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KEY POINTS

e Access to novel radiopharmaceuticals and technological advances has led to the increased utiliza-
tion of PET in cardiac perfusion and metabolic imaging resulting in improved diagnostic certainty

and patient care.

e Assessment of myocardial perfusion with PET tracers enables not only high quality relative perfu-
sion imaging but also allows for quantification of myocardial blood flow and flow reserve.

e PET myocardial viability imaging plays a significant role in risk stratifying patients with ischemic car-
diomyopathy who may benefit from revascularization.

e FDG PET for sarcoidosis is valuable in diagnosis, estimating cardiac and extracardiac disease

burden, treatment monitoring and prognosis.

e Reliable hot spot FDG PET in suspected cardiac inflammation or infection is possible only when
physiologic myocardial FDG uptake is suppressed. Thus optimal patient preparation is crucial.

MYOCARDIAL PERFUSION USING POSITRON
EMISSION TOMOGRAPHY

Coronary artery disease (CAD) continues to be the
major cause of morbidity and mortality in both
developing and developed countries.” The Amer-
ican Heart Association reports approximately 16
million people greater than or equal to 20 years
old in the United States have cardiovascular dis-
ease.? CAD leads to approximately one-third of
all deaths in people older than 35 years.® Under-
standing of CAD has improved significantly over
the past several decades. PET using different
flow tracers has led to translation of qualitative
and quantitative estimation of myocardial blood
flow (MBF) to clinical practice and research. The
information derived during the cardiac PET scan

can aid clinicians in phenotyping myocardial
perfusion abnormalities and thus help treat their
patients better. This section briefly discusses
MBF anatomy and physiology to understand the
role of myocardial perfusion PET imaging to deter-
mine alterations in this physiology. Technical con-
siderations, current clinical indications, and
applications also are discussed.

Myocardial Blood Flow: Anatomy and
Physiology

The coronary arteries arise from the right and the
left coronary sinuses/cusps of the aorta. The left
coronary artery divides into left anterior descend-
ing and the left circumflex artery, whereas the right
coronary artery travels in the right atrioventricular
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Fig. 1. Macrocirculation and microcirculation across segments and sizes of the arteries. FFR versus IMR versus CFR.
(Adapted from De Bruyne B, Oldroyd KG, Pijls NHJ. Microvascular (Dys)Function and Clinical Outcome in Stable
Coronary Disease. Journal of the American College of Cardiology. 2016;67(10):1170 to 1172.)

groove and commonly gives rise to posterior
descending artery. These epicardial coronary ar-
teries form the main branches of the coronary
tree. These main coronary arteries then divide
and subdivide into a filigree network of intramural
coronary vessels, precapillary sphincters, capil-
laries, and coronary veins (Fig. 1). Different parts
of coronary tree have different functions. For
example, the epicardial coronary arteries
contribute to the coronary capacitance, but, under
most conditions, they have only a small effect on
coronary vascular resistance. In contrast, the
small transmural coronary vessels (<100 pm) play
a dominant role in regulating total coronary
vascular resistance. Fig. 1 briefly describes the
function of different segments of the coronary
tree along with the commonly measured myocar-
dial and coronary perfusion metrics, which aid in
diagnosis of alterations MBF. Fractional flow
reserve (FFR) measured during coronary angiog-
raphy measures the transport function of epicar-
dial coronary arteries and aids in the diagnosis of
obstructive epicardial CAD, whereas index of
microcirculatory resistance (IMR) measures coro-
nary microvascular resistance; and coronary flow
reserve (CFR) is a combined measure of abnor-
malities in the epicardial and microcirculation.*

Understanding Myocardial Blood Flow
Physiology with Positron Emission
Tomography

Myocardial perfusion imaging (MPI) with single-
photon emission computed tomography (SPECT)
is a widely used diagnostic and prognostic test
for detection and risk stratification of patients
with CAD. There is wealth of data supporting its
use. MPI with SPECT and PET is limited by the
relative nature of perfusion imaging, which may
lead to difficulty in detection of global reduction
in myocardial perfusion and thus underestimation
of the extent of CAD. This fundamental limitation
applies to MPI with both thallium-201-labeled
and technetium-99m-labeled tracers.® With the
use of PET, this issue with relative flow can be
overcome due to better energy, spatial, temporal,
and camera characteristics, allowing for global
and regional MBF quantification in mL/min/g of tis-
sue. Additional routine computed tomography (CT)
attenuation correction with PET also leads to
better-quality images with less artifacts.
Quantification of MBF using PET, allows assess-
ment of peak hyperemic MBF as well as noninva-
sive calculation of CFR, a measure that evaluates
the effects of abnormality over the entire coronary
circulation (see Fig. 1). It, therefore, allows
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assessment not only of the effects of focal epicar-
dial coronary stenosis but also of diffuse coronary
atherosclerosis and microvascular dysfunction.
The use of CFR measured by PET has helped di-
agnose balanced ischemia, atherosclerosis, and
microvascular dysfunction. The CFR also appears
to be a very strong prognostic measure of adverse
cardiovascular events even in those without
obstructive epicardial CAD.58

Technical Considerations

Perfusion tracers

The blood flow tracers used most commonly are
82Rb-chloride and '°N-ammonia, with a small
number of centers around the world using '°0-wa-
ter. '®F-flurpiridaz, another perfusion tracer,
currently is under investigation. Because of their
short half-lives, '®N-ammonia and '°O-water
require an on-site cyclotron and #Rb, a generator.
In contrast, '8F-flurpiridaz, because of its longer
physical half-life (110 min), can be produced in
batches and distributed regionally as is done
with 18F-fluorodeoxyglucose (FDG).

Scanner performance

Contemporary PET scanners operate in 3-dimen-
sional (3-D) acquisition mode, as opposed to the
older 2-dimensional (2-D) (or 2-D/3-D) systems
that were constructed with interplane septa
designed to reduce scatter. The 3-D systems
generally require lower injected activity, with a
concordant reduction in patient radiation effective
dose.

Image acquisition and analysis

Image acquisition consists of relative static perfu-
sion images, gated images, and list mode acquisi-
tion for estimation of MBF after stress and rest.
Quantification of MBF requires accurate measure-
ment of the total tracer activity transported by the
arterial blood and delivered to the myocardium
over time. Measurements of arterial isotope activ-
ity versus time (time-activity curves) typically are
acquired using image regions of interest in the
arterial blood pool (eg, left ventricle [LV], atrium,
or aorta).® 0

Stress test procedure

In the United States, regadenoson is the agent uti-
lized most commonly for inducing hyperemia
through coronary vasodilation.’® Other agents,
adenosine and dipyridamole, also are used.®'©
Exercise stress maybe performed but is techni-
cally challenging due to short half-lives of radio-
tracers, smaller bores of PET gantry for supine
bicycles, and motion artifacts from exercising.

PET Cardiac Perfusion and Metabolism

Patient preparation for pharmacologic stress
with PET is the same as for ®®"Tc SPECT MPL."°
Patients fast for a minimum of 4 hours, avoid
smoking for at least 4 hours, and avoid caffeine
intake for at least 12 hours before vasodilator
stress. Rest imaging should be performed before
stress. Vasodilator stress with the chosen agent
is followed by radiotracer injection and imaging
at stress. Rest and stress images usually are per-
formed the same day. The dose of radiotracer de-
pends on the type of PET camera and patient
weight.!

Image acquisition and reconstruction
parameters

Images are acquired and reconstructed using
standard vendor-specific parameters. Briefly, after
a low-dose CT or a radionuclide-localizing scan to
position the heart, a dynamic or preferably list-
mode acquisition is acquired in 2-D or 3-D
mode. List-mode acquisition provides compre-
hensive data for static images, gated images for
LV volumes and ejection fraction (EF), and dy-
namic images for MBF quantitation. The relative
and quantitative perfusion images are recon-
structed from CT attenuation-corrected
images.®°

Indications and applications

American Society of Nuclear Cardiology'® recom-
mends the use of PET over SPECT myocardial
perfusion when 1) Prior stress imaging study was
of poor quality, equivocal or inconclusive 2) Body
characteristics that commonly affect image qual-
ity. Some examples include large breasts, breast
implants, obesity (BMI greater than 30), protuber-
ant abdomen, chest wall deformities, pleural effu-
sions, and inability for proper body positioning
such as inability to position arms outside of a
SPECT scanner’s field of view 3) High-risk patients
in whom diagnostic errors carry even greater clin-
ical implications. Some examples include chronic
kidney disease stages 3, 4 or 5; diabetes mellitus;
known or suspected potentially high-risk CAD
such as left main, multivessel, or proximal LAD dis-
ease or extensive coronary disease. 4) Young pa-
tients with established CAD who are anticipated to
need repeated exposures to radiation-associated
cardiac imaging procedures. 5) Patients in whom
myocardial blood flow quantification is a needed
adjunct to the imaging findings. Several investiga-
tional uses of myocardial perfusion imaging are
also on the cusp of translation into clinical medi-
cine including those suspected to have microvas-
cular disease, cardiometabolic risk factors
including those with obesity, CKD, and diabetes,
heart transplant, and infiltrative cardiomyopathies.
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Fig. 2. Continuum of dysfunctional myocardium with subcategories of viable myocardium, that is, stunning and
hibernation. Repetitive episodes of hypoperfusion and ischemia cause the development of stunned myocardium.
Stunning denotes abnormal myocardial contractility in the presence of normal resting blood flow. Recurrent ep-
isodes of stunning in turn lead to hibernating myocardium, which is characterized by reduced resting blood flow
and certain ultrastructural cardiomyocyte alterations, namely increased glycogen plaques and loss of their sarco-
plasmic reticulum, T tubules, and contractile apparatus. Irrespective of the presence of normal or reduced resting
blood flow (stunning vs hibernation), CFR is diminished, which in turn results in demand ischemia. Stunned and
hibernating myocardium both are salvageable or viable, meaning that restoration of coronary perfusion may
result in recovery of normal function/contractility. If no intervention is undertaken, however, to restore perfusion,
hibernating myocardium evolves into scar tissue (irreversibly necrotic myocardium), characterized by alterations
in gene expression, loss of mitochondrial function, increase in the myocardial extracellular space, and myocardial
fibrosis. Scarred myocardium is seen as irreversibly adverse LV remodeling on cardiac imaging (echocardiography,
CMR, and cardiac CT). Both scarred and hibernating myocardium may serve as substrates for ventricular arrhyth-
mias and may increase the risk for sudden cardiac death.

PET VIABILITY resting blood flow. Recurrent episodes of stunning
Background over time eventually leads to the development of
hibernating myocardium characterized by reduced
resting blood flow and associated alterations both
at the ultrastructural cardiomyocyte level and at
the macroscopic, LV level. From a macroscopic
standpoint, hibernation manifests as adverse LV
remodeling, LV dilation, and LV systolic and

Despite the advances in diagnosis, imaging, med-
ical management, and revascularization tech-
niques, one-third of patients following an acute
myocardial infarction develop ischemic heart fail-
ure (ischemic cardiomyopathy [ICM])."? In 2010,
the prevalence rates of ICM were 190 per
100,000 person-years and 270 per 100,000

) X Table 1
person-years in women and men, respechvely, Differences between myocardial stunning and
and these rates are only expected to rise as the T

population ages and survival improves.'® Viability

imaging plays a significant role in risk stratifying Features Stunning Hibernation
patients with ICM who may benefit from revascu-
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diastolic dysfunction. The main distinguishing
characteristics of stunning and hibernation are
listed in Table 1. These can be visualized by echo-
cardiography, cardiac magnetic resonance (CMR),
and cardiac CT. Myocardial radionuclide imaging,
including SPECT and PET, rely on detecting
changes in coronary perfusion and cardiomyocyte
metabolism. Compared with SPECT, PET offers
higher spatial and energy resolution and lower ra-
diation exposure. These advantages are crucial
when assessing for LV viability, when detection
of scar versus hibernation is critical. The focus of
this section is on providing an overview of FDG
PET imaging for the evaluation of myocardial
viability.

Protocols for Imaging

Normal myocardium utilizes long-chain fatty acids
as its primary source of energy; however, under
anaerobic conditions, for example, coronary hypo-
perfusion and ischemia, cardiomyocytes switch to
glucose as their main energy source. The process
of glucose uptake by the cardiomyocytes is active
and mediated by insulin secretion. Appropriate
management of glucose and insulin levels is key
for generating diagnostically accurate and high-
quality myocardial FDG PET studies for assess-
ment of viability.

Evaluation of coronary perfusion and myocardial
metabolism are the 2 key components of viability
examination. Perfusion imaging can be performed
either by SPECT tracers or by PET tracers, which
are surrogates for the integrity of cardiomyocyte
cellular membrane. Perfusion imaging at rest
should be performed first; if there are no perfusion
defects, this means that all LV segments are viable
and evaluation for myocardial ischemia may be
considered. If, however, there are resting perfu-
sion defects, viability metabolic imaging can be
undertaken with FDG.

The importance of patient preparation should be
emphasized to provide examinations of high diag-
nostic quality. Following a 6-hour to 12-hour fast,
plasma glucose is checked. Depending on this
initial value, patients are administered an oral
glucose load (25-100 mg), which leads to a tran-
sient increase in plasma glucose, stimulates
pancreatic insulin secretion, and ultimately shifts
myocardial consumption from fatty acids to
glucose. Following the oral glucose load, intrave-
nous insulin is administered to achieve euglycemic
state prior to FDG injection.”’ An alternative to
glucose loading is acipimox, a nicotinic acid deriv-
ative approved for use in Europe, which functions
by inhibiting peripheral lipolysis, reducing levels of
free fatty acids (FFAs), and ultimately increasing

PET Cardiac Perfusion and Metabolism

levels of glucose. Another alternative technique is
the euglycemic-hyperinsulinemic clamp, which is
a rigorous and time-consuming procedure.'’ The
target range for plasma glucose prior to adminis-
tering FDG is 100 mg/dL to 140 mg/dL. Once
glucose is within this range, FDG is injected and
the patient is monitored for 45 minutes to 90 mi-
nutes prior to undergoing PET imaging. To ensure
patient safety, glucose levels are monitored after
FDG injection. Typically, 5 mCi to 15 mCi (185-
555 MBq) of FDG is administered and image
acquisition usually lasts 10 minutes to 30 minutes.
An overview of the protocol is shown in Fig. 3.

Once both perfusion and metabolism imaging
are completed, the 2 image data sets are aligned,
and interpretation is based on 1 of the 4 distinct
perfusion-metabolism patterns, as shown in
Fig. 4. There are certain limitations of FDG viability
assessment, namely FDG uptake, that can be
impacted by the degree of underlying ischemia,
coexisting abnormalities in sympathetic activity,
and the severity of reduction in cardiac output/
severity of underlying heart failure.*

Clinical Implications and Value of PET Viability
Assessment

The results from multiple, single-center, observa-
tional, nonrandomized studies have shown
viability imaging to be valuable in guiding decision
making regarding revascularization in patients with
ICM, meaning that patients with hibernating
(viable) myocardium have been found to have
lower mortality following revascularization. Di Carli
and colleagues showed that in patients with viable
myocardium detected by PET imaging, surgical
revascularization compared with medical manage-
ment was associated with improved 4-year sur-
vival (75% vs 30%; P = .007) as well as
improvement in the severity of angina and symp-
toms of heart failure.’~'” A more recent study on
648 patients by Ling and colleagues'® also found
that revascularization correlated with improved
survival in patients with hibernating myocardium,
particularly in those with more than 10% viable
myocardium. These findings highlight one of the
important criteria in assessing the benefits of
revascularization in patients with hibernating
myocardium, namely the extent of viability/hiber-
nation. It has been shown that in patients with a
higher mismatch of perfusion-metabolism (ie,
larger extent of hibernation), the benefits from
revascularization are larger.'® The opposite also
is true, meaning when the extent of mismatch is
small (less than 7%), there is not much value in
pursuing revascularization. Additional factors that
should be considered when planning for
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Fig. 3. Imaging protocol for '8F-FDG PET viability assessment. Following administration of the perfusion tracer,
perfusion imaging is performed either by means of SPECT or PET MPI. In the United States, '>N-ammonia and
82rubidium are clinically available PET tracers whereas in Europe both '*>N-ammonia and '>O-water are available.
Handling and titration of plasma glucose follow acquisition of perfusion image data set. The patient’s baseline
blood glucose is checked and, if less than 250 mg/dL, an oral glucose load is administered. Levels of blood glucose
are checked frequently (every 10-15 min) and intravenous insulin is administered based on predefined protocols,
to achieve a target plasma glucose of 100 mg/dL to 140 mg/dL. The goal is to shift myocardial energy consump-
tion from fatty acid to glucose. Acipimox is a nicotinic acid derivative, which is an alternative to oral glucose
loading. Once the plasma glucose is within the goal range of 100 mg/dL to 140 mg/dL, FDG is injected (5-
15 mCi [185-555 MBq]). The patient then is monitored for 45 minutes to 90 minutes (uptake phase), during which
time, blood pool concentrations of FDG decrease whereas myocardial FDG uptake increases. A higher signal-to-
noise ratio can be achieved by waiting for the full 90 minutes, because blood pool FDG levels re very low while
myocardial levels continue to rise. This can be beneficial particularly in diabetic patients, who pose a particular
challenge due to high insulin resistance and high basal insulin requirements. Metabolic imaging is performed,
which usually takes 10 minutes to 30 minutes to complete. The perfusion and metabolic image datasets then
are aligned and evaluation for perfusion-metabolism patterns performed to allow for identification of viable (hi-
bernating) myocardium versus scar versus stunning versus normal.

A Scar B Hibernating C Normal D Reverse E Failed FDG
- QOO0 0

18F-FDG

Fig. 4. Four patterns of perfusion-metabolism. (A) Matched perfusion and metabolism, where both are
abnormal. The presence of a resting perfusion defect with accompanying defect on FDG metabolic imaging
signifies absence of viability and presence of scared myocardium. There is a low likelihood this patient will expe-
rience improvement in LV dysfunction and adverse remodeling following revascularization. (B) Perfusion-
metabolism mismatch involving the anterior wall, where a resting perfusion defect is accompanied by normal
FDG uptake. This signifies the presence of viable, hibernating myocardium in the anterior wall. This patient
has a high likelihood of experiencing improvement in LV systolic function and adverse remodeling following
revascularization. Also note the presence of a matched perfusion-metabolism defect involving the inferior
wall, which denotes scar. (C) Matched perfusion and metabolism where both are normal. This denotes normal
myocardium at rest. If the patient experiences chest pain, angina, or other symptoms suggestive of ischemia,
ischemia assessment should be considered. (D) Perfusion-metabolism mismatch, where there is no resting perfu-
sion defect, but there is accompanying reduction in FDG uptake. This usually is seen in patients with left bundle
branch block as a mismatch in the interventricular septum and also has been described in patients with stunning
or significant insulin resistance. (E) Example of patient with high insulin resistance and poorly controlled diabetes
mellitus resulting in poor-quality FDG images precluding accurate viability assessment.
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Fig. 5. (A) Proportion of patients who were randomized to either FDG-guided revascularization or medical
therapy based on standard of care and who experienced the composite outcome of cardiac death, myocardial
infarction, hospitalization due to unstable angina or heart failure, or heart transplantation within 1 year. The
results are classified based on the size of perfusion-metabolism mismatch using 7% as the cutoff. In the sub-
group with mismatch of less than 7%, revascularization was not associated with a significant improvement
in the primary outcome compared with medical treatment (P = .923). In contrast, in the subgroup with
mismatch greater than or equal to 7%, revascularization correlated with lower rates of the primary composite
endpoint (P = .015). (B) Proportion of patients who were randomized to either FDG-guided revascularization
or medical therapy based on standard of care and who experienced cardiac death within 1 year. In the subset of
patients with mismatch less than 7%, revascularization was not associated with a significant difference in car-
diac mortality. No cardiac deaths were noted in the subset of patients with mismatch greater than or equal to
7% who underwent FDG guided revascularization compared with 2 patients (15%) who were treated medi-
cally. (Adopted with permission from D’Egidio G, Nichol G, Williams KA, et al. JACC Cardiovasc Imaging

2009; 2:1060-1068.)

revascularization include the LVEF and the renal
function.?® Despite showing benefit of PET viability
imaging to guide revascularization, these studies
have undergone scrutiny due to their nonrandom-
ized, single-center, observational design and due
to the potential for including confounders and
some of them only having small number of hard
outcomes.?"+?2

To date the PET and Recovery Following
Revascularization-2 (PARR 2) has been the only
large, multicenter study that randomized 430 pa-
tients with known or suspected CAD to either
FDG PET/CT viability imaging versus standard of
care.?® Over a 12-month follow-up, patients who
underwent PET viability imaging showed a nonsig-
nificant lower composite outcome of cardiac mor-
tality, myocardial infarction, or hospitalization due
to heart failure or angina.?® In contrast, a post
hoc analysis of 5-year follow-up comparing pa-
tients who adhered to PET recommendations for
revascularization versus standard of care showed
a significant improvement in event-free survival in
the former and in those patients with a mismatch
of at least 7% in extent (Fig. 5).242° Two important

caveats of the PARR 2 are that only 25% of pa-
tients adhered to the PET-guided recommenda-
tions for revascularization and the variability in
PET-related resources and expertise, which may
have influenced decision making and patient man-
agement.'®25 Future research for evaluation of the
advantage of using advanced imaging (PET and
CMR) is the focus of Alternative Imaging Modal-
ities in Ischemic Heart Failure (AIMI-HF) trial, which
itself is part of the larger, multitrial project of Imag-
ing Modalities to Assist with Guiding Therapy and
the Evaluation of Patients with Heart Failure
(Fig. 6).2°

When to Perform PET Viability Assessment

According to the most recent guidelines published
by the American College of Cardiology and the
American Heart Association, viability assessment
using imaging is reasonable in patients with new-
onset heart failure without angina and with known
underlying significant CAD, provided the patient is
an eligible candidate for revascularization (class
lla, level of evidence C).2” The appropriate use
criteria also are in accordance with this grading,
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Fig. 6. Study design of the AIMI-HF trial, is a combined randomized and registry study. Participants will be ran-
domized either to advanced or standard imaging, depending on whether the primary clinical concern is the pres-
ence of ischemia versus viability. Patients not eligible for randomization will be assigned to a clinical registry. The
primary outcome is a composite endpoint of cardiac mortality, cardiac hospitalization, myocardial infarction, or
resuscitated cardiac arrest. (Adapted with permission from Mielniczuk LM, Toth GG, Xie JX et al. JACC Cardiovasc

Imaging. 2017;10(3):354-64.)

that is, noninvasive imaging for viability assessment
is appropriate or “may be appropriate” in most
cases of LV systolic dysfunction (Table 2).? The
most recent scientific statement from the American
Heart Association on viability imaging provides al-
gorithms for noninvasive imaging with CMR and
FDG PET in patients with chronic and subacute
ischemic LV systolic dysfunction.?®

Conclusion

Noninvasive myocardial viability assessment using
FDG PET so far has proved beneficial in prognos-
ticating patients who may benefit from improved
LV systolic function, quality of life, and survival
following revascularization. Additional larger, ran-
domized, multicenter studies are needed to better
define the PET criteria that can be used to predict
outcomes following revascularization. A heart
team approach comprising cardiologists, sur-
geons, and imagers should be implemented to
provide each patient with  personalized

recommendations by integrating clinical, imaging
and laboratory data.

PET FOR SARCOIDOSIS

Sarcoidosis is an immune-mediated systemic dis-
ease of unknown etiology, characterized by gran-
ulomatous inflammation of various organs.*°
Sarcoidosis first was described in 1877 by the
dermatologist Jonathan  Hutchinson, who
described violaceous skin lesions.! Sarcoidosis
diagnosis is made based on history, physical ex-
amination, appropriate radiologic and pathologic
findings, and exclusion of other causes.®?
Cardiac involvement often occurs with sarcoid-
osis (cardiac sarcoidosis [CS]); however, it pro-
duces symptoms in approximately only 5% of
patients.®®> The prevalence of CS in the United
States is approximately 25% for patients with
sarcoidosis.®* Clinical manifestations of CS are
quite variable and range from a lack of any clinical
symptoms to sudden death. Other presentations
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Table 2

PET Viability Imaging in Patients

Indications for use of PET viability imaging in the 2013 appropriate use criteria

Mild LV systolic dysfunction (LVEF: 40% —49%)

Eligible for Revascularization Rest Imaging Stress/Rest Imaging
Severe LV systolic dysfunction (LVEF< 30%) Appropriate Appropriate
Moderate LV systolic dysfunction (LVEF: 30%—39%) Appropriate May be appropriate

May be appropriate Appropriate

Adapted from Patel MR, White RD, Abbara S, et al. 2013 ACCF/ACR/ASE/ASNC/SCCT/SCMR appropriate utilization of car-
diovascular imaging in heart failure: a joint report of the American College of Radiology Appropriateness Criteria Com-
mittee and the American College of Cardiology Foundation Appropriate Use Criteria Task Force. J Am Coll Cardiol.

2013;61(21):2207-2231.

include dizziness, palpitations, syncope or near
syncope, dyspnea, orthopnea, peripheral edema,
chest pain, conduction abnormalities, and cardiac
failure. Inflammatory granulomas or postinflamma-
tory scarring may lead to conduction abnormal-
ities, arrhythmias, sudden cardiac death, and
congestive heart failure.>® The myocardium is the
region affected most frequently, especially the
ventricular septum and LV free wall. Sarcoidosis
also can involve the coronary arteries, pericar-
dium, and valves.3#3¢

Isolated CS (ICS) is a distinct clinical phenotype.
Established criteria for the diagnosis of CS are
insensitive for ICS because they require either ev-
idence of extracardiac disease or a positive endo-
myocardial biopsy (EMB). EMB is highly limited in
its sensitivity of approximately 20% to 30%,
because it often misses areas of patchy myocar-
dial involvement.>” As many as 25% of patients
with CS may have ICS. Patients with ICS have
worse LV systolic function and event-free survival
and more ventricular arrhythmias compared with
patients with systemic sarcoidosis and CS.*®

Because of the potential life-threatening compli-
cations and potential benefit of treatment, all pa-
tients diagnosed with sarcoidosis should be
screened for cardiac involvement. CMR and FDG
PET/CT have nearly replaced other imaging tech-
niques due to their higher accuracy for diagnosing
CS.%5 PET/CT has been included in the diagnostic
algorithm for CS by the Heart Rhythm Society in
2014°° and the revised Japanese Society of Car-
diac Sarcoidosis in 2017.4°

A joint expert consensus document of the Soci-
ety of Nuclear Medicine and Molecular Imaging
(SNMMI) and ASNC by Chareonthaitawee and col-
leagues recommend PET/CT for the assessment
of CS in (1) patients with histologic evidence of ex-
tra CS and 1 or more abnormal screening results
for CS, (2) new-onset sustained second-degree
or third degree atrioventricular block and age
less than 60 years, (3) idiopathic sustained

ventricular tachycardia, and (4) serial studies to
assess response to treatment.*'42

Optimal patient preparation is essential when
using FDG PET/CT to evaluate CS. It is imperative
that physiologic myocardial uptake FDG be sup-
pressed to identify areas of pathologic involve-
ment. Standardized guidelines developed by
SNMMI and ASNC recommend at least 2 high-fat
(>35 g) and low-carbohydrate (<3 g) meals the
day prior to the FDG PET/CT, followed by a fast
of 4 hours to 12 hours prior to the study. An alter-
native option (for patients who cannot follow the
diet) is fasting for greater than of equal to 18 h
before the study.*?43

All CS patients scheduled for FDG PET should
undergo rest MPI to compare perfusion images

Table 3
Classification of cardiac sarcoidosis stage
based on perfusion and metabolism pattern

Perfusion and

Disease Stage Metabolism Pattern

Stage 1 Normal perfusion and

no FDG uptake

Patchy FDG uptake in an
area with normal or
only mildly decreased
perfusion

FDG uptake in an area
with a corresponding
moderate perfusion
defect

Severe perfusion defect
but no or minimal
corresponding FDG
uptake

Stage 2: mild or
early disease

Stage 3: moderate
or progressive
disease

Stage 4: severe or
fibrous disease

Data from Bokhari S, Lin JC, Julien HM. FDG-PET is a supe-
rior tool in the diagnosis and management of cardiac
sarcoidosis https://www.acc.org/latest-in-cardiology/
articles/2017/04/10/08/43/fdg-pet-is-a-superior-tool. Pub-
lished April 10, 2017.
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-y Rest MPI

Fused Axial FDG PET CT

Fig. 7. A 49-year-old man with sarcoidosis and complete heart block, post-pacemaker placement, on immunosup-
pressive treatment. Stage 1 CS with normal Technetium-99m (99mTc) rest myocardial perfusion (center panel) and
no active cardiac or extracardiac inflammation on MIP (left panel) and fused FDG PET/CT images (right panel). SA:
Short Axis, VLA: vertical Long Axis, HLA: horizontal long axis.

with FDG PET images. After perfusion imaging,
approximately 10 mCi (370 MBq) of FDG is
injected intravenously to perform dedicated car-
diac and optional whole-body FDG PET/CT
scans. CS is categorized into stage | to stage
IV, based on perfusion and metabolism patterns
(Table 3). Rest perfusion images are classified
as normal or abnormal. Regional myocardial
perfusion is categorized further as normal (Figs.
7 and 8) or mildly, moderately, or severely
reduced.** A resting myocardial perfusion defect
in these patients could be attributed to microvas-
cular compression from inflammation or may be

Rest MPI

due to scar. FDG images are considered normal
when there is no myocardial FDG uptake (see
Fig. 7). If concurrent FDG is noted in the same ter-
ritory, then the perfusion defect likely is second-
ary to inflammation (Fig. 9). Myocardial scar is
favored if FDG uptake is lacking in this territory
with associated regional wall motion abnormality.
Comparison of rest myocardial perfusion and
FDG PET is essential to identify disease patterns
(no inflammation, active inflammation, and scar-
ring) and to evaluate response to therapy.*®
FDG images are considered abnormal when
there is a focal, heterogeneous, or focal on diffuse

Axial Fused FDG PET CT

Fig. 8. A 57-year-old man with systemic sarcoidosis and right bundle-branch block. Rest perfusion is normal. FDG
PET MIP shows extensive active pulmonary disease and hypermetabolic lymph nodes. Fused PET/CT images show
active bilateral lung inflammation and patchy areas of FDG uptake involving the septal, anterior, and lateral
myocardium, (arrows) from early myocardial sarcoid involvement (stage 2).
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VLA

HLA

Fig. 9. A 62 -year-old woman with history of cardiac arrest. Rest perfusion images show decreased to absent basal
to midanterior, anteroseptal, inferior, and inferoseptal myocardium, with corresponding FDG uptake (arrows)—
moderate/progressive disease (stage 3). No extracardiac inflammation was identified, suggestive of ICS. CMR 2-
chamber and short-axis images show subepicardial and midmyocardial late gadolinium enhancement along
the anterior and inferior walls of LV, consistent with CS. HLA, horizontal long axis; SA, short axis; VLA, vertical

long axis.

myocardial FDG uptake.*® PET also helps in
assessment of disease activity visually and with
semiquantitative  standardized uptake value
(SUV) and in monitoring treatment response
(Fig. 10); however, there is no specific SUV
threshold that can be used to reliably delineate
inflamed from normal myocardial tissue.*'
Whole-body FDG PET also is useful to evaluate
the extent of systemic disease (see Fig. 8). FDG
PET/CT is preferred in patients where CMR is con-
traindicated, in patients with implantable metallic

devices (see Fig. 10), and in impaired renal func-
tion.3® Blankstein and colleagues*® have demon-
strated the relationship between FDG uptake and
focal perfusion defects, as shown by cardiac
PET for identifying patients who are at higher risk
of lethal arrhythmias and death.

Gallium-68 (°8Ga) DOTATATE, a somatostatin
receptor-targeted radiotracer, is a potential alter-
native to FDG in imaging the CS patient. It is a
commonly used tracer in neuroendocrine tumor
imaging. ®8Ga-DOTATATE also targets activated
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Rest MPI

FUSED PET CT

Coronal

Fig. 10. A 54-year-old woman with CS. Rest perfusion images with abnormal perfusion in septum and inferior
wall (arrows, left/1st column). Fused FDG PET-CT and MIP images with focal on diffuse uptake, notable in the
anterior, inferior, anterolateral, and septal myocardium, consistent with active inflammation (2nd and 3rd col-
umn). Follow-up PET CT showing significant improvement after patient placed on steroids and immunosuppres-
sion, as shown on MIP images (right/4th column). This patient could not undergo CMR due to an incompatible
defibrillator. HLA, horizontal long axis; SA, short axis; VLA, vertical long axis.

macrophages and multinucleated cells, which ex-
press somatostatin receptors. It does not target
normal myocardial tissue, which lacks somato-
statin receptors, and therefore possibly is suitable
for patients with limitations to the adherence of
FDG myocardial suppression protocols. ®8Ga-
DOTATATE has a role in evaluating disease extent
of sarcoidosis and can be used as guidance to
different therapeutic options or prognosis, as pro-
posed by Vachatimanont and colleagues.*”

Integrated PET/MR imaging is promising. The
integration of the metabolic PET imaging along
with the morphologic, functional, and tissue imag-
ing characteristics of MR imaging would improve
diagnostic accuracy and potentially provide
further prognostic and therapeutic insight in CS
patients.*® Wicks and colleagues*® showed that
hybrid PET/MR imaging was superior for detecting
CS with sensitivity, specificity, positive, and nega-
tive predictive values of 0.94, 0.44, 0.76, and 0.80,
respectively and abnormalities found on both PET
and MR imaging was the strongest predictor of
major adverse cardiac events.

Corticosteroid therapy is the first-line treatment
of CS to reduce inflammation and prevent pro-
gression to fibrosis.>° Starting therapy before LV
dysfunction results in an excellent clinical outcome
and is the mainstay in the treatment of CS. When
CS patients present with sustained ventricular
arrhythmias, use of implantable cardioverter-
defibrillators (ICDs) is crucial.®" Pacemaker im-
plantation is recommended in patients with a
high-grade or complete atrioventricular block.%?
Immunosuppressive therapies have been used in

patients refractory to corticosteroids or in those
who cannot tolerate their side effects. Treatment
with methotrexate, azathioprine, or cyclophospha-
mide also is used as a steroid-sparing agent. In
patients for whom corticosteroids are contraindi-
cated, immunosuppressive agents are chosen for
the initial treatment.>® Orthotopic heart transplant
is used increasingly for end-stage heart failure
due to CS.%*

18F_.FLUORODEOXYGLUCOSE PET IMAGING
OF CARDIAC AND CARDIAC DEVICE
INFECTIONS

Early and accurate diagnosis of cardiac valve and
cardiac device infection is crucial for clinical deci-
sion making because these infections are associ-
ated with significant morbidity and mortality,
especially when there is a delay in diagnosis and
treatment. Cardiac implantable electronic devices
(CIEDs) include pacemakers, ICDs, and cardiac
resynchronization therapy devices with or without
defibrillator. Cardiac device infections can be
pocket and/or systemic infection. Pocket infection
involves the subcutaneous pocket containing the
generator and the subcutaneous portion of the
leads. Systemic infection involves the transvenous
segment of the lead (Fig. 11) or an epicardial elec-
trode. Infection rates are lowest during initial im-
plantation and 1.5-fold to 3-fold higher during
revision or replacement.>®

Diagnosis of cardiac and cardiac device infec-
tion is based on clinical manifestations, blood cul-
tures (and other microbiologic data), and first-line

Downloaded for Anonymous User (n/a) at Costa Rica University from ClinicalKey.com by Elsevier on September 02,
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.



PET Cardiac Perfusion and Metabolism

Fig. 11. Attenuation-corrected (top left), non-attenuation-corrected (top right), CT (bottom left), and fused PET/
CT images (bottom right) show prominent focal hypermetabolic activity associated with left chest wall ICD lead
infection (arrows) in the subclavian vein with tiny air bubbles in a patient with methicillin-sensitive Staphylo-

coccus aureus bacteremia.

imaging with echocardiography. Although the util-
ity of FDG PET for diagnosis of native valve infec-
tive endocarditis is limited, it is more useful for
evaluating prosthetic valve endocarditis (Fig. 12).
FDG PET not only promptly identifies the presence
and extent of cardiac infection (abscess and para-
valvular spread) but also demonstrates any
embolic extracardiac infection (given the wide field
of view) and primary source of infection, which can
affect treatment decision making. In 1 study,
extracardiac infection PET findings led to treat-
ment change in 35% of patients.®® Recent meta-
analyses report a pooled sensitivity of 61% to
81% and pooled specificity of 78% to 88% for
FDG PET diagnosis of infective endocarditis, with
higher sensitivity for prosthetic valve endocardi-
tis.5”-°® The pooled sensitivity and specificity of
PET/CT diagnosis of CIED infection were 83%
and 89%, respectively, with diagnostic perfor-
mance of pocket infection better than lead infec-
tion.® FDG PET/CT also has high diagnostic
accuracy for LV assist device infections, with
pooled sensitivity of 92% and specificity of
83%.%° Prognostically, an abnormal FDG PET is

associated with greater major adverse cardiac
events in prosthetic valve endocarditis.®’ Die-
mberger and colleagues® noted increased mor-
tality in patients with FDG PET CIED lead
infection but no pocket infection. FDG PET/CT
has made it into guideline recommendations for
diagnosis of infective endocarditis and cardiac
device infection, with FDG avidity of a greater
than 3-month-old prosthetic valve a major diag-
nostic criterion of infection.53.64

Increased glucose metabolism from increased
glucose transporter-1 expression to meet the
higher energy demands of activated inflammatory
cells (leukocytes and macrophages) is the basis of
FDG PET infection and inflammation imaging.®®
Reliable hot spot FDG PET in suspected cardiac
infection is possible only when physiologic
myocardial FDG uptake is suppressed. The heart
uses various substrates for its energy needs,
including FFAs, glucose, and lactate. Thus, inter-
ventions that facilitate myocardial FFA metabolism
while simultaneously suppressing physiologic
glucose metabolism are imperative for successful
FDG PET cardiac infection imaging.®®

Downloaded for Anonymous User (n/a) at Costa Rica University from ClinicalKey.com by Elsevier on September 02,
2021. For personal use only. No other uses without permission. Copyright ©2021. Elsevier Inc. All rights reserved.

847



848

Manapragada et al

Fig. 12. Attenuation corrected (top left), non-attenuation-corrected (top right), fused PET/CT (bottom left), and
CT (bottom right)images demonstrate prominent hypermetabolic activity involving and surrounding the infected
transaortic valve prosthesis with a perivalvular fluid collection/abscess (arrows) in a patient with methicillin-resis-

tant Staphylococcus aureus bacteremia.

Optimal patient preparation protocols are not
well established. A combination of interventions
is the norm. These include avoidance of stren-
uous exercise and a no-carbohydrate to very-
low-carbohydrate (<3 g), high-protein, and high-
fat diet (>35 g) for at least the day prior to the
scan followed by an overnight fast.'' Glucose-
containing intravenous medications or fluids are
prohibited. An alternative option (for patients
who cannot follow the diet) is fasting for greater
than or equal to 18 hours before the study.*!
The role of intravenous unfractionated heparin (in-
duces lipolysis by lipoprotein lipase activation and
increases FFA in the blood) is unclear.*’ Heparin
(dose 10-50 IU/kg) is given 15 minutes before
FDG injection with lower doses increasing FFA
without significant partial thromboplastin time
prolongation. Approximately 60 minutes after
intravenous FDG injection (8-10 mCi [296-370
MBq]), whole-body (typically eyes to thighs) and
dedicated cardiac PET/CT or PET/MR images
are acquired.

Both CT attenuation-corrected and non-attenu-
ation-corrected images are reviewed to differen-
tiate real from artifactual increased tracer uptake
due to high-density metal in devices. Fused
PET/CT images provide anatomic localization of
tracer. Focal or heterogeneous uptake favors
infection, whereas diffuse mild uptake may sug-
gest nonspecific inflammatory changes. The
methodology and role of semiquantitative SUV
in assessment of cardiac and cardiac device in-
fections is unclear.”

Noninfectious inflammatory activity may cause
false-positive results, such as early after surgery
or from foreign body/granulomatous reaction.
Thus, it can be challenging to differentiate nonin-
fectious inflammation from infection on FDG-PET
for up to 3 months postintervention.®” The surgical
adhesive used to seal an aortic root graft may pro-
duce inflammation resulting in false-positive tracer
uptake.!" Other false positives include active
thrombi, soft atherosclerotic plaques, vasculitis,
primary cardiac tumors, and metastasis.®® False-
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negative FDG PET (no or low uptake) may be seen
in mild infection with a low bacterial load, small
vegetations, chronic or indolent infection with
slow-growing bacteria, infection with fastidious
or biofilm-forming bacteria, and partially treated
infection. Abnormal noncardiac FDG uptake may
be potential sites of embolic infection (osteomye-
litis, intra-abdominal abscess, and so forth). Brain
septic emboli identification is limited by high phys-
iologic brain cortical FDG uptake. Compared with
alternative leukocyte scintigraphy, FDG PET has
the advantage of shorter procedure duration
(<2 hours), high sensitivity, and better spatial and
contrast resolution but suffers from lower speci-
ficity because FDG also can accumulate in nonin-
fectious inflammatory cells.

In conclusion, FDG PET is a promising and
emerging adjunctive diagnostic tool that can help
in the diagnosis, disease severity assessment,
and evaluation of embolic complications and
prognosis of potentially life-threatening cardiac
and cardiac device infections.

CLINICS CARE POINTS

e PET myocardial perfusion imaging has distinct
advantages over SPECT, specifically in patient
subgroups including obesity, high risk anat-
omy (multivessel and left main disease), dia-
betes and chronic kidney disease.

e PET viability assessment is reasonable in most
patients with LV systolic dysfunction and
known significant underlying coronary artery
disease.

e Patient preparation protocols for assessment
of cardiac inflammation with FDG PET in-
volves a combination of fasting, high fat
and no to low carbohydrate diet, and avoid-
ance of exercise. Role of intravenous unfrac-
tionated heparin is unclear.
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