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Abstract
Purpose of Review The aim of this review is to provide an update on quantification of myocardial blood flow (MBF) with
positron emission tomography (PET) imaging. Technical and clinical aspects of flow quantification with PET are reviewed.
Recent Findings The diagnostic and prognostic values of myocardial flow quantification have been established in numerous
studies and in various populations. MBF quantification has also shown itself to be particularly useful in the assessment of
coronary microvascular dysfunction and in evaluation of cardiac allograft vasculopathy. Overall, myocardial flow reserve
(MFR) and hyperemic MBF can lead to improved risk stratification by providing information complementary to that of other
markers of disease severity, such as fractional flow reserve.
Summary Flow quantification enhances MPI’s ability to detect both significant epicardial disease and microvascular dysfunc-
tion. With recent technological and methodological advances, flow quantification with PET is no longer restricted to cyclotron-
equipped academic centers.
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Myocardial perfusion imaging

Introduction

Myocardial perfusion imaging (MPI) is a nuclear cardiology
test used for the diagnosis and risk stratification of coronary
artery disease (CAD) [1]. MPI can be performed with either
single-photon emission computed tomography (SPECT) or
positron emission tomography (PET). The diagnostic accura-
cy and prognostic value of SPECT MPI has been extensively

validated in numerous large studies in the 1990s and 2000s
[2]. Although SPECT MPI has been shown to be both sensi-
tive and specific for the detection of CAD, the modality does
suffer from some limitations. First, SPECT MPI typically re-
lies on 99mTc-labeled tracers, such as 99mTc-sestamibi and
99mTc-tetrofosmin. The first pass extraction of these tracers
is relatively low, which can lead to underestimation of the
severity and extent of ischemic changes [3]. Second,
SPECT MPI images can be affected by attenuation artifacts
which limit diagnostic accuracy, especially in obese pa-
tients and with unexperienced readers [4]. Indeed, the rel-
atively low energy of photons used in SPECT imaging
(i.e., 99mTc ~ 140 keV, 201Tl ~ 62–83 keV) makes them
susceptible to soft tissue attenuation, which may mimic
perfusion defects and degrade image quality. Finally, be-
cause SPECT MPI detects relative perfusion defects,
globally decreased perfusion secondary to balanced three-
vessel disease can be missed [5].

PEToffers several distinct advantages which can circumvent
the shortcomings of SPECT for MPI. Perhaps the most impor-
tant of these is the quantification of global and regional myo-
cardial blood flow (MBF). Although flow quantification with
PET is often thought of as a recently developed and novel
technique, it dates back to the 1960s, preceding the use of
SPECT MPI [6]. Availability of affordable SPECT tracers and
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cameras made SPECT the modality of choice for MPI in the
1990s and 2000s; however, since that time, there has been an
increased availability of PET/CTscanners and tracers, and PET
MPI with flow quantification has been revived with the hopes
of improving upon the demonstrated successes of SPECTMPI.

MBF Quantification—Technical Aspects

Tracers

Table 1 presents the PET tracers currently used forMBF quan-
tification. Of these, 13N-ammonia (13N-NH3),

15O-water (15O-
H2O), and

18F-flurpiridaz are cyclotron produced. Both 13N-
NH3 and 15O-H2O require an on-site cyclotron due to their
short half-lives (approximately 10 and 2 min, respectively)
while 18F-flurpiridaz, with its 110 min half-life, can be pro-
duced at a regional cyclotron facility and delivered to nearby
imaging departments. 18F-flurpiridaz is currently in phase III
trial for FDA approval and is not yet available for routine
clinical use. 82Rb-chloride (82Rb-RbCl) is obtained from a
82Sr-82Rb generator. 82Sr-82Rb generators are expensive but
allows nigh unlimited 82Rb-RbCl production for a period of
up to 8 weeks [7]. Hence, 82Rb-RbCl can be more cost-
effective in centers with higher patient throughput [8]. Of
the tracers presented in Table 1, 82Rb-RbCl has the longest
mean positron range resulting in the lowest spatial resolution,
while the spatial resolution when using 18F-flurpiridaz and
13N-NH3 is limited by the PET scanner [9]. Finally, 82Rb-
RbCl has the lowest first pass extraction fraction, which may
lead to reduced accuracy of MBF quantification, especially at
high flows, compared to other tracers with higher first pass
extraction fractions.

Methods

Generally, assessment of MBF with PET relies on first-pass
extraction, requiring a dynamic acquisition obtained at the

time of radiotracer infusion. As such, patients must remain
under the camera during both the pharmacological stimulation
and tracer infusion. For this reason, the use of exercise stress is
challenging and usually avoided. Alternate methods not re-
quiring first-pass imaging, thereby facilitating exercise stress,
have been proposed. For example, quantification of myocar-
dial retention and standardized uptake value (SUV) has been
used to estimate MFR [10]. However, these methods are not
well suited for tracers with shorter half-lives and most centers
currently rely on first-pass methods. A detailed explanation of
the first-pass methods used for MBF quantification is beyond
the scope of this article and has been reviewed elsewhere (see
[11••, 12••]). Briefly, a left ventricular (LV) chamber time
activity curve (TAC) serves as the input function, and a myo-
cardial TAC is fitted with a kinetic model. After correcting for
the myocardial tracer extraction fraction and spill-over, tissue
tracer extraction can be used to provide MBF measurements.
Accuracy of MBF quantification will depend on several fac-
tors such as LV segmentation, positioning of input function
ROI, scanner sensitivity, and quantification algorithms [11••].
Various software implementations, based on different seg-
mentation algorithms, have been validated and shown to cor-
relate well with each other [13].

Accurate assessment of MBF requires that minimal resid-
ual activity from the initial (rest) acquisition is present at time
of the second (stress) acquisition. For 82Rb-RbCl and 15O-
H2O, with their very short half-lives of 75 s and 2 min, respec-
tively, a complete rest-stress acquisition can be obtained in
30–45 min [11••]. On the other hand, the use of tracers with
longer half-lives is problematic as a delay of up to five half-
lives between acquisitions is required. For instance, when
using 13N-NH3, the time between acquisitions is roughly
50 min, requiring two separate cyclotron production cycles
in order to complete a rest-stress examination. Due to the
relatively lengthy half-life of 18F-flurpiridaz (110 min), the
delay period may be inconveniently long for many imaging
laboratories. For this reason, techniques have been proposed
in order to minimize this delay period. For example, a single-

Table 1 Properties of the
different PET tracers available for
flow quantification

Tracer Production Half-life Advantages Disadvantages

13N-NH3 Cyclotron 10 min Short positron range

High extraction fraction

Onsite cyclotron required

15O-H2O Cyclotron 2 min Rapid rest-stress protocol

~ 100% extraction fraction

High blood pool activity

Onsite cyclotron required

Not FDA-approved
18F-flurpiridaz Cyclotron 110 min High extraction fraction

Short positron range

No onsite cyclotron required

Exercise stress possible

Longer acquisition protocol

Not yet available

82Rb-RbCl Generator 1.27 min Rapid rest-stress protocol

No onsite cyclotron required

Long positron range

Low extraction fraction
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scan rest-stress protocol allowing rest and stress imaging with-
in 15 min has been proposed and validated in pigs using both
13N-NH3 and 18F-flurpiridaz [14, 15, 16•]. This protocol is
under validation in humans and preliminary data support its
accuracy [17]. This shortened protocol allows for complete
imaging with 13N-NH3 using a single cyclotron production
run.

Clinical Aspects

In addition to relative perfusion images, regional and
global MBF measurements are obtained at both rest
and stress, with the difference reflecting the heart’s abil-
ity to regulate blood flow to different parts of the myo-
cardium in order to meet shifting metabolic demands by
altering vascular tone in both epicardial and small ves-
sels. With PET MPI, stress acquisition is typically
achieved with pharmacological stimulation using an in-
travenous infusion of dipyridamole, adenosine, or
regadenoson. Although exercise stress is preferred for
risk assessment as it provides supplementary informa-
tion on exercise capacity and prognosis [18], it is only
very rarely used with PET, even when patients are able
to exercise, for reasons explained above.

Factors Affecting MBF and MFR

MBF is expressed in absolute units of milliliters per
minute per gram (mL/min/g) while MFR is a unitless
quantity. Normal resting MBF ranges from 0.6 to
1.2 mL/min/g but can vary due to several factors
[19–22]. For example, resting MBF might be reduced
in patients receiving medical therapy, such as β-blockers.
In addition, some medical conditions distinct from CAD
are associated with lower resting MBF. In particular, low
resting MBF in patients with hypertrophic cardiomyopa-
thy is related to the presence of myocardial fibrosis and
is a predictor of poor clinical status [23]. On the other
hand, several factors are associated with increased resting
MBF. For instance, higher resting flows are observed in
females, elderly, and obese patients [24–26]. As well,
elevated resting MBF can be observed in the presence
of high oxygen demands; as myocardial oxygen extrac-
tion is near maximal, even at rest, any increase in oxy-
gen demand must be met by a proportional increase in
MBF. Myocardial oxygen demands are therefore inti-
mately coupled with MBF [27]. Hence, increased con-
tractility, heart rate, and/or afterload during resting acqui-
sition will result in augmented rest MBF and reduced
MFR. The rate-pressure product (RPP), defined as the
product of heart rate and systolic blood pressure, is fre-
quently used as a proxy for myocardial oxygen demand

and an adjusted rest MBF can be calculated with the
following formula:

Adjusted MBFREST ¼ MBF� RPPREF=RPPREST;

where RPPREF represents the population reference resting
RPP, typically between 8000 and 9000 mmHg × bpm,
and RPPREST represents the resting RPP at time of ac-
quisition. Adjusted MFR is calculated by dividing stress
MBF by adjusted resting MBF. Although RPP is routine-
ly used to adjust resting MBF and MFR in many centers,
it does have some important limitations, including the
fact that it does not account for differences in myocardial
contractility, the major determinant of myocardial oxygen
consumption [28•].

StressMBF can be affected by various pathological factors.
Notably, stress MBF is reduced in significant epicardial dis-
ease and in microvascular dysfunction, representing an im-
paired ability to increase perfusion to a vascular territory.
Also, several non-pathological factors can affect stress MBF,
including the stress method used. With exercise stress and
hypercapnic stress, MBF increases roughly by a factor of 2
while, with vasodilators such as dipyridamole, adenosine, and
regadenoson, it increases three–fourfold [19–22, 29, 30].
Unlike vasodilator stress agents, dobutamine increases MBF
by augmenting myocardial oxygen demands, which usually
results in slightly higher stress MBF [31]. Reduced MBF and
MFR can also be seen following heart transplant. In this case,
reduced stress MBF has been attributed to cardiac allograft
vasculopathy (CAV, see below), characterized by intimal hy-
perplasia rather than CAD [32].

Diagnostic Value of Stress MBF and MFR

Incorporating MBF assessment to MPI enhances overall diag-
nostic performance. Indeed, addition of absolute flow quanti-
fication to MPI was shown to improve the ability to detect
significant coronary stenosis with both 13N-NH3 [33–35]
and 82Rb-RbCl [36, 37]. Notably, flow quantification im-
proves the ability of MPI to detect severe multivessel disease
[34, 36]. Indeed, the inability to increase flow during stress in
all territories due to diffuse (or balanced) disease can result in
normal-appearing MPI images; however, this would be ac-
companied by a reduction in global stress MBF and MFR.
Although impaired stress MBF and MFR are sensitive
markers of CAD, the use of absolute flow quantification is
also associated with a mild decrease in specificity for epicar-
dial disease [28•, 36, 37]. This can be explained by different
factors including the detection of microvascular disease and
suboptimal response to pharmacological stress misinterpreted
as significant epicardial disease.

BothMFR and stressMBF can be used to detect significant
CAD. On a per lesion basis, several studies showed that stress
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MBF is superior to MFR for detecting hemodynamically sig-
nificant stenosis (≥ 70% or FFR ≤ 0.8) [38–44]. This can be
explained, in part, by the fact that MFR is heavily affected by
resting MBF which, in turn, is dependent on several non-
pathological factors [28•]. On the other hand, global MFR
was shown to provide superior prognostic information com-
pared to stress MBF alone, leading to improved risk stratifi-
cation [45, 46]. As pointed out in a recent joint position paper
on the use of flow quantification in PET, the use of MFR
rather than of stress MBF is also justified in patients with
low resting MBF as they may present decreased stress MBF
as well but will remain asymptomatic due to preserved MFR
[11••]. Finally, MFR makes myocardial steal—a marker of
poor prognosis—more evident [47]. Hence, there is no defi-
nite consensus as to which quantitative measure is superior
and both MFR and stress MBF should be integrated in the
interpretation of MPI studies to reach a better understanding
of the disease process.

Prognostic Value of Stress MBF and MFR

Numerous studies have demonstrated the prognostic value of
absolute flow quantification in CAD. A severe reduction of
stress MBF (< 1.5 mL/min/g) and MFR (< 1.5) is associated
with a higher risk of major adverse cardiovascular events
(MACE) and death while a preserved MFR is associated with
an excellent prognosis [45, 46, 48–50]. MFR was shown to
better predict the risks of cardiac death than several other
markers, including left ventricular ejection fraction (LVEF)
[48, 49]. In general, an MFR cutoff of 2.0 is used with greater
values associated with excellent outcomes, while lower values
correlate with an increasing risk of MACE. The predictive
value of MFR is maintained over several years of follow
up—it was suggested that a normal MPI with normal MFR
offers a “warranty” period of 3 years during which the risks of
MACE and deaths remains very low [50].

The prognostic value of flow quantification was also stud-
ied in various specific populations. For example, in diabetic
patients, impaired MFR is associated with a sixfold-increased
rate of cardiac death [51]. In diabetics, MFR provides addi-
tional prognostic information, beyond that of clinical assess-
ment, LV systolic function, and semi-quantitative measure-
ments of ischemia and scar. Interestingly, the risk of cardiac
death in diabetic patients with impaired MFR and without
history of revascularization or myocardial infarction (MI) is
comparable to that of non-diabetic patients with a history of
revascularization or MI but with preserved MFR [51]. Similar
results were obtained in a population of patients with chronic
kidney failure [52, 53•]. The additional prognostic value of
flow quantification in these populations is of particular impor-
tance given the known shortcomings of conventional relative
MPI in these patient groups. Finally, flow quantification was
shown to provide incremental prognostic value in various

non-ischemic cardiomyopathies in the absence of significant
epicardial disease [54–58]. These studies showed that reduced
MFR, attributed tomicrovascular dysfunction, was consistent-
ly associated with higher rates of MACE.

Integration of Absolute Flow Quantification
in MPI Interpretation

Different cutoff values of stressMBF have been used to detect
significant epicardial lesions, ranging from 1.8 to 2.0 mL/min/
g [33, 43, 44, 59]. However, there is no universally accepted
threshold for MFR or stress MBF that can be used across all
populations to confirm the presence of significant epicardial
lesions [60]. Due to the numerous intrinsic and extrinsic fac-
tors which affect such thresholds, the interpretation of PET
MPI studies cannot rely solely on a single cutoff value for
MFR or stress MBF. Rather, the quantitative flow information
should be incorporated into the overall interpretation of rest
and stress perfusion studies. A perfusion defect in a segment
conforming to vascular anatomy on relative uptake images
associated with a severely reduced regional MFR (< 1.5) or
stress MBF (< 1.5 mL/min/g) confirms the presence of a flow
limiting epicardial lesion. In the absence of myocardial perfu-
sion defects, a normal global MFR (> 2.0) or global stress
MBF (> 2.0 mL/min/g) exclude with a high degree of confi-
dence high-risk CAD (Fig. 1) [11••, 36, 37]. On the other
hand, an impaired global MFR (< 1.5) and global stress
MBF (< 1.5 mL/min/g), even in absence of defect on relative
perfusion images, raises the possibility of extensive epicardial
disease. However, not all cases of apparent impaired global
stress MBF and MFR bear a poor prognosis. In fact, various
factors need to be considered before reporting such a finding.
First, it is critical to exclude any possible technical factors,
such as inappropriate injection bolus or movement that could
lead to erroneous flow quantification. Second, patients with
high resting flow can have low-calculated MFR in the pres-
ence of normal stress MBF. In these cases, RPP-adjusted
MFR, despite its limitations, can be calculated to account for
elevated resting flow. Third, a frequent cause of impaired
global MFR or stress MBF is suboptimal response to pharma-
cological stress. For example, patients who consumed caffeine
before pharmacological stress testing with adenosine,
dipyridamole, or regadenoson might have a blunted hyper-
emic response. When this is suspected, a repeat study with
adequate preparation (caffeine consumption cessation) or with
an alternate stress agent such as dobutamine can be
considered.

As stated earlier, another cause of impaired global MFR
and stress MBF is significant microvascular disease.
Although reduced MFR caused by microvascular dysfunction
is associated with higher MACE rates, it does not necessarily
indicate the presence of significant epicardial disease. When
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extensive epicardial disease causes a global reduction in hy-
peremic flow, various high risk findings are frequently ob-
served on MPI such as transient ischemic dilatation (TID),
right ventricular uptake, reduction of LVEF, and ST changes

on ECG (Fig. 2). On the other hand, when microvascular
dysfunction causes significant reduction in flow reserve, such
findings are usually absent and the patient often report medical
conditions associated with microvascular disease such as

Fig. 1 Relative perfusion images of a 82Rb PET/CTof a 52-year-old male
with hypertension, dyslipidemia, significant family history of coronary
artery disease, and previous positive treatmill exercise stress test
demonstrating a reversible mild perfusion defect involving the anterior

wall (a). Flow quantification demonstrates a preserve stress MBF
(3.4 mL/min/g) and MFR (3.3) in the LAD territory, excluding the
presence of significant stenosis. An angiogram performed 3 weeks later
(b) demonstrates no significant epicardial lesion
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long-standing diabetes, chronic renal failure, prior CABG, or
other non-ischemic cardiomyopathy. However, in many cases,

differentiating between microvascular dysfunction and exten-
sive epicardial disease can be challenging, if not impossible.

Fig. 2 Images of an asymptomatic 62-year-old male with baseline ECG
abnormalities. Relative perfusion images of a 82Rb PET/CT study
demonstrate a partially reversible perfusion defect in the inferior-
inferolateral territories as well as a reversible, mild perfusion defect
involving the anterior wall (a). Global MFR was strikingly abnormal at

0.9. Other high risk features including an LVEF drop of 10%, transient
ischemic dilatation, and right ventricular uptake are seen. An angiogram
performed 1 day later (b) demonstrated severe three vessel disease and the
patient was referred for coronary bypass surgery
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Integrating flow measurements with all available clinical in-
formation is critical to reach a comprehensive interpretation of
MPI and minimize false positive studies [61, 62].

MFR Vs FFR

Fractional flow reserve (FFR) is a measurement obtained dur-
ing invasive angiography to evaluate the hemodynamic sig-
nificance of an epicardial lesion. It is calculated by dividing
blood pressure distal to a lesion under pharmacological hyper-
emia by the pressure proximal to the lesion and conceptually
represents the fraction of maximal blood flow going through a
stenotic vessel compared to what it would be in absence of
stenosis. FFR is used to guide revascularization decisions and
a FFR value of 0.8 or greater is often used to exclude a hemo-
dynamically significant lesion [63–65]. Although there is a
correlation between MFR and FFR, the two are discordant
in 10 to 30% of cases, depending on the population studied
[66, 67]. This is unsurprising given that the twomeasurements
describe different physiological processes—while FFR repre-
sents the effects of an epicardial stenosis on blood flow, MFR
embodies information on both the epicardial and microvascu-
lar circulations. Varying contributions of focal epicardial dis-
ease, diffuse epicardial disease, and microvascular disease
create the interrelation between FFR and MFR [28•,
66].When both FFR and MFR are within normal range, sig-
nificant epicardial and microvascular disease are excluded.
Conversely, when both FFR andMFR are decreased, the pres-
ence of hemodynamically significant epicardial disease is con-
firmed and could be accompanied by microvascular disease,
diffuse epicardial disease, or both. In cases of severe micro-
vascular disease and absence of significant epicardial disease,
MFR will be abnormally low while FFR will be preserved. In
contrast, the presence of a significant focal epicardial lesion
without significant microvascular disease will result in re-
duced FFR while MFR can remain above the threshold defin-
ing normality. The latter scenario is more frequently seen in
younger and “healthier” individuals and can be explained by
the fact that MFR thresholds have typically been determined
in populations with both microvascular and epicardial disease.
Hence, in younger individuals without microvascular disease,
utilization of these thresholds can underestimate the severity
of epicardial lesions.

MBF in Cardiac Transplant Allograft
Vasculopathy

Flow quantification with PET can also be used for a wide
range of non-ischemic cardiomyopathies, an interesting exam-
ple being CAV. CAVaffects approximately one-third of cardi-
ac transplant patients and is among the leading cause of graft

failure, limiting long-term survival [68]. CAV is characterized
by diffuse and concentric epicardial and microvasculature in-
timal thickening which contrasts with the focal and eccentric
plaques typically seen in CAD [69]. Early detection of CAV is
of critical importance for the timely initiation of therapy.
However, diagnosis is complicated by the fact that signs and
symptoms are non-specific, if not completely absent.
Currently, the modality of choice to detect CAV is coronary
angiography, with or without intravascular ultrasound
(IVUS); however, the sensitivity of angiography is hampered
by the diffuse, concentric, and longitudinal nature of the dis-
ease. Moreover, angiography is not well suited to assess mi-
crovasculature, which is often affected in CAV. Interestingly,
CAV is associated with impaired coronary vasodilatory capac-
ity, with the degree of impairment correlating with the severity
of CAV [32]. Because of the diffuse nature of CAV, SPECT
MPI is not very useful for detecting the impaired coronary
vasodilatory capacity seen in this condition [70, 71]. On the
other hand, MBF assessment with PET represents a useful
assessment tool as it provides information on both epicardial
(whether focal or diffuse) and microvascular involvement. In
fact, it has been shown that abnormal quantitative measure-
ments of MBF and MFR are associated with the presence of
CAVon angiography and can predict disease progression and
adverse events [72–74]. In a recent prospective study evaluat-
ing the role of 82Rb-RbCl PET/CT MPI in heart transplant
patients, flow measurements were shown to correlate with
invasive coronary flow measures and had a high diagnostic
accuracy in detecting CAV [75••]. The coronary vascular re-
sistance (CVR) index, defined as systolic blood pressure di-
vided by stress MBF, helped distinguish between epicardial
and microvascular involvement, as an increased CVR index
was associated with microvascular dysfunction. A combina-
tion of stress MBF, MFR, and CVR index provided the opti-
mal diagnostic performance for the detection of CAV, superior
to any parameter alone. Based on these results, a diagnostic
algorithm allowing non-invasive screening of transplant pa-
tients was proposed in order to guide invasive testing with
angiography [75••]. Importantly, resting hyperemia is fre-
quently seen in the months following cardiac transplantation
and can persist for 1 to 3 years following surgery [76]. This
elevation in resting flows translates into a reduction of MFR
which should not be mistaken for CAV [11••].

Conclusion

The first studies examining the use of myocardial flow quan-
tification with PET date back to the 1960s. Since that time,
technological advances and the availability of validated soft-
ware packages have rendered this technique robust and repro-
ducible to the point that PET is now considered the gold stan-
dard for non-invasive assessment of MBF. To date, numerous
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studies have demonstrated the diagnostic and prognostic value
of MBF quantification in CAD and various other conditions.
Flow quantification enhances the ability of MPI to detect sig-
nificant epicardial disease and can be useful in the assessment
of coronary microvascular dysfunction in both ischemic and
non-ischemic cardiomyopathies. Overall, MFR and MBF can
lead to improved risk stratification by providing information
complementary to that of other markers of disease severity,
such as FFR.
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