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In recent years, positron emission tomography/computed tomography (PET/CT)-determined
myocardial perfusion in conjunction with myocardial blood flow (MBF) quantification in
mL-g 'min~" has emerged from mere research application to initial clinical use in the
detection and characterization of the coronary artery disease (CAD) process. The concurrent
evaluation of MBF during vasomotor stress and at rest with the resulting myocardial flow
reserve (MFR = MBF during stress/MBF at rest) expands the scope of conventional myocar-
dial perfusion imaging not only to the detection of the most advanced and culprit CAD, as
evidenced by the stress-related regional myocardial perfusion defect, but also to the less severe
or intermediate stenosis in patients with multivessel CAD. Due to the non-specific nature of the
hyperemic MBF and MFR, the interpretation of hyperemic flow increases with PET/CT
necessitates an appropriate placement in the context with microvascular function, wall motion
analysis, and eventually underlying coronary morphology in CAD patients. This review aims to
provide a comprehensive overview of various diagnostic scenarios of PET/CT-determined
myocardial perfusion and flow quantification in the detection and characterization of clinically
manifest CAD.
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INTRODUCTION

In recent years, positron emission tomography (PET)-
determined myocardial perfusion in conjunction with
myocardial blood flow (MBF) quantification in
mL-g~"-min~" has translated from research application
to initial clinical use in the detection and characterization
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Table 1. Scope of PET/CT-determined hyperemic MBF and MFR

. CAD detection in advanced obesity*

g b wWN —

. Identification and characterization of subclinical CAD
. Incremental predictive value on future cardiovascular outcome
. Assessment of microvascular disease in symptomatic patients without or with non-obstructive CAD*

. Characterization of the extent and severity of CAD burden in multivessel disease *

6. Detection of diffuse ischemia owing to significant left main stem and/or three-vessel CAD*'f

CAD, coronary artery disease; CT, computed tomography; MBF, myocardial blood flow; MFR, myocardial flow reserve;

PET, positron emission tomography
*Common clinical indications

TEffects of diffuse myocardial ischemia should be confirmed by a peak stress transient cavity dilation of the left ventricle

during maximal vasomotor stress on gated PET images

of the coronary artery disease process (CAD).'® Quantifi-
cation of MBF at rest and during pharmacologically
induced hyperemia with PET or PET/CT affords the non-
invasive identification of coronary microvascular dys-
function as early functional and subclinical stage of the
CAD process (Table 1), which carries important diagnos-
tic and prognostic information.”'* The assessment of
microvascular dysfunction also proofs helpful to identify
the potential source of angina symptoms in patients with
syndrome X, arterial hypertension, diabetes mellitus, or
different phenotypes of hypertrophic obstructive car-
diomyopathy.'*'® In these patients, lifestyle changes and
specific medical treatment such as ACE-I, ARB, statin,
anti-diabetic, medication and/or ranolazine may be
installed, and response to treatment can be verified with
PET/CT flow quantification.'”'**?

In particular, the quantification of hyperemic MBF
and myocardial flow reserve (MFR = MBF during stress/
MBF at rest) also expands the scope of conventional
myocardial perfusion imaging from the detection of the
most advanced and culprit CAD, as evidenced by the
stress-related regional myocardial perfusion defect, to the
less severe but intermediate stenosis in patients with
multivessel disease (Table 1)."*%3** Yet, in view of the
relatively low specificity of the hyperemic MBF and/or
MEFR,*** the interpretation of stress-related MBFs with
PET/CT needs to be placed in the context with microvas-
cular (dys)function, wall motion analysis, and eventually
underlying coronary morphology in CAD patients.' >

This review aims to provide a comprehensive overview
of various diagnostic scenarios of PET/CT-determined
myocardial perfusion and flow quantification in the detec-
tion and characterization of clinically manifest CAD.

INTERRELATION BETWEEN EPICARDIAL
STENOSIS AND FLOW

With the introduction of PET-determined myocar-
dial perfusion in conjunction with MBFs in clinical

practice, an appreciation of coronary pathophysiology
has regained a central role in the diagnostic and
decision-making process for treatment options in CAD
patients. Seminal investigations from Gould et al*’~*°
followed by other investigators®'** have untraveled the
interrelation between structural and functional determi-
nants of CAD. As it was observed, pharmacologically
stimulated hyperemic MBFs commonly decreased in the
presence of a coronary narrowing exceeding 50% of
luminal diameter (Figure 1).>'* Although there is a
well-known inverse relationship between severity of
CAD lesions and MFR, individual hyperemic flows may
vary substantially due to different degree of adaptive
vasodilator response of the coronary arteriolar vessels to
balance CAD lesion-induced increase in epicardial
resistance and/or the presence of collateral flow.'>*>-°
These observations also accord with a more recent
comparative study between CT-determined luminal
epicardial stenosis and stress-induced regional myocar-
dial perfusion defects as determined with 2°'Thallium
SPECT.?’ Stress-related regional myocardial perfusion
defects 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. Thus, even in
the range of epicardial lesions between 70% and 80% in
about half of these lesions, no regional perfusion defects
were noted. The ultimate effect of an epicardial stenosis
is stringent on the extent to which the increase in
epicardial resistance to hyperemic flows caused by the
stenosis is indeed balanced by the capacity or ‘‘reserve’’
of the arteriolar vessels to dilate.””* The coronary
vasodilator capacity may be appreciated as an auto-
regulatory system, e.g., the ability of the coronary
circulation to maintain the flow at a constant level
despite a decrease in coronary pressure for a given
myocardial metabolic demand. The flow reserve, how-
ever, decreases as coronary pressure declines and
becomes exhausted when coronary pressure attains a
level at which auto-regulatory vasodilation is maximal
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Figure 1. MBF and coronary flow reserve in relation tob
epicardial artery diameter stenosis (%). (A) No relationship
between myocardial blood flow (MBF) and percentage coro-
nary artery stenosis at rest (greem circles) is observed.
Conversely, there is an inverse relationship between hyperemic
MBFs and percentage of focal epicardial narrowing during
pharmacologic vasodilation (red circles). (B) As described for
hyperemic MBFs, myocardial (or coronary) flow reserve
(MFR = hyperemic MBF/resting MBF) displays a comparable
inverse relationship with percentage coronary artery stenosis.>!
When looking at stenoses of intermediate severity (40% to
70% diameter stenosis), however, a relatively high variability
in MFR values is observed. Importantly, reductions in
hyperemic MBF or MFR in individuals without epicardial
coronary artery stenoses may be similar to those in myocardial
regions subtended to epicardial lesions >50% diameter
stenosis. (C) MFR commonly declines when percent diameter
stenosis exceeds >50% as assessed with quantitative coronary
angiography (correlation coefficient r = 0.77, root mean
square error = 0.37, P < .00001)*? (reproduced with permis-
sion from reference’).

(Figure 2).7%2152341 " Thus, relatively maintained
regional hyperemic MBF or MFR may indeed counter-
balance the manifestation of stress-induced myocardial
ischemia that again explains the relatively low preva-
lence of only about 30% of myocardial ischemia in the
presence of epicardial narrowing >50%.** In addition,
the presence of sufficient flow owing to the hypoxic
stimulus of the disbalance between myocardial oxygen
demand and supply may contribute to the prevention of
clinically manifest ischemic heart disease.'”>4%*!
Conceptually, as HMG-CoA reductase or angiotensin-
converting enzyme inhibitors have been demonstrated to
improve the coronary vasodilator capacity,'***° they
may prevent or even resolve myocardial ischemia in
CAD patients with secondary preventive medical care.
This contention may conform to clinical findings of a
subanalysis of the clinical outcomes utilizing revascu-
larization and aggressive drug evaluation (COURAGE)
trial.*® Medical treatment of cardiovascular risk factors
with HMG-CoA reductase or ACE inhibitors in patients
with SPECT-determined regional myocardial perfusion
defects over a 1-year follow-up did indeed lead to a
significant reduction in ischemic burden associated with
a favorable clinical outcome.*®

NON-SPECIFICITY OF HYPEREMIC MBF

Although PET-determined hyperemic MBFs and
MFR advance the identification and characterization of
multivessel CAD, the relatively low specificity of abnor-
mal hyperemic flows per se does not afford the
discrimination between stress-induced diffuse ischemia
owing to left main and/or multivessel CAD or diffuse
microvascular dysfunction as both conditions may result
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in diffuse and balanced reductions in hyperemic
MBFs.>*** Conversely, normal hyperemic MBFs during
pharmacologic vasodilation, such as >1.8 mL-g~'-min~"
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Figure 2. The coronary pressure-Flow relationship. Coronary
or myocardial blood flow (MBF) at rest (solid lines) is
regulated to match myocardial oxygen demand and to balance
alterations in coronary perfusion pressure by parallel changes
in microvascular resistance, resulting in an auto-regulatory
plateau. This auto-regulatory control, however, becomes
exhausted when the coronary arteriolar vessels are dilated to
a maximum. Under such condition, the MBF is dependent on
the coronary perfusion pressure only (dotted line). The
coronary pressure-flow relationship is concave at low perfu-
sion pressures. The zero-flow intercept on the pressure axis
(Pzf) just overcomes venous pressure (Pv). Straight extrapo-
lation of the hyperemic pressure-flow relationship manifests in
an incremental-linear relationship that intercepts the pressure
axis at the coronary wedge pressure (Pw), implying collateral
flow, heart rate, and ventricular wall tension, which are
commonly highly variable in the human coronary circulation
(3). For example, microvascular dysfunction or abnormal left
ventricular function decreases the slope of the pressure-flow
relationship (curved arrow (2)). Conversely, increases in left
ventricular end-diastolic pressure or left ventricular hypertro-
phy lead to a parallel shift to the right (straight arrow (3))
(reproduced with permission from reference®).

for the positron flow tracer '*N-ammonia or a MFR
>2.0,"" widely signify a normal 2-component system
with a non-obstructive epicardial conduit artery and
normal functioning coronary arteriolar vessels. In the
absence of obstructive CAD, hyperemic MBFs may be
abnormally reduced due to microvascular dysfunction
related to adverse effects of cardiovascular risk factors,
left ventricular hypertrophy, hypertrophic obstructive and
non-obstructive cardiomyopathy, or hyperreactivity of
the vascular smooth muscle cells in the so-called syn-
drome X patients.”*'®!%1948 While an abnormal
hyperemic MBF and MFR cannot separate which of the
two components accounts for the observed impairment of
hyperemic flow increases,*”° normal hyperemic flows
have a high negative predictive value of 97% in ruling out
high-risk CAD as evidenced by invasive coronary
angiography.? In contrast to PET-determined hyperemic
MBFs, stress-induced regional perfusion defects afford
the advantage that they specifically signify flow-limiting
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Stress-Rest Myocardial Perfusion with N13-Ammonia PET
Normal Stress-Rest Perfusion

+

MBF Quantification and Wall Motion Analysis

Hyperemic MBF21.8
MFR21.7

+
Normal Wall Motion at
“Peak”Stress
Normal Perfusion and
Microvascular Function

Figure 3. Algorithm for the integration of '*N-ammonia PET/
CT perfusion images, MBF, and wall motion analysis for
differentiation between microvascular dysfunction and diffuse
ischemia. Combining hyperemic MBFs and wall motion
analysis at ‘‘peak’’ stress affords the differentiation between
predominant microvascular dysfunction and diffuse myocar-
dial ischemia owing to significant left main and/or three-vessel
CAD. For example, balanced reductions in hyperemic MBFs
and normal wall motion of the left ventricle at peak stress
argue for the presence of predominantly microvascular disease
but not diffuse ischemia. Conversely, diffuse reductions in
hyperemic MBFs associated with transient ischemic cavity
dilation (TID) of the left ventricle during vasomotor stress on
gated PET images is widely specific for the presence of diffuse
ischemia.'~"%,

Hyperemic MBF<1.8 Hyperemic MBF<1.8
MFR<1.7 MFR<1.7
+ +

Normal Wall Motion
at “Peak”Stress

Global Hypokinesis at
“Peak”Stress but
Normal at Rest

Normal Perfusion but l
Diffuse Ischemia

Microvascular
Dysfunction

effects of advanced epicardial coronary artery lesions.'"*>
Of further importance is that gated PET imaging is
performed at ‘‘peak’” stress. This affords a reliable
identification of transient ischemic left ventricular cavity
dilation to signify diffuse ischemia®' that otherwise may
be missed with conventional *™Technetium SPECT
imaging as gated image acquisition is commonly done
40-45 minute after radiotracer injection. Combining all
information from the, e.g., 13 N-ammonia PET/CT, such as
myocardial perfusion (relative radiotracer uptake), MBF,
and left ventricular wall motion at peak stress and rest in
patients with suspicion of CAD, however, is critical to
diagnose and differentiate between cardiovascular risk
factor-induced microvascular dysfunction, hemodynamic
significant CAD, and diffuse myocardial ischemia owing
to significant left main and/or three-vessel disease
(Figure 3).

Another possibility to circumvent the non-speci-
ficity of hyperemic MBFs is the evaluation of a
longitudinal decrease in hyperemic MBFs from the base
to the apex of the heart that is supposed to provide
information of down-stream, flow-limiting effects of
epicardial stenosis, and/or impaired flow-mediated
vasodilation.”***>7 This novel flow parameter is likely
to yield more specific information on epicardial
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resistance than the conventional MFR.**>*7 If this
evolving concept of a decrease in longitudinal hyper-
emic MBF to reflect epicardial stenosis or resistance to
flow is confirmed in further validation studies, then the
longitudinal MBF gradient could indeed evolve to a
non-invasive fractional flow reserve for evaluation of the
functional severity of epicardial narrowings.***

CAD EVALUATION IN MULTIVESSEL DISEASE

As mentioned before, evaluating the relative perfu-
sion or homogeneity of radiotracer uptake in the left
ventricle during vasomotor stress aims to identify regional
perfusion defects underlying flow-limiting CAD lesions.
Although stress-induced regional myocardial perfusion
defects afford the identification of an advanced CAD
lesion or the “‘culprit’” and, thus, the most advanced CAD
stenosis lesion in multivessel disease, the remaining
lesions of less severity or intermediate range may be
missed.®® Due to the non-specific nature of hyperemic
MBFs and MFR, however, adding coronary morphology
information is indispensable to relate decreases of regional
hyperemic MBFs and/or MFR to each epicardial stenosis
in multivessel disease (Figure 4). It is important to keep in
mind that with increasing severity of a focal epicardial
stenosis, the vascular resistances shift from the microcir-
culation to the site of epicardial stenosis as the adaptive
vasodilation becomes exhausted, which may be reinforced
by microvascular dysfunction. For a given epicardial
stenosis, the optimal cut-off values of PET-determined
hyperemic MBFs and MFR to signify abnormal hyperemic
flow and, thus, the hemodynamic significance of a stenosis,
however, are still a matter of ongoing debate.'**®! Owing
to differences in methodology and positron flow tracers
applied, some variability in PET-determined MBFs exists,
which has been described in detail elsewhere.'**0%3
When applying '*N-ammonia, the optimal threshold for
hyperemic MBFs has been reported to be
1.85 mL-g~"-min~" in a total of 27 patients with known
or suspected CAD and 21 normal individuals (Table 2).47
In view of previous invasive investigation with intracoro-
nary Doppler measurements of coronary flow
velocities,?*®*% the threshold of the MFR is commonly
defined as 2.0 for '>N-ammonia and #?Rubidium.?+7-6667
As regards **Rubidium as positron-emitting flow tracer, no
threshold to define abnormal and normal hyperemic MBFs
so far has been reported. As a consequence, the MFR
threshold of 2.0 is currently used for **Rubidium to define
abnormal and normal vasodilator capacity of the coronary
circulation.”®” Another positron-emitting flow tracer is
0-water but not US Food and Drug Administration
(FDA) approved for which thresholds have been well
defined with 2.3 mL-g~"-min~" for hyperemic MBF and
2.50 for the MFR, respectively.”® Regarding the potential
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of hyperemic flow increases in the identification of flow-
limiting effects of CAD lesions, a prospective and mul-
ticenter trial in 191 patients with stable angina and
multivessel CAD was performed to investigate the roles
of intracoronary derived coronary flow velocity reserve
(CVR) and myocardial perfusion scintigraphy with
SPECT for management of an intermediate coronary
lesion (40% to 70% diameter stenosis).®” Apart from
intermediate stenoses, all CAD patients had at least one
severe epicardial stenosis (>70% diameter narrowing) that
was accepted for PTCA. Subsequently, PTCA of the
remaining intermediate lesion was deferred if SPECT was
negative or CVR >2.0. Patients were followed for 1 year
to document major cardiac events (death, infarction, and
revascularization) and, if occurred, related to the interme-
diate lesion. Overall, PTCA of intermediate lesions was
deferred in 182 patients with a CVR >2.0. During the one-
year follow-up, nineteen major cardiovascular events
occurred (three myocardial infarctions and sixteen revas-
cularizations). CVR appeared to be more accurate and an
independent predictor of cardiac events than SPECT
perfusion imaging. Of particular interest, deferral of PTCA
of intermediate epicardial lesions in multivessel CAD,
based on a CVR >2.0, was safe with a lower event rate of
6% as compared to a relatively high event rate of 24%
(relative risk 3.9%), given a reduced CVR <2.0. These
observations suggest indeed that invasively measured
CVR affords the evaluation of the functional severity of
intermediate coronary lesion in each coronary vessel
enhancing risk stratification and avoiding additional test-
ing with myocardial perfusion scintigraphy and repeat
cardiac catheterization. In support of this investigation,*’
other diagnostic investigations with Doppler flow velocity
measurements also reported a safe deferral of PTCA with
low event rate (5% to 10%) when CVR was normal or
>2.0.%> These invasive coronary flow investiga-
tions®*®*> provide an important framework for the
current application of PET/CT perfusion and MBF mea-
surements for the evaluation of the functional or
hemodynamic severity each single epicardial lesion in
CAD.* Cardiac PET/CT flow quantification to assess the
functional significance of each epicardial lesions, there-
fore, may indeed emerge as non-invasive and pivotal tool
in the clinical decision making to individualize coronary
revascularization options with PCTA, CABG, or hybrid
interventions in patients with multivessel disease.

THRESHOLDS, MBF, AND CORONARY
MORPHOLOGY

As reductions in hyperemic MBFs may be similar in
patients with obstructive and non-obstructive CAD, they
may origin not only from flow-hampering effects of
epicardial stenosis but also from cardiovascular risk
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factor-induced microvascular function or
both. 2423313234 Thys  in patients with multivessel
CAD, the relatively low specificity of reduced MFR
necessitates information on coronary morphology for an
appropriate interpretation of myocardial perfusion and
regional MFR values (Figures 4, 5)."2**>* In this
respect, a recent consensus paper led by Gould et al* has
outlined that for an epicardial stenosis >70%, reductions
in MFR <1.7 can be considered to account for signif-
icant, down-stream and flow-limiting effects of CAD
lesions. Combining thresholds of the severity of coro-
nary stenosis and MFR circumvents the non-specificity
of MFR but requires further information on coronary
morphology and stenosis severity. The relationship
between transstenotic pressure gradient and the percent
diameter stenosis is ‘‘non-linear’’, with a progressively

Stress-Rest Myocardial Perfusion with N13-Ammonia PET
v N
Normal Perfusion

Regional Perfusion Defect:
+ “Culprit” Lesion

MBF Quantification +

Coronary Angiography:
/ N Epicardial Lesions >70%
Hyperemic Hyperemic l
MBF21.8 MBF<1.8
MFR21.7 MFR<1.7 Hyperemic l Hyperemic
MBF<1.8 MBF21.8

i) Il MFR<1.7 ll MFR217
Normal Microvascular
i 1 Dysfuncti
Function

Revascularization

+ ++ 4+ + =

Primary Prevention

Figure 4. Algorithm for the integration of '*N-ammonia PET/
CT perfusion images and MBFs in multivessel CAD. In
individuals with normal stress-rest myocardial perfusion
images, the quantification of hyperemic MBF and MFR may
unravel microvascular dysfunction as functional precursor of
CAD that may reinforce lifestyle changes and/or preventive
medical care. Conversely, while a stress-induced regional
perfusion defect signifies the ‘‘culprit’” or most advanced CAD
lesion, added hyperemic MBF and MFR may signify flow-
limiting effects of lesions >70% diameter stenosis in patients
with multivessel CAD'*,
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more fast increase in pressure gradient as the degree of
stenosis surpasses 70% (Figure 1).* When a given
stenosis reaches 85% to 90%, the auto-regulatory
reserve is commonly exhausted, while flow is reduced
slightly under resting condition for a 90% diameter
stenosis. Thus, the threshold of 70% stenosis as mor-
phological  criteria  relates well to  flow
pathophysiology.**>¢+6%8 Similar to invasive obser-
vations of invasively conducted studies,*>*% the
combined application of abnormal thresholds with an
epicardial stenosis >70% and MFR <1.7 enables the
non-invasive characterization of the hemodynamic sig-
nificance of each epicardial lesion in multivessel CAD.
While a stress-induced regional myocardial perfusion
defect identifies the presence of advanced CAD and the
“‘culprit lesion,”” a reduction of the MFR of less than 1.7
subtended to a stenosis of intermediate severity signifies
flow-limiting effects even in the absence of a regional
myocardial perfusion defect (Figures 4, 5). Support for
the use of abnormal MFR to signify hemodynamic
effects of CAD stenosis comes from several invasive
validation studies measuring the post-stenotic coronary
flow velocity reserve in CAD patients with stress-
induced myocardial perfusion defects in the correspond-
ing region on scintigraphic myocardial perfusion images
(Table 3).7!

For example, Miller et al® investigated thirty-three
patients with CAD were undergoing quantitative coronary
angiography (QCA) with a mean percent diameter steno-
sis of 56% + 14%, Doppler-derived measurements of
post-stenotic hyperemic intracoronary flow reserve, and
subsequently **™Tc-sestamibi myocardial perfusion
imaging with SPECT during adenosine-stimulated hyper-
emic flows and at rest. There was a strong correlation
between hyperemic distal flow velocity ratio measure-
ments and **™Tc-sestamibi perfusion imaging results in
24 of 27 patients (89%; kappa = 0.78). In particular, all
14 patients with abnormal distal hyperemic flow velocity
values (<2.0) had corresponding reversible **™Tc-ses-
tamibi tomographic defects. In another study, Joye et al’®
compared invasively determined coronary flow reserve to
exercise-induced myocardial ischemia on 2°'Thallium
SPECT images in thirty individuals with intermediate

Table 2. Thresholds of different PET-radiotracers to define normal vs abnormal hyperemic MBF and

MFR

'3N-Ammonia 82Rubidium 150-Water
Hyperemic MBF 1.8 mL-.g~"-min~"' / 2.3 mL-g "min~!
MFR 2.0* 2.0* 2.5

MBF, myocardial blood flow; MFR, myocardial flow reserve; N/A, not applicable

*Commonly accepted threshold as defined by invasive inves’cigations'5

0,64,65
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Figure 5. "*N-ammonia PET/CT-determined perfusion and»
MBF in multivessel CAD. A 61-year-old patient who had long-
standing arterial hypertension and type 2 diabetes mellitus
presented with progressive shortness of breath and atypical
chest pain. (A) On stress 13 N-ammonia perfusion images, there
is a moderately reduced radiotracer uptake of the mid-to-distal
anterior, anteroseptal, and apical regions of the left ventricle,
that becomes reversible on the rest ima%es to signify ischemia
in the LAD distribution. Conversely, '*N-ammonia uptake is
widely preserved in the lateral and inferior regions. (B)
Quantification of MBFs demonstrates globally reduced MFR
with a regional MFR of 1.20 in the LAD, 1.41 in the LCx, and
1.35 in the RCA distribution, respectively. (C) Invasive
coronary angiography unmask significant three-vessel disease
with proximal occlusion of the LAD, 80% stenosis in the
proximal segments of the LCX (left panel), and sequential 50%
to 60% lesions in the RCA (right panel). When defining flow-
limiting CAD with epicardial stenosis >70% and MFR <1.7
(criteria: +/+), apart from the proximal LAD occlusion, the
LCx lesion of less and intermediate severity (& 80%) would
also be regarded as hemodynamic significant despite normal
radiotracer uptake. As regards the RCA, only one criterion
applies. While regional MFR is markedly reduced with 1.35,
the serial lesions of 50% do not reach the threshold of >70%
diameter stenosis (criteria: F). Thus, the pronounced reduc-
tion in MFR in the RCA distribution may predominantly reflect
microvascular dysfunction and not hemodynamically obstruc-
tive CAD (adapted and reproduced with permission from
reference).

coronary stenosis (40% to 70% stenosis). An abnormal
coronary flow reserve <2.0 resulted in a sensitivity,
specificity, and overall predictive accuracy of 94%, 95%,
and 94%, respectively, for exercise-induced regional
ischemia on *°'Thallium SPECT images. In a similar
study conducted by Deychak et al,”" an excellent concor-
dance between distal coronary flow reserve and exercise-
rest 2*' Thallium SPECT perfusion imaging was reported.
In this respect, a coronary flow reserve of <1.8 predicted a
reversible myocardial perfusion defect on 2°'Thallium
SPECT with a concordance of 96%, outlining that a post-
stenotic CVR of <1.8 is strongly suggestive of significant
down-stream, flow-limiting effects of epicardial lesions
ranging between 55% and 85% diameter stenosis. These
single-center investigations were then followed by a
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MBF, myocardial blood flow; MFR, myocardial flow reserve. LAD, left anterior
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Table 3. Myocardial perfusion scintigraphy and invasively determined coronary flow velocity

Author (n) Ischemic test

CVR Sensitivity Specificity PPV

NPV Accuracy

Miller (Ref.®®) 33
Joye (Ref.”®) 30
Dechak (Ref.”!) 17
Heller (Ref.”?) 100

Adeno/dipy MIBI <2.0
Exercise 2°'Thallium <2.0
Exercise 2°'Thallium <1.8
Exercise 2°!Thallium <1.8

82 100 100 77 89
94 95 94 95 94
94 94 100 91 96
89 92 96 89 92

Adeno, adenosine; dipy, dipyridamole; MIBI, sestamibi scan; (n), number of patients; PPV, positive predictive value; NPV, negative

predictive value
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<« Figure 6. 13N-ammonia PET/CT-determined Perfusion, MBF,
and wall motion with left main stem and multivessel disease. A
84-year-old man with known ischemic cardiomyopathy and
known previous infarction presented with effort-induced chest
tightness at minor exercise. (A) Rest 13N-ammonia PET/CT
images in corresponding short-axis (fop), vertical long-axis
(middle), and horizontal long-axis (bottom) slices display a
heterogeneously reduced radiotracer uptake not only in the
anterior, apical, and anterolateral but also in the infero-lateral
wall with extension inferior indicative of previous myocardial
infarction, which during vasomotor stress severely worsens
and also extends to the inferoseptal and anteroseptal wall to
signify diffuse ischemia of the left ventricle. (B) Correspond-
ing display of myocardial perfusion on polar map and in 3D.
(C) Regional myocardial blood flow quantification (MBF) and
myocardial flow reserve (MFR) calculation with 13N-ammo-
nia PET/CT and tracer kinetic modeling. The summarized
quantitative data denote even a decrease of MBFs from rest to
vasomotor stress and a MFR <1.0 in the LAD, LCx, and RCA
distribution, respectively, which is widely specific for diffuse
ischemia. (D) Global left ventricular ejection fraction (LVEF)
on gated PET is severely reduced with 24% that slightly drops
to 21% during peak stress signifying mild global myocardial
stunning due to diffuse ischemia. (E) Invasive coronary
angiography demonstrates a high grade lesion of the left main
stem (~80% to 90%) and intermediate lesions of the proximal
LAD and LCx (x=70% to 80%). (F) The right coronary artery
(RCA) is occluded in the periphery.

multicenter trial assessing the relationship between inva-
sively measured coronary flow reserve and exercise-
related **'Thallium SPECT perfusion imaging in 55
patients with stenosis of intermediate severity (40% to
70%; mean value: 59% =+ 12%).72 A coronary flow
reserve <1.7 predicted the presence of exercise-induced
myocardial perfusion defect in 56 of 67 stenoses (agree-
ment = 84%; kappa = 0.67; 95% CI = 0.48 to 0.86).
The agreement further increased to 88% (46 of 52
stenoses) in patients who achieved 75% of their predicted
maximum heart rate. Thus, several single-center stud-
ies®”’! and on multicenter trial’* have outlined a strong
correlation between post-stenotic coronary flow velocity
reserve and scintigraphic myocardial stress perfusion
imaging, outlining that invasively or Doppler-derived

coronary flow reserve accurately predicts the presence of

exercise-induced ischemia on stress °'Thallium perfu-
sion imaging in CAD patients with epicardial narrowing
of intermediate severity. Overall, these studies had high
sensitivity (82% to 94%), specificity (92% to 100%),
predictive accuracy (89% to 96%), and positive and
negative predictive values (94% to 100% and 77% to
95%, respectively) (Table 3).

MIR VS HYPEREMIC MBF

Resting MBF in healthy volunteers may vary
between 0.4 and 1.2 mL-g~'-min~'.7>7" Apart from
some variability related to methodological differences
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(different radiotracers, tracer kinetic models, and flow
quantification), the variability of resting MBF in the
individual person can be related to differences in left
ventricular myocardial work load.®*’*"> A close linear
relationship between resting MBF and the rate pressure
product (RPP = heart rate x systolic blood pressure),
as an index for cardiac work and thus stringent on
metabolic oxygen demand, has been described (Fig-
ure 2).74’75’78 Such observations outline that increases in
myocardial work load are paralleled by a corresponding
flow increase to appropriately meet elevations in
myocardial oxygen demand not only at rest but also
during ‘‘physical’’ stress (e.g., bicycle or treadmill
exercise, or dobutamine stimulation).33’78 Resting MBF
is commonly higher in patients with increases in heart
rate or arterial hypertension since these conditions lead
to an increase myocardial workload."”*®" Similarly,
resting MBF may also be elevated in advanced obesity
due to more enhanced activation of the sympathetic
nervous and renin-angiotensin-aldosterone system that
again leads to higher resting heart rates and arterial
blood pressures.®®% As regards age and gender, they
may also impact resting flow as reported in several
investigations.”*”>® The well-described age-related
increase in resting MBF has been described to be
paralleled by relative increases in systolic blood pres-
sure, resulting in higher myocardial workload.”>** As
regards gender, most PET flow studies report of higher
resting flows in female than in male.”**>%%¢ The exact
causes of these differences remain uncertain but may be
related, at least in part, to effects of estrogen on coronary
vasomotor reactivity in women with CAD and/or gen-
der-dependent lipid profile alterations.*'®’

It is important to bear in mind that increases in
resting MBF due to pronounced arterial hypertension,
for example, however, can lead to reduced MFR (<2.0)
although hyperemic MBFs during pharmacologic
vasodilation, as determined with 3N-ammonia PET/
CT, may still be maintained (>1.8 mL-g*l-minfl).47
Under such condition, the decision to identify flow-
limiting effects for a given epicardial stenosis >70%
should be based on hyperemic MBF values and not on
the MFR.?® Conversely, patients presenting with brady-
cardia or previous subendocardial myocardial infarction
may have low resting MBFs that again may lead to a
‘‘pseudo’’-normalization of the MFR, even if hyperemic
MBFs are abnormally reduced (<1.8 mL-g_l-min_l).
When interpreting the MFR, therefore, pronounced
changes in resting flow due to alterations in metabolic
demand need to be taken into account, and, if so, the
clinical decision should be based on hyperemic MBFs
that are not influenced by resting flow values.®®!
Calculating the MFR (ratio of hyperemic to resting
MBF), however, affords the advantage that any
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<«Figure 7. '*N-ammonia PET/CT-determined perfusion, MBF,
and wall motion with left main stem disease. A 38-year-old
woman with arterial hypertension and dyslipidemia presented
with exercise-related chest pain. (A) Invasive coronary
angiography displays a proximal narrowing of ~50% of the
left main (LM) vessel. Furthermore, a 30% stenosis in the mid
left anterior descending artery (LAD) after the first diagonal
branch is noted, whereas a ~40% narrowing is noted in the
left circumflex artery (LCx) proximal to the second marginal
branch. (B) The right coronary artery (RCA) system is free of
CAD. (C) The patient was referred for '*N-ammonia myocar-
dial perfusion and flow PET/CT to evaluate the hemodynamic
significance of the LM lesion. Regadenoson stress and rest
"’ N-ammonia PET/CT images in corresponding short-axis
(top), vertical long-axis (middle), and horizontal long-axis
(bottom) slices demonstrate a widely homogenous and, thus,
normal radiotracer uptake of the left ventricle. (D) Corre-
sponding display of myocardial perfusion on polar map and in
3D. (E) Regional myocardial blood flow quantification (MBF)
and myocardial flow reserve (MFR) calculation with 13N-
ammonia PET/CT and tracer kinetic modeling. The summa-
rized quantitative data denote reduced hyperemic MBFs
(<1.85 mL‘gflmin*l) and myocardial flow reserve (MFR
<2.0) in the LAD, LCx, and RCA distribution, respectively.
(Str, stress; Rst rest; LV, left ventricle; RV right ventricle). (F)
Since on gated PET left ventricular wall motion is normal

associated with a left ventricular ejection fraction (LVEF) of

77% at rest and also at peak stress, respectively, diffuse
myocardial ischemia potentially related to the left main lesion
can be excluded. In the absence of a global hypokinesis during
“‘peak’’ stress without a drop in LVEF during stress from rest,
the marked reductions in hyperemic MBFs and MFR in all
three major coronary territories do not reflect diffuse myocar-
dial ischemia but rather represents cardiovascular risk factor-
induced microvascular dysfunction (reproduced with permis-
sion from reference®®).

methodological error that leads to under- or overesti-
mation of MBFs will cancel out.***° Thus, any systemic
error in flow calculation may not count as long as the
same percentage error is made both during hyperemic
flow stimulation and at rest.”® Nevertheless, applying the
flow radiotracer >O-water and PET, recent clinical
investigation by Danad et al® signifies hyperemic MBFs
as determined to be more accurate in detecting flow-
limiting stenoses on both per-patient and per-vessel
analyses. Similar observations were reported by Hajjiri
et al*’ with "N-ammonia and PET myocardial flow
quantification. Hyperemic MBFs in response to adeno-
sine stimulation had a higher sensitivity and comparable
specificity in the detection of significant CAD as defined
by >70% diameter stenosis (0.81 vs 0.62 and 0.82 vs
0.85, respectively), while the higher predictive accuracy
did reach borderline significance (0.84 vs 0.79,
P = .06). Given that hyperemic MBFs appear more
accurate than MFR for the identification and character-
ization of flow-limiting CAD and, at the same time,
independent of the resting MBF and its variation
stringent to the myocardial workload condition, stress
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only PET assessment of hyperemic MBFs may be an
alternative to stress-rest PET for perfusion and MFR
calculation in describing the functional severity of
epicardial lesions that warrants further
investigations.®2¢-%!

IDENTIFICATION OF DIFFUSE ISCHEMIA

The conventional approach of myocardial scinti-
graphic perfusion imaging to evaluate the ‘‘relative’’
radiotracer uptake in the left ventricular myocardium
may miss to detect ‘‘balanced’’ reductions of hyper-
emic MBF in the presence of significant left main
lesion and/or three-vessel disease. The problem lies in
the “‘relative’’ distribution of the radiotracer uptake
since hyperemic MBF may be widely homogeneously
decreased in the entire left ventricle without any
detectable regional difference in radiotracer uptake.”'
For example, Lima et al®® studied stress gated
PMTechnetium sestamibi SPECT to detect regional
myocardial perfusion defects in 143 patients with
angiographic three-vessel disease. The angiographic
criteria for coronary three-vessel disease group were
the presence of >50% narrowing of the internal
diameter of left main coronary artery plus >70%
narrowing of the right coronary artery or >70%
narrowing of the left anterior descending artery, right
coronary artery, and left circumflex artery, or their
major branches. As it was observed, only in 10% (14/
143) of patients with demonstrated three-vessel CAD
stress-induced regional perfusion defects were indeed
detected.”” When regional wall motion abnormalities
on post-stress gated SPECT were added to myocardial
perfusion imaging, the identification of three-vessel
CAD increased but only to 25%. Another study
investigated 101 patients with significant left main
CAD (=50% stenosis) but without prior myocardial
infarction or coronary revascularization, who under-
went gated exercise or adenosine stress °*™Technetium-
sestamibi SPECT myocardial perfusion imaging.”
Evaluating myocardial perfusion images, high-risk
feature with moderate to severe perfusion defects
(>10% myocardium at stress) was observed in up to
59%. On the other hand, no significant stress-related
perfusion defect (>5% myocardium) was noted in 13%
to 15% of patients. When combining abnormal perfu-
sion and wall motion on post-stress gated SPECT,
however, the detection of high-risk individuals
increased to 83%. To further optimize the detection
of diffuse ischemia, the concurrent assessment of
hyperemic MBF and MFR to perfusion with PET
may be of help. Given the presence of significant left
main lesion and/or three-vessel disease, reductions in
hyperemic MBFs and MFR in all three major coronary
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artery vascular territories of the LAD, LCx, and RCA
are to be expected (Figures 3, 6). Someone could
argue, however, that diffuse decreases of hyperemic
MBFs and/or MFR are rather related to pronounced
microvascular dysfunction than to significant left main
lesion and/or three-vessel disease. For this reason, it is
advisable to confirm stress-induced diffuse ischemia by
a ‘‘peak’ stress transient ischemic cavity dilation
(TID) and associated global hypokinesis on gated PET
images (Figure 3).°"%*

Conversely, Naya et al’' demonstrated that PET-
determined normal hyperemic MBFs carry a high
negative predictive value of 97% in excluding high-
risk CAD on coronary angiography. Such information
can also be reinforced by the evaluation of the left
ventricular (LV) ejection reserve (ALVEF = stress
LVEF — rest LVEF).”' For the exclusion of significant
left main and/or three-vessel CAD, a LVEF reserve of
more than 4+5% had a positive predictive value of
only 41% but a negative predictive value of 97%.
Combining the information of normal hyperemic
coronary flows and a normal to high LVEF reserve
can widely rule out the presence of significant left
main and/or three-vessel disease (Figure 7).251 Over-
all, the combined evaluation of hyperemic MBFs,
MFR, LVEF at ‘“‘peak’ stress as well as adding the
LVEF reserve may indeed afford an accurate differ-
entiation between significant left main and/or three-
vessel CAD induced diffuse ischemia, its exclusion,
and the presence of predominantly microvascular
dysfunction (Figure 3).

In cardiomyopathy patients with low left ventric-
ular function, however, the latter described scenario
may not entirely hold true anymore. This is as ischemic
preconditioning of the heart confers a certain cardio-
protection that may prevent or delay a further
worsening of left ventricular function despite repetitive
episodes of myocardial ischemia.”>® Thus, despite
stress-induced diffuse ischemia, only a minor or no
further drop of LVEEF is likely to ensue. In this setting,
diffuse reductions in hyperemic MBFs in patients can
reflect diffuse ischemia or just microvascular dysfunc-
tion. As a gated PET-determined drop in LVEF from
stress to rest is unlikely to occur in these systolic heart
failure patients, a definite differentiation between
diffuse ischemia and microvascular dysfunction may
not be possible (Figure 8). In such cases, non-invasive
or invasive coronary angiography may be considered as
subsequent step avoiding to miss high-risk CAD as
underlying cause for ischemic cardiomyopathy. Con-
versely, as normal hyperemic MBFs also widely
exclude high-risk CAD in heart failure patients,
further diagnostic evaluation with coronary angiogra-
phy may not be needed any more.
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Figure 8. Algorithm for the integration of '*N-ammonia PET/
CT perfusion images, hyperemic MBFs and MFR in individ-
uals with cardiomyopathy. Since in patients without
cardiomyopathy or normal left ventricular function, a stress-
induced regional perfusion defect signifies the ‘‘culprit’’ or
most advanced CAD lesion, while hyperemic MBF and MFR
may signify flow-limiting effects of lesions >70% diameter
stenosis in patients with ischemic cardiomyopathy. Normal
perfusion imaging, however, may not exclude diffuse ischemia
due to significant left main and/or three-vessel disease. While
normal hyperemic MBFs and MFRs may widely exclude high-
risk CAD, this is not the case for abnormal hyperemic flows.
Abnormal hyperemic MBFs may reflect diffuse microvascular
function or diffuse ischemia in cardiomyopathy patients. In
this setting, the additional wall motion analysis of the left
ventricle at peak stress is not likely to be of much help as left
ventricular function is severely reduced in most patients, and a
further significant drop in left ventricular ejection fraction is
not to be expected due to ischemic conditioning or cardiopro-
tective effects. Thus, given normal perfusion but abnormal
hyperemic MBFs in cardiomyopathy patients, invasive or non-
invasive coronary angiography may be considered to triage
these high-risk patients to coronary revascularization proce-
dures or medical treatment alone.

SUMMARY

In the clinical setting, the concurrent ability of PET
to non-invasively quantify MBF and LVEF at ‘‘peak’’
stress extends the scope of conventional myocardial
perfusion imaging from the classical CAD detection to
an optimized characterization of the extent and severity
of ischemia in multivessel disease. In addition, combin-
ing myocardial perfusion, hyperemic MBF, and LVEEF at
“‘peak’ stress affords the differentiation between dif-
fuse ischemia owing to significant left main lesion and/
or three-vessel disease, its exclusion, and the presence of
predominantly microvascular dysfunction in cardiovas-
cular risk individuals with normal left ventricular
function. While the assessment of normal hyperemic
MBFs widely rules out high-risk CAD in heart failure
patients, reduced hyperemic MBFs may not differentiate
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between diffuse ischemia and microvascular dysfunction
as myocardial stunning may not necessarily result in a
further drop in left ventricular function due to pre-
ischemic conditioning. In the latter setting, non-invasive
or invasive coronary angiography is recommended in
order not to miss high-risk CAD. While the herein
described different diagnostic scenarios interrelating
CAD, perfusion, and MBF may be seen as intuitively
correct, further evaluation in large scale clinical trials is
certainly needed. PET/CT with the concurrent evalua-
tion of myocardial perfusion, flow, and left ventricular
function at peak stress, however, may emerge as pivotal
tool to individualize and guide the decision-making
process for coronary revascularization procedures in
CAD patients in the near future.
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