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Abstract
The use of cardiac PET, and in particular of quantitative myocardial perfusion PET, has been growing during the last years,
because scanners are becoming widely available and because several studies have convincingly demonstrated the advantages of
this imaging approach. Therefore, there is a need of determining the procedural modalities for performing high-quality studies
and obtaining from this demanding technique the most in terms of both measurement reliability and clinical data. Although the
field is rapidly evolving, with progresses in hardware and software, and the near perspective of new tracers, the EANM
Cardiovascular Committee found it reasonable and useful to expose in an updated text the state of the art of quantitative
myocardial perfusion PET, in order to establish an effective use of this modality and to help implementing it on a wider basis.
Together with the many steps necessary for the correct execution of quantitative measurements, the importance of a
multiparametric approach and of a comprehensive and clinically useful report have been stressed.
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These procedural guidelines are dedicated in memory of Prof. Eugenio
Inglese, founding father of the Italian Group of Nuclear Cardiology and
victim of COVID-19.
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Preamble

The European Association of Nuclear Medicine (EANM) is a
professional non-profit medical association that facilitates
communication worldwide among individuals pursuing clini-
cal and research excellence in nuclear medicine. The EANM
was founded in 1985. These guidelines are intended to assist
practitioners in providing appropriate nuclear medicine care
for patients. They are not inflexible rules or requirements of
practice and are not intended, nor should they be used, to
establish a legal standard of care. The ultimate judgement
regarding the propriety of any specific procedure or course
of action must be made by medical professionals taking into
account the unique circumstances of each case. Thus, there is
no implication that an approach differing from the guidelines,
standing alone, is below the standard of care. To the contrary,
a conscientious practitioner may responsibly adopt a course of
action different from that set out in the guidelines when, in the
reasonable judgement of the practitioner, such course of ac-
tion is indicated by the condition of the patient, limitations of
available resources or advances in knowledge or technology
subsequent to publication of the guidelines. The practice of
medicine involves not only the science but also the art of
dealing with the prevention, diagnosis, alleviation and treat-
ment of disease. The variety and complexity of human condi-
tions make it impossible to always reach the most appropriate
diagnosis or to predict with certainty a particular response to
treatment. Therefore, it should be recognised that adherence to
these guidelines will not ensure an accurate diagnosis or a
successful outcome. All that should be expected is that the
practitioner will follow a reasonable course of action based
on current knowledge, available resources and the needs of
the patient to deliver effective and safe medical care. The sole
purpose of these guidelines is to assist practitioners in achiev-
ing this objective.

Introduction—rationale

The use of PET (positron emission tomography) tracers for
myocardial perfusion imaging (MPI) began in the 1980s [1].
Already in those very early years, together with the visual
assessment of the uptake pattern, quantitative methods for
measuring myocardial blood flow (MBF) were proposed and
developed [2-5]. However, due to logistic constraints caused
by the high costs of imaging systems and the limited availabil-
ity of on-site cyclotrons needed for the production of then
available perfusion tracers with short half-lives, myocardial
perfusion PET was restricted to few research centres.
Recently, the exponential growth of PET imaging in oncology
has led to a major increase in the number of installed PET
scanners. In addition, the availability of PET perfusion radio-
tracers that do not require an on-site cyclotron, such as
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(generator-based) Rubidium-82 (¥?Rb) or new Fluorine-18
("®F)-labelled radiotracers, is likely to increase in Europe in
the coming years. Combined, these factors have increased the
accessibility of PET MPI and have revived the interest in PET
as a modality for the quantitative assessment of myocardial
perfusion. Nevertheless, the acquisition and analysis of quan-
titative PET MPI is demanding and requires a high level of
expertise.

The objectives of these guidelines are to promote the
standardisation of acquisition protocols for quantitative PET
MPI and propose up-to-date diagnostic criteria for the inter-
pretation of PET MPIL. In addition, these guidelines provide
some insights into the clinical applications of quantitative PET
MPL

PET technology
PET imaging systems

Dynamic cardiac PET is probably the most demanding proto-
col in terms of PET acquisition. During the first pass through
the heart, the entire injected radioactivity is inside the field of
view of the scanner, resulting in very high count rates. A few
minutes later, both the short half-lives of especially Oxygen-
15 (**0) and ®Rb and the distribution of the radioactivity
throughout the entire body result in very low count rates. To
put this in perspective, the amount or radioactivity within the
field of view of the scanner is 2040 times higher during the
first pass in a dynamic scan than during a typical whole-body
['®F]-fluorodeoxyglucose (['*F]JFDG) scan, whereas at the
end of the dynamic scan, it is about a factor 100 lower, ap-
proximately between 25 and 50% of that in a whole-body
['®*F]FDG scan. Figure 1 illustrates the noise-equivalent count
(NEC) rate capabilities of different types of PET scanners, the
properties of which will be discussed in further detail in the
paragraphs below.

2D vs. 3D

In a 2-dimensional (2D) PET scanner, detector rings are sep-
arated by septa (e.g. lead or tungsten rings). These septa par-
tially shield coincidences from occurring between detectors in
one ring and detectors in a non-adjacent or more distant rings
and will reduce scattered events. A scanner without septa is
referred to as a 3-dimensional (3D) scanner. This 3D mode
allows for coincidences between all available rings, signifi-
cantly increasing sensitivity and count rate per detector, but
on the other hand increasing scatter and randoms as well.
However, the advantages due to improved sensitivity far out-
weigh the disadvantages due to increased scatter and randoms
(Fig. 1). The latest generations of PET/computed tomography
(CT) scanners are no longer equipped with septa, because
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Fig. 1 Typical noise-equivalent count (NEC) rate curves. BGO = bis-
muth germanate, GSO = gadolinium oxyorthosilicate, LSO = lutetium
oxyorthosilicate, LYSO = lutetium-yttrium oxyorthosilicate, PMT =
photomultiplier, SIPM = silicon photomultiplier. a NEC rates. b NEC
rates accounting for image quality improvements due to time of flight.

improved detector technology and faster electronics allow for
better handling of high count rates, and increased computing
power and current reconstruction algorithms allow to deal
with the much larger amounts of raw data produced in 3D
PET [6].

Crystals

The most common crystal types applied in PET are BGO
(bismuth germanate), GSO (gadolinium oxyorthosilicate),
and the lutetium-based crystals, such as LSO (lutetium
oxyorthosilicate) and LYSO (lutetium-yttrium
oxyorthosilicate). Each type of crystal has been used for car-
diac imaging. Table 1 gives an overview of some important
properties of these crystals. Using BGO, NEC rates are higher
in 2D mode than in 3D mode during the first pass of PET
tracer during a dynamic cardiac scan (Fig. la). This is the
reason why cardiac PET was preferably done in 2D mode
on older scanners. As also seen in Table 1 and Fig. la, LSO
and LY SO detectors, because of their shorter light decay time
combined with fast electronics, allow for higher count rates,
resulting in much higher 3D mode NEC rates during cardiac
first-pass imaging than BGO.

Table 1 Properties of commonly used crystals for PET scanners

BGO GSO LSO LYSO
Density (g/cm®) 7.1 6.7 7.4 74
Attenuation length (mm) 10.4 14.1 11.4 11.8
Light output (photons/MeV) 9000 8000 30,000 30,000
Light decay time (ns) 300 60 40 40

BGO = bismuth germanate, GSO = gadolinium oxyorthosilicate, LSO =
lutetium oxyorthosilicate, LYSO = lutetium-yttrium oxyorthosilicate

Typical count rate ranges during the first pass of a dynamic acquisition
over the heart, as well as during a routine whole-body ['*FJFDG scan, are
indicated. b The advantage of modermn LYSO+SiPM scanners during
first-pass imaging compared with BGO systems is clearly shown

Time-of-flight

Time-of-flight (TOF) capability can increase the signal to
noise ratio of the images [7, 8]. Figure 1b shows NEC rates
taking the gain due to TOF into account as well, but this is
valid only for the NEMA NEC measurement with a 20-cm
phantom [9, 10]. TOF benefits in a clinical cardiac scan are
lower than what is shown here, but also in a clinical situation
TOF will result in a considerable increase in signal to noise
ratio compared with non-TOF reconstructions [11]. In this
regard, TOF can improve image quality in cardiac perfusion
imaging [12].

Solid-state scanners

Until recently, most PET systems were equipped with
photomultiplier tubes (PMT) to convert the light from the
scintillating crystals into an electronic pulse. The advent of
PET-magnetic resonance (MR) mandated the development
of new technologies, since PMTs do not work well in a mag-
netic field. In the latest generation of PET scanners, PMTs
have been replaced by silicon photomultipliers (SiPM), either
in a traditional block detector configuration, coupling an array
of crystals to a smaller number of SiPMs, or coupled one-to-
one to scintillating crystals (‘direct photon counting’). Digital
PET systems allow for better TOF resolution and improved
sensitivity (in case of block configurations), further improving
image quality [13—15]. This is shown in Fig. 1b, stressing the
advantages of last generation PET systems with SiPMs and
high-efficiency TOF in terms of count rate performance dur-
ing first pass in dynamic scans. So far, there are no available
data about the specific advantages for quantitative cardiac
PET. However, computation of parametric MBF images,
showing MBF rather than just tracer uptake at the voxel level,
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requires good count statistics, and thus, the digital scanners
with their improved count rate capabilities are helpful.

Radiopharmaceuticals for myocardial
perfusion imaging with PET (Table 2)

[">Olwater

['>OJwater PET is considered the reference for non-invasive
in vivo measurement of MBF because it is metabolically inert
and essentially freely diffusible and has an extraction fraction
close to one up to very high flow values (Fig. 2) [3, 18]. The
122 s radioactive half-life of 'O implies that [>O]water can
only be used at hospitals with an on-site cyclotron.'*0 is pro-
duced either by irradiating enriched Nitrogen-15 (**N) with
protons, using the '*N(p,n)'°O reaction, or by irradiating nat-
ural nitrogen with deuterons using the "*N(d,n)"°O reaction.
The advantage of the latter production method is that the target
material is basically air and, hence, cheap and that the required
deuteron energy is only 3 MeV, allowing for construction of
small, dedicated cyclotrons requiring limited shielding, at a
considerably lower cost than regular PET cyclotrons [19].
These cyclotrons have until now only been installed at a few
mainly research hospitals, but their wider spread could facili-
tate an increased clinical use of [°O]water. Using the (p,n)
reaction allows for production of ['*O]water on standard med-
ical cyclotrons. The maximum positron energy of 'O of
1.7 MeV is higher than that of "*N, but considerably lower
than for ®*Rb, leading to a spatial resolution somewhere in
between that of *N and ®*’Rb [20]. In the setting of high-
resolution PET scanners (FWHM =3 mm), the resolution loss
could be estimated to be around 0.5 mm [21]. Although the
properties of ['*OJwater imply that perfusion can be measured

accurately irrespective of metabolic status, a challenge associ-
ated with its freely diffusible nature is that the tracer is not
retained in the myocardium. No static uptake images can be
acquired to give an initial, qualitative image indicating perfu-
sion defects or myocardial viability. Tracer kinetic modelling
is required to get absolute perfusion values, and meaningful
perfusion images can only be obtained by performing this
modelling on a voxel level. On the other hand, the free
diffusibility of ['*O]water allowed for the introduction of the
perfusable tissue fraction (PTF) concept, an intrinsic partial
volume correction, the mathematical details of which are de-
scribed in the “Quantification of myocardial blood
flow”, [*O]water” section [22]. This is a major difference with
other perfusion agents: MBF measurements based on ®*Rb or
['*N]ammonia (['*N]NH;), or any other tracer except
[°Olwater, suffer from partial volume effects due to the lim-
ited spatial resolution of PET, whereas ['°O]water measure-
ments do not. Furthermore, the PTF can be used to estimate
the so-called perfusable tissue index (PTI) which has been
shown to be a marker of tissue viability [23]. As such, perfu-
sion and viability, distinguishing ischaemia from infarction,
can be measured using a single scan. Tracer kinetic analysis
of ['°O]water used to be time-consuming, but recent years
have seen the development of a number of software packages
that nearly automatically supply MBF values based on dynam-
ic scans, or are even capable of automated calculation of para-
metric images of MBF, PTF, and blood volume, and even left
ventricle (LV) volumes and ejection fraction (EF) based on
either first-pass gated images or gated parametric blood vol-
ume images [16, 17]. The short half-life of ['*O]water allows
for the completion of a rest—stress protocol within 30 min.

Dosimetry ['°O]water: 1 mSv/GBq [24-26]. A typical proto-
col consisting of two injections of 400 MBq will result in an
effective dose of 0.8 mSv.

Table 2 Comparison of the available tracers for quantitative perfusion PET
['*Olwater [*NINH; $Rb ["*F]flurpiridaz
Radionuclide half-life 122's 9.96 min 75 s 109.8 min
Availability On-site cyclotron On-site cyclotron Generator Cyclotron (possible
shipping)
Mean positron range in 2.5 1.5 59 0.6
water (mm) [20]
Relationship with MBF  Ideal (freely diffusible) High extraction fraction Non-linear extraction High extraction
fraction fraction
Image quality Parametric MBF images only Good to high Fair to good Very high
Gated imaging Possible from first pass (blood pool) High quality Good quality High quality
Time schedule Very tight Interval between rest and Very tight Separate stress and

Previous experience

Used mainly in research setting and
with hybrid imaging

stress injections

Widely used qualitatively
and quantitatively

Widely used qualitatively
and quantitatively

rest injections

Presently ongoing
phase III trial

MBF = myocardial blood flow
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82Rb

82Rb has been employed as a myocardial perfusion agent since
the early 1980s and has been extensively used for qualitative
and quantitative cardiac PET [5, 27-29]. ®*Rb decays with a
half-life of 75 s with emission of a positron with a maximal
energy of 3.15 MeV in 95.5% of decays or by electronic
capture in 4.5% of decays with subsequent gamma emission.
The high energy range of these positrons results in an intrinsic
lower spatial resolution of PET images than with ['*N]NH; or
'®F_radiolabelled tracers [20]. In particular, the resolution loss
in soft tissues has been calculated to be greater than 2 mm
[21]. ®?Rb has the same biological properties as potassium
(K™) and is extracted by the myocardium through the Na-K-
ATPase pump. *’Rb is taken up in viable myocardium, whilst
it is rapidly cleared from fibrotic tissue. The extraction of **Rb
during the first pass is high (65%) but decreases in a non-
linear way with increasing blood flow [28, 29]. This effect is
clear when compared with [*N]NH; or [°O]water, although
extraction is slightly better than for the most common **™Tc-
labelled radiopharmaceuticals [30] (Fig. 2). ¥*Rb can be eluted
on demand from a Strontium-82 (**Sr)/**Rb generator. In
1986, Gould et al. published the first clinical use of an
8281/*2Rb generator for the detection of coronary artery dis-
ease (CAD) [31]. ®*Rb PET demonstrated higher diagnostic
performance in comparison with single-photon emission com-
puted tomography (SPECT) with *°' Thallium (*°'T1), and this
supported the approval by the Food and Drug Administration
(FDA) of ®?Sr/*?Rb generators for clinical use in the USA
[32]. The ¥Sr/**Rb generators are commercially available in
the USA and Canada and are currently in the process of ap-
proval for clinical use in Europe. The **Sr/**Rb generator is
positioned into a dedicated injection system that flushes saline
through the generator. Volume and flow rate of saline can be
manually selected and adapted to the ‘age’ of the generator.
82Rb is eluted from the generator with a volume of saline
between 10 and 50 mL and at a flow rate between 20 mL/
min at the beginning of the life of the generator up to 35 mL/

min at the end of the life of the generator because the concen-
tration of %?Rb decreases over time in the eluate.
Recommended activities of **Rb to inject to patients are
10 MBg/kg (with a minimal dose of 740 MBq and maximal
dose of 1480 MBq) for PET acquisitions in a 3D mode.
However, generators may need re-calibration when adminis-
tered activity is changed, which makes weight-based dosing
impractical in high-throughput centres. Furthermore, the high
end of this interval may increase the risk of detector saturation.
The use of fixed doses ranging from 740 to 1110 MBq, ac-
cording to the PET/CT device sensitivity, is as well accept-
able. As these injected activities should be doubled for PET
acquisitions in 2D mode, we advocate the use of 3D mode
acquisitions. One important concern regarding **Sr/**Rb gen-
erators is the risk of **Sr and *Sr breakthrough. This risk
increases with the ‘age’ of the generator and the total volume
of eluate. The level of ¥Sr and **Sr in the eluate should be
monitored daily. It can be estimated by measuring the residual
activity in the eluate after complete decay of **Rb. Newer
8281/*Rb generator and injection systems have the advantage
of providing automated controls of residual **Sr and *Sr ac-
tivities in the eluate. In addition, these systems are equipped
with a second injector that is connected to the infusion system
at the exit of the **Sr/*’Rb generator. This second injector
allows for a constant administration rate of *’Rb independent
of the “age” of *2Sr/*’Rb generator and the concentration of
82Rb in the eluate. %?Rb is well suited for clinical use of PET
MPI. First of all, 82Rb can be obtained on demand after elution
of the #2Sr/*’Rb generator. Second, the short half-life makes
sequential rest and stress PET acquisition possible in 30 min
without the presence of residual activity in the myocardium of
the first *Rb injection. Finally, **Rb accumulates in the myo-
cardium allowing for the evaluation of viability and myocar-
dial contractility. The intrinsic limitations of 82Rb are, howev-
er, the high energy of the emitted positron that worsens spatial
resolution and thus the MPI quality, and the non-linear myo-
cardial uptake at high blood flow that limits the precision of
the quantification of hyperaemic/stress MBF.
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Dosimetry **Rb: 1.1 mSv/GBq [26, 33]. The effective dose
depends on the exact protocol used, but two injections of
10 MBqg/kg result in an effective dose of approximately
1.5 mSv.

["*NINH;

['"*N]NHj; has been employed as myocardial perfusion agent
since the seventies of the last century [34]. It is produced by a
cyclotron by means of the '°O(p,x)'*N reaction. It has a rel-
atively low positron energy (1.19 MeV), with low-resolution
loss (about 0.2 mm) [20, 21], and a 9.96-min half-life, which
permit to acquire higher quality images than with the other
commonly used tracers, although a rest—stress study requires a
slightly longer acquisition time than with ['°O]water and **Rb
[35]. In blood, ['*NINH; is mainly present as ammonium ion
(NH4"), which can cross the cell membrane through the
sodium—potassium exchange system, whilst ['°N]NH; dif-
fuses passively because of its lipophilicity. Within the cell,
['*N|NH; may enter various metabolic pathways, among
which the glutamic acid—glutamine is the most important, or
back diffuse to blood [36]. Thus, the final myocardial uptake
is influenced by several variables, including flow, extraction
fraction and metabolic status. It has been demonstrated that
['"*N]NH; extraction is inversely and non-linearly related to
blood flow, with values ranging from 0.8 at baseline flow to
0.6 at flow about 3 mL/min/g [35]. On the other hand, the
metabolic effects are probably small [36]. ['°N]NH; can be
effectively used for the evaluation of relative myocardial up-
take, and it has been demonstrated to be superior to SPECT
MPI in terms of sensitivity and specificity [37]. ECG-gated
PET studies are of high quality, but the stress acquisition is
performed with some delay after tracer injection, although
much closer as compared with gated SPECT, and then might
not represent the truly functional status during stress. Finally,
and most importantly, ['*°NJNH; is highly valuable for the
absolute quantitative measurement of MBF [2, 4, 38—40].

Dosimetry ['*NINH;: 2 mSv/GBq [26, 33]. A typical protocol
consisting of two injections of 400 MBq will result in an
effective dose lower than 1.8 mSv.

PET acquisition protocols
Stress protocols

Because the quantitative MBF measurement requires the ac-
quisition of the input function, pharmacologic stress is the sole
possible option. The stress test modalities do not differ for the
various tracers and are the same as for SPECT MPI [41],
although the execution of the stress injection with the patient
already positioned on the camera bed, together with the
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additional problem to avoid his/her motion, requires particular
cautiousness (Fig. 3). The commonly used stressors are
dipyridamole, adenosine and, most recently, regadenoson.
Dipyridamole, however, is not approved for this indication
in many European countries and cannot be recommended
anymore. The commonly used vasodilators can be contraindi-
cated in case of severe chronic obstructive pulmonary disease,
in particular with asthma components, and an alternative stress
test could be dobutamine combined with atropine, although it
is still debated whether this allows for reaching maximal
hyperaemia [42, 43]. Patients must be fasting for at least 6 h
and refrain from caffeinated beverages, food and analgesics
containing caffeine for at least 12 h and from xanthine con-
taining drugs for 48 h. Dipyridamole/Persantin should be
stopped 24 h prior to vasodilator infusion. Withdrawal of car-
diac drugs can be considered according to the exam indica-
tions and the patient conditions. It is recommended to monitor
arterial blood pressure and to record a 12-lead ECG during
stress to identify ischaemic ECG changes and potential in-
duced arrhythmias. It is advisable to thoroughly instruct pa-
tients on the necessity to remain relaxed and avoid movements
even in case of symptoms. For all these circumstances, the use
of regadenoson appears most advantageous in the setting of
perfusion PET, both because of the more favourable symptom
and adverse effect profile and because it significantly shortens
and simplifies the stress protocol, reducing the degree of pa-
tient motion [44—46]. Moreover, similar values of stress MBF
have been reported in the comparison with dipyridamole [47].
The best position is supine with the arms over the head.
Because this position must be kept for a relatively prolonged
time, all possible care must be given to make the patient com-
fortable and capable of remaining motionless without unduly
effort. Arm rests or other supportive measures may be useful
to this purpose.

Acquisition protocols

In the majority of systems, CT for attenuation correction is
acquired before the PET acquisition. Patients must be
instructed to breathe regularly during CT acquisition (see
“Attenuation correction” section) and to avoid any movement
during the bed translation under the PET detector. A
respiration-averaged low-dose CT can be acquired, using es-
sentially a respiratory gating protocol with all gates summed.
This provides an attenuation map that is the closest match to
the PET images and, in this regard, should be considered the
first choice, if feasible. However, a respiration-averaged CT
covering the whole breathing cycle can result in a quite high
radiation dose, so a free breathing, relatively slow CT is a
good second-best option. The radiation dose of performing a
low-dose CT in a patient is < 1 mSv, down to 0.1 mSv for an
ultra-low-dose CT on a latest generation PET/CT scanner. The
standard sequence for myocardial perfusion PET is rest—
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Fig. 3 Protocols for rest—stress
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stress, since both studies are performed during the same ses-
sion, and thus, the residual effects of the pharmaceutical stress
agent on perfusion could affect the resting images. However,
particularly using ['>O]water in the setting of hybrid imaging
including coronary CT angiography (CCTA), the acquisition
of a sole stress study has been effectively performed (see
“Hybrid imaging” section).

["*Olwater

In contrast to tracers that stay confined to the myocardium,
['*Olwater is freely diffusible and acquisition protocols are
focused in all cases on obtaining arterial input function and
tissue response to quantify MBF in absolute terms. For
stress acquisition, the tracer is administered after maxi-
mum vasodilation has been achieved. ['*OJwater is then
injected as a bolus followed by a saline flush, in case of
adenosine preferably over a second intravenous access not
to interfere with its continuous flow rate. Preferably, ad-
ministration should be done using a fast-controlled auto-
mated injection to ensure a constant bolus, for example
injection 5 mL of ['O]water at 1 mL/s followed by
35 mL saline at 2 mL/s [25]. A dynamic frame sequence
is initiated upon injection of ['*O]water with a duration of
4 min, which is sufficient since equilibrium between blood

and tissue has been reached before that time point. It is
essential to have a clear communication between the per-
son on the infusion system and the technologist in the con-
trol room. Stress acquisition can be acquired as little as
10 min after the rest acquisition, given the short physical
half-life of ['*OJwater. Due to the relative short biological
half-life of adenosine, it is important that adenosine infu-
sion is continued throughout the entire stress scan, which is
another reason not to scan longer than 4 min. Respiration-
averaged low-dose CT for attenuation correction is ideally
obtained separately for rest and for stress ['°O]water ac-
quisitions to account for the anatomical different position
of the heart during stress as compared with rest (i.e. ‘myo-
cardial creep’). It has to be underscored that ['°O]water
modelling for quantification of perfusion is based on its
clearance rate rather than uptake rate (see “Quantification
of myocardial blood flow” section below). Since attenua-
tion correction affects the amplitude of time—activity
curves but does not further change the shape of these
curves, an erroneous attenuation correction does not affect
MBF values for ['°O]water to a large extent (Fig. 4).
Studies without attenuation correction have been conduct-
ed for ['*OJwater and have shown little impact on MBF
values [25].
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Washout flow

No misalignment

Misalignment
15 mm caudal
15 mm anterior

Fig. 4 Effect of 15 mm PET/CT misalignment on absolute MBF for
values measured from washout rate (['>O]water; left) and values mea-
sured from uptake rate (**Rb or ['*NINH;; right). Polar maps are based on

82Rb

Acquisition usually starts with rest images to reduce the impact
of residual effects of stress (myocardial stunning after ischae-
mia). As for [°O]water, low-dose CT acquisitions should be
preferably obtained before the rest and after the stress for atten-
uation correction of PET images. Depending on the PET-CT
system and patient position, it might be necessary to connect
the infusion system of *’Rb to the patient only after the acqui-
sition of the CT in order to keep the length of the infusion
system as short as possible. In addition, acquisition protocols
that use the low-dose CT acquired after the stress for attenua-
tion correction for both rest and stress PET acquisitions have
been proposed to reduce the radiation exposure of patients, but
possible problems related to the ‘myocardial creep’ should be
considered. A minimal duration of 10 min is requested between
rest and stress injections so that the generator is fully
replenished. The same protocol is followed for both rest and
stress PET acquisitions. PET data are acquired in list mode (to
allow re-binning for gated and dynamic datasets for MBF cal-
culations) for at least 5 min. The PET acquisition should be
ready to initiate on the system when the button to start the
elution of the *Sr/**Rb generators is pressed, and this should
be clearly communicated. Then, the acquisition begins as soon
as activity is detected on the PET detectors.
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the same simulated MBF scans for both cases. Misalignment results in a
very slight increase in measured MBF for ['*O]water and in a large
anterior defect for ?Rb or ['*N]NH;

["*NINH;

In case of ['°NJNHj, at least 5 half-lives should be left
between the two studies (i.e. =50 min). To optimise the
patient throughput it is reasonable to proceed with the ac-
quisition of the resting study of at least another patient and
then come back to the former one for the stress acquisition.
Shortened protocols for ['*N]NH; have been proposed,
adjusting for residual activity of the resting injected dosage,
but the effectiveness of the correction methods is not yet
definitively established [48, 49]. For ['°N]NH3, PET acqui-
sitions are the same for the rest and the stress studies. Since
patients have to be repositioned on the examination bed for
the stress study, a second CT for attenuation is usually re-
quired. Tracer injection is ideally performed using an auto-
mated injection system and image acquisition is started im-
mediately or a few seconds before the start of tracer injec-
tion. Again, clear communication between the involved
personnel is mandatory. The optimal acquisition protocol
is in list mode for approximately 10 min. The data will be
subsequently re-binned to obtain the dynamic image se-
quence necessary for MBF measurement and gated images
of the final tracer uptake for visual assessment and volume
calculations. Alternatively, a list mode (or predefined frame
mode) acquisition of about 10 min can be performed for
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quantitative MBF measurement, immediately followed by a
single static rest and stress gated acquisition for another 5 to
10 min.

Image reconstruction

Recommendations common to all perfusion
radiotracers

The acquired data are corrected for geometry, randoms, scat-
ter, normalisation and dead time losses. Specific problems
may arise in older scanners when the high activities injected
may cause overflow and dead time problems especially when
using *?Rb. The general recommendation is to use a pixel size
of 2-3 mm, but slightly larger dimensions can be employed
without affecting quantitation. Iterative reconstruction
methods are nowadays the standard in most scanners
performing 3D imaging. In general, these algorithms improve
both image quality and the signal to noise ratio as compared
with the standard filtered back projection, but there are still
uncertainties on the best possible methodology, which also
depends on the particularities of the individual scanner [50].
Furthermore, it must be considered that changing the type of
reconstruction algorithm could influence the final MBF mea-
surement [51, 52].

Attenuation correction

In theory, older scanners with line-source-based attenuation
correction are still valid for cardiac studies, because these
transmission images are usually well comparable with the
PET emission images. Indeed, the exact overlap between a
high-resolution frozen image such as the CT acquired for at-
tenuation correction and the blurred PET images, which are
the sum of multiple heart cycles and breathing phases, remains
a central problem for cardiac PET. Preferably, a respiration-
averaged low-dose CT, using a protocol similar to that used
for retrospective respiratory gating, should be used [53]. If this
option is not feasible, a continuous shallow breathing (the
same condition that the patient should be instructed to keep
for the whole duration of the PET study, see above) is the
preferred condition for achieving a CT image that can most
effectively overlap with the PET image. However, images
should always be checked for misalignment between PET
and CT, and misalignment should be corrected for prior to
reconstruction (Fig. 5) [54]. Metal artefacts can present a chal-
lenge for the reconstruction algorithms and must be compen-
sated for to produce accurate attenuation maps. Currently,
several metal artefact reduction methods have been introduced
in modern CT systems [55].

Respiratory and patient motion correction

The adverse influence of breathing and patient motion on
cardiac images has been well demonstrated. Several ap-
proaches have been proposed for correcting the respiratory
and patient motion artefacts using respiratory gating, includ-
ing motion estimates in the reconstruction algorithm and even
by limiting the respiratory motion with an abdominal belt
[56-58]. So far, however, none of these quite complex
methods has been widely applied.

Dynamic images

The frame duration during the first pass of the radioactivity
through the heart is usually no less than 5 s. After this, frame
duration can be increased incrementally. Table 3 summarises
some employed re-binning schemes for the various radio-
tracers. The sequence of the dynamic images on which the
measurement of MBF will be performed must be checked
for possible movement artefacts. Especially important is
inter-frame motion, which is difficult to correct, but can heavi-
ly affect the accuracy of quantitative measurements, particu-
larly during the rapid image sequence needed to obtain the
time activity curves of the input function and of the initial
tracer uptake. Even relatively limited breathing or patient
movement can affect the position of the LV and of the myo-
cardial wall. Some processing software packages have the
capability to perform a motion correction. If this is not possi-
ble, the deletion of single frames could be considered.

Recommendations specific to each radiotracer
['>Olwater

For ['*O]water, no static images are available, but gating can
be performed, and volumes and EF can be determined using
first-pass blood volume images [16, 17]. For this, data has to
be acquired in list mode so both dynamic (whole scan) and
gated (circa 10-50 s post injection, depending on injection
speed) images can be reconstructed. Visual interpretable im-
ages can be generated using digital subtraction techniques of
blood volume from tissue as well as automated parametric
images of MBF at the voxel level, but calculation of 3D per-
fusion images is preferred, and software packages capable of
doing this are now becoming commercially available, whilst
others can be obtained at no costs from academic centres that
developed them. They now routinely generate 3D perfusion
images (Fig. 6) as well as regional MBF and regional myo-
cardial flow reserve (MFR, i.e. the ratio of stress and rest
MBF) in absolute terms according to the standard 17-
segment model of the AHA [66]. Although validated in
large-scale clinical studies, there is currently no FDA approval
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Fig. 5 Transmission—emission misalignment example. Misalignment
between CT transmission and rest °Rb perfusion PET images (a) with
correction of transmission—emission misalignment (b). Anterolateral per-
fusion defect on rest *Rb perfusion images (¢, upper rows) deriving from

for ['*O]water use in medical practice, but its use is approved
in many European countries.

82Rb

At the end of the acquisition, the position of the heart on PET
and CT acquisitions is visually matched for attenuation cor-
rection using dedicated software. From list mode acquisitions,
three different PET reconstructed datasets can be obtained for
both rest and stress studies: static (non-gated) acquisitions are
reconstructed with PET data acquired between 90-120 s and
5-8 min after the injection, once the blood signal is low; gated
acquisitions, which are reconstructed from PET data acquired
within the same time interval post injection, usually divided in
8 (the best choice to contain noise) or 16 bins (better curve);
and dynamic PET acquisitions. Several time frame schemes
have been proposed for dynamic PET acquisition (Table 3). In
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Transmission-emission
corrected alignment

Transmission-emission
misalignment

Summed Rest Score 0

Summed Rest Score 11

applying the incorrect attenuation coefficients during tomographic recon-
struction to an area of LV myocardium overlying lung field on CT trans-
mission scan, and normal rest perfusion study (¢, lower rows) after cor-
rection, with relative polar maps (d)

patients with LVEF <30%, the reconstruction of static and
gated acquisitions should be started only 150—180 s after the
injection to reduce the level of residual blood signal and im-
prove the contrast between the myocardium and the LV
cavity.

[">NINH;

List mode acquisition is the current preferred modality for
['"*N]NH;. Dynamic imaging for absolute quantification is
currently performed with the re-binning into frames of in-
creasing duration, starting with shorter frames for the input
function and tracer uptake phases (first 2—-3 min) and then with
30 s or 1-min frames (Table 3). Static images constructed with
the data after tracer extraction are available for visual assess-
ment and are usually obtained together with cardiac gating.
The alternatives for gating are 8 bins or 16 bins (see above).
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Table 3 Examples of framing schemes for re-binning of dynamic list mode acquisitions

Reference Tracer Frame sequence Total time
Kajander S et al. [59] ['SO]water 14 x58;3x10s;3%x20s;4x30s 4 min 40 s
Danad I et al. [60] [ISO]water 1 x10s;8x58;4%x108;2x15s8;3x20s;2%x30s;2%x60s 6min
Clinical protocol in Aarhus, Amsterdam, Uppsala ['SO]Water 1 x10s;8x5s;4x10s;2x15s;3x20s;2x30s 4 min
Muzik O et al. [38] [*NINH; 12x10s;4 x 15s;4 x305s;3 x300s 20 min
Hutchins GD et al. [40] [PNINH; 12 x10s;4 x305s;1 x 360 s 10 min
DeGrado TR et al. [39] ['3N]NH3 12 x 10 s;4 x30s;3 x 120 s;2 x 300 s 20 min
Sciagra R et al. [61] [*N]NH; 24 x 58,2 x30s;1%60;1x300s 9 min

El Fahkri et al. [62] 82Rb 24 x 55,86 %30s 6 min
Lortie et al. [63] 82Rb 12x105;2x30s;1x60s;1x120s,1 %240 s 10 min
Dekemp RA et al. [64] 82Rb 9x10s;3x30s;1%x60s;1x120s 6 min
Dekemp RA et al. [64] 82Rb 12x10s8;2%x30s;1x60s;1x120s 6 min
Dekemp RA et al. [64] 82Rb 12x556%x10s;4x20s;4x40s 6 min
Armstrong IS et al. [52] 82Rb 1x10s;8%x58;3x10s;2%20s;4%60 s 6 min
Gaudieri V et al. [65] 82Rb 12x55,6x10s;4%x20s;4%40s 6 min

Interpretation of myocardial perfusion PET
Perfusion images

Perfusion images using extracted radiotracers (*3Rb and ['*N]
NH;)

After attenuation correction and reconstruction, the myocardi-
al images must be reoriented along the myocardial axis as
usually performed for myocardial perfusion imaging.
Currently, most vendors already offer cardiac processing soft-
ware on their devices, mainly the same as used for SPECT
MPI. In case of physiologically retained tracers that allow
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Fig. 6 ['°O]water parametric MBF images from a 65-year-old female
with angina referred for assessment of ischaemia with PET. The images
shown here are parametric MBF images based on 4-min dynamic
['*Olwater PET scans, with their corresponding polar maps. Note that
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visualising the relative perfusion images, it is important to
proceed with the analysis of the reoriented slices and check
for the image quality. The normalisation and side-by-side dis-
play of the three reoriented slice sets (short axis, vertical and
horizontal long axis) is performed as usual. Even in the setting
of quantitative myocardial PET, it is necessary to perform
(and to report) the analysis of the myocardial uptake in qual-
itative terms. Presently, most processing software packages
also provide polar map displays of myocardial uptake and
permit the comparison of the individual patient results with a
reference database (or allow the user to create an own normal
data base). It is therefore possible, and in case recommended,
to integrate the quantitative measurement of MBF with the
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colour scales of all images represent MBF in mL/g/min as seen in the
colour bars. SPECT was negative. PET clearly shows balanced ischaemia
with stress MBF far below the threshold of 2.3 mL/g/min

@ Springer



Eur J Nucl Med Mol Imaging

assessment of the relative tracer distribution and with the com-
parison with a normal reference. Visual semi-quantitative im-
age analysis is performed on a regional basis, using 17 seg-
ments (AHA model), and each segment is scored using a 5-
point scale ranging from 0 (normal perfusion), 1 (mildly re-
duced perfusion), 2 (moderately reduced perfusion), 3 (severe-
ly reduced perfusion), to 4 (absent perfusion). This yields a
summed perfusion score for both stress and rest myocardial
perfusion images. The reported cut-off values to discriminate
abnormal from normal PET MPI are diverse. The most widely
accepted threshold is to consider a summed stress score (SSS)
>4 as abnormal [67]. However, more restrictive thresholds
have been proposed as well. For instance, Hsiao et al. classi-
fied an SSS >0 as abnormal [68]. Similarly, Dorbala et al.
proposed to transform the scores in percentage and then to
consider an SSS% > 1% as abnormal [69].

Gated studies

Most programs simultaneously reorient and analyse both the
gated images and a summed static image. The same programs
that are employed for SPECT MPI usually process the gated
PET studies as well. Accordingly, LV volumes and LVEF can
be derived and synchrony assessments can be determined. The
visual display of the gated studies using a cine loop function
permits to evaluate the regional L'V wall motion. End-diastolic
and end-systolic perfusion polar maps, together with motion
and thickening polar maps, can be obtained. Since, as above
mentioned, the programs that perform the assessment of LV
function in gated PET do not differ from those already exten-
sively used and verified for gated SPECT, no separate normal-
ity values have been established. However, dissimilarities
among the various software packages have been reported
and should be considered in case of comparison between stud-
ies performed in different centres [70]. For ['°N]NHs, there
are relatively few data in large populations to support the
reliability of gated PET for clinical purposes, but there are
no reasons to hypothesise a different behaviour as compared
with #?Rb-gated PET. Moreover, good agreement between
['*N]NH; and magnetic resonance imaging (MRI) for the as-
sessment of LVEF, volumes and wall motion has been report-
ed [71]. The side-by-side display of rest and stress gated im-
ages is useful to identify changes in LV wall motion and
global function. With regard to the assessment of LVEF re-
serve (i.e. change in LVEF from rest to stress), it has been
demonstrated that a LVEF reserve >+ 5% units has a very high
negative predictive value for ruling out severe CAD, and con-
versely, a reserve <— 5% units has a very high positive pre-
dictive value for severe CAD [72]. Other reports confirm that
a LVEF reserve <0 is most probably related to abnormal
perfusion and more severe CAD [67, 68]. It must be remem-
bered that in the ['*NJNH; protocol, there is a slightly longer
delay between stress and gated PET acquisition than when
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82Rb is used. Thus, with ['*NNH;, it would be more correct
to define the stress acquisition as an early post-stress one. On
the other hand, the time interval is still far shorter than in gated
SPECT, and there are data suggesting that indeed even with
['*NINHj;, stress-induced changes on LV function can be
identified [61, 73, 74].

Recommendations specific for ['>O]water

As already reported, [ *O]water perfusion PET provides rou-
tine quantification and studies have shown that grading of
flow values outperforms the diagnostic accuracy of visual
defect grading. It is, therefore, uncommon to express
['*O]water PET in traditional terms of SSS, summed rest
score (SRS) and summed difference score (SDS). The para-
metric images are used to identify visually the ischaemic area
and its extent, whereby validated thresholds of absolute
hyperaemic MBF and MFR are used to distinguish normal
from abnormal perfusion. The most employed approach is
based on the threshold formerly identified using receiver-
operator characteristic analysis and recently validated in the
PACIFIC study and classifies as abnormal the finding of at
least two adjacent myocardial segments with hyperaemic flow
of 2.30 mL/min/g or less [75, 76]. A similar method had been
effectively used in the quantitative PET sub-study of the
EVINCI trial [77]. The standard evaluation of gated PET
based on uptake images cannot be performed with
[°Olwater, but LVEF can be determined using gated first-
pass blood volume images covering the first minute after in-
jection or gated parametric blood volume images [16, 17].

Quantification of myocardial blood flow
General principles

Compartment models can describe the kinetics of PET tracers
for MBF. Figure 7, for example, shows a single-tissue com-
partment model, with rate constants K, describing the trans-
port rate in mL per g tissue per min from blood to tissue, and
k», which is the clearance rate from tissue per minute.

This simple compartment model can describe the kinetics
of both ['*O]water and ®*’Rb during the first minutes after
injection. To accurately describe the kinetics of [">°N]NH;, a
second irreversible compartment should be added, with a rate
constant k3 describing diffusion into the glutamine pool (Fig.
7). However, it has been proposed to disregard this compart-
ment by limiting the analysis to the first 4 min and, thus,
before that metabolic process begins [39]. For ['°O]water,
K; is identical to MBF, and &, is also proportional to MBF
since water is freely diffusible and water that enters the tissue
must be compensated by a similar amount clearing from the
tissue to ensure mass balance. For 5°Rb and ['°N]NHj3, the
relationship between K; and MBF can be described by the
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Ca Ca

Fig. 7 Compartment models: a single-tissue compartment model; b irre-
versible two-tissue compartment model. C, is the radioactivity concen-
tration in arterial blood, Cr the radioactivity concentration in tissue, with

non-linear curves shown in Fig. 2, which have been
established by comparison to either ['?O]water or to animal
studies with microspheres.

The equation describing the compartment model in Fig. 7a
is as follows:

CT(I> :K1CA<I>®€7k2t (1)

Here, C(?) is the radioactivity concentration in arterial
blood over time during the scan, and Cr(?) is the radioactivity
concentration in tissue over time. Since the radioactivity con-
centration measured within a volume of interest (VOI) or vox-
el in the myocardial wall also contains radioactivity in blood,
as well as spill-over from the left- and right-ventricular (RV)
cavities due to cardiac motion and the limited spatial resolu-
tion of PET, the total PET signal Cppr(¢) can be described as
follows:

Cper(t) = (1-Viy—Vrv)K 1 Ca(t)®e ™ + ViyCa(t)
+ VrvCry(?) (2)

where V = volume fraction. By fitting Eq. (2) to the measured
time—activity curve in a volume or voxel, Ky, k», Vi v and Vyy
can be estimated. Observe that the term before K in principle
should be one minus the fractional blood volume, but since
fractional blood volume and LV spill-over cannot be estimat-
ed separately, Vi v, which is the sum of both, has to be used.
This term is sometimes omitted.

["*Ojwater

The single compartment model to utilise ['*OJwater PET for
quantification of perfusion has been validated over decades
ago and remains the reference standard owing to the kinetic
properties of this tracer that meet virtually all the criteria as a
perfect flow tracer. The model incorporates partial volume
correction as well as RV and LV blood pool spill-over effects.
In the special case of [*Olwater, k, equals MBF/Vr, where V¢
is the partition coefficient of water in tissue, established to be
0.91 g/em’® in myocardial tissue. In that case, MBF appears

C; and G, describing free and internalised tracer in tissue, and K7, k, and
k3 are rate constants describing the transport rates of tracer between the
different compartments

twice in Eq. (1), since K equals MBF. Hence, for [>Owater,
Eq. (2) is generally re-written as:

Crr(f) = PTF x MBF x Ca(1)®e 091 + ViyCa(?)
+ VrvCry(?) 3)

The PTF accounts for both underestimation of radioactivity
concentrations due to spill-out effects, but also to overestima-
tion due to spill-in, providing an intrinsic correction for partial
volume effects which is exclusive to [*O]water. In addition, it
can be seen as a measure for discrepancies between the influx
and clearance rate of ['>OJwater caused by non-perfusable tis-
sue, such as scar tissue, within the VOI or voxel. Thus, for
['>O]water, MBF is measured only in perfusable tissue, in con-
trast to other PET tracers, which measure transmural MBF.
Transmural MBF can then be computed indirectly as MBF x
PTF/(1 + VLy + Vry). A basis function implementation of Eq.
(3) allows for fast calculation of MBF values at the voxel level,
resulting in parametric images of MBF [78]. Dividing PTF with
the anatomical tissue fraction (ATF) allows for calculation of
the PTI, a marker of myocardial tissue viability [22, 23]. When
the PTI concept was first introduced, ATF was estimated by
subtracting a normalised blood volume image based on an ad-
ditional C'°0 scan from a PET attenuation image [23], but
using a modern PET/CT scanner, the blood volume image
can instead be obtained from Vi y and Viy in Eq. (3), and
hence, using [*O]water, both MBF and viability can now be
measured using a single scan [79]. Although so far mainly used
in selected research centres, [ *O]water has been quite exten-
sively applied in the clinical setting, and reference values for
identifying MBF and MFR abnormalities have been reported.
In particular, the demonstrated effectiveness of the hyperaemic
MBF for characterising CAD patients has been advantageous in
the setting of hybrid imaging and of stress only quantitative
PET. There are limited data about the comparison of
['SO]water results achieved using different platforms. In the
single available study, two non-commercial platforms gave
tightly comparable results, with no significant differences at
rest, and small variance under stress, but with a very good
interclass correlation coefficient [80].
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82Rb

The use of **Rb made the wide application of PET for MPI
possible. However, already at the beginning of the 1990s, the
advantages of performing quantitative PET were acknowl-
edged. In particular, the group of Gould et al. developed a
simplified approach to MBF quantitation, referred as the re-
tention model, based on the acquisition of a 2-min image after
tracer injection [81]. Although based on several assumptions,
this method was effective in deriving useful MBF and MFR
estimates, which could be integrated in the more comprehen-
sive concept of coronary flow capacity [82]. More recently,
compartmental models have been developed and validated
[62, 63, 83]. Because of the wide use of this tracer, particular
emphasis has been given to the reproducibility of the calculat-
ed values. With regard to this point, the one-tissue compart-
ment model proposed by Lortie et al. has been demonstrated
to be the most reproducible, even if implemented in different
software platforms [64, 84-86]. However, there are differ-
ences in the measured values in normal subjects, which justify
some caution in the comparison of data obtained using differ-
ent platforms [87]. The approach used for defining the input
function can affect the result agreement between different
methods [88]. Using the prognostic implications as reference,
MFR seems more consistent than hyperaemic MBF [88].

["*NINH;

The approaches of MBF quantitation using ['*°N]NH; are
mainly based on compartmental models, although simplified
approaches based on tracer retention have been used as well.
In the retention approach, the signal in the myocardial wall is
related to the net retention rate K; multiplied by the integral of
the plasma activity over time [2, 4].

Crer(t) = Kiﬁ)CA(T)dT (4)

Although K; underestimates MBF more than K; does, it is
still proportional to MBF as seen in the red curve in Fig. 2. The
proposed compartment models are the two-compartment
model, similar to the already mentioned one-tissue compart-
ment model, and the three-compartment model, which takes
into account the metabolism of ['°N]NH; after myocardial
uptake (Fig. 7b) [4, 38, 40, 89, 90]. The latter model has been
also simplified by limiting the analysis to the first 4 min after
tracer injection and accordingly neglecting the metabolic fate
of ["*’NINH; [39]. The results achieved by these different
compartmental models have been regarded as to be closely
related to each other, but nevertheless show significant differ-
ences [91]. The analysis has been more recently expanded to
the combination of the compartmental model and software
platforms, showing, together with the good general agreement
between the measures, the presence of inter-modality
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variations in MBF, which are also partly influenced by patient
characteristics [92, 93].

Pitfalls and artefacts
General considerations

A first and, unfortunately, unavoidable problem of quantita-
tive PET is the impossibility to perform a physiological stress
such as dynamic exercise to explore the MFR. As already
mentioned above, this limitation is related to the need to ob-
tain dynamic images during tracer injection and cannot be
avoided even if perfusion tracers with longer half-life such
as ['*F]flurpiridaz will become clinically available. Whether
a simplified approach based on the ['®F]flurpiridaz
standardised uptake values only will be effective for MFR
assessment remains uncertain [94]. In addition, the need to
place the patient in a supine position during acquisition is
another potential problem of quantitative PET.

The problem of achieving a correct alignment between
PET and CT images for attenuation correction is common to
all types of cardiac PET investigation but can be particularly
challenging in case of quantitative studies [95]. Moreover, in
case of quantitative studies, there is the possibility of motion
artefacts during the acquisition of the input function, which
requires processing software with the capability of single
frame realignment [57, 96]. This is probably one of the biggest
technical challenges to quantitative cardiac PET. Particularly
difficult to prevent and to correct is the presence of ‘myocar-
dial creep’ due to pharmacologic stress [97]. Another major
issue in quantitative PET is the quality of the injected bolus,
which should show a single peak without evidence of detector
saturation [98]. The time—activity curve should be examined
to identify these possible interfering issues including a de-
layed start of the acquisition [98]. Moreover, patient motion
can be detected as an abnormal hump in the later phases of the
myocardial time—activity curve [98]. A general pitfall with the
use of retention tracers “Rb and ['*NJNHj is that input func-
tion and myocardial wall delineation are performed on the late
uptake images and then transferred to the early dynamic im-
ages. This approach may introduce artefacts, especially in case
of ‘myocardial creep’, as VOIs may differ between the early
part and the later part of the acquisition. For ['°O]water, where
there are no uptake images, VOIs need to be defined on the
dynamic data itself and as such [ *O]water is less sensitive to
‘myocardial creep’—related artefacts. In any case, an effective
means of identifying patient motion is to look at VOI place-
ment over the myocardium during the course of the scan.

Independently of the above-mentioned potential pitfalls,
the interpretation of the quantitative data might be hampered
by a series of conditions, in which an abnormal peak MBF or
(more frequently) an abnormal MFR is not directly an



Eur J Nucl Med Mol Imaging

expression of myocardial ischaemia caused by epicardial
CAD. In particular, patients with prior coronary artery bypass
grafting (CABG) may have abnormal MBF in spite of patent
grafts, although a trend towards normalisation after several
months post-intervention has been described [99, 100].
Similarly, patients with LV dysfunction or severe kidney dis-
ease may have abnormal values without epicardial disease and
with visual normal perfusion findings [101]. Conversely, pa-
tients with scar tissue due to prior myocardial infarction may
present with abnormal low resting MBF causing false normal
MFR values even if peak MBF is abnormal. In all these cir-
cumstances, the quantitative PET data must be cautiously
evaluated. Image count density directly affects the diagnostic
quality and reliability of the study. It is therefore important to
realise that additional factors, such as body habitus and
weight, radionuclide dose, scanner performance and acquisi-
tion time, also influence the final count density of PET
images.

[">Olwater

Pitfalls of ['*O]water are related to bolus delivery, PET reso-
lution, relative count rate statistics, intermediate range of the
positron, patient motion and suboptimal hyperaemia. For
[ISO]water, where there are no uptake images, VOIs need to
be defined on the dynamic data itself, and as such, ['*OJwater
is less sensitive to ‘myocardial creep’—related artefacts. In ad-
dition to the lack of uptake images, the main limitations for the
analysis of ['°OJwater are the need to correct for the high
activity in the blood pool and for the spill-over from LV and
RV [102]. This correction is usually performed in the kinetic
modelling and implemented in all available dedicated soft-
ware packages that can process also ['°O]water data.
Specific commercial quantitative software programs for
['*O]water PET have not been so far available, requiring in-
house knowledge of kinetic modelling for analysis. However,
some packages are currently becoming commercially obtain-
able. Measurement of LVEF based on ['°O]water can be done
using first-pass images, but this has not been extensively val-
idated at this point [16, 17]. ['*O]water PET MPI is clinically
approved in Europe and reimbursed in several European coun-
tries. However, in the USA, [] 5O]water PET MPI has not been
approved by the FDA for clinical use and is not reimbursed by
third-party payers.

82ph

The specific pitfalls of **Rb imaging are related to the possi-
bility of detector saturation during the tracer first pass and to
the flattening of the blood first-pass curve caused by the de-
crease in activity of ®Rb per volume with ‘ageing’ of the
generator. Regarding the first point, optimised injection pro-
tocols taking into account the characteristics of the state-of-

the-art scanners have been proposed, which offer a good com-
promise between the risk of detector saturation during the
first-pass phase and the need of adequate activity in later
frames [103, 104]. Regarding the second point, novel injectors
with the capability to deliver constant activity infusion rates
are now available [105]. Another peculiar problem of *’Rb is
the interference of the concurring prompt gamma emission,
which happens in 13% of the decay events and requires a
dedicated correction, with demonstrated favourable effects
on image quality [106, 107]. Finally, it must be remembered
that the high energy *’Rb positrons have the longest positron
range among the myocardial PET tracers [20, 21, 108]. The
lower extraction at high flow values could decrease the detect-
able difference between normally perfused and slightly
hypoperfused myocardium under stress [108]. Abnormal trac-
er uptake in the lungs can be registered in patients with chron-
ic obstructive pulmonary disease and in patients with LV dys-
function [109]. Gastric **Rb uptake and spill-over can be seen
inup to 10% of patients and affect the analysis of the inferior
wall on PET MPI [110]. Proton pump inhibitor therapy seems
to be associated with an increase in the intensity of the gastric
82Rb activity [110]. In addition, obesity and large stomach
volumes were associated with more severe impact of the gas-
tric signal on the PET MPI analysis, suggesting that appropri-
ate fasting prior to **Rb PET MPI may help to improve image
quality, in particular in obese patients [111].

["*N]NH;

In addition to the general pitfalls of PET MPI, ['*N]NH; has
some specific issues. In particular, the regional uptake can be
relatively reduced in the lateral wall, mainly in subjects with
normal LV function [112]. More recent studies suggest that a
major role in this finding is played by attenuation artefacts
related to respiratory movements [113]. Apical thinning has
been reported in PET MPI in general, but it is more pro-
nounced with ['*NJNH; and in TOF cameras [114, 115]. As
with ®Rb, abnormal tracer uptake in the lungs can be ob-
served in patients with chronic obstructive pulmonary disease
and in patients with LV dysfunction. Moreover, increased
pulmonary tracer uptake has been described in heavy smokers
as well [116]. As for all other perfusion tracers (PET as well as
SPECT), abnormal visualisation of the RV wall can be ob-
served in case of hypertrophy or because of chronic obstruc-
tive lung disease. If abnormal uptake in the RV wall is ob-
served only under stress, it can be caused by a relatively lower
uptake in the left myocardium related to severe CAD with
diffuse ischaemia. Specific pitfalls for quantitative perfusion
measurements can be related to the misalignment of emission
and CT images for attenuation correction and to motion arte-
facts during the dynamic acquisition. On the other hand, the
relatively lower activity using ['*NINH; as compared with
82Rb reduces the risk of overflow and dead time losses during
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the first phases of bolus transit through the heart, and the
higher quality of the uptake images with ['*N]NH; facilitates
the definition of the VOIs needed for quantitative measure-
ments. Because of the more prolonged half time, ['*N]NH;
protocols are more time demanding. Performing the resting
studies of more than one patient and then returning to the first
patient for the stress part can overcome this limitation.
However, although this approach improves the patient
throughput, it has the drawback of requiring placing each pa-
tient two times separately on the examination bed and in-
creases the problems related to patient positioning and to CT
alignment. Thus, shortened protocols with correction of resid-
ual activity have been proposed [48, 49]. For gated PET as-
sessment, the differences in timing of the stress study using
['*N]NH; protocols must be taken into consideration.

Clinical evidence
[">Olwater

Beyond its characteristics of ideal tracer for MBF quantitation,
['*Olwater PET has been thoroughly validated for the diagno-
sis of CAD. Because in the early days visual parametric im-
ages were difficult to obtain, the majority of the validation
studies focused on optimal thresholds for hyperaecmic MBF
and MFR to differentiate between healthy persons and pa-
tients with CAD (Table 4). Normal values of ['*OJwater
PET MPI have been studied, including the influence of differ-
ent subject characteristics on normal MBF (and MFR) [125,
126]. [°*O]water PET MPI with a hyperaemic MBF cut-off at
2.5 mL/min/g showed a 92% diagnostic accuracy for the de-
tection of CAD using invasive coronary angiography (ICA)
and fractional flow reserve (FFR) as reference [59]. In addi-
tion, hyperaemic MBF (cut-off 1.86 mL/min/g) was more
accurate (84%) than MFR (cut-off 2.3, 74%) for diagnosing
CAD [60]. This superiority of hyperaemic MBF, although

with slightly different thresholds, was confirmed in subse-
quent reports [75, 127]. In these studies, the optimal cut-off
value to detect FFR assessed obstructive CAD ranged be-
tween 2.3 and 2.4 mL/min/g for hyperaemic MBF and was
2.5 for MFR [75, 117, 127]. The higher diagnostic accuracy of
hyperaemic MBF as compared with MFR paved the way for
stress only protocols. In addition, the PACIFIC trial revealed
that ['O]water PET had higher diagnostic accuracy than
SPECT MPI or CCTA [76]. It is important to note that such
prospective studies are currently lacking for other PET perfu-
sion tracers and no head-to-head comparisons are currently
available. In addition, it should be kept in mind that these
results were obtained in patients suspected of CAD but with-
out a previous history of CAD and with a normal LVEF.
Studies on other patient populations such as the PACIFIC 11
are currently ongoing. In analogy to the mounting body of
evidence in other PET perfusion tracers, [ *O]water PET also
holds strong prognostic information and is incremental to an-
atomical coronary abnormalities as documented by CCTA
[128].

82ph

Sensitivity and specificity for detecting an angiographically
significant coronary stenosis of > 50% are 87% and 73% for
SPECT MPI compared with 91% and 89% for **Rb MPI,
respectively [129, 130]. In a systematic review and meta-
analysis evaluating the accuracy of 82Rb MPI in comparison
with SPECT MPI for the diagnosis of obstructive CAD, fif-
teen *?Rb PET and eight cardiac SPECT studies were included
[131]. ®Rb PET demonstrated sensitivity and specificity of
90% and 88% for the detection of obstructive CAD on ICA,
whereas the sensitivity and specificity for ™ Tc-labelled trac-
er SPECT with ECG-gating and attenuation correction were
85% and 85%, respectively [131]. When patients with low
prevalence of CAD were excluded, diagnostic accuracy was
higher with %?Rb MPI than with SPECT MPI (area under the

Table 4 Proposed stress MBF
and MFR threshold values for

CAD detection

Reference Tracer Stress MBF cut-off MFR cut-off
Kajander S et al. [59] [*O]water 2.5 mL/min/g

Danad I et al. [60] [*O]water 1.86 mL/min/g 23
Danad I et al. [117] [*Olwater 2.2 mL/min/g 25
Danad I et al. [75] [*O]water 2.3 mL/min/g 2.5
Hajjiri MM et al. [118] ["*NINH; 1.85 mL/min/g 2
Fiechter M et al. [119] ["*NNH; 2
Morton G et al. [120] ["*NNH; 1.44
Anagnostopoulos C et al. [121] 82Rb 1.7 mL/min/g 2
Naya M et al. [122] 82Rb 2
Naya M et al. [123] 8Rb 1.93
Ziadi MC et al. [124] 8Rb 2
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curve (AUC) 0.95 vs. 0.90; p<0.0001) with a marked de-
crease in the specificity of SPECT MPI (70%) [131]. Three
studies compared directly **Rb MPI with SPECT MPI and
found superior accuracy of 82Rb MPI [32, 132, 133].
Moreover, **Rb MPI allowed for an effective prognostic pa-
tient risk stratification independently of the results of SPECT
MPI [134]. A recent prospective study in women and obese
patients confirmed the superior sensitivity of **Rb MPI com-
pared with SPECT MPI even if acquired with a cadmium zinc
telluride camera—=85% vs. 57%, p < 0.05 [135]. The addition
of MBF quantification to the interpretation of MPI has proven
clinically relevant, especially for the identification of patients
with balanced myocardial ischaemia [121, 136, 137]
(Table 4). Moreover, impaired MFR is associated with a
worse prognosis in symptomatic patients with a visual normal
PET MPI [122]. A value of global MFR > 1.9 excludes high-
risk CAD with a negative predictive value of 97% [123].
Conversely, the prevalence of multivessel disease is high in
patients with global MFR < 1.5 and intermediate for global
MEFR values between 1.5 and 2.0 with some overlap with
microvascular disease [138]. In patients with an intermediate
risk of mortality based on MPI, the addition of MFR allowed
for the re-classification of 17% of patients into the high-risk
group and 34% of patients into the low-risk group [138]. In
addition, the decrease in global MFR values measured in 677
patients with ®*Rb PET had a strong and incremental prognos-
tic value over the extent of myocardial ischaemia [124]. In
patients with known or suspected CAD, a multicentre obser-
vational study showed that the extent and severity of ischae-
mia and scar on PET MPI provided incremental risk estimates
of cardiac death and all-cause death compared with traditional
coronary risk factors [139]. In contrast to cardiac SPECT,
images are acquired with ®*Rb PET during the pharmacolog-
ical stress. Subjects without CAD exhibit a rise in LVEF dur-
ing pharmacological adenosine stress, whereas the absence of
increase or even a drop in LVEF is associated with multivessel
disease on ICA [72].

["*N]INH;

The clinical value of ['*NJNH; PET has been well demon-
strated. Early studies based on visual and semi-quantitative
analysis had already demonstrated the superiority over ' Tl
MPI in detecting myocardial ischaemia, and these results were
confirmed using **™Tc-labelled tracers [37, 140]. Subsequent
studies including quantitative perfusion data showed an excel-
lent diagnostic performance of the measurements for CAD
detection and indicated that MBF and MFR have an added
value over the visual assessment of perfusion [141]. As a
further demonstration of quantitative ['°N]NH; PET reliabil-
ity in terms of test-re-test variation, several studies showed
that this approach can detect signs of asymptomatic CAD in
subjects with elevated risk profile and then recognise MBF

improvement after that an effective control of the risk factors
had been obtained [142—-148]. More recent studies indicated
the added value of quantitative ['*NJNH; PET for character-
isation of multivessel CAD [118, 119]. With regard to the
prognostic implications of MBF and MFR measurements
using ['*NJNH; PET, it was observed that these parameters
were able to improve the prognostic stratification of subjects
already classified according to their risk profile [149]. In a
comparison between perfusion pattern and quantitative data,
the adverse prognostic meaning of abnormal perfusion was
confirmed, but a low MFR identified patients at risk of cardiac
events even in case of normal perfusion pattern [150].
Similarly, the decrease in MFR was found to be a more sen-
sitive predictor for cardiac death than LVEF, both in a general
population of chronic CAD patients and in a cohort submitted
to PET-driven revascularisation [151, 152]. Various studies
have tried to assess the best thresholds to differentiate between
normal and abnormal MBF and MFR in ['"*°N]NH; PET
(Table 4). In a direct comparison between hyperaemic MBF
(cut-off 1.52 mL/min/g) and MFR (cut-off 2.74), MFR
showed a diagnostic superiority for detecting a significant
coronary stenosis [141]. Subsequent studies indicated a
threshold of 1.85 mL/min/g for hyperaemic MBF and of 2.0
for MFR [118]. In this last report, however, maximal MBF
appeared more effective for detecting CAD than MFR [118].
On the other hand, the MFR cut-off of 2.0 was later confirmed
[119]. In other studies, using a different quantification meth-
od, the MFR threshold was set at a lower level (1.4) [120].

Clinical indications

The value of quantitative PET for CAD diagnosis and prog-
nosis has been extensively validated [153—155]. However, as
in general for PET studies as compared with their SPECT
equivalents, costs and logistic problems, including the current
prevalent use of PET scanners for oncology indications, make
it necessary to identify specific patient subsets who can mostly
benefit from PET MPL

Diagnosis

For diagnostic purposes, the most widely accepted indication
for using quantitative PET is the suspicion of diffuse CAD,
with the possibility of balanced ischaemia that could be
missed by the assessment of relative tracer uptake. More in
general, the added value of quantitative PET is accepted for
patients with known CAD, in whom a more in-depth patho-
physiological assessment of the disease is required, or in
whom complex, multivessel disease is suspected [156].
Conversely, quantitative PET is useful in all patients with
symptoms suggestive of myocardial ischaemia, in whom
ICA does not show significant lesions, in order to identify
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microvascular disease [137]. This is particularly relevant in
female patients [157, 158]. Given the increasing use of
CCTA, there is a growing number of patients in whom the
detection of borderline lesions requires further assessment of
possible ischaemic burden. Patients with high body mass in-
dex represent another accepted indication for using PET be-
cause image quality is improved due to the high energy pho-
tons, high signal of PET tracers and accurate attenuation cor-
rection of PET [159]. Because of the more favourable dosi-
metric profile, PET should be preferred in young patients,
particularly in young women.

Prognosis

Several studies have demonstrated that quantification of MBF
and MFR can be valuable for risk stratification [122—124, 138,
149-152, 160, 161]. In this regard, there is evidence that
quantitative PET, putting together several important prognos-
tic indicators, such as the extent of regional uptake defects,
peak MBF, MFR and LVEF reserve, could be very useful as a
tool for stratifying risk in CAD patients [162]. However, the
choice of using PET is affected by the above-mentioned lo-
gistic and economic limitations, taking into account that gated
SPECT MPI allows as well for good risk stratification in pa-
tients with chest pain. On the other hand, in patients with other
conditions that may affect the coronary circulation, such as the
cardiomyopathies, and above all hypertrophic cardiomyopa-
thy, quantitative PET with its unique capability to assess the
severity of microvascular disease is probably the most effec-
tive method to achieve an effective risk stratification
[163—166]. Furthermore, quantitative PET is able to improve
the prognostic stratification of groups already at increased
risk, such as diabetics and patients with end-stage renal dis-
ease, and even in patients with chest pain and normal coronary
arteries, due to microvascular disease [167—170]. Finally,
quantitative PET is the most effective way to identify vascu-
lopathy in heart transplant patients [171].

Treatment management

Because of its capability to differentiate between the most
severe stenosis and the other lesions, without missing even
relatively limited reductions in coronary reserve, quantitative
perfusion PET could be a very useful tool for guiding patient
management, particularly in subjects with complex CAD
[172, 173]. Single-site experiences suggest even a cost-
effective capability to orient patient management [174].
Unfortunately, there are no randomised studies that assess
the advantages of a PET-guided treatment strategy. Previous
single-centre studies have demonstrated that quantitative PET
data is able to identify asymptomatic CAD and to assess the
results of therapy for risk factor management in these subjects
[142, 143, 145, 146, 148]. More recently, differences in
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hyperaemic MBF and MFR between patients with resistant
hypertension and those effectively treated have been demon-
strated [65].

Recommendations for PET MPI reports

As expected, the construction of a correct report for a com-
plex investigation such as quantitative cardiac PET is de-
manding. Table 5 summarises the items that should be in-
cluded. Particular attention should be paid to a clear iden-
tification of the indication for the study, because this influ-
ences the emphasis that should be given to the several pa-
rameters that can be derived from the investigation. The
accent on quantitative PET data does not make the value
of the visual assessment of tracer uptake superfluous. The
number of ischaemic or necrotic segments within the 17-
segment AHA classification, the SRS, SSS and SDS scores
and the percentage of ischaemic burden should therefore be
detailed. Similarly, it is necessary to describe wall motion
abnormalities and report rest and stress LVEF values. As
for the quantitative PET data, it is important to describe
with utmost accuracy the technical modalities of the study,
including the employed software and model, since these
affect the final measurements and should be considered in
case of comparison with prior reports, especially if pro-
duced by another centre. As mentioned above and apart
from ['°O]water, there is no consensus on the thresholds
for normal and abnormal hyperaemic MBF or MFR for
the different tracers, and it would be desirable to include
those adopted, possibly with the proper reference. In case of
['*O]water studies, the part about the visual assessment of
tracer uptake in terms of semi-quantitative scores and gated
PET data could be omitted. On the other hand, various
groups using ['°OJwater consider positive for CAD any
patient with at least two adjacent segments within a coro-
nary territory classified as abnormal using a validated
threshold (hyperaemic MBF < 2.3 mL/g/min), if this find-
ing is confirmed by a visual defect in the parametric perfu-
sion images [75]. Centres using hybrid imaging will include
the data related to calcium scoring and possibly even those
related to CCTA (see infra, “Hybrid imaging” section). The
final conclusion of the report should include an interpreta-
tion of all reported findings and, most importantly, their
connection in order to answer the specific clinical question.
A particularly difficult point is the differentiation between
balanced three-vessel myocardial ischaemia and diffuse mi-
crovascular disease. Among the possible criteria, a homo-
geneous reduction of MBF without detectable perfusion
defects is considered more indicative of microvascular dis-
ease, whilst a more heterogeneous reduction is regarded as
suggestive of balanced ischaemia due to CAD (Fig. 8).
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Table 5  Scheme for quantitative PET reporting

Administrative data
 Hospital name, including department, address, contacts
* Study identification number
Patient-specific information
« Patient identification, including personal data, sex, date of birth, height, weight, patient code and archive number
* Relevant history, including risk factor profile, previous cardiac events, prior revascularisation procedures, symptoms and current medications
« Indication for the study and specific clinical question to be answered by the investigation
Study-related data
* Type of study
* Study date
* Interpretation date
» Radiopharmaceutical, injected activity at rest and at stress, type of stress agent
* Acquisition protocol including description of dynamic parameters and framing of the gatedstudy
* Rest blood pressure and heart rate
* ECG at baseline
* Peak stress blood pressure and heart rate
* Presence of symptoms and ECG changes during the stress test
* Quality assessment of the acquired images
* Description of the processing software and compartmental model applied to the quantitative analysis
Image reporting

* Image description with visual analysis of resting and stress images, whenever available,with reference on the 17-segment model for territory
identification

« Scoring of the 17-segment model, with calculation of SRS, SSS and SDS (not for ['O]water)

* Definition of the perfusion normality vs. abnormality according to the accepted criteria taking care to assign the perfusion defects to the related
coronary territory, according to the standard distribution or to the patient coronary distribution pattern if known

* Normal SSS = 0-3 (< 5% myocardium); mildly abnormal SSS =4-7 (5-10% myocardium) moderately or severely abnormal SSS>8 (> 10%
myocardium) (not for [ISO]water)

* Visual estimate of LV dimensions and transient ischaemic dilation

» Abnormal visualisation of the right ventricle and its possible enlargement

« Extracardiac findings, such as abnormal lung uptake (not for ['*Olwater)
Quantitative analysis

* Resting MBF (corrected for the rate pressure product if the resting heart rate and/or the baseline blood pressure is abnormally elevated) with range of
the segmental values and both the single territory values and the global left ventricular value

« Stress MBF, described as above
* MFR described as above

» Summary of findings in term of segments/territories with peak MBF/MFR below the normal threshold (identified according to the tracer and the
model used for data analysis)

Gated PET acquisition

* Resting LV volumes, EF and wall motion abnormalities, to be described qualitatively and scored with a proper point-scale in terms of motion and
thickening according to the standard 17-segment scheme

« Stress LV volumes, EF and wall motion abnormalities, to be described qualitatively and scored with a proper point-scale in terms of motion and
thickening according to the standard 17-segment scheme

* LVEF reserve
CT (images of adequate quality)

* Evaluation of coronary artery calcium scoring (description) and Agatston score; description of abnormal extracardiac findings on the CT
Hybrid PET/CCTA

* Correlation between MBF and the main findings of the CCTA (e.g. location of significant coronary obstructive disease and downstream MBF)
Conclusion

* Clinical interpretation of visual findings, MBF and MFR and gated PET data (whenever applicable)

* Specific answer to the clinical question, and if needed recommendation for additional imaging
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Fig. 8 ['*NJNH; PET of a patient with three-vessel disease. The uptake
images (left panel) show a stress-induced inferior wall perfusion defect
(arrows), which is confirmed by quantitative PET analysis (right panel),
demonstrating clearly reduced stress MBF and decreased coronary flow
reserve (CFR = MFR) in the right coronary artery territory (RCA).

Perspectives for PET MPI
Hybrid imaging

Cardiac hybrid imaging offers the ability to combine strengths
of different imaging modalities for anatomical and functional
evaluation of CAD [175-177]. Hybrid images contain two
datasets that are combined into a fused image in which both
modalities contribute important information. This can be
achieved with a hybrid scanner or with separate imaging sys-
tems by software-based image fusion. Hybrid scanners com-
bining PET with a multidetector CT, which can perform CT
assessment of coronary anatomy, are becoming the standard
for almost all commercially available devices [175]. In addi-
tion to CT, the newest generation of scanners offers the com-
bination of PET with MRI [177].

CCTA has become an alternative to diagnostic ICA for the
evaluation of many patients with suspected CAD. It shows
very high sensitivity (>95%) for the detection of coronary
artery stenosis as compared with ICA [178, 179] and allows
exclusion of obstructive CAD with high confidence.
However, CCTA is a morphologic imaging tool that does
not provide information on the haemodynamic consequences
of'a coronary artery stenosis. Thus, hybrid imaging combining
CCTA and MPI may assist in differentiating
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Parameter F{STRESS) relative FREST) relative CFR.
Segment mi/min/g % of Max] mi/min/g 1% of Max] SR
LAD L9009 L0375 Lell
1. basal anterior 18617 8319 1.0442 80.5 1.783
2. basal anteroveptal 188588 852 09588 740 197
7. mid anterior 18761 846 1.0286 %3 1823
8. mid anteroseptal 2.1496 96.9 1.0447 80.6 2.058
11, apical anterior LE67 a2 L1574 853 1613
14, apical septal 1.830% 825 1.0653 22 1718
17, ape 17671 97 1.0648 82.1 1.660
RCA L6536 L0006 LE53
3. basal inferoseptal 1.760% 79.4 1.0124 78.1 1.738
4. baral inferior 12158 548 0.9791 5.5 1241
9. mid inferoveptal 1218 100.0 1.099% B4 2.017
10, mid inferior 1.2946 584 0.9003 69.5 1438
15, apical inferior 1. 7048 76.8 0.9583 7319 1779
[L=4 1.9042 1187 1604
5. basal inferolateral 18558 E37 12962 100.0 1432
6, basal anterolateral 20324 91.6 1.1364 87.7 1788
11, mid inferolateral 1.9182 865 1.2203 94.1 1.572
12, mid anterclateral 18618 840 11226 866 1.660
16, apical lateral 1.7623 79.5 1.06% 82.5 1649
CLOBAL 1.8243 1.065 1713
TOTAL 17421 785 1.0451 806 1667
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However, mildly abnormal stress MBF and MFR are observed in the left
anterior descending (LAD) and left circumflex (LCX) territories as well.
In gated PET analysis, LVEF decreased from 54% at rest to 48% after
stress, confirming the presence of diffuse ischaemia
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haemodynamically significant from non-significant stenosis.
Furthermore, assessment of coronary atherosclerotic burden
by CT may improve the diagnostic and prognostic value of
MPI [180-183].

Hybrid imaging can provide accurate spatial alignment of
CT and MPI data to improve co-localisation of myocardial
perfusion abnormalities and subtending coronary arteries
(Fig. 9). Hybrid imaging studies have shown that standard
distribution of myocardial territories corresponds with the real
anatomic coronary tree in only 50-60% of cases, which may
cause misleading interpretation [184].

Hybrid imaging protocols

Hybrid imaging is a relatively novel technology and there is
still a need to clarify which patients can benefit most from
hybrid imaging, how to optimally combine different modali-
ties and what is the cost-effectiveness of hybrid imaging
[175-177]. MPI and CCTA can be performed in a single
session with PET/CT scanners that have a minimum of 64
detector rows. Alternatively, a coronary calcium scan without
contrast injection obtained by electron-beam computed to-
mography (EBCT) or CT can be combined with perfusion
imaging. Sequential testing, perfusion imaging followed by
CCTA or CCTA followed by perfusion imaging, in selected
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0 mil/g/min

Fig. 9 Hybrid PET/CT image demonstrating 3D reconstruction of coro-
nary anatomy and MBF. CCTA shows a stenosis in the proximal left
anterior descending coronary artery (insert), and [*O]water PET shows
reduced MBF (green colour) in the myocardium subtended by the artery
during adenosine stress

patients with uncertain or equivocal findings in the first test, is
also an option. Differentiation of obstructive CAD and micro-
vascular dysfunction is possible only if both CCTA and per-
fusion imaging are performed. Whilst CCTA is currently rec-
ommended as the initial diagnostic test primarily in patients
with a lower range of pre-test probability of CAD, it can be
assumed that patients at the higher range of pre-test probabil-
ity or with known CAD are those that will most likely benefit
from evaluation of myocardial ischaemia [185].

Patient preparation and imaging protocols for CCTA, cor-
onary calcium imaging and MPI are mainly the same as for the
individual scans [175, 176, 186]. Although (-blocker may
reduce the extent and severity of perfusion abnormalities
[187], one study indicates that diagnostic accuracy of PET
perfusion imaging was maintained in patients who received
1.v. 3-blocker to slow down the heart rate before CCTA [188].
Proper indications and possible contraindications, such as
contrast allergy, should be reviewed separately for PET and
CT studies [176]. Analysis software that is able to handle
fused images and data should be used in addition to indepen-
dent analysis of anatomic and functional images. Dedicated
cardiac fusion software packages are now commercially avail-
able allowing hybrid imaging with an excellent interobserver
reproducibility and short processing durations [189, 190].
These software packages, following automated/semi-
automated segmentation, generate 3D reconstructions of myo-
cardial perfusion data that are fused with 3D coronary anato-
my datasets resulting in a hybrid 3D visualisation.
Verification of adequate co-registration and possible manual

correction is needed to avoid misalignment, because of mis-
matches in the respiratory phases between the two datasets,
minor beat-to-beat variations in the heart position or different
ventricular size in ECG-gated and non-gated datasets [175,
176, 191].

Radiation exposure

Hybrid PET/CCTA imaging will increase the radiation dose to
the patient since both techniques utilise ionising radiation.
Using commonly available single-source 64-slice CT scan-
ners with a prospectively ECG-triggered step-and-shoot ac-
quisition protocol, it is possible to consistently perform a
CCTA with an absorbed radiation dose of between 2 and
5 mSv [192]. Coronary calcium scan adds less radiation (ap-
proximately 1 mSv) to the patient than CCTA [175, 176].
Hybrid PET/MRI imaging can be performed with lower radi-
ation exposure to the patient than PET/CT, which might be
particularly beneficial in younger patients and/or in patients
who may need repeated scans [177].

Clinical evidence

Validation studies have shown that cardiac hybrid PET/CT
imaging is feasible and has high diagnostic accuracy in the
detection of obstructive CAD [60, 126, 193—196]. A meta-
analysis compared hybrid CCTA and perfusion imaging with
SPECT, PET or MRI with CCTA alone (12 diagnostic studies
and 951 patients in total) for the detection of CAD defined as
luminal diameter reduction of at least 50% by ICA [197]. This
meta-analysis found that pooled sensitivity of hybrid imaging
was comparable to that of CCTA on per-patient (91% vs.
90%) and per-vessel (84% vs. 89%) basis. However, specific-
ity of hybrid imaging clearly outperformed that of CCTA
alone both on per-patient (93% vs. 66%) and on per-vessel
(95% vs. 83%) analysis. There was also a modest improve-
ment in overall diagnostic performance on per-vessel level
(AUC 0.97 vs. 0.92). A limitation of the meta-analysis and
current studies is that in many of them angiographic stenosis
diameter is used as the reference standard instead of invasive
FFR. The recent single-centre prospective PACIFIC trial com-
pared hybrid imaging with stand-alone imaging in 208 pa-
tients who underwent CCTA, SPECT perfusion imaging and
['*OJwater PET perfusion imaging and ICA combined with
measurement of FFR in all arteries [76]. In this study, the
addition of functional imaging to CCTA improved specificity,
but there was an increase in false negative findings that result-
ed in no overall incremental diagnostic benefit as compared
with stand-alone imaging. However, studies comparing hy-
brid imaging with either stand-alone or side-by-side interpre-
tation of the datasets have shown that interpretation was
changed based on fused images in almost one-third of patients
evaluated for suspected obstructive CAD [198-201].
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Additional patient groups in which hybrid imaging has been
shown to provide complementary information are those with
congenital coronary anomalies [202] and patients with recur-
rent chest pain after CABG [203]. Furthermore, hybrid imag-
ing can identify patients with microvascular dysfunction with-
out obstructive CAD [204]. These studies indicate that the
greatest added value of hybrid imaging is the exclusion of
haemodynamic significance of coronary abnormalities seen
on CCTA and the differentiation of epicardial and microvas-
cular disease as well as correct localisation of the culprit lesion
causing ischaemia.

The prognostic value of hybrid CCTA and SPECT MPI
was demonstrated in a follow-up study in 324 patients [205].
A matched finding of myocardial ischaemia in a territory sup-
plied by a stenotic coronary artery was associated with higher
risk of death or myocardial infarction than unmatched ischae-
mia and stenosis. In another study, abnormal stress myocardial
blood flow by ['*O]water PET combined with stenosis on
CCTA was associated with increased risk of death, myocardi-
al infarction or unstable angina [206]. Revascularisation rates
have also been highest in the presence of perfusion abnormal-
ity matched with a stenosis in the subtending coronary artery
[207, 208].

Coronary artery calcium imaging can provide complemen-
tary information to MPI, because of its ability to quantify
overall atherosclerotic burden [183, 209-213]. High athero-
sclerotic burden is associated with an increased likelihood of
obstructive CAD [209, 211] and the risk of cardiac events in
patients with normal myocardial perfusion scan [210], where-
as a coronary artery calcium score of 0 identifies a low-risk
patient population [183]. Coronary artery calcium score is
inversely associated with both hyperaemic MBF and MFR
providing incremental information over established CAD risk
factors for predicting coronary vascular dysfunction [212,
213].

Hybrid PET/MR scanners have been available for a rela-
tively short time due to technical challenges in this setup
[177]. Different ['®F]FDG administration protocols have
shown potential for multimodality PET/MR evaluation of car-
diac infiltration in multiorgan disease [214, 215], myocardial
viability [216, 217] and inflammation [218, 219]. However,
the experience from myocardial perfusion imaging with PET/
MR scanners is limited [177]. The use of **Rb for PET/MR
protocols is difficult, since the *Rb generator is not compat-
ible with the MR setting. ['*F]flurpiridaz (see below) with its
longer half-life may be better suited for PET/MR studies to
investigate the extent of myocardial infarcted area by MR and
myocardial perfusion by PET.

New radiotracers (['®Fiflurpiridaz)

["®F]flurpiridaz is a novel PET MPI tracer labelled with '*F
that binds to mitochondrial complex 1. Preclinical studies
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demonstrated ['*F]flurpiridaz PET MPI to have rapid uptake
in the myocardium, prolonged retention and superior extrac-
tion vs. flow profiles compared with nuclear tracers used in
SPECT MPI [220-225]. Due to its favourable half-life (i.e.
110 min), ['*F]flurpiridaz may be produced as a unit dose
from a regional cyclotron, thus obviating the need for an on-
site cyclotron or generator [35, 108]. Phase 1 ['*F]flurpiridaz
studies have shown that this tracer is clinically safe, has ac-
ceptable clinical dosimetry, and provides high-quality images
in conjunction with exercise treadmill testing as well as phar-
macological coronary vasodilation stress testing [226, 227].
Preliminary data suggested as well a potential value for quan-
titative assessments including MBF and MFR [94, 223].

A phase 2 study, BMS747158-201, consisting of 2 cohorts,
was conducted to develop and subsequently to evaluate the
diagnostic performance of 1-day rest/stress PET imaging pro-
tocols in patients with known or suspected CAD. An initial
cohort was used to identify the appropriate activity and timing
of ['*F]flurpiridaz injection for a 1-day rest/stress protocol. In
the second cohort, 143 patients presenting with a broad spec-
trum of pre-test likelihood of CAD were enrolled to evaluate
the sensitivity, specificity and accuracy of ['*F]flurpiridaz
with the optimised 1-day rest/stress protocol; ICA or 3-
month follow-up for cardiac events was used as the reference
standard. Of the 143 subjects enrolled, 125 had an interpret-
able scan. PET MPI sensitivity was 76.9% for all readers, and
specificity ranged from 74.0 to 87.7%. SPECT MPI sensitiv-
ity ranged from 59.6 to 71.2%, and specificity ranged from
76.7 to 89.0% [228].

The phase 3 study BMS747158-301 (ClinicalTrials.gov
Identifier: NCT01347710) was an open-label, international
multicentre study for the assessment of CAD using ['*F]
flurpiridaz PET MPI compared with SPECT MPI in patients
with suspected or known CAD who were referred for ICA.
Patients underwent a 1-day rest/stress protocol with ICA used
as gold standard. The primary objective of this study was to
assess the diagnostic efficacy (sensitivity and specificity) of
["®F]flurpiridaz injection PET MPI compared with SPECT
MPI. A total of 755 patients had evaluable rest and stress
SPECT MPI and ['*F]flurpiridaz PET MPI procedures as well
as reference ICA. Although statistically significant superiority
in sensitivity was demonstrated for ['*F]flurpiridaz PET MPI
over SPECT MPI across readers (p < 0.001), the endpoint of
demonstrating the non-inferiority of [' *F]flurpiridaz PET MPI
to SPECT MPI in specificity was not met, with ['*F]
flurpiridaz PET MPI reaching a specificity of 76.2%, com-
pared with SPECT MPI specificity of 86.8%. Thus, another
phase III trial (AURORA, ClinicalTrials.gov Identifier:
NCT03354273) is currently ongoing, with the purpose to get
the final approval for the clinical use of ['*F]flurpiridaz.
However, a most recent retrospective evaluation on a cohort
of the first phase 3 study has demonstrated that stress MBF
quantified using ['*F]flurpiridaz and the previously validated


http://clinicaltrials.gov
http://clinicaltrials.gov

Eur J Nucl Med Mol Imaging

two-tissue compartment model are able to accurately identify
CAD both on a per-patient and a per-vessel basis [94, 223,
229].
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