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Cardiac positron emission tomography
in the identification and characterization of coronary
artery disease and microvascular dysfunction

I. Valenta', A. Upadhyaya', T. Leucker? T. H. Schindler'?

Abstract: Positron emission tomography (PET)
myocardial perfusion imaging combined with
tracer-kinetic modeling affords the assessment
of myocardial perfusion and regional myocardial
blood flow (MBF) of the left ventricle in absolute
terms in milliliters per gram per minute (mL/g/
min). The non-invasive evaluation of MBF during
pharmacologically-induced hyperemia, at rest,
and corresponding myocardial flow reserve (MFR)
enables the detection and characterization of coro-
nary microvascular dysfunction (CMD) as functional
substrate for microvascular angina in patients with
non-obstructive coronary artery disease (CAD).
Thus, PET-MBF quantification expands the scope of
conventional myocardial perfusion imaging from the
detection of advanced, and flow-limiting, epicardial
CAD to early stages of atherosclerosis and/or CMD.
Vice versa, adding flow quantification to myocardial
perfusion assessment may also unmask diffuse is-
chemia owing to significant left main stenosis and/or
multivessel CAD, confirmed by peak stress transient
ischemic cavity dilation of the left ventricle during
maximal vasomotor stress on gated PET images.
Recent clinical investigations also outline that PET-
determined CMD, with or without CAD, constitutes
indeed an increased risk for cardiovascular events
and worse clinical outcome.

PET flow quantification also opens a new avenue
of cardiovascular care by monitoring responses to
lifestyle and/or risk factor modification and to thera-
peutic treatment. While cardiac PET perfusion, MBF

assessment likely will lead to individualized, and
image-quided cardiovascular treatment decisions
in CAD patients, its translation into improved clinical
outcome remains to be tested clinically.

Key words: coronary artery disease, coronary
microvascular dysfunction, myocardial blood flow,
myocardial flow reserve, positron emission tomogra-
phy, prognosis, treatment

Kurzfassung: Kardiale PET zur Identifikation
und Charakterisierung koronarer Herzkrank-
heiten und mikrovaskularer Dysfunktion. Die
myokardiale Perfusions-Messung mit der Positro-
nen-Emissions-Tomographie (PET), kombiniert mit
mathematisch-kinetischer Modellierung radioaktiver
Substanzen, erlaubt die Bestimmung der myokardia-
len Perfusion und des regionalen myokardialen Blut-
flusses (MBF) des linken Ventrikels in absoluten Ein-
heiten in Milliliter/Gramm/Minute (mL/g/min). Die
nicht-invasive Evaluierung des MBF wahrend einer
pharmakologisch-induzierten Hyperdmie in Ruhe
und die korrespondierende myokardiale Flussreserve
(MFR) ermdglichen die Identifizierung und Charakte-
risierung der koronaren mikrovaskuldren Dysfunktion
(MVD) als funktionelles Substrat der mikrovaskularen
Angina bei Patienten mit nicht-obstruktiver koronarer
Herzerkrankung (KHK). Die PET-MBF-Quantifizierung
erweitert daher das Spektrum der konventionellen
Bildgebung zur Bestimmung der myokardialen Per-
fusion von der Identifizierung von fortgeschrittenen

und fluss-limitierenden koronaren Einengungen zu
friihen Stadien der KHK und/oder MVD. Andererseits
kann die zusdtzliche Bestimmung des MBF zur myo-
kardialen Perfusion auch dazu beitragen, eine diffuse
Ischamie durch signifikante Stenosierung des korona-
ren Hauptstammes und/oder MehrgefaBerkrankung
aufzudecken, bestétigt durch eine voriibergehende
ischamie induzierte Dilatation des linken Ventrikels
wahrend maximaler Stress-Stimulation auf den ge-
triggerten PET-Bildern. Jiingste Klinische Studien
deuten ebenfalls darauf hin, dass die PET-erfasste
MVD, mit oder ohne KHK, in der Tat ein erhdhtes Risiko
fiir kardiovaskuldre Ereignisse und daher einen nach-
teiligen klinischen Ausgang darstellt.

Die  PET-Fluss-Quantifizierung erdffnet des
Weiteren neue Wege der kardiovaskuldren Behand-
lung durch eine Uberpriifung der Effektivitat von
Lebensstilveranderungen und/oder Kontrolle der
Risikofaktoren und Therapieansdtze. Wahrend die
kardiale PET-Bestimmung der Perfusion und des
MBF wahrscheinlich zu einer individualisierten und
von der Bildgebung gesteuerten kardiovaskuldren
Behandlungsentscheidung bei KHK-Patienten fiihren
wird, muss ihre Umsetzung in eine Verbesserung der
klinischen Prognose in weiteren klinischen Studien
ermittelt werden. J Kardiol 2022; 29 (1-2): 34-40.

Schliisselwdrter: koronare Herzerkrankung, ko-
ronare mikrovaskuldre Dysfunktion, myokardialer
Blutfluss, myokardiale Flussreserve, Positronen-
Emissions-Tomographie, Prognose, Behandlung

Introduction

Myocardial perfusion scintigraphic imaging (MPS) with single
photon emission tomography (SPECT) or with positron emis-
sion tomography (PET) is the mainstay for the detection of
flow-limiting obstructive coronary artery disease (CAD) le-
sions and prognostication in patients with suspected or known
CAD in clinical practice [1, 2]. Although reversible decreases
in myocardial radiotracer uptake between stress-stimulation
with bicycle exercise or pharmacologic stress and rest im-
ages reliably identifies the most severe epicardial narrowing in
CAD, important hemodynamic effects of remaining epicardial
lesions in multivessel disease may remain unnoticed. In this
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respect, the ability of PET to concurrently assess global and re-

gional myocardial blood flow (MBF) in milliliter/gram/minute

(ml/g/min) during pharmacologically-stimulated hyperemic

flows and at rest enables the calculation of the myocardial flow

reserve (MFR = MBF during stress/ MBF at rest) [3]. The ad-

vantage of PET to assess both myocardial perfusion (static im-

ages) and MBF in ml/g/min results in several advantages with

1) optimal identification and characterization of the extent
and severity of CAD burden,

2) unravelling flow-limiting effect of each single lesions with
quantification of regional hyperemic MBF and MFR,

3) prognostication in patients with in subclinical- and clinical-
ly-manifest CAD as well as in cardiomyopathy;,

4) identification of coronary microvascular dysfunction
(CMD) that may reflect a functional substrate for angina
symptoms, and

5) monitoring of the success of medical treatment responses
[1, 4].

This review aims to provide an overview of the increasing
clinical application of PET myocardial perfusion and MBF as-
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Figure 1. MBF and coronary vasodilator reserve in function of percentage coronary artery diameter stenosis.

(A): At rest (green circles), no association between myocardial blood flow (MBF) and percentage coronary artery stenosis is noted, while during phar-
macologically-induced vasodilation of the coronary arteriolar vessels (red circles), hyperemic MBFs correlated inversely with percentage coronary artery
stenosis. (B): Comparably to hyperemic MBFs, myocardial (or coronary) flow reserve (MFR = hyperemic MBF/resting MBF) also demonstrates an inverse
relationship with percentage coronary artery stenosis, whereas a certain variability in MFR for coronary stenosis of intermediate severity can be apprecia-
ted [9]. Interestingly, in individuals without epicardial coronary artery stenoses, reductions in hyperemic MBFs or MFR owing to coronary microvascular
dysfunction (CMD) may be similar to those in myocardial regions subtended by epicardial lesions > 50% diameter stenosis. (C): The observed relationship
between MFR and percentage stenosis persists when the severity of coronary artery lesions are determined with quantitative coronary angiography (cor-

relation coefficient r = 0.77, root mean square error = 0.37, p < 0.00001) [10].

Panels A and B are reproduced with kind permission from [9]; panel C is reproduced with kind permission from [10].

sessment in the detection and characterization of flow-limiting
epicardial CAD and/or CMD in patients with angina symp-
toms, its value in prognostication, and potential to monitor the
success of medical treatment installation.

Considerations for CAD detection

Despite the increasing role of contrast CT coronary angiogra-
phy in the non-invasive detection of CAD, invasive coronary
angiography with quantitative evaluation of luminal narrow-
ing remains the “gold standard” for the evaluation of the se-
verity of obstructive CAD lesions. Seminal investigations by
Gould et al. [5-7] thoroughly outline that resting myocardial
perfusion or flow may be uphold unless epicardial narrowing
exceeds 90% of luminal diameter [8] (Fig. 1). This phenom-
enon has been described as a compensatory vasodilation of
the coronary arteriolar vessels, aiming to compensate for the
increase in epicardial vascular resistance. Conversely, during
pharmacologically-induced stress or hyperemic flows, an in-
verse relationship between increasing severity of epicardial le-
sions with > 50% luminal stenosis and reductions in hyperemic
MBFs or myocardial flow reserve (MFR) has been described
by several clinical investigations (Fig. 1) [9, 10]. In the clinical
setting, the well described inverse relationship between steno-
sis severity and hyperemic flows, however, may be affected by
coronary collateral flow, relatively preserved hyperemic MBFs
due to physical exercise and/or beneficial effects of medical
treatment with statins and/or angiotensin-converting-enzyme
(ACE) inhibitors on vasodilator effects of coronary arteriolar
vessels, that may result in a substantial variability in hyperemic
flow increases in the individual patient [1, 9-11]. Given the
complexity of the relationship between stenosis severity and
hyperemic flow increases, the clinical decision-making pro-
cess for coronary revascularization procedures to re-establish
coronary flow necessitates the invasive or non-invasive proof
of flow-limiting significance of an epicardial lesion [1]. This is
also emphasized by a comparative analysis between contrast
CT-determined luminal narrowing and stress-induced region-

al myocardial perfusion deficits as assessed with *'Thallium-
SPECT [12]. In the latter study, stress-induced ischemia were
appreciated in 33% of regions with 60% to 70% stenosis, 54%
of regions with 70% to 80% stenosis, and 86% of regions with
> 80% stenosis, respectively. Overall, only in about one third
of these cardiovascular patients with contrast CT-angiography
determined stenosis > 50%, stress-rest *'Thallium-SPECT-
perfusion imaging could unravel a hemodynamic significance
of these morphologically defined obstructive CAD lesions [1].

Applying PET in conjunction with *N-ammonia or *Rubidi-
um affords a high spatial and contrast resolution with widely
attenuation-free cardiac perfusion images with a high diagnos-
tic accuracy in CAD detection [3, 13]. These unique properties
of cardiac PET perfusion imaging have led to a higher sensitiv-
ity in the detection of hemodynamically significant obstructive
epicardial lesions as compared to conventional scintigraphic
imaging with SPECT using **'Thallium- or *™Technetium-
labeled perfusion tracers [1]. The average sensitivity and spec-
ificity of myocardial perfusion PET or PET/CT scanners for
detecting > 50% or > 70% of epicardial narrowing on coronary
angiography has been demonstrated to be about 92% and 90%,
respectively [1]. The increase in sensitivity of PET perfusion
imaging as compared to SPECT likely is related to the high
spatial and contrast resolution, while the robust attenuation
correction of the emission data using the transmission source
(**Ge rotating rod source or CT) [1, 13]. Cardiac PET with
positron-emitting flow radiotracers, however, does not only al-
low to assess myocardial perfusion but by using short dynamic
acquisition frames and tracer-kinetic modeling, it also enables
the concurrent quantification of global and regional MBF in
ml/g/min [1, 2]. The non-invasive quantification of the hyper-
emic MBF and MFR with PET imaging has indeed broadened
the scope of conventional scintigraphic myocardial perfusion
imaging from the identification of advanced, obstructive epi-
cardial CAD to the detection and characterization of CAD bur-
den in multivessel disease as well as to early functional stages of
the atherosclerotic process or CMD [1, 2] (Tab. 1).

JKARDIOL 2022; 29 (1-2) 35
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Figure 2. *N-ammonia PET in the evaluation of multivessel CAD. Value of hyperemic MBFs and MFR in an abnormal 13N-ammonia myocardial perfusion
PET/CT study. A 54-year-old man with increasing chest pain during daily activities. He had previous percutaneous coronary intervention (PCl) with stent
employment in the LAD. Cardiovascular risk profile with advanced obesity (body mass index of 41 kg/m?), dyslipidemia, and hypertension. (A): Regadeno-
son-stress and rest >N-ammonia PET/CT images in corresponding short-axis (top), vertical long-axis (middle), and horizontal long-axis (bottom) slices. On
stress-images, there is a large area of severely decrease in myocardial perfusion, involving the inferior and inferolateral walls extending to the antero-late-
ral, anterior, and apical wall segments but less in severity that becomes reversible on rest images. In addition, a transient ischemic dilation (TID) of 1.3 is no-
ted on the stress-rest '*N-ammonia images indicative of diffuse ischemia-induced myocardial stunning. (B): Regional myocardial blood flow quantification
(MBF) and myocardial flow reserve (MFR) calculation. The summarized quantitative data signify an impairment of hyperemic MBF in the LAD distribution
(1.58 ml/g/min), but also and more pronounced in the LCx and RCA distribution (1.07 and 1.09 ml/g/min, respectively). Correspondingly, the MFR is abnor-
mally reduced in all three major coronary territories, most pronounced in the LCs (1.29), followed by RCA (1.36), and LAD (1.61) distribution, respectively.
Invasive coronary angiography (not shown) in this patient unraveled indeed severe multivessel CAD accounting for the observed diffuse ischemia. The
proximal LAD had previous extensive stenting without significant stenosis, whilst the mid-portion of the LAD demonstrated a = 90-95% in-stent restenosis.
The LCx demonstrated a 70% lesion in the posterolateral marginal brach, while in a dominant RCA, the posterior descending artery (PDA) was occluded.

Table 1. Main clinical use of PET-determined perfusion and
MBF in symptomatic patients

1. Identification and characterization of coronary microvascular
dysfunction

2. Individuals with advanced obesity and BMI = 35 kg/m? (high dia-
gnostic accuracy)

3. Women with large breast or dense breast tissue (high diagnostic
accuracy)

4. Known and complex CAD

5. Unraveling of “balanced” reduction in myocardial blood flow owing
to 3 vessel or main stem CAD."

*Effects of diffuse myocardial ischemia need to be confirmed by a peak
stress transient cavity dilation of the left ventricle during maximal va-
somotor stress on gated PET images. MBF: myocardial blood flow.

It is important to bear in mind that a decrease in regional ra-
diotracer uptake during stress as compared to rest identifies
down-stream effects of epicardial lesions on coronary flow,
whereas the myocardial region with the highest radiotracer
uptake is seen as the “normal® reference region. The normal
reference region with the highest radiotracer uptake therefore
may be the region with the least impaired perfusion or hyper-
emic flow increases [11]. In this respect, the concurrent assess-
ment of myocardial perfusion and MBF with PET may denote
not only the most advanced or “culprit® lesion, as evidenced
but stress-induced reversible perfusion deficit, but also the
flow-limiting effects of other epicardial narrowing but of less
severity in myocardial regions with still maintained relative
radiotracer uptake but significant decreases in regional hyper-
emic MBFs and/or MFR (Fig. 2) [1]. Conversely, reductions
in hyperemic MBF and MFR, respectively, however, need to
be regarded as non-specific as they may not only be related
to flow-limiting effects of epicardial lesions but also to CMD
(Fig. 3) [2, 4]. Consequently, reductions in regional hyperemic

36 J KARDIOL 2022; 29 (1-2)

MBFs and/or MFRs [4, 11], need to be interpreted in an appro-
priate clinical context with coronary anatomy and/or CMD in
individuals at increased cardiovascular risk [1]. In a position
paper led by Gould et al. [14], it has been outlined that for
an epicardial luminal stenosis exceeding 70%, a correspond-
ing decreases in MEFR to less than 1.7 can be predominantly
related to down-stream, flow-limiting effects of the epicardial
stenosis, when applying PET with "N-ammonia or **Rubidium
as flow tracers [14]. Differences in radiotracer characteristics
and in tracer-kinetic modeling lead to a certain variability of
hyperemic MBFs and MFRs that renders the assignment of
optimal cut-off values for abnormal and normal hyperemic
flow increases controversial [1, 4]. While for the radiotracer
“N-ammonia thresholds for hemodynamically significant
CAD lesions are commonly reported of 1.8-2.0 ml/g/min for
hyperemic MBFs and of 2.0 for the MFR [15], the thresholds
for #¥Rubidium are more or less arbitrarily set at 2.0 for both
hyperemic and MFR, respectively. As regards H,"O, higher
thresholds for flow-limiting effects of CAD lesions have been
defined of 2.3 ml/g/min for hyperemic MBFs and of 2.5 for
MER, respectively [16, 17].

Cardiac PET perfusion and MBF assessment affords the ad-
vantage over conventional SPECT myocardial perfusion imag-
ing in that it determines the left ventricular motion at ,,peak®
stress. Combining PET determined myocardial perfusion,
MBF and wall motion analysis during peak stress and at rest
affords a high diagnostic accuracy in the detection of diftfuse
myocardial ischemia due to left main-stem lesion or three
vessel diseases that may be missed with conventional SPECT
imaging. The conventional approach to evaluate static images
or relative distribution of left ventricular radiotracer uptake
during stress stimulation and at rest with SPECT may fail to
detect “balanced” decreases of hyperemic MBFs in all vascular
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Figure 3. *N-ammonia PET in the evaluation of CMD. Value of PET-determined hyperemic MBFs and MFR in the identification and characterization of CMD.
A 65-year-old woman with recurrent chest pain and shortness of breath during daily activities. Cardiovascular risk profile with obesity (body mass index
of 40 kg/m?), dyslipidemia, and hypertension. (A): Regadenoson-stress and rest '*N-ammonia PET/CT images in corresponding short-axis (top), vertical
long-axis (middle), and horizontal long-axis (bottom) slices. On stress-images and rest perfusion images, there is homogenous radiotracer uptake of the
left ventricle. Thus, no reversible radiotracer uptake to suggest regional ischemia and normal rest perfusion. Hemodynamically obstructive CAD lesions
therefore can be widely ruled out. Gated peak-stress and rest PET images (not shown) demonstrated normal left ventricular size and wall motion associated
with a left ventricular ejection fraction of 50% and 52%, respectively. (B): Display of quantitative MBF data unravel globally reduced hyperemic MBFs with
only 1.29 mL/g/min (normal value > 1.80 mL/g/min) and decreased MFR with 1.71 (normal value > 2.0) to signify moderately severe CMD that may reflect

a functional substrate for reported anginal symptoms.

territories as the relative distribution of myocardial radiotracer
may be homogenous without an identifiable regional perfu-
sion differences [18]. A previous SPECT study demonstrated
that only in 10% of patients with angiographically proven 3
vessel CAD stress-induced regional perfusion deficits were
identified [19]. Including regional wall motion abnormalities
on post-stress gated SPECT myocardial perfusion imaging
increased the identification of 3 vessels CAD to about 25%.
PET assessment of myocardial perfusion with the concurrent
quantification of MBF likely improves the detection of diffuse
ischemia in the presence of homogenous radiotracer uptake on
stress perfusion images as it may unmask balanced decreases
in hyperemic MBFs in all three major coronary artery vascu-
lar territories of the LAD, LCx, and RCA. On the other hand,
decreases in hyperemic MBFs may also be induced by CMD.
Thus, stress-induced diffuse ischemia should always be con-
firmed by a “peak” stress transient ischemic cavity dilation of
the left ventricle associated with a global hypokinesis on gated
PET images.

Prognostication

The identification of stress-induced ischemia of moderate-to-
severe intensity with SPECT or PET perfusion imaging carries
clinically not only important diagnostic but also prognostic in-
formation [1]. Classical cardiovascular risk factors such as arte-
rial hypertension, hypercholesterolemia, smoking, and diabetes
mellitus may not only initiate and promote the development of
CAD but they may also account for an abnormal functioning of
the coronary microcirculation. Notably, CMD has widely been
appreciated as functional precursor of the CAD process [20, 21],
that may be identified non-invasively by PET quantification of
hyperemic MBFs in mL/g/min and corresponding MFR [1, 22].
Cardiovascular risk factors and/or yet unknown factors may
lead initially to an impairment of the coronary endothelium,
while at later stages also the function of the vascular smooth
cells are altered leading to CMD, that favors the development

of structural CAD [21, 23-25]. For example, in insulin-resistant
population without other traditional cardiovascular risk fac-
tors and with normal stress-rest myocardial perfusion on PET
images, concurrent MBF quantification could unmasked the
presence of coronary endothelial dysfunction as reflected by
reduced MBF responses to cold pressor testing (CPT), while
pharmacologically-induced hyperemic flow increase were still
maintained. These findings emphasize the contemplation that
initial stages of the vascular injury may involve only the en-
dothelium [26], while in the later course of risk exposure associ-
ated with increases and expansion of deleterious oxidative stress
burden in the arterial wall an impairment in smooth muscle
cell vasodilator function of the coronary arteriolar vessels may
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Figure 4. PET determined coronary endothelial vasomotor function and
prognosis. Kaplan-Meier analyses in patients with cardiovascular risk fac-
tors and normal coronary angiograms undergoing assessment of myo-
cardial blood flow (MBF) response to cold pressor test (CPT) with positron
emission tomography (PET). Attenuation of PET-measured and endothe-
lium related MBF responses to sympathetic stimulation with cold pressor
testing are associated with a higher risk for cardiac events (during long-
term follow-up) as compared with those with normal flow increases; nor-
mal (%A MBF > 40%), impaired (%A MBF > 0% and < 40%), and decreased
(%A MBF < 0%). Reproduced with kind permission from [20].
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ensue [24, 27]. Notably, the presence of endothelial dysfunction
of the coronary circulation in cardiovascular risk individuals
but with normal coronary angiograms, as determined with
PET-measured flow responses to sympathetic stimulation with
CPT and its MFR, was associated with a higher risk for cardio-
vascular events as compared to those individuals with normal
flow increases [20]. Notably, it was observed that the incidence
of cardiovascular events increased with progressive worsening
of the coronary endothelial dysfunction (Fig. 4). Subsequently,
numerous PET flow studies confirmed the prognostic value of
the detection of CMD in cardiovascular risk individuals with-
out obstructive CAD lesions [21, 28-31]. For example, Herzog
et al. [21] observed that adding the MFR information to the
stress "N-ammonia perfusion PET with normal perfusion af-
forded a further risk stratification, while a normal MFR out-
lined a “warranty” period of event-free survival for about three
years. Conversely, patients with stress-induced regional myo-
cardial perfusion deficits and an abnormal decrease in MFR,
impaired MFR provided incremental information to the stress
N-ammonia perfusion imaging for the prediction of adverse
cardiovascular outcome. These observations of an incremental
predictive value of MFR for cardiovascular outcome were also
confirmed in specific risk populations like patients with diabe-
tes mellitus [29], and chronic kidney disease [31], ischemic or
idiopathic cardiomyopathy.

Taken together, available evidence of the PET-determined im-
pairment of hyperemic MBFs and/or MFR in the prognosti-
cation of cardiovascular risk individuals, emphasize CMD as
an integrating index of the overall stress burden imposed by
various coronary risk factors on the arterial wall.

Diagnosis of microvascular angina, CMD
and treatment monitoring

Chest pain or chest discomfort in patients with normal coro-
nary angiography or without obstructive CAD has been real-
ized as an increasing clinical problem that constitutes a major
public health concern. Several large cohort studies have re-
ported that in up to 60% of symptomatic patients undergo-
ing invasive coronary angiography for suspected obstructive
CAD, no coronary artery lesions > 50% diameter stenosis may
be observed [22, 32]. In these patients with non-obstructive
CAD, CMD could indeed reflect a functional substrate of their
anginal symptoms [22]. While CMD may manifest with typical
effort-induced angina pectoris (retrosternal oppressive chest
discomfort or pain), it frequently represents also with oppres-
sive discomfort or stabbing like chest pain of variable of peri-
ods at rest, or angina equivalent symptoms such as dyspnea on
exertion. Microvascular angina pectoris may also manifest in
the post-exercise recovery period when a dysbalance between
oxygen supply and metabolic demand may ensue. Of further
interest is that microvascular angina symptoms do not differ
between gender, while an increased prevalence has been noted
in women, in particular in the post-menopausal state [22].

As a large variety in the clinical presentation in patients with
microvascular angina pectoris, however, has been noted, the
COVADIS (Coronary Vasomotion Disorders International
Study Group) group defined standardized criteria for micro-
vascular angina pectoris related to microvascular dysfunc-

38 J KARDIOL 2022; 29 (1-2)

tion [33]. According to these criteria, the identification of mi-
crovascular angina pectoris necessitates the presence of:

1) symptoms of myocardial ischemia;

2) absence of obstructive CAD;

3) objective evidence of myocardial ischemia; and

4) evidence of CMD.

In this respect, the proof of an abnormal impairment of hyper-
emic MBF increases or MFR has indeed become integral part
of the diagnosis of microvascular angina pectoris in patients
with ongoing chest pain syndrome. Despite the COVADIS
criteria, other non-cardiac causes of recurrent chest discom-
fort owing to gastro-esophageal reflux, costo-chondritis, and/
or costo-vertebral syndrome need to be taken into account as
differential in the appropriate clinical context.

As PET quantification of hyperemic MBFs and MFR is non-
invasive, it enables the monitoring of preventive medical care
but also alterations in lifestyle, or loss of body weight on CMD
in cardiovascular risk individuals with subclinical or with clini-
cally-manifest CAD [2, 34]. Numerous PET flow studies as-
sessing the functional state of the coronary vessels have indeed
demonstrated [35, 36] an improvement in coronary circulatory
dysfunction or even its normalization via antioxidant chal-
lenges, regular exercise, preventive medical care, and eugly-
cemic control with antidiabetic medication in cardiovascular
risk individuals. For example, angiotensin II receptor blocker
(ARB) with olmesartan may reverse endothelium-related MBF
responses to sympathetic stress stimulation in patients with es-
sential hypertension [37]. The observed improvement in coro-
nary endothelial function could be assigned to ARB-induced
elevations in superoxide dismutase levels. Consequently, anti-
oxidative effects of ARB inhibition, conferred by blockage of
endothelial NADPH oxidase activation did lead to decrease in
reactive oxygen species and/or increases in antioxidative super-
oxide dismutase levels, responsible for the reported improve-
ment in coronary endothelial function in hypertensive patients.

Another evolving field of interest is the active role of the adi-
pose tissue to potentially favor the initiation and progression
of CAD. Increases in body weight have been demonstrated to
initiate the release of adipose tissue derived mediators, or so
called adipocytokines, such as leptin, adiponectine and en-
docannabinoid [24, 27, 38, 39]. Notably, there may be diver-
gent effects of adipocytokines to affect the arterial vessels. For
example, adiponectine is known to stimulate the endothelial
production and release of nitric-oxide in the subintimal space
and, thus, is commonly considered to confer vasoprotection
against the development of CAD, while the effect of increases
in leptin plasma levels remains a matter of ongoing discus-
sions [24, 39]. More evident are the effects from the adipose
tissue released endocannabinoids on the function of the coro-
nary vessels [27]. As it was observed, progressive increases in
body weight were paralleled by a commensurate increase in
endocannabinoid plasma levels (e.g. anadamide and 2-AG)
that directly mediated a dysfunction of the coronary circula-
tion, as determined by PET flow measurements in conjunction
with cold pressor stress testing to assess predominantly coro-
nary endothelial function and pharmacologic vasodilation
of the coronary arteriolar vessels to determine the integrated
coronary circulatory response [27, 39]. These findings suggest
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Figure 5. Effects of gastric bypass induced weight loss on coronary circu-
latory function. Myocardial blood flows (MBF) during vasomotor stress in
controls (CON) and morbidly obese (MOB) individuals. Change in hyperemic
MBF in CON and in MOB individuals at baseline and at the follow-up. As can
be appreciated, there is a widely normalization of hyperemic MBFs when
compared to normal weight controls at baseline, indicative of normal co-
ronary microcirculatory function after gastric-bypass induced weight loss.
Reproduced with kind permission from [38].

indeed that increases in endocannabinoid plasma levels may
reflect a major contribution to coronary circulatory dysfunc-
tion in obesity that may favor the initiation and/or progression
of the CAD process. This consideration is further substantiat-
ed by the evaluation of the effects of surgical bypass induced
weight loss in morbidly obese individuals (BMI > 40 kg/m?)
without other traditional cardiovascular risk factors on coro-
nary circulatory dysfunction [38]. After a median follow-up
period of 22 months, gastric-bypass induced a decrease in BMI
from a median of 44.8 to 30.8 kg/m?. The gastric-bypass re-
lated weight loss in initial morbidly obese individuals virtually
normalized both endothelium-related MBF responses to CPT
and hyperemic MBFs during pharmacologic vasodilation, re-
spectively (Fig. 5). Notably, the decrease in endocannabinoid
plasma levels, such as anandamide, induced by the weight loss,
was accompanied by a normalization of CPT-induced MBF-
responses, stressing a critical role of elevated endocannabinoid
plasma levels in conferring coronary circulatory dysfunction
in obesity as functional precursor of the CAD process [27, 39].
PET- MBF measurements were also applied to assess the effects
of glucose-lowering intervention with glyburide and/or met-
formin on coronary circulatory function over a mean follow-
up period of 14 months in patients with type 2 diabetes mellitus
[40]. After glucose-lowering treatment in 22 type 2 diabetic in-
dividuals, plasma glucose levels had markedly decreased in the
mean to 160 mg/dL after follow-up from initial mean 205 mg/
dL at baseline. And indeed, the observed decrease in plasma
glucose levels after a 1-year follow-up correlated significantly
with increases in endothelium-related MBF-responses to CPT
and hyperemic MBFs, respectively (r = 0.46 and r = 0.36)
that outlines direct beneficial effects of euglycemic control on
coronary circulatory function. Of additional interest, the mag-
nitude of increases in endothelium-related flow responses to
CPT and slowed progression of coronary artery calcifications,
as determined with gated and non-contrast CT of the PET/CT
scanner, closely correlated. Even when adjusting for metabolic
parameters by multivariate analysis, the improvement of coro-
nary endothelial dysfunction after glucose-lowering medical
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intervention remained an independent predictor of a slowed
progression of coronary artery calcification in these individu-
als with type 2 diabetes mellitus [40]. Such observations are
unique as they demonstrate that an improvement of coronary
endothelial dysfunction in type 2 diabetes mellitus confers,
at least in part, direct preventive effects on the progression of
diabetic vasculopathy. PET flow measurements also afforded to
unravel an improvement in coronary circulatory dysfunction
related to beneficial effects of hormone replacement therapy in
postmenopausal women [23]. Hormone replacement therapy
with estrogen alone or in concert with progesterone in post-
menopausal women, in addition to standard preventive medi-
cal treatment of traditional cardiovascular risk factors, contrib-
uted indeed to maintain coronary endothelial function [23].
Albeit that coronary circulatory dysfunction has been widely
appreciated as functional precursor of the CAD process in the
presence of cardiovascular risk factors, its improvement or
even normalization after life-style intervention and/or preven-
tive medical care, for example by statin and/or ACE inhibitors,
is likely to manifest in an improved cardiovascular outcome, it
still remains to be tested in large-scale clinical studies.

Summary

Over the last decades, scintigraphy myocardial perfusion im-
aging with SPECT or PET has been critical in clinical practice
for the detection of flow-limiting epicardial CAD lesions and
risk stratification of patients with suspected or known CAD.
The ability of cardiac PET not only to assess myocardial perfu-
sion but concurrently also regional MBF in ml/g/min at rest
and during pharmacologically-induced hyperemia enables the
identification of early functional changes of the coronary cir-
culation, commonly seen as functional precursor of the CAD
process, monitoring treatment response to lifestyle changes
and preventive medical care, and it yields important prognostic
information in subclinical and clinically-manifest CAD. Add-
ing the flow quantification with PET may facilitate the identifi-
cation of diffuse ischemia owing to advances lesions of the left
main stem and/or multivessel CAD or vice versa to identify the
flow-limiting effect of single lesions in multivessel CAD. With
the increasing clinical applications of cardiac PET perfusion
and flow quantification, however, precision cardiovascular
medicine with individualized and image-guided cardiovascu-
lar treatment approach is likely to ensue.
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