in CAD patients, but an 
increased contribution of a so-called endothelium-derived 
hyperpolarizing factor (EDHF) compensated for the loss of 
NO [40]. There are several possible EDHFs that act to com-
pensate and maintain coronary artery dilation in CAD and 
other disease conditions, not only in response to shear stress 
but also bradykinin- induced vasodilation in human coronary 
arteries [40]. Taken together, human and animal studies show 
many similarities in terms of regulation of vascular tone in the 
coronary microvasculature and in terms of alteration regula-
tion of vascular tone in disease states.

21.3  Concluding Remarks

Over the last 50 years, a vast amount of knowledge pertaining 
to the structure and control mechanisms that govern func-
tion of the coronary circulation has been obtained through 
invasive studies in experimental animal models [1–5, 7]. 
Thus, the major factors determining myocardial oxygen 
delivery and the fluid mechanical behavior of coronary artery 
stenoses have been elucidated, and this knowledge has been 
successfully incorporated into the management of patients 
with ischemic heart disease [7, 9, 10]. Notwithstanding the 
importance of large animal studies for our current 

 understanding of coronary physiology, there is a need to fur-
ther develop animal models of coronary artery disease in 
order to continue to successfully translate knowledge from 
the experimental laboratory to the clinical arena. Most nota-
bly, we should generate animal models that more closely 
mimic the clinical situation, including long-term exposure to 
comorbidities to recapitulate human coronary artery disease. 
Such animal models are critical in order to further improve 
the treatment of patients with ischemic heart disease.
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22.1  Introduction

In the last two decades, coronary computed tomography 
angiography (CTA) has been introduced as a noninvasive 
alternative for the assessment of coronary anatomy [1]. Since 
its introduction, the technology has undergone rapid scien-
tific advances with improvements in resolution, acquisition 
times, reduction in contrast volume, and radiation doses, 
going from an 8-slice CT system in 2000 to 16-slice (2002), 
64-slice (2004), and more recently 128-slice and 256-slice CT 
systems. The new-generation 256-slice CT system enables 
imaging of the entire heart in a single heart beat, with the 
rapid speed of the scan facilitating a substantial reduction in 
both contrast volumes and radiation dosage [2].

The landmark multicenter CORE-64 study investigated 
the diagnostic ability of coronary CTA, utilizing 64-slice 
scanners, compared to invasive angiography in 291 consecu-
tive patients. Coronary CTA (area under the receiver- operator 
curve [AUC] 0.84, 95 % CI 0.79–0.88) was demonstrated to 
be similar to conventional invasive angiography in its ability 
to identify patients who subsequently underwent revascular-
ization. Further patient-based analyses demonstrated coro-
nary CTA was highly accurate for the diagnosis of patients 
with at least one coronary stenosis of 50 % or more, as assessed 
by invasive quantitative coronary angiography (QCA), with 
an AUC 0.93 (95 % confidence interval [CI], 0.90–0.96). In a 
vessel-based analysis, the AUC was 0.91 (95 % confidence 
interval [CI], 0.88–0.93) demonstrating that 64-slice coro-
nary CTA had a good diagnostic capacity [3].

More recently, the PROMISE and SCOT-HEART trials 
collectively investigating over 14,000 patients demonstrated 
the potential incremental value of coronary CTA over con-
ventional practice in investigating patients with suspected 
angina due to coronary heart disease [4, 5]. In the PROMISE 
study, coronary CTA was shown to be non-inferior to func-
tional testing over a median follow-up of 2 years and allowed 
for better understanding of the coronary anatomy and pres-
ence of obstructive disease before the patient entered the 
catheterization laboratory. This in turn was shown to reduce 
the likelihood of the patient undergoing invasive angiogra-
phy demonstrating no obstructive CAD, as well as improving 
secondary prevention [4]. SCOT-HEART showed similar 
results, namely, that the addition of coronary CTA to stan-
dard medical therapy leads to an incremental benefit. In par-
ticular, a noninvasive understanding of the presence of 
obstructive disease reduced the likelihood of the patient 
undergoing invasive angiography demonstrating no obstruc-
tive CAD.  Furthermore, coronary CTA allowed for the 
appropriate targeting of revascularization strategies and sec-
ondary prevention [5].

Beyond luminography and tissue characterization, mul-
tislice CT (MSCT) was unable to provide a functional assess-
ment of the severity of the epicardial narrowings. Over the 
last 15 years, research in the field has made major progress 
and some landmark discoveries, including the introduction 
and validation of patient-specific 3-D blood flow analysis, the 
development of adaptive finite-element models for simulat-

ing cardiovascular blood flow, the definition of physiologi-
cally realistic inflow and outflow boundary conditions, as 
well as the coupled description of blood flow and vessel wall 
dynamics. These advances have allowed the development of 
algorithms to calculate FFR noninvasively using coronary 
CTA (FFRCT).

22.2  Fractional Flow Reserve

Fractional flow reserve (FFR), the ratio of maximal blood 
flow on either side of a coronary artery stenosis (distal vessel 
pressure divided by proximal vessel pressure), was intro-
duced almost two decades ago [6]. FFR has been intensively 
validated and has demonstrated its clinical utility in defer-
ring percutaneous treatment in non-flow-limiting stenoses 
[7]. Furthermore, recent studies have reported that FFR- 
guided coronary revascularization leads to improved clinical 
outcomes and reduced costs compared with angiography- 
guided coronary revascularization alone [8]. The current 
guidelines emphasize the role of invasive FFR to determine 
the functional significance of a coronary stenosis [9].

In clinical practice, the interventional cardiologist has 
information derived from noninvasive angiography studies 
suggesting the presence of additional coronary lesions above 
those involved in the etiology of an ischemic condition. The 
functional effects of a lesion rather than the degree of nar-
rowing predict the potential benefit of revascularization. 
These tests (radio-nuclear, echocardiography, magnetic reso-
nance imaging) constitute a severe financial burden for soci-
ety [10, 11]. The desire to have a single diagnostic modality 
providing all the information in one single noninvasive 
assessment is long awaited [12].

22.3  Principles of Noninvasive FFR 
Assessment with MSCT

FFRCT technology is based on three key underlying princi-
ples for the generation of physiologic models of coronary 
blood flow.

According to the first principle, baseline coronary blood 
flow is met by myocardial demand for oxygen at rest. 
Allometric scaling laws in the form Qc

rest ∝ Mmyo k can be 
used to estimate physiological parameters, for instance, coro-
nary flow (Qc), under baseline conditions given an organ 
mass Mmyo; k is the scaling factor [13, 14]. Adherence to this 
principle enables calculation of total resting coronary blood 
flow relative to patient-specific left and right ventricular mass 
quantified from the same MSCT scan. Naturally, this assump-
tion does not apply to patients with angina at rest, and there-
fore FFRCT technology cannot be utilized in this group.

The second principle claims that the resistance of the 
microcirculatory vascular bed at rest is inversely, but not 
 linearly, proportional to the size of the feeding vessel as dem-
onstrated in prior morphometry, shear stress autoregulation, 
and compensatory remodeling research [15–20]. In other 
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words, healthy and diseased blood vessels adapt to the amount 
of flow they carry. Power law relationships in the form 
rp

k = rd1
k + rd2

k apply to the coronary arteries; autoregulation of 
wall shear stress provides the mechanism to explain observed 
power laws inherent in flow-diameter relationships [17, 18].

The third principle states that the coronary microcircula-
tion has a predictable response to adenosine, which is pro-
duced as soon as the heart lacks O2. Exogenous administration 
of adenosine elicits the maximum hyperemic responses by 
producing complete relaxation of the smooth muscle cells 
lining the resistance arterioles. Importantly, FFRCT technol-
ogy does not require any modifications in CCTA acquisition 
protocols, additional imaging, or administration of addi-
tional drugs.

22.4  Cardiovascular Computational Fluid 
Dynamics

Any application of computational fluid dynamics to struc-
tures as small as the coronary circulation bed requires unique 
capabilities for finite-element mesh generation and modifica-
tion [21]. Flow of an incompressible fluid, such as blood, sub-
mitted to a high driving pressure (e.g., 100 mmHg) may be 
highly accelerated when a small additional gradient of pres-
sure is applied. This can generate significant changes in wall 
shear stress that require custom solving tools. Within current 
algorithms, finite-element meshes can iteratively adapt their 
resolution in an anisotropic fashion; the distribution of ele-
ment size and density can be modified according to compu-
tation requirements [22, 23]. In areas of less complex flow, 
the mesh elements may be coarser and less dense. Structured 
layers of elements are required near the vessel wall (bound-
ary layers), in order to enhance the accuracy of wall shear 
stress computations, especially in highly/exceedingly curved 
vessels [24]. On the other hand, flow-pressure variations in 
the coronary arteries cannot be directly measured, as they are 
inherently part of the solution. Coronary flow distribution is 
modulated by both the resistance of the downstream vascu-
lar bed and the intramyocardial pressure due to ventricular 
myocardium contraction [25]. Flow is not always propor-
tional to pressure; thus, their relationship at the outlets of the 
coronaries is better expressed in the form of outflow bound-
ary conditions coupling the 3-D epicardial domain to the 
microvasculature. Conversely, the influence of preload, heart 
rate, contractility, and cardiac output can be modeled in 
appropriately set inflow boundary conditions [26].

22.5  Calculation of FFRCT

Based upon the aforementioned three principles for the gen-
eration of physiologic models of coronary blood flow, propri-
etary algorithms using cardiovascular computational flow 
dynamics were created. The anatomy of the coronary arterial 
bed of a particular patient is not known a priori and has to be 
extracted from a patient-specific medical imaging dataset; 

MSCT can provide an accurate coronary geometric model, 
including branching and pathology specific to a patient. 
Based upon this geometric information, a volumetric finite- 
element mesh with anisotropic refinement and boundary 
layers is generated in order to compute numerical results 
(. Fig. 22.1). Using a proprietary algorithm, the heart-vessel 
interaction can be defined and time-varying coronary resis-
tance for each coronary branch determined relative to intra-
myocardial pressure and microvasculature impedance. This 
latter component can be represented by a so-called lumped 
(zero-dimensional) parameter model, which resembles an 
electric circuit, including resistive and capacitive elements 
(. Fig. 22.2) [25]. Finally, the complex fluid properties of the 
blood are integrated/entered into the model, in order to 
refine/complete the computations.

Upon completion of the blood flow analysis, mean 
 coronary pressure is extracted from the computer analysis per-
formed under maximum hyperemic conditions. The FFRCT is 
defined as the computed mean coronary pressure distal to a 
lesion divided by the computed mean blood pressure in the 
aorta under conditions of simulated maximum hyperemia. 
This allows for a measure of lesion-specific ischemia.

       . Fig. 22.1 Finite element mesh. The distribution of element size  
and density can be iteratively adapted to computation requirements
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22.6  Clinical Validation of FFRCT

The first iteration of this technology was evaluated in the 
DISCOVER-FLOW (diagnosis of ischemia-causing stenoses 
obtained via noninvasive fractional flow reserve) trial and 
DeFACTO (determination of fractional flow reserve by ana-
tomic computed tomographic angiography) trial [27, 28]. 
The main finding of these studies was the incremental accu-
racy of FFRCT above coronary CTA stenosis, with an observed 
diagnostic specificity and accuracy of FFRCT vs. stenosis 
quantification (stenosis >50 %) of 54 % (95 % CI, 46 %–83 %) 
vs. 42 % (95 % CI, 34 %–51 %) and 73 (95 % CI, 67 %–78 %) 
vs. 64 % (95 % CI, 58 %–70 %), respectively. The NeXt sTeps 
study aimed to assess the diagnostic  performance of FFRCT 
by using invasive FFR as the reference standard in patients 
referred for non-emergent invasive coronary angiography. 
In this study, improved FFRCT technology (updated proprie-
tary software with quantitative image quality analysis, 
improved image segmentation, refined physiological models, 
and increased automation) was used. The primary endpoint 
was per-patient diagnostic performance as assessed by the 
area AUC of FFRCT (≤0.80) versus coronary CTA (stenosis 
>50 %) for the diagnosis of hemodynamically significant ste-
nosis with an invasive FFR ≤ 0.80 in patients with coronary 
CTA stenosis of 30–90 %. 365 patients were screened and 251 
patients were included. Per-patient and per-vessel AUC for 
FFRCT were 0.90 (95 % CI: 0.87–0.94) and 0.93 (95 % CI: 
0.91–0.95), respectively. There was a high correlation at per- 
vessel level between FFRCT to FFR (Pearson’s correlation 
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       . Fig. 22.3 Diagnostic performance 
of FFRCT in the NXT trial compared to 
invasive FFR and non-invasive 
diagnostic cases. CCTA coronary CT 
angiography, FFR fractional flow 
reserve, SPECT Single-photon emission 
computed tomography, IVUS 
Intravascular Ultrasound, TAG 
Transattenuation Gradient
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       . Fig. 22.2 Lumped (zero-dimensional) parameter models used in 
cardiovascular blood flow simulations. (a) Lumped parameter heart 
model coupling the left heart side to the aortic inlet (In) of a closed loop 
system comprising the systemic and pulmonary circulation. The left 
heart model consists of left atrial pressure PLA, mitral valve, 
atrio-ventricular valvular resistance RAV, atrio-ventricular inductance 
LAV, aortic valve, ventriculo-arterial valvular resistance RV-Art, ventriculo-
arterial inductance LV-Art, and left ventricular (LV) pressure. The LV 
pressure is modeled with time-varying LV elastance E(t). (b) Lumped 
parameter coronary vascular bed model coupled to a coronary branch 
outlet (Out). This model consists of coronary arterial and venous 
resistance (Ra and Rv respectively), coronary arterial microcirculation 
resistance Ra-micro, coronary arterial compliance Ca, myocardial 
compliance Cim, and LV pressure; LV pressure stands for intra-myocardial 
pressure for branches emerging from the left coronary artery
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coefficient 0.82; p < 0.001), with a slight underestimation of 
FFRCT compared to FFR. In this study, FFRCT demonstrated a 
substantial improvement in diagnostic performance, high 
sensitivity, specificity, and negative and positive predictive 
value (per vessel 86 % and 95 %, respectively) becoming an 
attractive alternative compared to other noninvasive modali-

ties. FFRCT was superior to every diagnostic test except con-
ventional FFR for diagnosing functional disease of the 
coronary arteries (. Fig. 22.3). . Table 22.1 summarizes the 
main evidence supporting FFRCT.

Following three major validation studies comparing the 
diagnostic accuracy of FFRCT with invasive FFR, the 

       . Table 22.1 Literature on noninvasive FFR derivation

First author Year Journal Title

Patient-specific 3D blood flow analysis and treatment planning

Taylor CA 1998 Computer Methods in Applied 
Mechanics and Engineering

Finite-element modeling of blood flow in arteries

Taylor CA 1999 Computer Aided Surgery Predictive medicine: Computational techniques in 
therapeutic decision-making

Validation of patient-specific blood flow analysis

Ku JP 2002 Annals of Biomedical Engineering In vivo validation of numerical prediction of blood flow 
in arterial bypass grafts

Ku JP 2005 Annals of Biomedical Engineering Comparison of CFD and MRI flow and velocities in an 
in vitro large artery bypass graft model

Steele BN 2003 IEEE Transactions on Biomedical 
Engineering

In vivo validation of an one-dimensional finite-element 
method for predicting blood flow in cardiovascular 
bypass grafts.

Steele BN 2007 Computer Methods in Biomechanics 
and Biomedical Engineering

Fractal network model for simulating abdominal and 
lower extremity blood flow during resting and exercise 
conditions

Anisotropic, adaptive and boundary layer mesh generation for cardiovascular flow

Müller J 2005 Computer Methods in Biomechanics 
and Biomedical Engineering

Anisotropic adaptive finite-element method for 
modeling blood flow

Sahni O 2006 Computer Methods in Applied 
Mechanics and Engineering

Efficient anisotropic adaptive discretization of the 
cardiovascular system

Sahni O 2008 Engineering with Computers Adaptive boundary layer meshing for viscous flow 
simulations

Sahni O 2009 Engineering with Computers Automated adaptive cardiovascular flow simulations

Physiologically realistic outflow boundary conditions and Coupled blood flow-wall dynamics

Vignon-Clementel IE 2006 Computer Methods in Applied 
Mechanics and Engineering

Outflow boundary conditions for three-dimensional 
finite-element modeling of blood flow and pressure in 
arteries

Spilker RL 2010 Annals of Biomedical Engineering Tuning multi-domain hemodynamic simulations to 
match physiological measurements

Figueroa CA 2006 Computer Methods in Applied 
Mechanics and Engineering

A coupled momentum method for modeling blood 
flow in three-dimensional deformable arteries

Vignon-Clementel IE 2010 Computer Methods in Biomechanics 
and Biomedical Engineering

Outflow boundary conditions for 3D simulations of 
non-periodic blood flow and pressure fields in 
deformable arteries

Direct 3D image segmentation and geometric modeling

Bekkers EJ 2008 IEEE Transactions on Medical Imaging Multiscale vascular surface model generation from 
medical imaging data using hierarchical features.

Xiong G 2011 International Journal for Numerical 
Methods in Biomedical Engineering

Simulation of blood flow in deformable vessels using 
subject-specific geometry and spatially varying wall 
properties

(continued)
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First author Year Journal Title

Development of methods for modeling coronary flow and autoregulatory mechanisms

Kim HJ 2009 Computer Methods in Applied 
Mechanics and Engineering

Augmented Lagrangian method for constraining the 
shape of velocity profiles at outlet boundaries for 
three-dimensional finite-element simulations of blood 
flow

Kim HJ 2009 Annals of Biomedical Engineering On coupling a lumped parameter heart model and a 
three-dimensional finite-element aorta model

Kim HJ 2010 Finite Elements in Analysis and Design Developing computational methods for 
three-dimensional finite-element simulations of 
coronary blood flow

Kim HJ 2010 Annals of Biomedical Engineering Patient-specific modeling of blood flow and pressure in 
human coronary arteries

Kim HJ 2010 Annals of Biomedical Engineering Incorporating autoregulatory mechanisms of the 
cardiovascular system in three-dimensional 
finite-element models of arterial blood flow

Clinical validation studies

Koo BK 2011 Journal American College of 
Cardiology

Diagnosis of ischemia-causing coronary stenoses by 
noninvasive fractional flow reserve computed from 
coronary computed tomographic angiograms. Results 
from the prospective multicenter DISCOVER-FLOW 
(diagnosis of ischemia-causing stenoses obtained via 
noninvasive fractional flow reserve) study

Min JK 2012 JAMA DeFacto study: Diagnostic accuracy of fractional flow 
reserve from anatomic CT angiography

Norgaard BL 2014 Journal American College of 
Cardiology

Diagnostic performance of noninvasive fractional flow 
reserve derived from coronary CT angiography in 
suspected coronary artery disease: The NXT trial

Douglas P 2015 European Heart Journal Clinical outcomes of FFRCT-guided diagnostic 
strategies versus usual care in patients with suspected 
coronary artery disease: the PLATFORM study

3D three dimensional, CFD computational fluid dynamics, FFR fractional flow reserve, MRI magnetic resonance imaging

       . Table 22.1 Literature on noninvasive FFR derivation

PLATFORM trial (clinical outcomes of fractional flow 
reserve by computed tomographic angiography-guided 
diagnostic strategies vs. usual care in patients with suspected 
coronary artery disease: the prospective longitudinal trial of 
FFRCT – outcome and resource impacts study) was the first to 
evaluate the performance of this technology in the real-
world workup of stable patients with suspected coronary 
artery disease (CAD). Using a comparative effectiveness 
observational design, this trial included symptomatic 
patients with planned invasive or noninvasive evaluation for 
the presence of obstructive CAD.  Two cohorts (planned 
invasive or noninvasive approach) were sequentially subdi-
vided to receive the usual care or CTA/FFRCT. In the primary 
endpoint, the rate of invasive coronary angiography with no 
obstructive CAD within 90 days was significantly higher in 
patients allocated usual care versus the FFRCT strategy 
(73.3 % vs. 12.4 %, risk difference 60.8 % CI 53.0–68.7 %, 
p < 0.001). FFRCT also led to more ischemia-guided revascu-
larization (95 % CTA/FFRCT vs. 55 % usual care) complying 

with current guidelines. These findings support the use of 
FFRCT as a triage tool before patients are referred for invasive 
angiography.

22.7  Future Applications of FFRCT

22.7.1  Virtual Stenting

Initial studies with coronary CTA/FFRCT have focused on 
patients with suspected CAD; however, given the 
 comprehensive assessment of anatomical and functional 
characteristics at the per-lesion level, this technology could 
be further expanded to patients with known CAD. In patients 
with sequential coronary stenosis, virtually stenting one 
lesion and reassessment of FFRCT afterward may help identify 
the culprit lesion causing myocardial ischemia (. Fig. 22.4). 
Preprocedural planning with this technique could optimize 
treatment strategies and functional outcomes before the 
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invasive procedure. However, further large prospective stud-
ies are necessary to validate this tool [29, 30].

22.7.2  Three-Vessel Disease with or Without 
LMS Disease: Heart-Team Clinical 
Decision-Making Based on MSCT

The latest coronary CTA technology with the addition of 
FFRCT is capable of identifying patients with functionally sig-
nificant multivessel disease. This noninvasive evaluation has 
the potential to reclassify the patients to a lower risk group 
(i.e., one or two vessels) disease. Furthermore, in patients 
referred for surgical revascularization, anatomical characteris-
tics at the graft anastomosis site (e.g., vessel wall calcifications, 
intramyocardial course, etc.) may aid the surgeon in the deci-
sion-making process. In this population, current guidelines 
recommend (IB) risk stratification based on the extent and 
severity of the CAD [9]. For this purpose, the anatomical 
SYNTAX (SYNergy between percutaneous coronary interven-
tion with TAXus and cardiac surgery) score has proven to be a 

valuable and reproducible tool using both coronary angiogra-
phy and MSCT [31, 32, 33]. Moreover, the addition of clinical 
variables to the anatomic score (angiography or coronary CTA 
based) to calculate the SYNTAX II score further enhances the 
decision-making process between CAGB and PCI for an indi-
vidual patient [34]. The SYNTAX III REVOLUTION trial will 
include patients with multivessel disease with or without left 
main disease and will randomize two Heart Teams who, with 
guidance of the SYNTAX II score, will make a decision 
between surgical or percutaneous treatment based on either a 
conventional angiography or MSCT angiography with the 
incremental value of FFRCT. This study will set the foundations 
for the integration of  coronary CTA in the decision-making 
process in patients with complex coronary artery disease.

22.8  Conclusion

Over the past decade, noninvasive imaging using MSCT has 
made major progress with luminography and tissue charac-
terization improving, due to a continuous increase in spatial 
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       . Fig. 22.4 Virtual revascularization on 3-dimensional model with 
FFRCT. Red arrows show serial stenoses in left anterior descending 
artery. Blue arrows show simulated FFRCT values at indicated locations. 
Black arrows show positions of simulated stents. Before simulated stent 
implantation FFRCT positive (0.62) (a). After simulated stent 
implantation for distal or proximal stenosis lesion, neither stent 

implantation for distal nor proximal narrowing in the model gives a 
negative FFR (0.72 with stent for distal and 0.68 with stent for proximal) 
(b and c). After simulated stent implantation for both distal and proximal 
stenosis lesions, vessel FFRCT is negative (0.84) in this scenario (d). 
FFRCT: Computed fractional flow reserve 
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(16, 64, 128, 256, and 320 detectors/slices) and temporal res-
olution, despite some inherent limitations of X-ray regarding 
tissue characterization. The addition of functional assess-
ment for flow-limiting lesions is a quantum leap in the non-
invasive evaluation of patients prior to PCI with the option of 
virtual treatment planning. Therefore, a single MSCT study 
will ultimately provide us with comprehensive “one-stop” 
noninvasive evaluation of the coronaries able to guide inter-
ventional and surgical revascularization.

22.9  Example Clinical Cases

 z Case 1
A 65-year-old male patient with stable angina; coronary risk 
factors included hypertension and hypercholesterolemia. 
MSCT angiography showed two stenotic lesions, one in 
the ostium of the left anterior descending (LAD) coronary 

artery and one in the midportion of the right coronary artery 
(RCA), respectively. The FFRCT distal to the RCA lesion was 
0.88, while the invasive FFR was 0.89. The mid-LAD had a 
FFRCT of 0.70 vs. 0.74 with the invasive approach (. Fig. 22.5). 
Virtual PCI of the LAD ostium resulted in a limited improve-
ment, FFRCT increasing from 0.77 to 0.80. The striking 
observation was a drop in FFRCT along the left main stem 
(LMS) measuring 0.81 in its midportion. Virtual treatment of 
LMS normalized FFRCT in the mid-LAD (FFRCT = 0.90). The 
combined treatment of the LMS and ostial LAD resulted in 
further improvement of the FFRCT to a value of 0.93.

 z Case 2
A bioresorable everolimus-eluting scaffold was implanted in 
the proximal RCA 5 years previously. At 6- and 24-month 
follow-up, the conventional angiography did not show any 
significant stenosis in the scaffolded segment. At 5-year  

a b

c d

Pcoronary

FFRCT = 0.70

FFRCT = 0.88

PAorta
1.0

1.0

0.90

0.90

0.80

0.80

0.70

0.70

Pcoronary
PAorta

       . Fig. 22.5 Clinical case 1. 
Invasive vs. non-invasive FFR 
values in a left anterior 
descending (a, b) and a right 
coronary artery (c, d). Using the 
invasive FFR as a reference 
standard and a cut-off of <0.80, 
FFRCT provides a true positive 
and a true negative result 
respectively. Right sided images 
show CCTA based 
reconstructions of the respective 
vessels; the color scale is based 
on the FFRCT values. CCTA 
coronary CT angiography, FFR 
fractional flow reserve
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follow- up, MSCT scan showed a patent, non-stenotic scaf-
folded area demarcated by the two radiopaque platinum 
markers (black arrows [. Fig.  22.6]). On the maximum 
intensity projection, two small calcified plaques are visible 
distal to the scaffold. Noninvasive functional assessment 
showed that all three vessels exhibit FFRCT values distally 
above the threshold of 0.80.

 z Case 3
A 64-year-old male with a history of hypertension pre-
sented with typical stable angina CCS II.  Left ventricular 
ejection fraction was 70 % with no regional wall motion 

abnormalities. MSCT with FFRCT was performed with  
anatomical and functional three-vessel disease and an ana-
tomic Syntax score of 13. Syntax II score predicted a 4-year 
mortality of 4 % for CABG and 3 % for PCI. The patient sub-
sequently underwent invasive angiography with FFR assess-
ment. There was a severe ischemic lesion in the midportion 
of the RCA, detected noninvasively with FFRCT and con-
firmed by invasive FFR. In the mid-LAD, there was a severe 
lesion with positive FFRCT and invasive FFR.  In the small 
circumflex artery, a severe ischemic lesion was identified by 
FFRCT and confirmed by invasive measurement of FFR.  In 
this case, perfect agreement at the per-lesion level was found 
(. Fig. 22.7).

Pcoronary
PAorta
1

0.9

0.8

0.7

0.86

0.92
0.93

a

c

b

d

       . Fig. 22.6 Clinical case 2. 
(a) Three-dimensional 
volume-rendered CT 
angiogram of a right 
coronary artery. 
Magnification of the 
proximal artery segment in 
the volume-rendered image 
(b) and a curved 
multi-planar image (c) show 
the platinum markers of the 
resorbed stent (black 
arrows). (d) Non-invasive 
FFR derivation did not show 
ischemia in any of the 
coronary arteries
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22.10 Glossary

Allometry Change in proportion of various parts of an object/organism 
as a consequence of growth

Anisotropy Having properties that differ according to the direction 
of measurement

Impedance Frequency analogue of resistance

Lumped (model) Zero-dimensional model
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