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1 | INTRODUCTION

Abstract

Myocardial perfusion imaging (MPI) with positron emission tomography (PET) is an
established tool for evaluation of obstructive coronary artery disease (CAD). The
contemporary 3-dimensional scanner technology and the state-of-the-art MPI radio-
nuclide tracers and pharmacological stress agents, as well as the cutting-edge image
reconstruction techniques and data analysis software, have all enabled accurate, reli-
able and reproducible quantification of absolute myocardial blood flow (MBF), and
henceforth calculation of myocardial flow reserve (MFR) in several clinical scenarios.
In patients with suspected coronary artery disease, both absolute stress MBF and
MEFR can identify myocardial territories subtended by epicardial coronary arteries
with haemodynamically significant stenosis, as defined by invasive coronary frac-
tional flow reserve measurement. In particular, absolute stress MBF and MFR offered
incremental prognostic information for predicting adverse cardiac outcome, and
hence for better patient risk stratification, over those provided by traditional clinical
risk predictors. This article reviews the available evidence to support the translation
of the current techniques and technologies into a useful decision-making tool in real-

world clinical practice.
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The conventional semi-quantitative assessment of relative

regional myocardial perfusion is based on the assumption that

Either non-invasive functional imaging of myocardial ischemia or
coronary computed tomography angiography is recommended
as an initial test in the diagnostic work-up of chronic coronary
syndromes (CCS) in the current clinical practice guidelines of
the European Society of Cardiology (class of recommendation I,
level of evidence B) (Knuuti et al., 2020). Imaging of myocardial
ischemia encompasses a wide array of modalities which evaluate
myocardial perfusion and/or left ventricular regional wall motion,

under rest and stress.

the region of the myocardium with the highest tracer uptake has
normal perfusion and therefore can be taken as a reference for
the other regions. This methodology can miss global ‘balanced’
reduction of myocardial perfusion caused by obstructive 3-vessel
epicardial coronary artery disease (CAD) or diffuse coronary mi-
crovascular dysfunction, and may underestimate the extent of
myocardial ischemia in the presence of multi-vessel CAD (Berman
et al., 2007; Knuuti & Saraste, 2012; Schindler et al., 2014). In
contrast to the relative regional myocardial perfusion assessment
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by conventional positron emission tomography (PET) or single
photon emission computed tomography (SPECT), absolute quan-
tification of the global and regional myocardial blood flow (MBF)
by PET obviates the drawbacks of overlooking global reduction of
myocardial perfusion or underestimating the true extent of myo-
cardial ischemia in patients with multi-vessel or left-main CAD
(Kajander et al., 2011; Ziadi et al., 2012) (Figure 1). Indeed, among
the non-invasive functional imaging techniques, myocardial per-
fusion imaging (MPI) by PET stands out as a tool to rule-in or rule-
out functionally significant CAD as demonstrated by invasive
fractional flow reserve measurement among patients with a wide
range of pre-test probabilities (Knuuti et al., 2018). Quantitative
MPI by PET has recently been increasingly employed in clinical
practice, being incorporated in diagnostic protocols of patients
presenting with intermediate pre-test probability of obstructive
CAD. Limiting factors for use of PET MPI include availability of
scanners and tracers, and local personnel expertise. This review
aims at providing an overview of MPI with PET focusing on ad-
vances in quantification of MBF by PET.

2 | MYOCARDIAL PERFUSION TRACERS

Characteristics of the commonly available myocardial perfu-
sion tracers are summarized in Table 1 (Maddahi & Packard, 2014;
Murthy et al., 2018). An ideal perfusion tracer should have a linear

relationship of the tracer uptake (measured activity) as a function of
MBF (Murthy et al., 2018). Unfortunately, the most widely available
tracers have suboptimal first-pass extraction and/or retention at
high flow rates, and consequently, non-linear MBF-uptake relation-
ships, underestimating the true MBF at higher flow rates. Therefore,
a flow-dependent correction factor is needed for mathematical
modelling of high-flow-range MBF. Nonetheless, large correction
factors would augment the noise of measurement, increasing the

scatter of perfusion values at high-flow-range MBF.

2.1 | ®Rubidium

82Rubidium (82Rb) is a potassium analogue that is actively taken
up by the myocardium through the membrane Na-K-adenosine
triphosphatase (Maddahi & Packard, 2014). The physical half-
life of 82Rb is short, and it can be produced from local 825r/82Rp
generators lasting 4-8 weeks (Yu et al., 2007). Since it does not
need onsite cyclotron, it is the most widely used tracer for PET
MPI, but requires high patient throughput for cost-effectiveness.
For logistic reasons, only pharmacological stress can be used
with a protocol employing 82Rb PET MPI. On the other hand, the
short half-life of 82Rb enables fast rest-stress imaging protocols.
Although the long positron range of 82Rb would hamper image
spatial resolution, the latter is enhanced by image reconstruction
post-filtering and cardiorespiratory motion detection techniques.

FIGURE 1 Quantitative myocardial blood flow in multi-vessel coronary artery disease: a middle-aged man with hypertension,
dyslipidaemia, and family history of coronary artery disease complained of exertional angina, and exercise ECG showed 2-mm ST segment
depression. Coronary computed tomography angiography showed total occlusion of the left anterior descending coronary artery (a), and
calcification with suspected stenosis of the intermediate (b), left obtuse marginal (c), and right coronary artery (d) (arrows). Quantitative
150-water positron emission tomography revealed reduced stress myocardial blood flow in all coronary artery territories (f, polar map;

g, 3D reconstruction), suggesting 3-vessel coronary artery disease. For comparison, the same perfusion image is presented on a relative
scale, revealing only the most severely reduced perfusion in the territory of the distal left anterior descending coronary artery (e, 3D
reconstruction). Subsequent invasive coronary angiography confirmed significant 3-vessel coronary artery disease, and the patient

underwent revascularization
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TABLE 1 Commonly used radionuclide tracers for myocardial perfusion imaging with positron emission tomography (Maddahi & Packard,

2014; Murthy et al., 2018)

Property 82Rubidium 3N-ammonia 150-water 18F-qurpiridaz
Physical half-life 76s 9.96 min 2.06 min 109 min
Positron range (millimeter) 8.6 2.53 4.14 1.03
Production equipment Generator Onsite or nearby cyclotron Onsite cyclotron Regional cyclotron
Extraction fraction at rest flow 70% 100% 100% 100%

(0.75-1 ml/g/min)
Retention at rest flow (0.75-1 ml/g/min) 70% 90% 0% 90%
Extraction fraction at stress flow 35% 95% 100% 95%

(3-4 ml/g/min)
Retention at stress flow (3-4 ml/g/min) 25% 50% 0% 55%
Rest/Stress dose for 2-dimensional PET 1665 555 1110 111/259

(MBa)
Rest/Stress dose for 3-dimensional PET 1110 370 740 74/222

(MBaq)
Effective radiation dose (mSv) 1-4 1-2 1-2°2 6
Image resolution Lowest Intermediate-high Intermediate Highest
Spillover from adjacent organs Stomach wall Liver and lungs Liver Liver
Treadmill exercise imaging protocol Not feasible Feasible/not practical Not feasible Feasible

Approval state

FDA-approved

FDA-approved

Not FDA-approved®

Phase Il trials

Abbreviation: FDA, Food and Drug Administration.
2<0.5 mSv with new scanners and injected activity about 500 MBq.

PClinically used in some European centers.

The effective radiation dose is low due to the short half-life of
82Rb. Theoretically, the suboptimal and non-linear extraction
fraction of 82Rb makes it far from ideal tracer for MBF quantifi-
cation; however, evidence supports the feasibility, accuracy and
reproducibility of quantitative MPI with 82Rb PET using the single-
tissue compartment model, being validated against microspheres
in a canine model of CAD (Anagnostopoulos et al., 2008; El Fakhri
et al.,, 2009; Lautamiki et al., 2009; Lortie et al., 2007).

2.2 | ¥N-Ammonia

BN-ammonia enters the myocardium by passive free diffusion
across the sarcolemma, where it equilibrates with cytoplasmic am-
monium, and gets trapped in the cytoplasm through conversion to
13N-glutamine by glutamine synthase (Krivokapich et al., 1982). The
half-life of **N-ammonia (almost 10 min) allows for its production
in a nearby cyclotron (Maddahi & Packard, 2014). Although physi-
cal exercise test was described with **N-ammonia PET MPI, this
approach is less practical for routine clinical practice. The relatively
short positron range of BN-ammonia implies good spatial resolution.
The extraction fraction of **N-ammonia is high, but flow-dependent
correction is used with the high-flow-range MBF. Both the single-
and two-tissue compartment models have been validated for quan-
tification of MBF with *®*N-ammonia PET MPI, and the two-tissue

compartment model takes into account the myocardial metabolic

trapping (De Grado et al., 1996; Hutchins et al., 1990; Muzik et al.,
1993). On the other hand, the high retention of 13N-ammonia in the
myocardium also allows for good quality of myocardial perfusion im-
ages (Saraste et al., 2012).

2.3 | YO-water

Being metabolically inert and freely diffusible, *°O-water enters the
myocardium by passive diffusion; and since it does not accumulate
in the myocardium, both wash-in and wash-out are applied for ab-
solute MBF quantification, and parametric images are used for in-
terpretation (Harms et al., 2011). Due to its short half-life, it needs
onsite cyclotron for its production, and only pharmacological stress
is feasible; however, it enables fast rest-stress imaging protocols.
Yet, stress-only imaging could be sufficient for most patients with
suspected obstructive CAD (Joutsiniemi et al., 2014). 10-water has
an excellent first-pass extraction fraction that is independent on
flow rate, and correction is not required; therefore, its kinetics are
best described with single-tissue compartment models (lida et al.,
1988). Regional tracer uptake is directly proportional to segmental
MBF, and this makes adequate contrast between segments sup-
plied by normal and those supplied by stenosed coronary arteries
(Danad et al., 2014). Indeed, 1°O-water PET is nowadays considered
the gold standard of non-invasive MBF quantification. With the re-

cent scanner technology, an injected activity near 500 MBq can be
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adequate for 1°0O-water MPI, with a consequent effective radiation
dose below 0.5 mSv (Danad et al., 2014).

2.4 | '8F-Flurpiridaz

A novel 8F-labelled tracer ®F-flurpiridaz binds to and competitively
inhibits NADH:ubiquinone oxidoreductase (mitochondrial complex
1) in the mitochondria, without compromising cardiomyocyte viabil-
ity (Yalamanchili et al., 2007). Kinetics can be expressed with a two-
tissue compartment model (Saraste et al., 2012). Its long half-life
allows for unit dose delivery from a regional cyclotron, obviating the
need for an onsite cyclotron or a costly generator. The short positron
range contributes to its excellent spatial resolution.

Preclinical studies demonstrated high flow-independent first-
pass extraction fraction, which holds promise of a linear correlation
between MBF and tracer uptake (Huisman et al., 2008). In an in vivo
rat model, 18F-Flurpiridaz adequately delineated perfusion defects
after permanent coronary occlusion (Higuchi et al., 2008; Sherif
et al., 2009). In a pig model, ®F-Flurpiridaz uptake and modelled
MBF correlated with radioactive microsphere-derived MBF over a
wide range of MBF under rest and pharmacological stress (Nekolla
etal., 2009; Sherif et al., 2011). Despite the nearly 2-h half-life, Guehl
et al. demonstrated the feasibility of a single-day rest-stress imaging
protocol that can be achieved in <15 min, in a porcine model (Guehl
et al., 2017). In a phase | clinical trial involving a rest-only protocol,
8F-Flurpiridaz showed adequate delineation of the myocardium up
to 5 h post-injection, and the tracer was well tolerated by all sub-
jects (Maddahi et al., 2011). In another phase | trial, excellent image
quality was obtained with a high target-to-background ratio, after
1BF-FIurpiriaIaz injection at rest, at peak adenosine stress, as well as
at peak treadmill exercise, in a 2-day rest-stress protocol (Maddahi
et al., 2009). The relatively long half-life of ®F-Flurpiridaz allowed
for performance of a treadmill exercise imaging protocol (Maddahi
et al.,, 2019; Maddahi et al., 2009). It was determined based on the
relationship between rest-stress contamination and dosing that for
a single-day rest-stress protocol, a minimum dose ratio of 3 was
needed, with a 60-min waiting time between the two injections (for
rest-adenosine stress protocol, 30-min waiting time); these proto-
cols were implemented in phase Il and lll trials (Maddahi & Packard,
2014). Dosimetry suggested that injection of up to 518 MBq of *°F-
Flurpiridaz during a rest-stress protocol would provide an acceptable
effective radiation dose of 6.4 mSv (Maddahi et al., 2009). The heart
received the largest mean absorbed dose with both exercise and
adenosine stress, and the tracer was well tolerated by all subjects
(Maddahi et al., 2019).

First-in-human quantification of MBF by ‘®F-Flurpiridaz during
rest-adenosine stress protocol was feasible and revealed significant
difference of MBF and myocardial flow reserve (MFR) between myo-
cardial segments subtended by normal/mildly diseased arteries and
those subtended by diseased (250% stenosis) arteries (Packard et al.,
2014). In a phase Il trial comparing visual analysis of ‘8F-Flurpiridaz
PET vs. ?"™Tc-Sestamibi SPECT during a rest-stress protocol, the

certainty of interpretation was considerably higher for 18F-Flurpiridaz
PET; PET had a higher sensitivity for detection of significant coro-
nary lesions (by invasive coronary angiography (ICA)) than SPECT;
the specificity was similar (Berman et al., 2013). A completed phase
11l multicentre trial (n = 276) established the diagnostic performance
of 8F-Flurpiridaz PET MPI in a single-day rest-pharmacological
stress imaging protocol, taking quantitative coronary angiography
(QCA) as the reference standard (Maddabhi et al., 2020). In a recently
published post-hoc analysis of that trial, both (per-vessel) stress MBF
and MFR adequately identified obstructive CAD and were inversely
related to the coronary stenosis severity. Both stress MBF and MFR
obtained by '®F-flurpiridaz PET agreed with the literature-reported
typical values for the other tracers, and added incremental diagnos-
tic value beyond clinical characteristics and relative MPI analysis
(Moody et al., 2020). Another phase lll trial is currently underway,
which investigates the diagnostic efficacy of ‘®F-Flurpiridaz PET
MPI in a rest-pharmacological stress imaging protocol, compared
with ?""Tc-Sestamibi SPECT, taking QCA as the reference standard,
in patients with suspected CAD (NLM identifier: NCT03354273).

3 | MYOCARDIAL PET PERFUSION
SCANNERS

Current PET MPI scanners employ 3-dimensional image acquisi-
tion mode, and require lower injected tracer activity; and therefore,
lower effective radiation dose for the patient (Murthy et al., 2018).
The injected dose needs to be carefully optimized: it should not be
too high to avoid detector saturation during the first-pass extraction
phase; and in the meantime, it should not be too low to preserve ad-
equate tracer activity in the retention phase so as to maintain image
quality. Weight-based tracer activity calculation could result in ac-
curate MBF quantification with consistent image quality (Renaud
etal., 2017).

4 | IMAGING PROTOCOLS

Traditionally, rest image acquisition is followed by stress image ac-
quisition in the same day (rest-stress protocol), or occasionally next
day for tracers with a long half-life. The time interval between the
two scans depends on the tracer half-life. For tracers with a short
half-life, such as 82Rb and '°O-water, the second (stress) image se-
quence can be started immediately after completion of the first
(rest). Such time interval is 30 min in case of **N-ammonia MPI, to
allow for tracer decay. The total scan time is in the order of 30 min
for 82Rb and O-water, and 80 min for *N-ammonia. Stress-rest
imaging protocol is also feasible, although it is unclear whether post-
ischemic stunning from the stress imaging session can affect rest
MBF with such protocol.

Evidence suggests that a protocol of stress-only MBF could be
accurate and sufficient for detection of CAD (Danad et al., 2014;
Hajjiri et al., 2009; Joutsiniemi et al., 2014; Kajander et al., 2011).
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Such a protocol offers a simple approach with a shorter duration, and
a lower effective radiation dose. Additionally, it is appropriate for
patients with high resting MBF (women, heart transplant recipients)
in whom MFR is reduced despite normal hyperaemic MBF, and it is
not affected by the variability of resting MBF due to hemodynamic
factors (McGinn et al., 1990). On the other hand, rest MBF is needed
in patients with prior myocardial infarction to discriminate reversible
myocardial ischemia from a permanent perfusion defect due to prior
infarction. In a system that supports list-mode acquisition, PET data
collected in the ECG-gated mode can offer simultaneous evaluation
of the regional and global left ventricular systolic function from the
same perfusion data set, especially when 150-water is not used as

a tracer.

5 | IMAGE ACQUISITION AND ANALYSIS

A low-dose computed tomography (CT) scan for attenuation correc-
tion is obtained before dynamic or list-mode PET acquisition scan
(emission scan) is acquired. This quality control step is critical to
ensure optimal alignment between the attenuation correction and
emission scan data sets, and misalignment, if any, should be cor-
rected (Gould et al., 2007; Rajaram et al., 2013). Practically, all clini-
cal PET MPI studies are acquired using dynamic or list-mode data
collection which enables modelling of absolute MBF. The quantifica-
tion of MBF requires measurement of arterial blood tracer activity
over time for construction of time-activity curves from regions-of-
interest (ROIs) located in the arterial blood pool. As only the por-
tion of tracer that is free in plasma is available for myocardial tissue
exchange, corrections may be used to account for red cell uptake,
haematocrit, plasma protein binding, and tracer-labelled metabolites
released in blood depending on tracer (Keiding et al., 2010). Dynamic
frame rates are acquired over a range of 5-10 s for the first-pass
phase, and 1-5 min for the retention phase. List-mode acquisition is
generally recommended, as it allows flexibility in the timing and re-
construction of static, dynamic, ECG- and respiratory-gated images.
Time-activity curves are then fit to a tracer-specific mathematical
model that best describes the tracer kinetics. The most commonly
used models are the single-tissue compartment model and the sim-
plified retention model (lida et al., 1988; Yoshida et al., 1996). Both
models retain the property of normalizing the retention phase myo-
cardial activity to account for the total activity delivered by the ar-
terial blood, such that the zones of highest activity in the retention
phase are scaled to 100%. The models typically include correction for
the tracer-specific extraction fraction (which is in turn dependent on
MBF and permeability-surface area product), regional correction for
the total blood volume, and partial volume underestimation of myo-
cardial tracer activity (Murthy et al., 2018). For ®F-Flurpiridaz, a sim-
plified approach was proposed based on measurement of the tracer
retention (tracer activity divided by the integral of the arterial input
function curve) and the standardized uptake value (SUV) during the
retention phase showing adequate correlation with MBF measured

with three-compartment model, and with microsphere-derived MBF

Functional Imaging
in a porcine model (Sherif et al., 2011). This method would simplify
the rest-stress protocols by obviating the need for tracer kinetic
model analysis and first-pass transit imaging, but further validation

is needed for this approach.

6 | PITFALLS IN IMAGE ACQUISITION,
RECONSTRUCTION AND ANALYSIS

For accurate quantification of MBF, verification of correct acquisition
and analysis of dynamic image series is of paramount importance. It
is crucial to keep the position of the patient between the attenuation
correction and PET emission scans. Any patient motion between
the first-pass transit phase and the late retention phase must be
detected and corrected; otherwise, estimated MBF measurements
could be biased (Hunter et al., 2016). Dynamic time-activity curves
must include a baseline zero frame to ensure adequate sampling of
the arterial blood input function. The presence of multiple or broad
peaks in the arterial blood pool time-activity curves may result
from poor-quality injection, due to bad-fitting cannulas, arm posi-
tion, etc. Additionally, the peak heights of the time-activity curves
of the arterial blood pool during rest and stress should be compara-
ble, provided that similar tracer activities were injected. Significant
differences of peak activity between rest and stress time-activity
curves might suggest tracer extravasation or incomplete delivery,
and can lead to erroneous estimation of MBF values (Murthy et al.,
2018). Since the resting MBF linearly correlates with the heart rate-
pressure product, variability of the resting MBF should be accounted
for during interpretation of MFR values (Saraste et al., 2012). Stress
MBF values should always be considered to mitigate the confound-
ing effect of resting MBF variability on the calculated MFR (Johnson
& Gould, 2011). Variations in the tracer injection profile might com-
promise the reproducibility of MBF quantification, especially when
a simplified retention model is employed for tracer fitting (Klein
et al., 2018). Yet, although standardized software analysis method-
ology was described for both **N-ammonia and 82Rb, considerable
variation among commercially available software products still ex-
ists (Dekemp et al., 2013; Nesterov et al., 2014; Slomka et al., 2012;
Tahari et al., 2014). For dynamic data set acquisition, iterative re-
construction is preferred as recommended by the manufacturer, and

minimal smoothing is preferred for MBF quantification.

7 | STRESS TEST

Although exercise stress provides information on functional ca-
pacity and exercise-induced ST-segment changes, it is largely im-
practical with most of the currently used PET tracers for logistic
reasons. Dynamic first-pass images must be acquired with the pa-
tient already in the scanner gantry at the time of tracer injection.
Moreover, pharmacological stress achieved greater stress MBF rates
than those obtained with isometric handgrip exercise (Brown et al.,

1981). Two prior studies described the use of supine bicycle exercise
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with ®N-ammonia PET (Krivokapich et al., 1989; Tamaki et al., 1985).
However, patient motion artefacts are potential source of error, and
this protocol is hard to achieve with the long gantries of the cur-
rent PET/CT scanners. A previous study reported larger perfusion
defects with treadmill exercise than with dipyridamole stress with
13N-ammonia PET; however, such protocol does not permit dynamic
image acquisition for MBF quantification (Chow et al., 2006).

The standard preparation for pharmacological stress includes 4-h
fast and abstinence from smoking, and at least 12-h abstinence from
caffeine ingestion (24-h abstinence may be preferred) before vasodi-
lator stress (Lapeyre et al., 2004; Murthy et al., 2018). Conventional
vasodilators (dipyridamole, adenosine) have long been successfully
employed with the currently used PET MPI tracers (Al-Mallah et al.,
2010; Kajander et al., 2010). The more recent vasodilator regade-
noson (a selective adenosine A2A receptor agonist approved by
the US Food and Drug Administration in 2008) demonstrated high
efficacy for detection of CAD with 82Rb PET (Hsiao et al., 2013),
although it achieved only 80% of the dipyridamole-induced hyperae-
mic MBF that was further increased to 90% by delaying 82Rb injec-
tion (Johnson & Gould, 2015). Currently, the impact of regadenoson
on absolute MBF is not well known. Nevertheless, both the overall
and high-grade atrioventricular block were remarkably less frequent
with regadenoson, compared with adenosine in a recent meta-
analysis of SPECT studies (Andrikopoulou et al., 2019). When there
is contraindication for vasodilator stress, dobutamine infusion (+ at-
ropine to augment heart rate response) according to the standard
protocol can achieve hyperaemic MBF comparable to that induced
by intracoronary adenosine in vessels with epicardial coronary ste-
nosis, and to that of dipyridamole in healthy volunteers (Bartunek
et al., 1999; Tadamura et al., 2001). Hyperaemic MBF induced by
standard-dose dipyridamole infusion was not enhanced with high-
dose dipyridamole, and was lessened with the addition of isometric
handgrip (Czernin et al., 1995). Reversal of hyperaemia induced by
pharmacological stress can be allowed 3-4 min after imaging was
commenced without compromising image quality or the accuracy of

MBF quantification.

8 | DIAGNOSTIC VALUE OF PET MPI

The diagnostic performance of conventional semi-quantitative PET
MPI was previously demonstrated in comparison with SPECT MPI
and cardiac magnetic resonance (Jaarsma et al., 2012; Mc Ardle
et al., 2012). In one meta-analysis (15 studies, 1319 patients), con-
ventional PET had a significantly higher diagnostic accuracy, com-
pared with SPECT, both in per-patient and per-vessel analyses; the
superior diagnostic accuracy of PET remained in most subgroups
(Jaarsma et al., 2012). Moreover, the diagnostic performance of PET
was similar to that of cardiac magnetic resonance (Jaarsma et al.,
2012). In another meta-analysis (15 studies, 1344 patients) which in-
cluded more recent literature, conventional 82Rb PET had a superior
diagnostic accuracy in comparison with 7*"Tc-Sestamibi SPECT, with

both ECG-gating and attenuation correction, although the included

studies did not directly compare the two diagnostic modalities (Mc
Ardle et al., 2012).

Evidence supporting the diagnostic value of quantitative PET
MPI parameters is summarized in Tables 2 and 3. The most thor-
oughly investigated quantitative parameters are hyperaemic MBF
and MFR, over a range of cut-off values tested against various refer-
ence standards derived from ICA, with FFR <0.80 included in most
of the studies. Overall, the per-patient sensitivity and specificity for
detection of haemodynamically significant CAD ranged from 76 to
95% and from 83 to 91%, respectively, for hyperaemic MBF, and
from 76 to 96% and from 36 to 88% respectively, for MFR. On the
other hand, the corresponding per-vessel values ranged from 71 to
95% and from 70 to 92%, respectively, for hyperaemic MBF, and
from 62 to 91% and from 66 to 87%, respectively, for MFR (Tables
2 and 3).

In the studies which compared head-to-head the diagnostic ac-
curacy of hyperaemic MBF and MFR, both the per-patient and per-
vessel sensitivity and specificity were overall better for hyperaemic
MBF vs. MFR (FFR was included in the reference standard in 4 out
of 5 studies) (Danad et al., 2013; Danad et al., 2014; Hajjiri et al.,
2009; Joutsiniemi et al., 2014; Lee et al., 2016). Thus, the weight of
evidence suggests a better diagnostic performance for standalone
hyperaemic MBF than MFR. Notably, MFR is dependent on resting
MBF, which in turn correlates linearly with the heart rate-pressure
product (Gould et al., 1990; McGinn et al., 1990). Hemodynamic
variables have much more impact on resting rather than hyperae-
mic MBF, and therefore cause greater variability of resting MBF, and
consequently, MFR (Gewirtz, 2019; McGinn et al., 1990).

A meta-analysis exploring the diagnostic accuracy of MPI by dif-
ferent modalities (including hyperaemic MBF by PET) for detection
of FFR-determined obstructive CAD reported a patient-level pooled
sensitivity and specificity of 84% (95% Cl 75-91%) and 87% (95% Cl
80-92%), respectively; the corresponding vessel-level values were
83% (95% Cl 77-88%) and 89% (95% Cl 86-91%), respectively (Takx
et al., 2015). Notably, this meta-analysis included 3 PET studies (290
patients, 870 vessel), of which per-patient values were reported for
two studies only, and reported the diagnostic accuracy for different
regional hyperaemic MBF cut-off values (range 1.86-2.5 ml/g/min)
(Danad et al., 2013; Kajander et al., 2011; Lee et al., 2016). More re-
cently, another meta-analysis evaluated different non-invasive test-
ing modalities for detecting anatomically and functionally significant
CAD, reporting patient-level pooled sensitivity of 89% (95%Cl 82-
93%) and specificity of 85% (95%CI| 81-88%) for PET MPI in detec-
tion of FFR-determined functionally significant CAD (Knuuti et al.,
2018).

There is no widely acknowledged optimal cut-off value of hy-
peraemic MBF or MFR for identifying obstructive CAD that fits all
PET MBF tracers. Published data included heterogeneous cohorts
with different prevalence of CAD, different reference standards for
defining haemodynamically significant lesions (QCA, FFR), different
tracers analysed with different software, and ultimately an array
of cut-off values (mostly representing vascular territory values) for
both hyperaemic MBF (range 1.85-2.5 ml/g/min) and MFR (range
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1.44-2.5) (Tables 2 and 3). For ®O-water, a regional hyperaemic
MBF <2.3 ml/g/min and a regional MFR <2.5 have been shown to
identify FFR-based obstructive CAD with high sensitivity and spec-
ificity, both at patient- and vessel-level (Danad et al., 2017; Danad
et al., 2014) (Tables 2 and 3). For **N-ammonia, a vascular territory
hyperaemic MBF <2 ml/g/min and a vascular territory MFR <2.1
identified FFR-based obstructive CAD at vessel-level (Lee et al.,
2016), but different cut-off values have been found in other studies
using anatomical stenosis severity as a reference (Hajjiri et al., 2009;
Morton et al., 2012; Naya et al., 2014) (Tables 2 and 3). For 82Rb,
studies have mainly focused on global MFR showing that 3-vessel
CAD is rare in the presence of preserved (>2.0) global MFR (Naya
et al., 2014; Ziadi et al., 2012).

The relatively high diagnostic accuracy of PET MPI can be at-
tributed to several factors. The photon energy of PET tracers is
substantially higher than that of SPECT tracers, reducing scatter
and non-uniform attenuation. The more routine use of attenuation
correction with PET MPI further reduces non-uniform attenuation.
Additionally, MBF quantification boosts the diagnostic accuracy of
PET MPI (Chen et al., 2019). However, some caveats can compromise
the diagnostic performance of PET MPI based on absolute MBF quan-
tification in the detection of obstructive CAD. Detection of obstruc-
tive CAD by absolute quantification of MBF is prone to false-positive
test results due to coronary microvascular dysfunction or inadequate
response to pharmacological stressor (Pelletier-Galarneau et al.,
2019). In addition to microvascular dysfunction, other factors, such
as coronary plague geometry (shape, eccentricity and length), collat-
eral blood flow and the presence of diffuse coronary atherosclerosis
may alter the haemodynamic impact of an epicardial stenosis, partic-
ularly in the presence of an intermediate-severity stenosis (Di Carli
et al., 1995; Murthy et al., 2018). Overall, quantified MBF has shown
better agreement with FFR than anatomical severity of the stenosis.
Patient motion is a technical issue that can cause spillover from adja-
cent structures, leading to erroneous quantification of MBF (Hunter
et al., 2016). Similarly, inaccurate timing of tracer injection relative
to pharmacological stressor administration may fail to coincide with
peak hyperaemia (Johnson & Gould, 2015).

9 | PROGNOSTIC VALUE OF PET MPI

Conventional semi-quantitative 82Rb PET provided incremental
prognostic information for predicting adverse cardiac outcome, over
clinical risk factors and left ventricular ejection fraction (Dorbala
et al., 2013; Dorbala et al., 2009; Yoshinaga et al., 2006). In the
largest published study (n = 7061), the magnitude of myocardial is-
chemia and scar on PET provided significant reclassification of risk in
12% of patients with known or suspected CAD referred for PET MPI
for clinical indications (Dorbala et al., 2013).

Tables 4 and 5 summarize the available evidence on the prognostic
value of quantitative PET MPI parameters for prediction of adverse
outcome at long-term follow-up. Robust evidence (mainly from 82Rb

and ®*N-ammonia studies) supports incremental prognostic value of

Functional Imaging

global MFR (generally at a cut-off value of 2) over conventional risk
predictors, for predicting adverse cardiac outcome at intermediate/
long-term follow-up (Bom et al., 2020; Farhad et al., 2013; Fukushima
etal.,2011; Gupta et al., 2017; Herzog et al., 2009; Murthy et al., 2011;
Slartetal., 2011; Tio et al., 2009; Ziadi et al., 2011). Yet, a recent meta-
analysis reported considerable heterogeneity among these studies in
predictor operationalization, covariate structure of adopted models,
as well as predicted outcome, and follow-up length (Judrez-Orozco
et al., 2018). Three of these studies further demonstrated stratifica-
tion of patient risk using the novel metrics of risk reclassification (net
reclassification index, integrated discrimination index) (Gupta et al.,
2017; Murthy et al., 2011; Ziadi et al., 2011). Of these, the study with
the largest cohort (n = 4029) showed that MFR reclassified 48% of the
patients for the risk of cardiovascular death, over a model of clinical
risk predictors, semi-quantitative MPI measures and left ventricular
ejection fraction (Gupta et al., 2017). Multiple studies have shown
that the predictive value of global MFR is maintained regardless of the
presence of relative perfusion defects by semi-quantitative PET MPI,
or the extent/severity of epicardial CAD by ICA (Gupta et al., 2017;
Herzog et al., 2009; Murthy et al., 2011; Taqueti et al., 2015; Ziadi
et al., 2011). Moreover, observational data suggest that quantitative
PET parameters (MFR and coronary flow capacity derived from both
hyperaemic MBF and MFR) may identify patients who prognostically
benefit from early revascularization (Gould et al., 2019; Patel et al.,
2020; Taqueti et al., 2015). In the largest of these studies (n = 12 594),
patients with MFR <1.8 derived survival benefit from early revascular-
ization over medical treatment regardless of the type of revasculariza-
tion, and similar trend was observed within different semi-quantitative
levels of ischemia (Patel et al., 2020).

On the other hand, evidence is less consistent for an indepen-
dent prognostic value of hyperaemic MBF (Bom et al., 2020; Farhad
et al., 2013; Fukushima et al., 2011; Gupta et al., 2017; Maaniitty
et al., 2017; Murthy et al., 2011). MBF calculation requires estima-
tion of arterial input function and a model to correct for the non-
linear first-pass extraction of tracer, particularly in the case of 82Rb.
The prognostic value of hyperaemic MBF was variable depending
on input function derivation method and extraction model, whereas
that of MFR was substantially more consistent and independent on
input function method or extraction model (Murthy et al., 2014).
Modest evidence (from two studies utilizing 150-water tracer) exists
on the prognostic value of regional hyperaemic MBF and MFR (Bom
et al., 2020; Maaniitty et al., 2017). Recently, Bom et al. reported
adequate prognostic performance of both global and regional quan-
titative parameters (hyperaemic MBF and MFR) for predicting hard
events; however, the combination of global and regional perfusion
did not improve the prognostic performance compared with either
alone (Bom et al., 2020).

10 | FUTURE DIRECTIONS

The promising role of the novel tracer '8F-flurpiridaz has been

highlighted in the first phase Ill trial, with greater sensitivity for
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detection of CAD using visual analysis (50% stenosis or docu-
mented prior myocardial infarction) compared with SPECT, in ad-
dition to superior image quality, higher diagnostic certainty, and
lower radiation dose; however, it failed to achieve superiority in
specificity (Maddahi et al., 2020). Another phase Il trial is under-
way (NLM identifier: NCT03354273). Standardization of software
used for analysis of MBF is still needed among the commercially
available software products, particularly those adapted for differ-
ent tracers (Dekemp et al., 2013; Nesterov et al., 2014; Slomka
et al., 2012; Tahari et al., 2014). Additionally, the recent stressor
regadenoson was highly effective for detection of CAD and
showed lower atrioventricular block rates compared with adeno-
sine (Andrikopoulou et al., 2019; Hsiao et al., 2013). Furthermore,
a simple stress-only protocol could be adequate for detection of
CAD (Danad et al., 2014; Hajjiri et al., 2009; Joutsiniemi et al.,
2014; Kajander et al., 2011).

In addition to patients with suspected obstructive CAD, quan-
tification of MBF by PET has been applied in other conditions. PET
MPI has shown high diagnostic accuracy for the detection of car-
diac allograft vasculopathy after heart transplantation, especially
when quantitative PET parameters were employed (Bravo et al,,
2018; Chih et al., 2018). Moreover, MBF was predictive of major
adverse cardiac events at a median follow-up of 2.3 years in this
patient group (Bravo et al., 2018). Abnormal MFR is common find-
ing in cardiomyopathies and heart failure due to various aetiologies
(Cecchi et al., 2003; Neglia et al., 2002; Taqueti et al., 2018) even
in the absence of obstructive epicardial CAD. Normal MFR can rule
out severe multi-vessel CAD in patients with reduced left ventricular
systolic function (Naya et al., 2014; Ziadi et al., 2012). Furthermore,
impaired MFR is associated with major adverse events in patients
with both ischaemic and non-ischaemic aetiology of cardiomyopathy
(Benz et al., 20214, 2021b; Majmudar et al., 2015).

In the presence of ischaemic left ventricular dysfunction and
resting myocardial perfusion abnormalities, assessment of myo-
cardial glucose metabolism with *®F-fluorodeoxyglucose (*®F-FDG)
PET enables sensitive detection of viable myocardium with poten-
tial for improvement of contractile function upon revascularization
(Madsen et al., 2020). Based on retrospective cohort of patients with
left ventricular systolic dysfunction undergoing rest-stress 82Rb PET
MPI and *®F-FDG PET, the presence of hibernating myocardium was
particularly predictive of clinical benefit from revascularization (Ling
et al., 2013). Compared with BEFDG, resting myocardial perfusion
PET alone has inferior accuracy for differentiation between viable
and infarcted myocardium (Benz et al.,, 2021a, 2021b; Grénman
et al., 2019; Moody et al., 2019), but nitrate administration has been
shown to increase MBF in viable myocardium, leading to improved
assessment of viability (Slart et al., 2006).

Further evidence is needed to establish the prognostic role of
150-water PET, hyperaemic MBF, and relative impact of regional vs.
global quantitative PET MPI parameters. Finally, randomized trials
are awaited to support the triage of patients for cardiac catheteriza-
tion and possible revascularization based on PET MPI quantitative

measures.

11 | CONCLUSIONS

Assessment of myocardial ischaemia by PET is an accurate tool to
detect obstructive CAD. Accumulating evidence indicates that PET
perfusion imaging provides prognostic information similar to SPECT
imaging. Quantification of absolute MBF and MFR may be helpful in
identification of patients with extensive CAD and provide incremen-
tal risk stratification over regional ischaemia and clinical information.
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