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Introduction

Coronary artery disease (CAD) is a major cause of mortality and morbidity world-
wide, despite significant advances in management over the past three detiades
Invasive X-ray Coronary angiography can easily demonstrate luminal narrowing of
the major epicardial coronary arteries and current management of CAD is focused
around the treatment of obstructive epicardial coronary stenoses. However, except
when a stenosis is very severe or very mild, angiography alone is not adequate for
assessing thdgunctional significance oficoronary stenosis; that is, the degree to

which it is the cause of myocardial ischefm]a[4]. Furthermore, coronary angiography
is unable to evaluate the coronary microcirculation, as these vessels are too small to
be visualized. Clinicians, therefore, relyteats such as myocardial perfusion

studies employing nuclear medicine techniques, stress echocardiography and stress
cardiac magnetic resonance imaging studies to non-invasively assess for ischemia
caused by intermediate coronary lesions. These techniques are not suitable for use in
the catheterization laboratory. Further many of these techniques cannot distinguish
between ischemia caused by epicardial coronary artery disease and microvascular
dysfunction. Nevertheless, revascularization decisions often need to be made rapidly,
sothe ability to measure myocardial blood flow in the catheter laboratory would be

of great help.

A clinically useful functional test of myocardial perfusion should be able to rapidly
measurehyperemic (that is, in the presence of maximum vasodilatation) blood

flow, normalized to the associated myocardial mass or vasculangoiithough

there are currently no methods that easily and reliably measure absolute myocardial
blood flow or resistance to flow, several techniques existhytovide surrogate
measures to guide clinical decision making in situations of coronary artery stenosis
of intermediate degree. For example, Fractional Flow Reserve (FFR) has a robust
evidence base for clinical effectiveness and is in widespread use. However, FFR
does not evaluate the coronary microcirculation. In this article, we attempt to review
the current methods of assessing coronary physiology in the catheter laboratory and
evaluate their merits and limitations.

Coronary blood flow physiology and regulation

The coronary arteries are the first branches of the aorta which divide like a tree into
small arteries and arterioles. The coronary arterial system can be divided into three
compartments with different functiopg[5]. The anatomical borders of these
compartments cannot be clearly defined. The proximal compartment includes the
epicardial coronary arteries, (50t — 5 mm diameter) which have a capacitance
function and in the absence of disease, offer little resistance to coronary blood flow.
The intermediate compartment includes the pre-arterioles (10QsB@Bameter),

which are characterized by a measurable pressure drop along their length. They are
extra-myocardial and are not under direct vasomotor control by myocardial
metabolites. These vessels maintain the pressure at the origin of arterioles within a
narrow range and compensate for the changes in coronary perfusion pressure or
flow. The more distal compartment is representetidiyamural arterioles,



(diameter <10@um). There is considerable drop in pressure along these vessels. One
of their functions is the matching of myocardial blood supply and oxygen
consumption. (Figure 1)
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Figure 1: Compartments of coronary circulation

It has been shown that in normal feline coronary arteries, resistance to coronary
blood flow (CBF) is minimal in arteries larger than 4080in diametemi]. Resistive
vessels, smaller than 4@@n can vasodilate to modulate CBF according to
physiological needs or in response to str€&- is kept fairly constant over a large
range of perfusion pressure by adjusting coronary microvascular resistance to
changes in perfusion pressures.

Coronary blood flow is unique in that the flow is impeded during left ventricular
systole because of the contracting myocardial fibres. Unlike the systemic circulation,
in the coronary arteries, pressure is determined from both the proximal and distal
ends of the artery the aortic pressure and the pressure generated by the contraction
and relaxation of the myocardium on the microvascultlire[7]. Because the increase
in oxygen demand of the left ventricle is largely met by increasing the ICBF,

very finely regulated. During ventricular contraction, wall tension increases and
compresses the intra-myocardial microvessels impeding the coronary arterial inflow.
At the same time the venous outflow is increased. Due to the differential distribution
of the transmural gradient, there is re-distribution of blood from sub-endocardial to
sub-epicardial layers. Conversely during diastole coronary arterial inflow increases
and the transmural gradient favours perfusion of sub-endocardial[lglygrs[8, 9].

The two major determinants of coronary flow are coronary arterial pressure and
myocardial oxygen consumption. At constant oxygen consumption, coronary flow is
relatively independent of arterial pressure which is referred to as coronary
autoregulation. At a given coronary arterial pressure, coronary flow increases with



oxygen consumption, which is defined as metabolic adapfatibn[10]. These processes
are vital for the close regulation of CBF.

Atherosclerotic CAD causes increase in resistance in the epicardial arteries, and
impairment of micro-vascular function through endothelial dysfunction. Coronary
arterioles dilate and compensate for the increase in resistance to maintain the
myocardial perfusion. But once the vasodilatory capacity has been exhausted,
myocardial ischemia sets in.

Microvascular disease

In the absence of epicardial coronary stenosis, microvascular disease can lead to
angina symptoms and more importantly adverse clinical outdonjes[[11, 12]. Our
understanding of microvascular disease is limited by the difficulties in measuring
coronary flow and microvascular resistance. Microvascular disease may occur
without significant epicardial coronary artery stenosis or in combination with it.
Camici and Crea classified microvascular dysfunction into four catefidries[5] as

shown in Table 1.

Type Description

1 Coronary microvascular dysfunction in the absence of obstructive CAD and myocardial
diseases. The traditional cardiovascular risk factors of smoking, dyslipidemia and
diabetes mellitus have been linked to this type.

2 Coronary microvascular dysfunction in the presence of myocardial diseases. This is
thought to be due to adverse remodeling of intramural coronary arterioles.

3 Coronary microvascular dysfunction in the presence of obstructive CAD which may be
in the context of stable CAD or acute coronary syndromes.

4 latrogenic coronary microvascular dysfunction. This includes vasoconstriction and
distal embolization during procedures

Table1: Typesof microvascular disease (from [5])

Microvascular dysfunction also is associated with poor long-term outcomes and
increased mortality in the context of myocardial infarction as well as in stable
CAD[11][1]]. Therefore, assessing microvascular dysfunction in the setting of
Primary PCI or Acute MI offers the chance to risk stratify patients and target
aggressive therapies.

Current methods of assessing coronary physiology

Human coronary microcirculation cannot be directly visualized in vivo. Measuring
coronary blood flow is difficult and normalizing the flow to the myocardial mass the
coronary artery supplies is even more challenging. Therefore, often surrogate
measures are often used.

Coronary flow (velocity) reserve

Coronary flow reserve (CFR) is defined as the ratio of maximal flow to flow at rest
at the same perfusion pressure. In clinical practice, cross-sectional peak velocity is
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measured rather than volume flow, yielding Coronary Flow Velocity Reserve
(CFVR). CFVR was one of the earliest flow based techniques employed to ascertain
the functional significance of coronestenosi§[14]. CFVR is determined as the ratio
of mean (time-averaged) velocity during hyperemia to mean velocity at rest, defined
as the ratio of the mean flow velocity during hyperemia (maximal flow) to the mean
flow velocity during baseline (normal flow) conditions. There are several ways of
assessing CFVR, of which two ways of invasively measuring coronary flow velocity
are more widely usedusing a Doppler wire and using thermodilution method. The
Doppler method involves passing a Doppler wire (Cardiometrickjitathe
coronary artery and manipulating the wire until satisfactory velocity Doppler signals
are obtained. This is dependent on the skills and experience of the dpelfatdr[15, 16].
The process is then repeated to measure the flow velocity during hyperemia induced
by adenosine. The ratio of the hyperemic velocity to resting velocity gives the
CFVR:

CFVR = APVbaseline/APVhyperemia
where AP Vaselineand AP Vyperemia@re the averaged peak velocity at rest and stress
respectively.

The thermodilution method of assessing CFR uses a temperature sensitive wire in
the coronary artery. Boluses of room-temperature saline are injected briskly; the
temperature drop is measured and a thermodilution curve is obtained. The process is
repeated with hyperemia induced by adenosine. The mean transit times during
baseline and hyperemia are calculated from the thermodilution curves. The ratio of
the baseline mean transit time to the hyperemic mean transit time gives the [CFR[16].

Q V / I i I i
M mn,hyperemic mn,baseline

QR V/Tmn,baseline Tmn,hyperemic
where Qu and @ are the maximal and resting flow, Vis the blood volume, ang T

is the mean transit time at rest and stress.

Stress echocardiographic technigues can non-invasively assess CFVR and there is
evidence to show that it adds prognostic informdtioh[17]. However, this technique
has many limitations and is unlikely to be used widely outside research setting.
CFVR has been shown to be prognostically valuable in several scenarios, such as
predicting left ventricular function recovery and peri-procedural outcomes after PClI,
predicting MACE in women with risk factors and in patients with chest pain and

microvascular diseada@§-21].

While an approximate threshold for recognition of inducible ischemia has been
established (CFVR<2.0), the technique is inherently dependent on hemodynamic
conditions that affect both baseline as well as hyperemic state measufenjents[22].
Factors that influence baseline flow (e.g. workload, heart rate, gender) and age were
identified as major determinants of CFVR, whereas coronary risk factors or
cardiomyopathies affecting the functional capacity of the small resistance vessels
tend to reduce CFVR by impairing maximal flpw[23}-26]. To minimize these

baseline flow influences, relative CFVR has been proposed which is the ratio of
CFVR in a target vessel to another (ideally healthy) veI[27]. However, in patients
with known atherosclerosis, flow in angiographically healthy contralateral ariterie
abnormal, and for this reason, relative CFVR has not had widespread ation[28].
CFVR interrogates the flow status of both the epicardial artery and the
microcirculation but does not allow discrimination between these two
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componentg[2P]. In addition, the technique of using Doppler wire to measure the
velocity is considered relatively difficult to measure accurately by all but
experienced operators and for these reagdras currently been superseded by
pressure based physiological measurements.

Fractional Flow Reserve

Early detailed studies using a simplified model of the hyperemic coronary pressure
flow relation led to the development of Fractional Flow Reserve (FFR). Pjils et al
defined FFR of the coronary artery as the ratio of maximum possible flow in the
artery in the presence of a stenosis) {Q the maximum flow expected in the same
artery in the absence of that stenosig){8D], and hence

FFR=&

Qn

A direct relation between coronary pressure and flow or flow reserve can be assumed
only if coronary resistances remain constant and minimal. If that is the case, pressure
measurements alone can be used to predict blood flow. Lettiiy 8d R be the
blood pressure in the distal coronary artery (beyond the stenosis), in the aorta, and in
the venous system respectively then
P; —PB,)/R
FFR = (d—”)/s
(Pa - Pv)/RN
where Rand R are the resistance of the myocardium in the presence of the stenosis,
and in myocardium if the vessel were normal. When hyperemia is induced, the
resistance is assumed to be the same and negligibles@&\Rand R is also
assumed to be negligibl8o, the FFR equatide simplified to
Py
FFR =~ —
P,

a

Originally FFR was classed as myocardial FFR (kfgRand coronary FFR
(FFReor). This was to take into consideration the collateral flow by measuring the
coronary wedge pressure (Pw). However, in practice this is rarely performed.

The functional significance of a lesion can be assessed invasively by measuring the
FFR{31]. In clinical practice, this is performed by using a pressure sensitive

coronary guide wire advanced into the coronary artery beyond the lesion in question.
The pressure distal to the lesion and the aortic pressure are measured after the
induction of hyperemia, with adenosine or similar pharmacological agents. The ratio
of Pa/Pa during hyperemia is the FFR. An FFR cut-off value of 0.75 was used in
earlier studies, but more recent studies have used 0.80 as the cut-off value for
attributing hemodynamic significance to a lesion. An FFR of 0.75-0.80 is considered
the ‘grey zone’. Over the past decade, an increasing and substantial body of evidence
showing that FFR guided PCI improves outcomes has served to cement FFR as the
gold standard index for assessing coronary physiology in the catheterization
laboratory, most notably through the DEFER, FAME and FAME 2 trials, which are
summarized in table BP-34].

| Trial | DEFERJ[34]35] | FAME[32] | FAME 2[33] |




Design RCT, multi-centric RCT, multi-centric RCT, multi-centric

Number  of | 325 1005 1220

patients

Clinical Stable CAD Stable multi-vessel CAD Stable CAD

syndrome

Primary Absence of all-cause Death, nonfatal M, Death from any cause,

endpoint
mortality, MI, CABG, PCI, | and repeat nonfatal MI, unplanned
and any procedure- revascularization at 1 year | hospitalization leading to
related complication urgent revascularization
necessitating major during the first 2 years

intervention or prolonged

hospital stay at 2 years
Key finding Deferring PCl in lesions FFR-guided PCI FFR-guided PCI plus
with FFR >0.75 is safe outperformed optimal medical therapy

angiography guided PCl | outperformed medical

therapy alone

Table2: Landmark trialsthat established FFR as the most widely used invasive physiologic test

Pitfalls of FFR

FFR measurement requires several assumptions about coronary physiology such as
the coronary pressure is proportional-linear to coronary flow when coronary
resistance is minimal and constant. However, experts argue that the relationship
between coronary pressure and flow has a non-zero pressure intercept and is
incremental linear in the physiological range of perfusion pressures, the slope of
which is variabl¢[3}§, 37].

Ideally, right atrial pressure {Pshould be measured as patients may have a variety
of conditions that cause this to be high. However, often in practice, additional
catheterization to measure thei®not performed, and it is assumed to be negligible.
In theory, this can lead to error in the calculation of FFR[38]yasdy not be
negligible in individual patients . However, a recent study by Toth et al found that
the impact of the Hs in fact negligible even in patients with high venous pressure.
The coronary wedge pressure is also not measured in clinical practice and
therefore collateral flow and venous flow is not considered, which can be other
sources of error. The accuracy of FFR depends on induction of steady state
hyperemia. There are several clinical scenarios where this may not be achieved and
FFR assessment may therefore underestimate the significance of a lesion. These
range from errors in constitution of the drug and drug delivery to drug interactions
(e.g. caffeing

It is often seen (in up to 30-40% of patients) in clinical practice that FFR an& CFV
are discordarjt[36]. A low coronary flow state can co-exist with a normal FFR and
vice versa. Echavarria-Pinto et al demonstrated that more than half of the coronary
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arteries with intermediate stenoses and normal FFR can have abnormal
hemodynamics if CFVR and Index of micro-circulatory resistance are taken into
accounf[40]. Patients with normal FFR but an abnormal CFVR have been noted to

be associated with significantly increased major adverse cardiac events rates during
long-term follow-ug[41] as opposed to those with abnormal FFR and normal CFVR.
The reason behind this discordance may be that FFR does not interrogate
microvasculature whereas CFVR does. The discordance must not be seen as a failure
of FFR or CFR, but as reflecting different pathophysiological processes 4t play [42].

FFR assumes that microvascular resistance is the same in stenosed and healthy
vessels, but there is evidence to suggest that this is not tHe ¢ase[37]. If microvascular
resistance is high, the FFR could be falsely elevated or normalized. Despite good
evidence for improved clinical outcomes from PCI guided by FFR in general, the
evidence for using cut-off values of FFR to guide the treatment in truly intermediate
lesions is still limite[3B]. This may be because the beneficial effects from PCl in
landmark trials were driven by intervention to lesions that were truly significant

(FFR<0.65][43].

In clinical practice an FFR value of 0.80 is widely used as the cut off above which
no intervention is advocated. But this cut off is arbitrary and FFR is imfact
continuum with lower values representing more significant lefiohs[43]. In the early
clinical validation studies comparing exercise ECG with invasive FFR, an FFR value
of 0.66 had the highest diagnostic accuracy at predicting an abnormal exercise
ECG[44]. The sensitivity and specificity of exercise ECG can vary widely, and this
could be a limitation of this studly[}5].

FFR measurements as described already are influenced by conditions that increase
microvascular resistance. Acute myocardial infarction is such a situation where FFR
measurements are unreliable and could be mis-interpreted. In patients with Diabetes
Mellitus, deferring revascularization based on an FFR above 0.80 led to higher rates
of target lesion failure as compared to non-diabetic pafiets[46]. Age and gender also
have influence on FFR measurements with older age and female gender associated

with higher FFR valuds[47, 48].

Instantaneous Wave-free Ratio

The instantaneous wave-free ratio (iFR) was proposed as a surrogate for FFR
removing the need to induce hyperemia, saving time, cost, and reducing side effects
related to adenosine and other pharmacological agerts [49] . The index iER uses
‘wave-free period’ during diastole identified from coronary wave intensity analysis,
during which resistance is considered to be minimal and stable, within which time
distal and proximal pressures to a stenosis are recorded. The diastolic resting
myocardial resistance is assumed to be equal to mean mypeesistance.

Measuring iFR also requires passage of a pressure sensitive wire connected to a
recording unit with analysis software capable of identifying the wave free period
(Philips Volcano). In a core-laboratory based analysis, iFR showed an overall
accuracy of 80% compared with FFR, with the potential to avoid hyperemia in 65%
of case@]. Results of comparative studies to FFR had been mixed, showing that



the two indices were well matched for extreme values of FFR, but produced poor
correspondence for the clinically important intermediate rndle[51, 52].

Recent publication of two large studies have been game changers for iFR as a
clinical tool. In the Functional Lesion Assessment of Intermediate Stenosis to Guide
Revascularization (DEFINE-FLAIR) study published in March 2017, 2492 patients
undergoing PCI for stable CAD or ACS were randomized to undergo evaluation of
all stenosis of questionable severity by iIFR or FFR. The 1 year outcomes revealed
that iFR was non-inferior to revascularization guided by FFR with respect to the risk
of major adverse cardiac evehtg[53]. Unsurprisingly, the incidence of adverse events
associated with adenosine such as bronchospasm, arrhythmias, dyspneatand ches
pain were all significantly lower in the iFR group as it does not need induction of
hyperemia.

These results are similar the findings of the Instantaneous Wave-free Ratio versus
Fractional Flow Reserve in Patients with Stable Angina Pectoris or Acute Coronary
Syndrome (iIFR-SWEDEHEART) study also published in the same journal issue
[54]. In this trial, 2037 patients with stable CAD or NSTEMI were enrolled and
randomized into FFR guided revascularization and iFR guided revascularization
groups. The study found that an iFR-guided revascularization strategy was non-
inferior to an FFR-guided revascularization strategy with respect to the rate of major
adverse cardiac events at 12 months, and a low reports of adenosine related side
effects in the iFR group. Both these studies used an iFR cut-off at 0.89 below which
the lesion was considered significant and classed as needing revascularization.

The avoidance of adenosine may have other advantages in cost and time of the
procedure as well. Interestingly FFR trials recruited stable CAD patients whereas
iFR trials recruited ACS patients as well, however only non-culprit lesions were
studied in ACS patients. It remains to be seen whether iFR will replace FFR as the
standard of care in PCI. This may well happen as longer term results from these
trails become available and more and more physicians get used to the technique of
measuring iFR.

Index of Microcirculatory Resistance

Fearon et al described this new measure of assessing the microcirculatory
resistancf[55]. Index of microcirculatory resistance (IMR) is defined as the distal
coronary pressure divided by the inverse of the hyperemic mean trangit ime[55]. It
employs a thermodilution based technique and asstimat at peak hypenga the
variability of resting vascular tone will be eliminated, and the minimum
microvascular resistance will be achieved. The method employs the use of a
temperature and pressure sensitive guide wire (Pressufé\WateJude Medical)
within the coronary artery. A small bolus (usuallynd of sterile normal saline at
room temperature is then injected through the guiding catheter to obtain an indicator-
dilution curve. From this the mean transit time (Tmn) can be calculated which is
inversely proportional to the flow.

resistance = AP/Q
AP is the pressure difference across the myocardium,d-€PRand Q the blood
flow. Remember, Q is related to the mean transit time a&Q@mn
and IMR uses the reciprocal of the mean transit time as an index of flow.
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Therefore, IMR can be calculated as follows

mr=ta P _ b pyr
_1/Tmn_(d V)mn
Assuming R << Pq
IMR ~ P,T,,,

IMR has also been found to be more reproducible and less dependent on
hemodynamics as compared to CHVR[29]. IMR measured at the time of primary PCI
was found to predict adverse outcomes including death and repeat hospitalizations in
patients with STEM[[5p]. It has also been shown to predict adverse outcomes
assessed by cardiac MRI [57}60]. An IMR greater than 40 has been associated with
poorer outcomes post myocardial infarction, independently of infarcf sike [60].
Measuring IMR requires instrumenting the coronary arteries with a coronary guide
wire. Although it is largely independent of epicardial coronary stenosis it is affected
by the presence of collatefbdw([61][ 63]. To accurately calculate IMR, collateral

blood flow must be considered by incorporating coronary wedge pressure into the
equation.

Pd - PW
IMR = P, T | ————
a‘mn [Pa _ PW
where R, is the coronary wedge pressure. Pw is calculated by inflating a balloon

passed over the pressure wire to occlude the coronary artery. The residual pressure
(Pw) recorded represents collateral blood flow

Hyperemic Stenosis Resistance and Hyperemic Microvascular
Resistance

The independent measurement of the resistances of a stenotic lesion and
myocardium is desirable, and either can be done by calculating the ratio pressure
difference across the stenosis (or myocardium) to the blood flow. However, in
practice, as a reliable in vivo measure of flow is unavailable, indices of resistances
are used. Hyperemic Stenosis Resistance (HSR) Index is defined as the ratio of
hyperemic stenosis pressure gradient and hyperemic average peak flow velocity
(APV), obtained by means of a Doppler Wird[63].

HSR = (P, — P;)/APV

where APV is the average peak flow velocity.

Hyperemic microvascular resistance index (HMR) is measured as the ratio of mean
distal coronary pressure to mean distal coronary flow velocify[d4, 65].

HSR = P;/APV
This derivation again assumes thaidPnegligible.

Both these indices use a Doppler wire and therefore suffer from lack of
reproducibility and operator dependence. Although incorporating such indices could
provide a better understanding of coronary physiology, there are no outcome studies
to support their routine clinical use.
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Importance of absolute coronary blood flow
measurements

The potential applications of being able to assess coronary flow and in turn the
resistance to flow are many. The benefit of revascularization in reducing the future
adverse events is dependent on the improvement in coronary flow. Smalling et al
demonstrated in an animal model that myocardial function is dependent on coronary
flow rather than pressufre[p6]. A flow based decision-making process may allow
optimal patient selection, the key benefit is the ability to evaluate flow impairment
not due to obstructive CAD[36]. Such an approach may be able to better evaluate
patients with Cardiac Syndrome X, who present with angina symptoms and positive
stress test, but then turn out to have normal coronary arteries on coronary
angiography.

Situations where epicardial coronary disease co-exists with microvascular disease
are common. It is difficult to assess the relative contribution of each to the limitation
of coronary flow. Methods to assess coronary flow, when combined with FFR can
assess the differential contribution of epicardial coronary stenoses and microvascular
disease towards causing myocardial ischemia and angina.

Despite advances in treatment, more than 50% of patients treated with PCI for acute
myocardial infarction experience further myocardial damage and increase in infarct
size from microvascular impairment commonly due to distal embolization of
atherothrombotic debifs[$7]. The most extreme form of microvascular impairment
has been termed ‘no-reflow” phenomenon and is often evident on coronary

angiogram imagds[68]. No-reflow is an independent predictor of moftaljity[69]. It is
not possible to accurately identify less severe forms of microvascular impairment
from angiography alone. Out of the many factors that cause microvascular
impairment, microvascular obstruction (MVO), as identified by cardiac MRI (CMR)
has been associated with increased cardiovascular complications, larger infarct size
(IS) and predicts long term adverse progrosis[?@jsessing coronary flow may

help to identify less obvious MVO and help immediately target specific vasodilator
and antithrombotic therapy.

Atherosclerosis is a gradual progressive process and often micro-circulatory
dysfunction precedes the development of angiographic stenosis, perfusion defects or
regional wall motion abnormalities (RWMA) on functional imadind[71, 72]. Murthy

et al studied over 2700 patients referred for rest/stress positron emission tomography
for a median of 1.4 years and found that coronary microvascular dysfunction, as
measured by coronary flow reserve (CFR), was an independent predictor of cardiac
mortality[73]. Being able to measure coronary flow without additional

instrumentation of coronary arteries offers the opportunity for better risk

stratification in the catheterization laboratory.

Coronary flow measurements are useful not only for more comprehensively

assessing coronary artery disease and microvascular disease, but also in noncoronary
cardiac diseas@s[4]. Coronary blood flow measurements may help in assessing the
prognosis and for monitoring the effectiveness of risk reduction stra@%, 75,

76].
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Non- invasive methods of coronary flow quantification

Positron Emission Tomography

Positron Emission Tomographic (PET) assessment of regional myocardial blood
flow involves the dynamic acquisition of images during the intravenous injection of
a positron-emitting perfusion tracer, such as 13N-ammé&i@awater etc. Tracer

kinetic models are then used to quantify MBF. It can yield regional MBF per unit of
myocardial mass. This has been shown to be highly correlated with MBF from
microspheres in animal models over a wide range of flosfT@jwater is

considered as the most accurate PET flow tracer, because of its free diffusibility
across capillary and cell membranes and 100% extraction, independent[of flow[78].
The ratio of MBF at stress to MBF at rest can be calculated which is called
myocardial perfusion reserve (MPR). PET quantification of MBF & MPR, although
a promising technique, is limited by several factors such as lack of availability of
PET scanning, use of radiation exposure, need for an on-site cyclotron to generate
tracers and the high costs involved. Furthermore, the results are not available in real
time to enable clinical decision making in the catheterization lab.

Cardiac Magnetic Resonance Imaging

Improvements in magnetic resonance scanners, techniques and image analysis
software have enabled CMR imaging to assess myocardial bloof flpw]79, 80]. CMR
has the advantages of high spatial and temporal resolution and avoiding use of
ionizing radiation. CMR quantification of myocardial blood flow, however, involves
non-volumetric ventricular coverage and relatively complex post-processing steps
which are known disadvantades|75]. CMR can be used to estimate MBF from time
intensity curves (TICs) for the LV tissue and LV cavity using extraction fraction
modeld[8]], 82]. CMR can also be used to calculated MPR. Patients with pacemakers
or other metal implants cannot undergo CMR studies and in some patients,
claustrophobia can be an issue as well. However, more and more patients are
receiving MRI compatible pacemaker implants and more development is anticipated
with MRI compatible implantable cardioverter defibrillators on the horizon.

Dynamic Computed Tomography Imaging

Computed tomography (CT) coronary angiography is gaining popularity as a non-
invasive anatomic test of choice, due to its ability to provide information on
coronary anatomy relatively quickly and with limited radiation expdsute[83]. Dual-
source CT imaging protocols have been developed to assess myocardial perfusion
along with anatomic assessmént][84]. The ability to non-invasively and
simultaneously assess coronary anatomy and myocardial perfusion using the same
modality is certainly an interesting concept. Computational flow dynamics (CFD)
have been employed to calculate FFR from CT coronary angiogram images)(FFR
FFRcT has been shown to be good at stratifying lesions to those producing ischemia
and those that do n86]. Dynamic CT myocardial perfusion imaging produces
serial datasets that allow the evaluation of contrast kinetics in the myocardium. This
allows for absolute MBF quantification, at the expense of increased radiation
exposurd [75, §7]. Dynamic CT MBF has been shown to have excellent correlation
with ** O-H, O PET MBF]. Dynamic CT acquisition techniques may allow for
the identification of more subtle perfusion changes produced by moderate coronary

stenosi§[8P].
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Invasive methods of coronary flow measurement

TIMI myocardial perfusion grade

The TIMI myocardial perfusion grade is not a true measure of coronary or
myocardial blood flow. Nevertheless, it is a useful qualitative clinical tool. It
describes théblush]” or intensity, of the radio-opacity of the myocardium achieved
with an intra-coronary injection of contrast medium, and the time taken for the blush
to cleaf[99].An intense myocardial blush that is fast to clear corresponds to go
microvascular function. The TIMI myocardial perfusion grade (TMRGcored on

a scale of 0 to 3, with higher scores indicating better perflisifpn[dIHRgler TIMI
perfusion grades have been noted to have better outcomes. Although TMP grade is
most commonly employed in STEMI patients, there is emerging evidence that
assessing the blush grade may have prognostic utility in NSTEMI patients as

well[93].

TMP grade | Description

0 No apparent tissue level perfusion or no blush
1 Blush present but no clearance from microvasculature
2 Blush clears slowly (blush is strongly persistent and diminishes minimally or not at all during 3

cardiac cycles of the washout phase

3 Blush begins to clear during washout (blush is minimally persistent after 3 cardiac cycles of

washout

Table 3: TIMI myocardial perfusion grades

Doppler wire method of coronary flow calculation

Doucette et al used a Doppler-tipped guide wire to assess coronary
hemodynamick[1]5] and described a method of quantitative flow calculation. A
guidewire equipped with a Doppler transducer is advanced to the proximal segment
of the coronary artery and Doppler signals obtained. A time-averaged parabolic
velocity profile was assumed across the vessel with a mean velocity calculated as
0.5x average peak velocity (APV) measured by the Doppler wire. Flow is calculated
as follows

Qo =nD?%4 (0.5 x APV)
where @ is the Doppler derived time-average flow, D is the vessel diameter, and
APV is the average peak velocity calculated from the Doppler traces. The vessel
diameter was measured by quantitative coronary angiography (QCA) 5 mm distal to
the wire tip. This technique has not been widely adopted in clinical use due to
several limitations. The assumption that coronary flow has a parabolic velocity
profile is not correct. The technique of obtaining good Doppler signals from the
coronary arteries is dependent on the operator’s experience. QCA is also prone to
errors, not least due to the fact that any disease will often mean the arterial lumen is
not circular in cross section.
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Thermodilution method of volumetric coronary flow
measurement

Aarnoudse et al first described a method for measuring direct volumetric blood flow
in selective coronary arteries during cardiac catheterization by using the principles of
thermodilution method first described by Ganz et al in {97L[94, 95]. The method
relied on the continuous infusion of saline at room temperature through a 2.8 F
infusion catheter, advanced over a pressure and temperature sensitive coronary wire.
This technique is different to the assessment of CFVR by thermodilution described
earlier.

Theoretically, during steady-state hypara the absolute coronary blood flow

during saline infusion}) canbe calculated as follows:

— 1.08 X [T”_Ti]
Qp = 1. Qi T, =T

whereQ); is the volumetric infusion rate of the saling,jdthe temperature of the

blood before the start of saline infusionjsithe temperature of the saline infusate at
the tip of the infusion catheter, and T is the temperature at the sensor in the distal
coronary artery during steady-state infusion (i.e., the temperature of the blood after
complete mixing with the infused saliné).correction factor 1.08 is applied to
compensate for the difference in specific heat between saline and blood.

When T is set to zero and &nd T are expressed as the deviation of the respective
temperatures from Th, the equation can be rewritten as:

Qp = 1.08 X Q;(T;/T)

The technique has been validated in an animal model and human patjents[94]. In the
animal study, excellent correlation was seen between the blood flow measured using
thermodilution method and directly measured flow using a perivascular ring-

mounted volumetric flow meter placed around the coronary artery surgically. In the
human model, the validation was indirect by comparing the improvement in

coronary flow measured by thermodilution to the ratio of coroR&fRbefore and

after stenting. The main advantagfaneasuring the flow using this method is that

the FFR and distal coronary pressure data are also simultaneously obtained from
which coronary artery resistance can be calculated using an absolute measure of flow
rather than the indices used in HSR and HMR.

This method, although promising, is not used widely in clinical practice, most likely
due to practical reasons. The setup and methodology is cumbersome requiring
additional specially designed infusion catheter and infusion lines for saline. Further
absolute coronary blood flow cannot be interpreted without knowledge of the
amount of myocardium the coronary artery supplies. For this reason, there are no
normal values of volumetric coronary blood flow available yet.

X-ray based techniques

Applications of X-ray angiographic methods of assessing coronary arterial blood
flow have been investigated previo@%]. After contrast injection, blood flow is
determined with the contrast pass curve data derived from the epicardial arteries or
the myocardial vascular bed. These techniques were limited by need to accurately
quantify arterial dimensions and need for high frame rate acquigitigns[96]. Methods
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for CBF measurement with three-dimensional reconstruction of the arterial tree have
been reporteld[d7]. This technique is based on 3D modelling of coronary artery from
two planes of coronary angiography and therefore prone to errors, which limit its
utility. Three dimensional models of coronary arteries generated from X-ray
angiography have enabled the application of CFD techniques to calculate FFR
without the need pressure wires [98].

Molloi et al described a method of quantifying volumetric coronary blood flow using
dual energy digital subtraction angiography in a swine mpd#l [96, 99]. The method
was based on a first-pass distribution theory where the volume of

the vascular bed supplied by a major coronary artery is modelled as a reservoir with
a single input. Contrast agent was injected into the coronary artery during image
acquisition with a motion-immune dual-energy digital subtraction angiography
system. Tissue-suppressed energy-subtracted images were used to generate time-
density curves. Blood flow was measured in the Left anterior descending artery
(LAD) vascular bed using the time-density curve. They have also reported using the
same principle to quantify the myocardial resistance by using the pressure data and
found that myocardial resistance provided the most accurate method of assessing
microcirculatior[100]. This technique is promising, but thus far has not been tested
in human subijects.

Technique Invasn:: ’/'quec;z;lzvas:ve Advantages Disadvantages
Surrogate indices of coronary/myocardial blood flow in the catheterization laboratory
Coronary flow Thermodilution/Doppler Can assess coronary Cannot distinguish
velocity reserve coronary wire stenosis and between
(CFVR) microcirculation microvascular disease
and coronary stenosis
Affected by
hemodynamic
conditions
Fractional Flow Pressure sensitive coronary wire | Can assess significance | Cannot assess
reserve of coronary stenosis. microcirculation.
(FFR) Robust evidence base Influenced by
for FFR guided conditions causing
revascularization. high microvascular
Reproducible. resistance
Instantaneous wave- | Pressure sensitive coronary wire | Good correlation with Cannot assess
free ratio FFR at extreme values | microcirculation. Not
(iIFR) of FFR at assessing very accurate at
coronary stenoses. intermediate values of
Avoids the use of FFR.
adenosine. Recent large
trials prove non-
inferiority with FFR
Index of Thermodilution Can assess Cannot assess
microcirculatory microcirculation. coronary stenoses.
resistance (IMR)
Non-invasive methods of myocardial flow quantification

15



Positron emission

Non-invasive, uses radioactive

Able to quantify regional

Limited clinical utility

resonance (CMR)

radiation

CMR sequences have

tomography (PET) tracer myocardial blood flow as not available for
accurately decision making in the
catheterization
laboratory.
Not widely available
Cardiac magnetic Non-invasive, no ionizing High spatial resolution. | Non-volumetric

ventricular imaging,

been shown to be able | relatively complex

to calculate myocardial | post processing steps.

blood flow. Limited clinical utility
as not available in the
catheterization
laboratory.

Still a research tool.

Invasive methods of coronary flow quantification in the cath

eterization laboratory

TIMI myocardial Invasive but no need for Easily available, semi- Can be subjective. It is
perfusion grade coronary wire quantitative tool for a crude method
(TMPG) assessing myocardial

perfusion.
Doppler wire method | Doppler coronary wire Coronary flow Operator dependent.
of coronary flow calculation using flow Lacks reproducibility
calculation velocity from Doppler

wire
Thermodilution Continuous thermodilution Volumetric coronary Cannot distinguish
method of volumetric blood flow between coronary
coronary flow measurements stenosis and micro
measurement circulation. Need for

specially designed

infusion catheter

Table 4: Summary of varioustechniques used for assessing coronary physiology

Need for newer techniques

Measurement of coronary or myocardial blood flow and resistance will provide a
better comprehensive understanding of the pathological processes at play. Although
non-invasive methods such as PET scanning can be useful in select patients, it is not
practical to be applied to most patients. CFVR assessments by thermodilution or
Doppler wire provides velocity measurements which are often used as surrogates for
coronary flow. Both methods are cumbersome and involve instrumentation of
coronary arteries. The thermodilution method of measuring volumetric coronary

flow is similarly cumbersome and time consuming with the need to special catheters,
pumps and connectors. Thrombolysis in myocardial infarction (TIMI) frame count

and myocardial perfusion grade (TMPG) are of limited use as they are subjective and
do not detect the full spectrum of microvascular impairfneht[92]. A large proportion
of coronary angiography is undertaken in centres without the capacity for
instrumentation of the coronary artery. Therefore, a technique that can be applied
widely without the requirement to instrument the coronary artery would be a

welcome addition to the cardiologists’ armamentarium.
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Non-Invasive

» Microvascular function:
assess MBF & MPR with
PET, CMR, dynamic CT

Invasive

¢ Lesion evaluation :
FFR/iFR

¢ Microvascular function:
CFR, IMR,

Non invasive

* Microvascular function:
Limited role as urgent
invasive management
preferred. PET/CMR/CT
for non-culprit vessel
disease

Invasive

* Non-culpritlesion

Non-invasive

* No role as prompt
revascularization is
required

Invasive

¢ Lesion evaluation:
Physiological tests not
validated.

¢ Microvascular function:

Thermodilution/Doppler evaluation: iFR preferred TMPG, IMR, CFR,
coronary blood flow over FFR Thermodilution/Doppler
assessment * Microvascular function: coronary blood flow
CFR, IMR, assessment
Thermodilution/Doppler
coronary blood flow

assessment

Figure 2: Non-invasive and invasiveteststhat can be employed for coronary physiology
assessment in different clinical scenarios

Conclusion

There are currently a number of different techniques which allow physicians to
assess epicardial and microvascular disease, and the development of these and new
methods will continue. However, the ability to quantify coronary blood flow and
microvascular resistance in real time remains highly desirable in the assessment of
coronary physiology. Althougbrmploying surrogate indices such as FFR has

improved clinical outcomes, a simplistic approach of just utiliE&R& (or iIFR

based on recent evidence) as the gold standard of coronary physiology assessment is
incomplete. To evaluate the microvasculature, the best invasive method seems to be
to apply IMR and/or CFR. Currently the best approach for a comprehensive
physiologic assessment is to apply a combination of these indices tailored to
individual patients for clinical decision making. There is a need for newer methods

for a comprehensive evaluation of coronary circulation that can be widely used.
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