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Abstract Conventional scintigraphic myocardial perfusion
imaging with SPECT/CT or with PET/CT has evolved as an
important clinical tool for the diagnostic assessment of flow-
limiting epicardial lesions and risk stratification of patients with
suspected CAD. By determining the relative distribution of
radiotracer-uptake in the left-ventricular (LV) myocardium dur-
ing stress, the presence of flow-limiting CAD lesions can be
identified. While this approach successfully identifies epicardial
coronary artery lesions, the presence of subclinical and non-
obstructive CAD may go undetected. In this direction, the
concurrent ability of PET/CT to assess absolute myocardial
blood flow (MBF) in ml/g/min, rather that relative regional
distribution of radiotracer-uptake, and myocardial flow reserve
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(MFR), expands the scope of conventional myocardial perfu-
sion imaging from the identification of more advanced and
flow-limiting epicardial lesions to (1) subclinical CAD, (2) an
improved characterization of the extent and severity of CAD
burden, and (3) the discovery of “balanced” reduction in myo-
cardial blood flow as a consequence of 3 vessel CAD. Concur-
rent to the PET data, the CT component of the hybrid PET/CT
allows the assessment of coronary artery calcification as an
indirect surrogate for CAD burden, without contrast, or with
contrast angiography to directly denote coronary stenosis and/
or plaque morphology with CT. Hybrid PET/CT system, there-
fore, has the potential to not only identify and characterize flow-
limiting epicardial lesions but also subclinical stages of func-
tional and/or structural stages of CAD. Whether the application
of PET/CT for an optimal assessment of coronary pathology, its
downstream effects on myocardial perfusion, and coronary
circulatory function will in effect lead to changes in clinical
decision-making process, investiture in preventive health care,
and improved long-term outcome, awaits scientific verification.

Keywords Blood flow - Circulation - Coronary artery
disease - Coronary circulatory function - Cardiovascular
risk - Endothelium - PET - PET/CT - Prognosis -
Vasoreactivity - Myocardial flow reserve - Atherosclerosis -
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Introduction

Despite the increasing use of non-invasive, contrast CT coronary
angiography (CTCA) to denote coronary morphology, invasive
coronary angiography still remains the ‘gold standard’ for eval-
uation of the luminal diameter of the epicardial artery and, thus,
the severity and extent of obstructive CAD [1]. Previous
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landmark studies of Gould et al. [2-4] have demonstrated that
resting coronary flow virtually remains normal unless the epi-
cardial luminal diameter is decreased by 90 %, which can be
related to a compensatory vasodilation of the downstream
arteriolar resistance vessels in order to balance an increase in
epicardial vascular resistance caused by an obstructive CAD.
As to pharmacologically-induced hyperemic flow increases,
an inverse relationship has been reported between increasing
severity of epicardial coronary artery lesions with >50 %
narrowing and the reduction of stress-induced regional coro-
nary blood flow, myocardial flow reserve (MFR), and pre-
sumably stress-induced regional myocardial perfusion defect
[5-9]. However, an increase in epicardial vascular resistance
during hyperemic flows due to an advanced, flow-limiting
lesion can also be accompanied by collateral flow supply
and a relatively preserved MFR [10e¢]. For these reasons,
there is no simple relationship between the morphologic se-
verity of coronary artery lesions and physiologic stress-
induced myocardial perfusion defects [5-9, 11-14], and a
marked variability may exist in individual patients [5, 7].

Clinical decision-making process with regards to coronary
interventional procedures to restore coronary blood flow is
commonly based on the findings of stress-induced myocardial
ischemia. In a subset of patients, however, with equivocal
myocardial perfusion results or suspicion for diffuse ischemia
owing to flow-limiting effects of coronary 3 vessel disease or
main stem lesion adding non-invasive CT-coronary angiogra-
phy to denote coronary morphology may be indicated [15].
This review aims to summarize contributions of PET/CT
systems in the diagnosis of clinically-manifest and subclinical
stages of the CAD, its diagnostic and prognostic implications,
its potential influence on clinical decision-making process,
and investiture in preventive health care.

Clinical Role of Perfusion and Flow Quantification
with PET/CT

The current practice of interpreting nuclear myocardial per-
fusion studies entails an assessment of the relative left
ventricular myocardial distribution of radiotracer-uptake
during stress and at rest [16]. Regional reductions in radio-
tracer uptake during stress signify the flow-limiting conse-
quences of epicardial coronary artery lesions. Conversely,
myocardial regions with the highest radiotracer concentra-
tion (termed normal reference region) are presumably sub-
tended by normal or non-flow limiting coronary arteries. In
patients with multivessel CAD, such assessment of regional
differences of the radiotracer-uptake commonly identify the
“culprit” or most severe coronary artery luminal narrowing
but not necessarily all flow-limiting coronary artery lesions.
Such a limitation may be overcome by the concurrent ability
of PET/CT to assess regional myocardial blood flow (MBF)
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in absolute terms (ml/g/min) during stress and rest, which
allows to calculate the myocardial flow reserve (MFR) in
each vascular territory rather than rely and/or assume that
the normal reference region is supplied by a non-flow lim-
iting coronary artery [10ee, 17]. This approach widens the
scope of conventional myocardial perfusion imaging from
the sole identification of “culprit” or most severe CAD
lesions to other flow-limiting lesions of intermediate range
in multivessel disease. Accordingly, adding the non-
invasive assessment of absolute MBF and MFR with PET/
CT may improve the identification of the extent and severity
of CAD burden, including “balanced” reduction of MBF
that may often go undetected with the relative radiotracer
uptake approach [10e¢]. The CT component of the hybrid
PET/CT provides additional information on coronary artery
calcification as an indirect surrogate for CAD burden. When
contrast is added for CT angiography, coronary artery ste-
nosis and/or plaque morphology may be directly visualized.
Hybrid PET/CT system, therefore, allows the identification
and characterization of flow-limiting effects of advanced
epicardial lesions in clinically manifest CAD and subclini-
cal, functional, and/or structural stages of the CAD process,
which have important prognostic implications [10ee, 18ee].
The visual or semiquantitative assessment of stress-
induced regional myocardial perfusion defects with PET or
PET/CT allows a precise identification of flow-limiting epi-
cardial lesions [10ee, 18, 19, 20]. When compared with
conventional SPECT imaging, either with 2°' Thallium or
99mTc-labeled perfusion tracers, the higher spatial and contrast
resolution of PET, with either '*N-ammonia or *’Rubidium,
may account for a higher sensitivity in the identification of
flow-limiting lesions [9, 21]. In addition, the photon attenua-
tion—free images of PET imaging may explain a relative
increase in specificity in the detection of advanced CAD.
These advantages of PET perfusion imaging lead to a higher
image quality, and a more confident and accurate interpreta-
tion of the stress-rest myocardial perfusion studies (Table 1)
[21]. Consequently, '*N-ammonia or **rubidium PET are now
increasingly utilized in clinical practice for the detection of the
CAD process [18¢¢]. In a highly selected study population
with an intermediate-to-high likelihood of CAD, the mean
sensitivity and specificity of PET myocardial perfusion imag-
ing for identifying >50 % or >70 % diameter stenosis on
invasive coronary angiographic evaluation is reported to be
in 92 % and 90 %, respectively [10ee, 18, 19, 22]. Since
PET/CT perfusion studies are commonly free of photon-
related artifacts, its use is well suited for the identification of
CAD in women with breast attenuation artifact, and in indi-
viduals with large body habitus [19]. In these patient popula-
tion the reported sensitivity and specificity of ** Rubidium
PET/CT for the detection of >70 % diameter stenosis, as
determined with invasive coronary angiography, was 93 %
and 83 %, respectively, with a diagnostic accuracy of 87 %.
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Table 1 Methodological considerations between PET and SPECT

PET

SPECT

Spatial resolution: 4-7 mm

Contrast resolution: (First Pass extraction fraction)

N-13 ammonia ~80%

10—-12 mm
99 mTc-labeled tracers ~60%

82-Rubidium =70%

Energy levels: 511 keV
Attenuation correction:

Hot spot artifacts: (liver or bowel uptake) Rare

Robust and precise («photon attenuation freey)

140 keV
Vague and inhomogeneous

Frequent

High spatial and contrast resolution in concert with photon-attenuation free images of PET compared with conventional SPECT leads to a higher
image quality associated with higher sensitivity and specificity for PET. Furthermore, the methodological advantages of PET perfusion images also

result in a higher interpretative confidence and inter-reader agreement

Added Value of CT-Coronary Angiography (CTA)
to Scintigraphic Myocardial Perfusion Scintigraphy

In the last decade, CTA has evolved as reliable tool to
identify and characterize coronary morphology, which may
be used clinically,

(1) to clarify equivocal myocardial perfusion imaging
results,

(2) unmasking severe 3-vessel CAD or main stem lesions
in patients with normal perfusion imaging but clinical-
ly suspicion for severe CAD, and

(3) excluding morphologically significant CAD in patients
with low-to-intermediate likelihood for the presence of
CAD.

As mentioned before, there may be equivocal perfusion
imaging results with PET/CT or more pronounced with
SPECT/CT in a subset of patients [21], which may not allow
one to draw definite conclusion on the presence or absence
of flow-limiting epicardial lesions. In these cases, adding
CTA may be indicated to verify whether an equivocal stress-
induced regional perfusion defect on myocardial scinti-
graphic images is indeed due to a coronary stenosis >50 %
diameter, or whether it rather reflects an artifact or false
positive finding. Adding CTA to myocardial perfusion scin-
tigraphy in these cases, therefore, can justify or avoid un-
necessary invasive coronary angiography. Another scenario
where CTA could be added to myocardial perfusion scintig-
raphy is the clinical suspicion for the presence of “diffuse”
or balanced ischemia due to severe 3-vessel coronary dis-
ease or main stem lesion. These patients commonly present
with anginal symptoms and ST-segment depression during
stress testing but having normal or homogeneous radiotracer
distribution on stress-rest myocardial perfusion scintigra-
phy. Under such circumstances, non-invasive CTA should
be added in order to unmask these high risk patients with
severe 3-vessel CAD or left main disease [10e¢]. The latter,
however, even if PET-determined regional MFR is in all 3
major coronary territories reduced, should be preferentially

confirmed by a peak stress transient ischemic cavity
dilation of the left ventricle during dobutamine echocar-
diography or magnetic resonance imaging (MRI). Finally,
CTA may be performed instead of stress-rest myocardial
perfusion imaging in patients with low-to-intermediate
likelihood for the presence of CAD. Here, CTA is pri-
marily performed aiming to exclude CAD or coronary
lesions >50 % stenosis [23]. Such a diagnostic approach
has been demonstrated more recently not to increase the
rate of other cardiovascular imaging modalities while
being cost effective [24, 25].

Relation Between Morphologic Coronary Artery Lesion
and Physiologic Myocardial Blood Flow

Despite the relatively high diagnostic accuracy of scinti-
graphic myocardial perfusion imaging in the detection of
focal, flow-limiting CAD lesions, no simple relationship
exists between the severity of epicardial lesions and stress-
induced regional perfusion defects [5—8]. For example,
stress-induced regional myocardial perfusion defects, when
assessed with 2°'Thallium SPECT, were seen in 33 % of
regions with 60 %—70 % stenosis, 54 % of regions with
70 %—80 % stenosis, and 86 % of regions with >80 %
stenosis [26]. Although severity of stenosis was determined
from non-invasive CTCA, which is certainly apt to some
criticism [1, 27], this investigation emphasizes the complex-
ity between focal CAD stenosis of >50 % and the
corresponding myocardial perfusion during hyperemic flow
increases [26]. Apart from an adaptive vasodilation of the
coronary arteriolar vessels to balance increases in epicardial
resistance due to significant epicardial narrowing of the
arterial lumen [28e, 29e¢], other possible explanations for
the observed discrepancy between CAD lesions and stress-
induced myocardial perfusion defects include; (1) a poten-
tial overestimation of the severity of coronary artery stenosis
by coronary angiography, and more so with non-invasive
CTCA [27, 30], and (2) the absence of concurrent MBF
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quantification and determination of regional MFR with PET
[10ee, 18+]. Although with increasing severity of epicardial
luminal narrowing, starting from >50 % diameter stenosis, a
corresponding progressive decrease in MFR is observed,
there is a high variability of MFR amongst individuals, in
particular for epicardial lesions ranging between 50 %—80 %
diameter stenosis [5, 7, 8]. The underlying mechanism of
this variability in MFR may be seen in the individual capac-
ity of the coronary arteriolar vessels to vasodilate in re-
sponse to different vasomotor stimuli or cardiovascular
risk factors related microvascular dysfunction [10ee]. This
also provides the rationale that a relatively preserved MFR
may represent a compensatory response for CAD-induced
epicardial resistance and, thereby, circumvent the manifes-
tation of a stress-induced perfusion defect even in the pres-
ence of intermediate-to-high grade epicardial coronary
artery stenosis [26]. Hence, medical therapy that improves
coronary circulatory function (eg, HMG-CoA reductase or
angiotensin-converting enzyme inhibitors) may improve or
even prevent the manifestation of stress-induced myocardial
ischemia [31, 32], as was observed in the sub-analysis of the
recently performed COURAGE (Clinical Outcomes Utiliz-
ing Revascularization and Aggressive Drug Evaluation) trial
[33¢]. The induction of collaterals by hypoxic stimulus
represents yet another compensatory factor that may con-
tribute in the amelioration of stress-induced myocardial
ischemia [34].

Quantification of Myocardial Blood Flow Reserve

Recent studies have shown that the quantification of region-
al MFRs with PET may lead to an improved characterization
of the extent and severity of CAD burden beyond the visual
and/or semiquantitative assessment of relative radiotracer
uptake (Fig. 1) [10ee, 35¢]. MFR may identify “balanced”
reduction of MBF in all vascular territories, including the so
called “normal” reference region. In a previous clinical
investigation where intracoronary Doppler ultrasound find-
ings were compared with both *°'TI SPECT imaging and
coronary angiography, Doppler-derived coronary flow re-
serve of <1.7 during adenosine hyperemia accurately pre-
dicted the presence of exercise-induced ischemia on stress
201T] imaging in regions with intermediate coronary stenosis
(40 % to 70 %) while the coronary angiogram alone did not
[36]. This magnitude of a diminished coronary flow reserve
during pharmacologic-induced hyperemic flows in territo-
ries of scintigraphic perfusion defects is similar to other
investigations in this field [36—39]. These observations from
invasive Doppler recordings during cineangiography in
poststenotic and nonstenotic reference coronary arteries pro-
vide credence to the concept of noninvasive assessment of
MFR with PET to characterize the downstream functional
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consequences of anatomically mild-to-intermediate CAD
lesions by CTCA.

Variability in Published Threshold Values for Absolute
MBF and MFR

Several PET flow studies [40] have strived to define optimal
threshold values of hyperemic MBFs or MFR for the iden-
tification of flow-limiting CAD lesions. The estimation of a
flow threshold value of hyperemic MBFs or MFR with PET
flow studies in concert with tracer kinetic modeling, how-
ever, is dependent on the methodological approach and
radiotracer applied [10+e, 18+]. For example, using '*N-
ammonia PET, the diagnostic value of hyperemic MBF,
MFR, and the relative radiotracer uptake for the detection
of >70 % diameter coronary artery stenosis was highest with
a hyperemic adenosine-stimulated MBF threshold of
<1.85 ml/g/min, while most accurate with a MFR <2.0
[41]. Conversely, using '’O-water, a hyperemic MBF
threshold of 2.5 ml/g/min was reported to be most accurate
for the detection of >50 % diameter coronary artery stenosis
[42]. In a recent study comparing SPECT with 'O-water
PET myocardial perfusion studies [43], vascular territories
subtended by >50 % diameter stenosis that exhibited normal
radiotracer uptake on SPECT showed abnormally reduced
MFR on PET with a mean MFR value of 2.2. Others have
shown a nonlinear decrease in hyperemic **Rubidium PET
MBFs with increasing severity of CAD lesions [44]. Inter-
estingly, it appeared that by applying MFR threshold levels
of 1.0 and 1.7, epicardial lesions between 70 %—80 % could
be differentiated from those with 50 %—69 % stenosis.
Nevertheless, it is important to point out that coronary
microvascular dysfunction in patients with or without focal
flow-limiting epicardial coronary artery lesions and cardio-
vascular risk factors may also account for reductions in
hyperemic MBFs [10ee, 45, 46, 47¢]. Another problem for
the detection of flow-limiting lesions using the MFR may
arise from a grey zone, which may not allow a definite
identification of down-stream effects of focal epicardial
lesions on hyperemic coronary flows [10es, 26]. This is
particularly true for epicardial lesions >50 %—70 % and a
PET-determined MFR between 2.0-2.5 [5, 7, 10+¢]. Conse-
quently, an abnormally reduced MFR in myocardial territo-
ries subtended by >50 %—70 % diameters stenosis but
without stress-induced scintigraphic myocardial perfusion
defects may be related to downstream, fluid dynamic effects
of the CAD lesion and/or a dysfunction of the coronary
arteriolar vessels. The exact contributions of an epicardial
lesions and coronary arteriolar dysfunction to the reduced
MFR remains uncertain, while with increasing stenosis se-
verity it can be assumed to be progressively shifted to the
increase in epicardial resistance (Fig. 2) [40]. Overall, the
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Fig. 1 "*N-ammonia PET in a
the evaluation of CAD. A,
Myocardial perfusion study
with '*N-ammonia PET/CT
during dipyridamole
stimulation and at rest in a 61-
year-old patient with arterial Rest
hypertension and type 2 diabe-
tes mellitus. On stress images,
there is a moderately decreased
perfusion defect involving the
mid-to-distal anterior, antero-
septal, and apical regions of the
left ventricle, which becomes
reversible on the rest images. Rest
Uptake is preserved in the lat-
eral and inferior regions. B,
Regional myocardial blood
flow quantification (MBF) and
myocardial flow reserve (MFR)
calculation with '*N-ammonia
PET/CT and tracer kinetic
modeling. The summarized
quantitative data suggest a dis-
tinct impairment of the MFR
not only in the (LAD) territory, b
but also in the RCA and LCX

vascular territories (regional

MFR <2.0). C, Invasive coro-

Stress

Stress

Short Axis

PET/CT and MBF quantification with
radiotracer N-13 Ammonia

nary angiography in this patient

demonstrated a proximal occlu- Coronary Rest MBF Stress MBF MFR
sion of the LAD, 80 % stenosis Territory (ml/g/min) (ml/g/min) (Stress / Rest)
in the proximal segments of the

LCX (left panel), and sequential

50 % to 60 % lesions in the

RCA (right panel). LAD 1.09 1.31 1.20
Corresponding regional MFRs

are indicated for each vascular LCx 1.10 1.55 1.41
territory. (Reproduced with

permission from Schindler TH, RCA 1.22 1.65 1.35

Schelbert HR, Quercioli A, et

al. Cardiac PET imaging for the
detection and monitoring of
coronary artery disease and c
microvascular health. JACC
Cardiovasc Imaging.

3:623-40) [10++] MBF, myo-
cardial blood flow; MFR, myo-
cardial flow reserve; LAD, left
anterior descending artery;
LCx, left circumflex artery;
RCA, right coronary artery

LAD:100% ~

additional non-invasive evaluation of regional MBFs and
MEFR to the conventional visual analysis of standard myo-
cardial stress-rest PET radiotracer uptake images leads to an

Left Coronary Tree

Coronary Angiography Unmasking
Multivessel Disease

o
MFR: 1AL

rMFR: 1.20

rMFR: 1.35

Right Coronary Tree

increase in the sensitivity for detecting hemodynamically
significant multivessel disease, but at the expense of de-
creased specificity [10ee].
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Fig. 2 Algorithm for the
integration of PET perfusion

| Stress-rest Myocardial Perfusion PET |

images and MFR. Algorithm
for the integration of PET

I

myocardial perfusion imaging
and absolute myocardial blood

| Normal Perfusion ]

| Abnormal Perfusion

flow (MBF) and flow reserve

(MFR) quantification in indi- *

!

viduals with suspected or an
intermediate risk for developing

| MBF Quantification |

Coronary Angiography:

CAD for clinical decision ¥ 'l‘
making towards revasculariza-
& MFR >2.5 MFR 2.0-2.5

tion or preventive medical

Epicardial Lesions 50-70% Stenosis

N
MFR <2.0 +

therapy is shown. (Reproduced
with permission from Schindler

| Coronary Circulatory Function | |

MBF Quantification |

TH, Schelbert HR, Quercioli A,
et al. Cardiac PET imaging for l JV

the detection and monitoring of Normal Borderline
coronary artery disease and

microvascular health. JACC I I

| | | |

Abnormal MFR >2.5 MFR2.0-25 MFR <2.0

Cardiovasc Imaging.

I Preventive Medical Intervention |

| Revascularization |

3:623-40) [10++]

| !

- +

Incremental Prognostic Value of Absolute MBF
and MFR in Patients with CAD

Emerging data suggest incremental prognostic value of ab-
solute MBF and MFR in patients with suspected CAD to
relative myocardial perfusion assessment with PET (Fig. 3)
[48ee, 49es, 50, 51, 52¢]. Using '*N-ammonia PET, an
abnormal global MFR <2.0 was found to be independently
associated with a higher annual event rate for major adverse
cardiac events and cardiac death over 3 years compared with
normal MFR [49e¢]. In subjects with abnormal perfusion,
MFR remained predictive throughout the 10-year follow-up.
When both stress myocardial perfusion and MFR were
normal, the “warranty” period of event-free survival was
about 3 years. Subsequent papers from different institutions
confirmed the incremental prognostic value of MFR to
visual assessment of regional radiotracer uptake using **Ru-
bidium PET [49e, 50, 52¢]. Globally reduced MFR was
reported to be an independent predictor of 3-vessel CAD
and, therefore, provided added value to relative myocardial
perfusion imaging [35¢, 49+¢]. Notably, a preserved MFR
rendered the presence of 3-vessel CAD very unlikely, while
a continuous reduction in MFR predicted an increasing
probability of 3 vessel disease [35¢]. Interestingly, in the
latter study, 40 % of patients with 3 vessel CAD did not
present high risk findings such as stress-induced ST-
segment depression, transient ischemic dilation, and LVEF
reserve <0 %. In these patients, the identification of 3-vessel
CAD may certainly identify some flow-limiting effects of
epicardial lesions on hyperemic flow, while these CAD
lesions may not have yet induced a more severe ischemic
state associated with myocardial stunning leading to
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transient ischemic dilation or a decrease in stress-induced
left-ventricular function. Among diabetic patients without
CAD, those with impaired MFR experienced higher cardiac
deaths that were comparable with patients with prior CAD
while among diabetic patients with preserved MFR cardiac

1.0 +
%AMBF240%

0.9 4

0.8 4

1

Log rank 7.42
p=0.024

0.7 4

%AMBF=0%

0.6 -

Event Free Survival

0.5 1

0.4 4

T T T T T
0 20 40 60 80

Follow-up (months)

Fig. 3 PET-Determined Coronary Endothelial Vasoreactivity and
Prognosis. Kaplan-Meier analyses in patients with cardiovascular risk
factors and normal coronary angiograms undergoing assessment of
myocardial blood flow (MBF) response to cold pressor test (CPT) with
positron emission tomography (PET). Impairment of PET-measured
and endothelium-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; normal (%AMBF >40 %), impaired
(%AMBF>0 % and <40 %), and decreased (%AMBF <0 %). (Repro-
duced with permission from Schindler TH, Nitzsche EU, Schelbert
HR, et al. Positron emission tomography-measured abnormal
responses of myocardial blood flow to sympathetic stimulation are
associated with the risk of developing cardiovascular events. ] Am
Coll Cardiol. 2005;45:1505-12) [51¢]
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mortality rates were comparable with non-diabetics [52¢]. It
is important to point out, however, that a marked reduction
in PET/CT-determined MFR can also reflect a severe dys-
function of the coronary microcirculation in patients without
significant epicardial lesions but with cardiovascular risk
factors [10e, 46, 47°]. Reductions in regional MFRs, there-
fore, should always be interpreted with underlying coronary
anatomy and/or cardiovascular risk profile (Fig. 2) [10ee].

In patients with advanced ischemic cardiomyopathy, who
were not amenable to coronary revascularization, the inci-
dence of future cardiovascular events increased with the
severity of abnormally-reduced MFR [53]. These observa-
tions give rise to a new concept that, apart from restoration
of coronary blood flow with PCI or CABG in patients with
hemodynamically obstructive CAD lesions, an improve-
ment or even normalization of coronary circulatory dysfunc-
tion with preventive medical care should be strived for in
order to further improve the cardiovascular outcome in these
patients.

The Potential Value of LVEF Reserve for the Detection
of Multivessel CAD

Previous studies have reported that the additional evaluation
of post-stress LV function on gated SPECT may improve the
detection of balanced myocardial ischemia by up to 25 %
[54]. Since pharmacologic vasodilation or dobutamine stim-
ulation during gated PET affords the unique opportunity for
the evaluation of LV function at peak hyperemic stress
rather than during post-stress conditions, gated PET myo-
cardial perfusions studies may markedly improve the detec-
tion of flow-limiting effects of severe left main coronary
artery stenosis or advanced 3-vessel CAD by unmasking the
effects of stress-induced global ischemia on global LV func-
tion. When vasodilator LVEF reserve was assessed among
patients undergoing clinically indicated gated **Rubidium
PET/CT at rest and during pharmacologic vasodilation,
LVEF reserve >5 % yielded a high negative predictive value
of 97 % to exclude 3-vessel disease but a low positive
predictive value of only 41 % [55]. Beyond the low positive
predictive value, it is important to point out that only 68 of
510 patients had coronary angiography, and of whom only
17 had either severe left main or 3-vessel CAD. This repre-
sents a highly selected subset of patients who presumably
were referred to invasive coronary angiography on the basis
of an abnormal PET myocardial perfusion and/or CT angi-
ography study. Moreover, the addition of an abnormal LVEF
reserve to myocardial perfusion defects did not increase the
overall sensitivity of perfusion imaging (92 % vs 94 %)
[55]. Hence, it would be important to test whether the
findings from this observational study holds true in a «pro-
spectively» conducted study to determine the true

incremental value of abnormal LVEF reserve to myocardial
perfusion defects and MFR.

Identification of Subclinical CAD

PET quantification of MBF responses to various stimuli and
at rest affords the non-invasive assessment and characteriza-
tion of the coronary circulatory capacity, which carries im-
portant diagnostic and prognostic information in
asymptomatic cardiovascular risk individuals [56—60]. Such
abnormalities of coronary circulatory function have been
appreciated as a functional precursor of the CAD process
[61, 62], which may also exist in the absence of structural
alterations of the arterial wall as evaluated by IVUS [63] or
with CTCA [46]. PET-determined non-invasive probes for
coronary circulatory function include measurements of flow
responses to adenosine or dipyridamole, as predominantly
endothelial-independent, or to cold pressor testing, as pre-
dominantly endothelial-dependent, stimulation of coronary
circulatory function [64]. Although MBF changes to phar-
macologic vasodilation of the coronary arteriolar vessels
with adenosine or dipyridamole can be seen as predomi-
nantly vascular smooth muscle dependent, a flow-related or
shear-sensitive and endothelium-mediated dilation of the
up-stream vessels may exist [65, 66]. Indeed, inhibition of
endogenous NO synthesis by NG-nitro-L-arginine methyl
ester (L-NAME) has been shown to attenuate myocardial
flow increases during adenosine-induced hyperemia by
about 20 %-25%, indicating that coronary vasodilation by
adenosine is indeed partly endothelium dependent [65, 66].
Because of this, hyperemic flow response to pharmacologic
vasodilation may also signify the “integrated coronary cir-
culatory function” [47¢, 64]. For example, in asymptomatic
overweight individuals with normal stress-rest myocardial
perfusion PET images, concurrent MFR evaluation has
unmasked a reduced endothelium-dependent coronary vaso-
dilator capacity in response to sympathetic stimulation with
cold pressor testing (CPT), while the integrated coronary
vascular response to pharmacologic vasodilation was still
preserved [67]. In obese individuals again, not only
endothelium-mediated flow responses to CPT but also
pharmacologically-induced hyperemic flows were abnor-
mally reduced [67]. These observations emphasize the no-
tion that initial stages of the vascular injury may affect
predominantly the vascular endothelium, whereas more ad-
vanced stages of coronary risk factor states, such as
increases in oxidative stress burden, may also cause alter-
ations in smooth muscle cell vasodilator function [47, 68].
Similarly, in individuals with increasing severity of insulin
resistance and carbohydrate intolerance, a progressive wors-
ening of coronary endothelium function may manifest,
while the impairment of the integrated function of the
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coronary circulation or the total vasodilator capacity can be
appreciated in type 2 diabetes mellitus [69]. This is also in
agreement with previously reported inverse association be-
tween elevations in plasma glucose levels and PET-
determined coronary vasodilator capacity in type 2 diabetic
patients [70], emphasizing direct adverse effects of elevated
plasma glucose levels on coronary circulatory function in
diabetes mellitus. Such functional abnormalities of the cor-
onary circulation as determined with PET, reflecting an
index of the overall stress burden imposed by various car-
diovascular risk factors on the arterial wall and the genetic
susceptibility of the vascular endothelium, also provide
important prognostic information as numerous invasive
and non-invasive flow studies have demonstrated [48ee,
49 51¢]. Not surprisingly, specific assessment of coronary
endothelial dysfunction in cardiovascular risk individuals
but with normal angiogram demonstrated that the incidence
of future cardiovascular events increased with the severity
of abnormally-reduced and endothelium-related flow
responses to CPT (Fig. 3) [S1e].

Conclusions

Cardiac myocardial perfusion PET/CT affords the non-
invasive evaluation and quantification of MBF and
myocardial flow reserve (MFR), which extends the
scope of conventional myocardial perfusion imaging
from identification of advanced and flow-limiting epi-
cardial coronary artery lesions to early functional stages
of the atherosclerotic process. This approach enables an
improved identification characterization of the extent
and severity of end-stage CAD burden, the detection
of “balanced” reduction of MFR due to main stem
lesion, or multiple vessel disease, and the identification
of subclinical CAD. Whether the application of PET/CT
for an optimal assessment of coronary pathology, its
downstream effects on myocardial perfusion and coro-
nary circulatory function will in effect lead to changes
in clinical decision-making process, investiture in pre-
ventive health care, and improved long-term outcome,
awaits scientific verification.
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