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Abstract

Purpose of Review Positron emission tomography (PET) is a leading non-invasive modality for the diagnosis of coronary artery
disease due to its diagnostic accuracy and high image quality. With the latest advances in PET systems, clinicians are able to
assess for myocardial ischemia and myocardial blood flow while exposing patients to extremely low radiation doses. This review
will focus on the basics of acquisition and processing of hybrid PET/CT systems from appropriate patient selection to common
artifacts and pitfalls.

Recent Findings The continued development of hybrid PET/CT technology is producing scanners with exquisite sensitivity
capable of generating high-quality images while exposing patients to low radiation doses. List mode acquisition is an essential
component in all modern PET/CT scanners allowing simultaneous dynamic and ECG-gated imaging without lengthening scan
duration. Various PET radiotracers are currently being developed but rubidium-82 and 13N-ammonia remain the most com-
monly used perfusion radiotracers. The development of mini 13N-ammonia cyclotrons is a promising tool that should increase
access to this radiotracer. Misregistration, attenuation from extra-cardiac activity, and patient motion are the most common causes
of artifacts during perfusion imaging. Techniques to automatically realign images and correct respiratory or patient motion
artifacts continue to evolve.

Summary Despite the continuous evolution of PET imaging techniques, basic knowledge of scan parameters, acquisition
techniques, and post processing tools remains essential to ensure high-quality images are produced and artifacts are recognized
and corrected. Future research should focus on optimizing scanners to allow for shorter scan protocols and lower radiation
exposure as well as continue developing techniques to minimize and correct for motion and misregistration artifacts.
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Introduction
This article is part of the Topical Collection on Nuclear Cardiology

Myocardial perfusion imaging (MPI) is a cornerstone for the
diagnosis of patients with suspected or established coronary
artery disease (CAD). Single photon emission computed to-
mography (SPECT) has been a mainstay for the diagnosis and
risk stratification for ischemic heart disease. Currently, in the
era of high value-based care, there is a push towards improv-
ing diagnostic accuracy and cost-effective imaging. Cardiac
positron emission tomography (PET) is now becoming a fa-
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vored method for assessing myocardial ischemia owing to its
high spatial resolution, high diagnostic accuracy, and ability to
assess regional myocardial blood flow. With the increasing
availability of certain radiotracers such as rubidium-82
(*?Rb) and hybrid PET computed tomography (PET/CT)
scanners, more clinicians have the ability to provide optimal
diagnostic imaging accuracy. This review will focus on the
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basics of acquisition and processing of hybrid PET/CT sys-
tems from appropriate patient selection to common artifacts
and pitfalls.

Basics of PET imaging

PET imaging relies on the detection of photons emitted from
the decay of radiotracers injected into the body. During the
decay of radiotracers, positrons are emitted which collide
(annihilate) with an adjacent electron. This process results in
the formation of two 511-keV photons (gamma-rays) moving
at 180° from each other. The PET scanner has 360° stationary
detector rings, allowing the simultaneous detection of these
photons and whole heart coverage. The detectors can be con-
figured to register only photon pairs that strike opposing de-
tectors at approximately the same time (coincidence detec-
tion). These detector rings can have septa allowing coinci-
dence detection in a particular plane (2D systems) or no septa
with simultaneous detection of coincidence events in all direc-
tions (3D systems) [1]. During a scan, millions of coincidence
events are recorded, and projections of the activity distribution
are used to reconstruct images. Traditional PET systems are
standalone scanners using a rotating rod for attenuation cor-
rection [2]. Current systems are a hybrid PET with computed
tomography (PET/CT) scanners. The CT is typically used for
photon attenuation and scatter correction of the PET data [3].

Patient Selection

In general, myocardial perfusion imaging (MPI) using PET/
CT has better diagnostic accuracy compared to the more wide-
ly available SPECT. Advantages include shorter scanning
time and improved efficiency, superior spatial and temporal
resolution, ability to quantify myocardial blood flow, and low-
er radiation exposure [4¢]. Until PET/CT becomes more wide-
ly available, thoughtful patient selection is required. The fol-
lowing groups of patients represent ideal candidates for PET
MPI:

1. Extreme obesity: High BMI, particularly those > 40 kg/
mz, may cause attenuation artifacts on SPECT leading to a
decrease in specificity to as low as 17% [5]. Harnett et al.
found that PET/CT performs better in this sub-group—
sensitivity and specificity of PET/CT was better com-
pared to SPECT to detect >70% stenosis (sensitivity:
PET 86% vs. SPECT 75%; specificity: PET 87% vs.
SPECT 60%) [6].

2. Female patients: Taqueti et al. astutely noted that PET/CT
offers incremental advantages in women. These include
better diagnostic accuracy in the presence of breast and
adipose tissue on the chest wall as well as in the presence
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of smaller left ventricular cavities, decreased radiation ex-
posure using PET/CT which is particularly relevant in
women of child-bearing age, and the ability to quantify
coronary flow reserve on PET/CT given that microvascu-
lar dysfunction is twice as prevalent in women compared
to men [7].

3. Young patients: Reducing radiation exposure to as low as
reasonably achievable is important in young patients to
decrease downstream cancer risk. A PET/CT study leads
to ~3.6 mSv exposure per study which is significantly
lower compared to SPECT (~10-15 mSv per study).
Interestingly, all PET laboratories are able to keep radia-
tion exposure below the ASNC goal of 9 mSv per study,
whereas only 2.6% SPECT laboratories are able to
achieve this [8]. As such, it is reasonable to consider
MPI using PET/CT in young patients when information
about exercise capacity is not vital.

4. Suspicion for significant CAD/balanced ischemia: The
PACIFIC study investigators found that in patients with
stable chest pain and suspected CAD, PET/CT had a
higher sensitivity to detect hemodynamically significant
stenosis compared to SPECT (87% vs. 57%) [9]. This
suggests that in patients with known or suspected CAD
who are unable to exercise, PET/CT may be the modality
of choice.

Tip 1: Consider PET MPI in obese patients, female pa-
tients with possible microvascular dysfunction, and pa-
tients with suspected CAD who are unable to exercise.

Patient Preparation

Prior to MPI, fasting (except for water) is recommended for at
least 6 h [10e]. For patients undergoing MPI using adenosine
or regadenoson, caffeine must be avoided for > 12 h and
theophylline containing medications must be avoided for >
48 h as these are adenosine receptor antagonists [10ee].
Patients with established CAD or those taking anti-anginal
medications should continue taking these medications prior
to testing. In instances where patients are undergoing testing
to establish a diagnosis of obstructive CAD, withholding of
anti-anginal medication should be considered to optimize the
test’s sensitivity [11]. In the rare instances that dobutamine is
used, beta-blockers must be held for 5 half-lives where the
clinician determines it is safe to do so [12].

There are several stress agents used in PET, all having
differing risk profiles (Table 1). Prior to proceeding with the
test, it is important to ensure the absence of contraindications.
For adenosine and regadenoson, the contraindications include
(a) bronchospastic lung disease with active wheezing, (b) 2nd
or 3rd-degree heart block without a pacemaker, (c) SBP
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Table 1

Overview of the most commonly used pharmacologic stress agents

Adenosine

Regadenoson

Dobutamine

Mechanism of action %+ Adenosine receptor agonist
+» Up to 4x increase in myocardial

blood flow

agonist

Dose and route of
administration

%+ 140 meg/kg/min for 4-6 min [V

Time to maximum e 1-2 min * 1-4 min
vasodilation
Half-life +10s ¢ 2-4 min

+ High affinity A2A receptor

++ Up to 4% increase in myocardial
blood flow
%04 mg IV

1 and 32 agonist
+» Dose-related increase in blood pressure, heart
rate, and contractility

«+ Starting dose: 5-10 mcg/kg/min IV

¢ Maximum dose: 40 mcg/kg/min

¢ Target: 85% age-predicted maximum heart rate
%+ 0.25-0.5 mg atropine IV to help increase HR
«+ Stop 1 min after radiotracer injection

Not applicable

«» 2 min

++ Up to 2 h (delayed phase)

Radiotracer injection ~ «*2-3 min after infusion start time
time

Reversal agent «¢ IV aminophylline 50-250 mg

%+ At least 1 min after radiotracer

injection

¢ 10-20 s after injection

+ IV aminophylline 50-250 mg
¢+ At least 1 min after radiotracer OR
injection

«» At target heart rate
+» Esmolol 0.5 mg/kg IV

+«» Metoprolol 5 mg IV

A2A adenosine 2A, [V intravenous

<90 mm Hg, (d) SBP > 200 mm Hg or DBP > 110 mm Hg, (e)
dipyridamole use within 48 h, (f) known hypersensitivity to
the pharmacologic agent, and (g) unstable angina, ongoing
acute coronary syndrome (ACS), or less than 2-4 days from
an acute MI [13]. As there are reports that regadenoson lowers
the seizure threshold, adenosine is preferred in that situation
[14]. Dobutamine is rarely used as a stress agent in PET. Its
contraindications include (a) hemodynamically significant LV
outflow tract obstruction, (b) unstable or complicated ACS,
(c) serious cardiac arrhythmias (VT, complete AV block), and
(d) severe systemic hypertension [8].

Tip 2: Regadenoson is the most widely used vasodilator
in PET perfusion imaging, however, adenosine is pre-
ferred in patients with a history of seizure disorders.
Consider dobutamine in patients with recent caffeine in-
take or to provoke ischemia in patients with anomalous
coronary arteries.

Tip 3: Anti-anginal medications should be discontinued
prior to stress testing if the goal is to establish a diagnosis
of CAD. In patients with established CAD, medications
can be continued if the aim of study is to assess response
to therapy.

Patient Positioning

Patients should be in the supine position with the arms resting
above their heads outside the camera’s field of view. An

overhead bar can be used as a handhold for arm support. In
cases where patients are unable to raise their arms above their
head, images can be obtained with arms resting by their side.
Care must be taken to ensure that the position of the arms does
not change between the transmission and emission scans. A
similar patient position needs to be maintained for both the
rest and stress images.

Tip 4: Ensure patient comfort to help them maintain the
same position throughout the test to reduce the occur-
rence of artifacts.

Dosage

Many factors determine the appropriate dose of radiotracer for
each patient. Firstly, patients’ size and habitus are an impor-
tant consideration with large patients benefiting from higher
dosage. Second, the type of PET/CT scanners can influence
the amount of dose required due to the difference in sensitiv-
ities of each system. For instance, 3D PET/CT scanners offer
four to six times higher sensitivity for the detection of photons
compared to 2D scanners [15]. For instance, the standard dose
for 3D scanners is in the range of 20-40 mCi of rubidium-82
(82Rb) compared to 40-60 mCi for 2D scanners for each rest
and stress injection [16]. It is important to note however that
this increased sensitivity may lead to detector saturation if a
rapid bolus of radiotracer is injected and therefore a low-dose,
slow infusion protocol is preferred [17]. On the other hand, the
most recent 3D digital PET/CT scanners have even higher
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sensitivity allowing doses as low as 10mCi of ®*Rb for each
rest and stress protocol [18].

It is important for staff members to avoid standing near the
patient or generator during injection of the radiotracer.
Wearing of lead aprons is not helpful as it may increase staff
exposure to radiation from the interaction of the 511-keV
photon with the lead.

Tip 5: The most advanced digital 3D PET/CT scanners
have the highest sensitivity allowing sub-1 mSv studies
(total for rest and stress).

Radiopharmaceutical Agents

Although several myocardial perfusion PET tracers are avail-
able, we will review the most widely used and the only two
FDA-approved agents in the USA, **Rb and nitrogen-13-
ammonia ('*N-ammonia) (Table 2).

Rubidium-82 Protocol

82Rb is the most widely used radiotracer for PET myocardial
perfusion imaging in the USA. It is a potassium analog that is
produced by commercially available generators through the
decay of strontium-82. It has similar kinetic properties to
thallium-201 and has a physical half-life of 75 s which allows
short scanning protocols (25-30 min total time) and improves
throughput through the PET lab. The radiation dosimetry from
2Rb varies in adults but is roughly 1 mSv for 20 mCi injec-
tions [19]. With the advances in PET instrumentation, current
digital 3D scanners allow rest and stress protocols to be com-
pleted using a total dose of 20-40 mCi of **Rb, resulting in

significantly lower radiation exposure. A typical "*Rb rest-
stress protocol is depicted in Fig. 1.

There are two commonly used infusion protocols for **Rb:
constant-activity-rate and constant-flow-rate (bolus) adminis-
tration. This is particularly important for the quantification of
myocardial blood flow, to limit variability in measurement
and improve test-retest repeatability of imaging. These two
protocols were compared recently and the constant-activity-
rate infusion demonstrated more consistent and repeatable
tracer injection profiles [20].

3N-Ammonia Protocol

*N-ammonia is a cyclotron-produced radiotracer with a half-
life of ~ 10 min. After infusion, '*N-ammonia disappears from
the circulation into the cells and is trapped after its conversion
to glutamine. Typically, 10-20 mCi are injected for rest and
stress images. The radiation dosimetry for a 20-mCi dose of
N-ammonia is 1.5 mSv in adults [19]. Due to its longer half-
life, 30-50 min are needed to allow sufficient radio-active
decay prior to obtaining stress images [21]. A typical '*N-
ammonia protocol is shown in Fig. 1. Despite the excellent
image quality provided, its use is limited due to the need for an
on-site cyclotron.

A few recent advances in this field include the experimen-
tal use of a mini-cyclotron system with demonstrable excellent
image quality and low tracer-related radiation exposure [22].
The small number of patients, lack of comparison with images
from a traditional cyclotron, and the absence of data on myo-
cardial blood flow are notable limitations of the study. This
however is a welcome proof of concept study with promising
results. Additionally, a low-dose rest, high-dose stress proto-
col has been recently trialed in a small cohort of patients with
excellent results potentially shortening the conventional pro-
tocols [23]. For this protocol to be successful however, it is

Table 2 Overview of the most commonly used PET radiotracers; rubidium-82 and 13-N-ammonia
Rubidium-82 3N-ammonia

Production ++ Sr-82 decays by electron capture to form Rb-82 ++ Cyclotron
«»» Generator

Half-life *75s % 10 min

In vivo properties +¢ Potassium analog

¢+ Extracted by myocardium using Na/K-ATPase pump
+»+ Uptake decreased by acidosis, hypoxia, ischemia

++20-40 mCi for each rest and stress study (3D systems)

Dosimetry

«»» 1 mSv for 20 mCi dose

Static imaging
acquisition lower EF)

*»» 97% useful counts obtained in the first 6 min

++70-130 s delay between injection and acquisition (more delay for

+»Passive diffusion across cell membrane

OR

s»Active transport using NA/K transporter

++ 10-30 mCi injected based on patient size

¢+ 1.48 mSv for 20 mCi dose

%+ 1.5-3 min time delay between infusion completion and
acquisition

«+» Image for 10-15 min

Sr strontium, Na/K-ATPase sodium-potassium adenosine triphosphatase, EF ejection fraction
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Rest-Stress Regadenoson Protocols

82 Rb 82 Rb
(20 - 40 mCi) (20 - 40 mCi)
LIST mode |[REEELEUTELT] LIST mode
CTAC Rest b Siroae CTAC CAC
~5 sec ~10 sec 7 min 115 min 7 min ~10 sec ~10 sec

13N Ammonia

(10 - 20 mCi)
{
LIST mode
CTAC Rest
~6 sec ~10 sec 10 min

13N Ammonia

(10 - 20 mCi)

Regadenoson
0.4mg IV

LIST mode
Stress CAC
~10 sec 1.15 min 10 min ~10 sec

Fig. 1 Rest-stress regadenoson rubidium-82 and '*N-ammonia protocols with standard doses for a 3D PET/CT system

preferable to use the most sensitive PET/CT scanners to avoid
noisy and low-quality images from the low-dose rest injection.

Attenuation Correction

Annihilation photons traveling through tissue can be absorbed
or scattered reducing the likelihood that they will strike a
detector; this is known as attenuation. Cardiac PET imaging
should only be performed with attenuation correction due to
coincidence effect amplifying the effect of attenuation.

Standalone PET scanners without CT or MR capabilities
typically employ rotating rod sources or rings of germanium-
68/gallium-68 or cesium-137 to acquire a transmission scan
for attenuation correction purposes. This adds at least 60 s to
the overall imaging time which may be acceptable for cardiac
imaging but is a significant disadvantage for whole-body
imaging.

Modern PET scanners are hybrid PET/CT systems which
utilize CT scans for attenuation correction. The use of CT has
several advantages: (a) The transmission scan typically takes
less than 10 s which helps patient comfort and lab throughput,
(b) it eliminates the need for periodic replacement of the ro-
tating line source, and (c) it provides complimentary anatom-
ical information to the functional PET data. Breathing proto-
cols are not currently established but the CT is often acquired
at either end-expiration or during shallow breathing to mini-
mize the chance of misalignment. Respiratory gating tech-
niques continue to evolve and can be used to compensate for
respiratory motion [24, 25]. Transmission scans are typically
performed at the beginning of the study and thus care should
be taken for potential misregistration due to upward creep of
the diaphragm from visceral fat pressure [26]. Another

transmission scan performed after stress imaging is recom-
mended to minimize misregistration artifacts.

Tip 6: Ideally, both a rest and a stress transmission scan
should be performed as patients may move during the
scan particularly after the injection of the stress agent.

Acquisition and Reconstruction

As discussed in the “Introduction” section, during scan acqui-
sition, millions of coincidence events are recorded, and pro-
jections of the activity distribution are used to reconstruct
images. Static images are created by summing the acquired
data of the uptake scan from 2-5 min post injection. This
provides images of relative tracer redistribution that can be
used for perfusion assessment.

Due to the high number of counts, PET can provide images
of sufficient quality to determine left ventricular function.
Electrocardiographic-gated images are thus used to obtain in-
formation about regional and global ventricular function. Data
is sorted into 8 or 16 gates of the cardiac cycle using an ECG
trigger. Arrhythmias such as atrial fibrillation or PVC’s can
lead to erroneous-gated information and the monitoring of
accepted and rejected beats is vital to ensure accurate
information.

Dynamic imaging provides an evolving picture of the ra-
diotracer as it circulates the heart over time and eventually
clears from the blood into the tissues. Imaging starts prior to
the bolus injection and continues for 3-5 min. This is essential
for assessment of the tracer’s kinetic properties allowing myo-
cardial blood flow quantification and analysis.

@ Springer
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Available now with all scanners is list mode acquisition
which enables simultaneous dynamic and ECG-gated acqui-
sitions. This permits the reconstruction of static, gated, and
dynamic images all from one injection without lengthening
the duration of the scan. The one drawback of this mode is it
requires larger storage space for the datasets (0.5 Gigabytes
per study).

Tip 7: The current recommended acquisition mode is list
mode, which allows static, gated, and dynamic images to
be reconstructed from one injection.

Potential Pitfalls

The most significant source of artifact in cardiac PET is mis-
registration of the transmission and emission scans.
Misregistration of the transmission and emission scans can
create false-positive defects which typically occur in the ante-
rior or anterolateral wall segments (Fig. 2) [26, 27]. Previous
reports indicate that nearly 20% of all PET scans have detect-
able misregistration artifacts and with 40% of all studies hav-
ing a change in diagnosis after misregistration correction [26,
28¢]. This can occur due to patient motion or diaphragmatic
displacement particularly after the injection of the stress agent.

It is essential that the fusion images be reviewed prior
to image interpretation to detect any misalignment and
allow adjustments to be made. Most commercial PET/
CT scanners include software tools to correct for
transmission-emission misalignment [29]. While slightly

time-consuming, there is no substitute to manually
shifting the emission images to achieve precise co-
registration and reconstruct the emission images from
shifted data.

Substantial patient motion is a significant source of artifact
and may not be readily appreciated on PET imaging as op-
posed to SPECT which utilize rotating projections and
sinograms. Instead, readers need to carefully inspect the data
for any evidence of loss of image fidelity. Occasionally mo-
tion can produce two defects that are 180° apart but if sub-
stantial motion occurs, the images will appear uniformly
blurred (Fig. 3). Dynamic imaging may be beneficial to com-
bat this artifact as it enables the rejection of the compromised
frames and allows frames of acceptable quality to be summed
for final image analysis. Ultimately, it is best to ensure patients
remain still and awake during the duration of the scan.

Tip 8: Always review fusion images prior to scan inter-
pretation to ensure no misregistration occurs between the
transmission and emission scans.

The insertion of intravenous lines for PET/CT imaging to
facilitate tracer and stress agent injection is now routine prac-
tice. Care must be taken to ensure proper function of the in-
travenous line prior to the radiopharmaceutical injection.
Infiltration of the dose can result in lower count density and
poorer image quality. The use of a chemotherapy port for
intravenous access should be avoided if possible as it may
act as a reservoir for the radiotracer resulting in low count
statistics and poor image quality. Additionally, if the port is

Fig. 2 Example of a misregistration artifact. Top panel: The stress
perfusion images reveal a mild perfusion defect in the anterolateral
myocardial segments. On inspection of the fusion images, it is clear that
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the transmission and emission scans are misaligned. Bottom panel: After
reconstruction with proper registration, the rest and stress images show
completely normal myocardial perfusion
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RstCTAC

StrCTAC

RstCTAC

StrCTAC

RstCTAC

StrCTAC

RstCTAC

Fig. 3 Example of a poor-quality study due to significant intra-scan patient motion during the emission phase of the PET. The study was deemed
uninterpretable and was repeated the following day after the administration of anxiolytic medication with excellent results

in close proximity to the heart, it may result in a hot focus,
compromising the evaluation of the adjacent myocardium.

Tip 9: Ask patients not to bend their arms during tracer
injection. Avoid using ports for tracer injection.

Artifacts from Extra-Cardiac Activity

Artifacts due to metallic components are a recognized lim-
itation of CT-based attenuation correction. The CT-AC
scaling algorithm does not account for the strong photo-
electric absorption of metal leading to overcorrection of
PET images. Pacemaker leads do not appear to cause arti-
fact in PET/CT images. On the other hand, the radio-
opaque shock coils on ICDs artifactually increase the

apparent myocardial uptake in the adjacent areas [30].
Several metal artifact reduction techniques have been pro-
posed to reduce the influence of metallic objects from the
CT attenuation scan. A detailed technical analysis is be-
yond the scope of this review and is discussed in great
detail elsewhere [31].

Artifacts from extra-cardiac radiotracer activity near the
myocardium may occur in PET imaging. Activity in the gas-
trointestinal tract may lead to spillover of activity resulting in
elevated counts or cause a ramp filter artifact resulting in a
reduction in counts in the adjacent myocardium. It is impor-
tant to note that these artifacts are more commonly encoun-
tered with SPECT rather than PET imaging.

Tip 10: ICD shock coils, but not pacemaker wires, may

result in an apparent increase of tracer uptake in neigh-
boring myocardial regions.

@ Springer
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Conclusions

As PET continues to become the favored method for assessing
myocardial ischemia in patients with suspected or established
coronary artery disease (CAD), clinicians and technologists
involved with PET imaging should be familiar with the basic
scan parameters, image acquisition protocols, and post pro-
cessing tools. Not only will this help in identifying and resolv-
ing artifacts but it will ensure high-quality images are pro-
duced and erroneous results are avoided.
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