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Abstract—A healthy, functional microcirculation in combination with nonobstructed epicardial coronary arteries is the 
prerequisite of normal myocardial perfusion. Quantitative assessment in myocardial perfusion and determination 
of absolute myocardial blood flow can be achieved noninvasively using dynamic imaging with multiple imaging 
modalities. Extensive evidence supports the clinical value of noninvasively assessing indices of coronary flow for 
diagnosing coronary microvascular dysfunction; in certain diseases, the degree of coronary microvascular impairment 
carries important prognostic relevance. Although, currently positron emission tomography is the most commonly used 
tool for the quantification of myocardial blood flow, other modalities, including single-photon emission computed 
tomography, computed tomography, magnetic resonance imaging, and myocardial contrast echocardiography, have 
emerged as techniques with great promise for determination of coronary microvascular dysfunction. The following 
review will describe basic concepts of coronary and microvascular physiology, review available modalities for dynamic 
imaging for quantitative assessment of coronary perfusion and myocardial blood flow, and discuss their application in 
distinct forms of coronary microvascular dysfunction.   (Circ Cardiovasc Imaging. 2017;10:e006427. DOI: 10.1161/
CIRCIMAGING.117.006427.)
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Myocardial perfusion is tightly regulated by dynamic and inte-
grated changes in the epicardial and intramyocardial coronary 
vasculature and downstream microcirculation. During rest-
ing conditions, roughly 75% of the oxygen is extracted from 
the blood by the myocardium, which leaves minimal reserve 
for additional oxygen extraction. Therefore, any increase in 
oxygen consumption/cardiac metabolism leading to increased 
oxygen demand can only be matched by increase in myocar-
dial blood flow (MBF). The regulation of MBF largely resides 
in the microcirculation. As illustrated by Figure 1, epicardial 
coronaries (500 μm to 5 mm) represent negligible part (≈10%) 
of the coronary resistance to flow when no obstructive steno-
sis is present. The capillary system and venules offer minimal 
resistance as well, serving as capacitance vessels by holding 
90% of the total intramyocardial blood volume (IMBV). Con-
sequently, under normal conditions, the coronary vascular 
resistance is primarily controlled by prearterioles (diameter 
100–500 μm) and arterioles (<100 μm). In the presence of 

stable determinants of myocardial oxygen consumption, MBF 
remains relatively constant over a wide range of coronary 
perfusion pressures as a result of autoregulation (Figure  2). 
Autoregulation is achieved by dynamic regulation of the coro-
nary microvascular diameter at the prearteriolar level through 
shear stress (flow-mediated dilation) and pressure-dependent 
(myogenic response) intrinsic mechanisms. Below the lower 
pressure limit of autoregulation, coronary flow decreases 
exponentially, resulting in myocardial ischemia. Therefore, 
there is a complex control of the resistance in the coronary 
arterial tree and microcirculation that involves shear-mediated 
neurohormonal regulation, metabolic regulation, and myo-
genic control.

In the presence of epicardial disease or microvascular 
disease, the coronary flow reserve (CFR) is determined by 
the maximum hyperemic blood flow divided by the baseline 
coronary flow (Figure 2). The normal value of CFR greatly 
depends on the technique used for quantification, but most 
publications consider CFR<2.0 sufficiently abnormal to result 
in ischemia.1 As depicted in Figure 2, baseline flow conditions 
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have significant impact on CFR; any rise in baseline MBF can 
lead to underestimation of true CFR.

The other cornerstone of reliably estimating CFR is the 
achievement of maximum hyperemia. If full hyperemia is 
not present during vasodilator or exercise stress, CFR and 
the functional severity of epicardial stenosis may be under-
estimated. The most frequently used stress agents achieve 
maximum hyperemia via endothelium-independent vaso-
dilation (adenosine, regadenoson, and dipyridamole).2 
Adenosine has a short half-life (measured in seconds) and 
is administered as a constant infusion, producing a relatively 
stable hyperemic state. Adenosine initiates vasodilation 
via binding to A2 adenosine receptors on coronary smooth 
muscle cells. However, adenosine can induce unwanted side 
effects by extracardiac activation of other adenosine recep-
tor subtypes, including activation of A1 receptors causing 

heart block and A2b receptors causing peripheral vasodila-
tion and bronchiolar constriction. Fortunately, because of the 
short half-life of adenosine, discontinuation of the adenosine 
infusion results in a rapid clearance from the circulation and 
rapid dissipation of adverse off-target effects. Regadenoson 
is a selective A2a receptor agonist, which is now frequently 
used for vasodilator stress in conjunction with myocardial 
perfusion imaging (MPI) and demonstrates less unwanted 
side effects. However, regadenoson has a longer half-life, is 
generally administered as a slow bolus, and produces a more 
variable vasodilator response.3 The application of regadeno-
son for determination of absolute flow is more limited, with 
a recent study suggesting potentially suboptimal hyperemic 
effect compared with dipyridamole.4 Dipyridamole inhibits 
cellular uptake of adenosine, thereby, facilitating intrin-
sic adenosine-induced vasodilation of intramural coronary 

Figure 1. Functional components of the coronary arterial system. Three-dimensional (3D) volume rendering of contrast microCT of por-
cine heart (top left), with maximum intensity projection of axial slice (top right), and ultrahigh resolution microCT images (bottom right). 
The porcine heart was perfused with 5% bismuth containing casting medium. The functional components of the coronary vascular tree 
are defined based on segregation of vascular tree by vascular diameter. Under physiological conditions, the majority of intramyocardial 
blood volume (IMBV) resides in arterioles and capillaries, whereas the most important contributors to coronary resistance are prearterioles 
and arterioles. Epicardial coronaries contribute to resistance and IMBV minimally. CT indicates computed tomography.
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arterioles inducing near-maximal hyperemia for a more 
extended period of time. It has to be noted that the level of 
maximum coronary blood flow is in linear relationship with 
coronary perfusion pressure; therefore, any peripheral vaso-
dilation leading to hypotension can theoretically underesti-
mate CFR. Unlike the previously mentioned vasodilators, 
dobutamine raises coronary flow by increasing cardiac work-
load via β-adrenergic receptor activation, mimicking exer-
cise-induced physiological changes.2 However, both exercise 
and dobutamine have been reported to underperform in terms 
of coronary flow augmentation when compared with adenos-
ine or dipyridamole.

A less frequently used parameter for the description of 
epicardial stenosis is relative CFR, which is calculated by 
dividing the maximum stress flow in a diseased artery seg-
ment by the maximum coronary flow without the presence of 
the disease (either in the nondiseased segment of the reference 
artery or in adjacent artery distribution).5 Without diffuse ath-
erosclerotic disease, for a discrete stenosis, the relative CFR 
should be identical to the pressure-derived fractional flow 
reserve (FFR).5 Therefore, relative CFR is particularly useful 
for the characterization of a distinct stenosis, whereas abso-
lute CFR is more informative for the description of coronary 
pathologies with global involvement, such as coronary micro-
vascular dysfunction (CMVD).

Endothelial function assessment can be performed by 
combining noninvasive flow quantification methods with cold 
pressor testing (CPT).2 This involves immersing the patient’s 
hand or foot in ice cold water, which leads to elevation of blood 
pressure and heart rate. This induces flow-mediated prearteri-
olar coronary vasodilation, which can be detected by dynamic 
imaging. Impaired CPT response has been demonstrated in 

multiple disease states associated with coronary microvascu-
lar pathology.6–10

IMBV is defined as the fraction of myocardium volume 
that is occupied by blood. Ex vivo radiolabeled red blood cell 
studies (usually performed by labeling RBCs with 99mTc) have 
been considered as the gold standard for validation of IMBV 
estimation because the RBCs stay in the intravascular circu-
lation.11 At equilibrium, IMBV can be estimated by single-
photon emission computed tomography (SPECT) as the tracer 
concentration in the myocardium over the tracer concentra-
tion in the blood pool. Myocardial contrast echocardiography 
(MCE) uses intravascular gas-filled microbubbles to estimate 
IMBV.12,13 IMBV can also be estimated noninvasively from 
first-pass perfusion CMR14 and by fast volumetric computed 
tomography (CT) acquisition.15 There is limited evidence sug-
gesting that absolute quantification of IMBV might be able 
to provide additional information about microvascular func-
tion beyond that provided by standard qualitative MPI. This is 
based on the observed approximate doubling of resting IMBV 
in the presence of critical stenosis,16 while primary CMVD is 
associated with a decrease in IMBV.17

CT imaging can provide additional novel diagnostic mark-
ers to help differentiating coronary artery disease (CAD) from 
CMVD. Transluminal attenuation gradient, defined as the 
linear regression coefficient between luminal contrast attenu-
ation (measured in Hounsfield units) and axial distance on 
coronary CT angiography images, is a novel CT marker used 
for the evaluation of the degree of coronary stenosis.18 It is par-
ticularly useful in the assessment of calcified stenotic lesions. 
The application of computational fluid dynamics to contrast 
CT angiography can also provide a unique opportunity for 
noninvasive estimation of FFR.19 As transluminal attenuation 
gradient and CT-FFR are markers of epicardial stenosis, it is 
reasonable to assume that they are not affected by alterations 
in the microcirculation.

CMVD is characterized by an impaired microvascular 
and suboptimal coronary vasodilator response to exercise or 
pharmacological stress. Historically, the diagnosis of CMVD 
required invasive coronary angiography linked with thermo-
dilution or Doppler-based coronary flow assessment (invasive 
CFR). However, with almost 30 years of experience, noninva-
sive flow quantification (noninvasive CFR, occasionally called 
myocardial flow or perfusion reserve) with positron emission 
tomography (PET) became an alternative gold standard for 
the assessment of CFR. Currently, no general consensus exists 
about optimal cutoff values that could be used for the definition 
of CMVD. Determining a unified diagnostic range for normal 
CFR is problematic because it is affected by multiple factors, 
including (1) the method used for its determination, (2) age, 
(3) sex, (4) rate–pressure product, (5) unrecognized cardiovas-
cular risk factors in supposedly healthy individuals, and (6) 
test–retest variability. Interestingly, the most frequently used 
cutoff (CFR<2.5) originates from a small study by Bergmann 
et al,20 which identified CFR of 4.1±1.2 in 11 healthy volun-
teers by performing O15-labeled water imaging with PET. This 
cutoff has been subsequently used in multiple studies for the 
diagnosis of CMVD in chest pain patients without obstruc-
tive CAD.21,22 A recent review by Gould et al5 summarizing 
data from over 250 publications with PET flow quantification 

Figure 2. Coronary autoregulation and determinants of coronary 
flow reserve (CFR). Over the autoregulation range (the plateau 
of the autoregulation curve), coronary flow remains relatively 
constant, despite changes in coronary perfusion pressure. 
CFR is determined by maximum hyperemic blood flow (solid 
red line) divided by baseline flow (solid green line). Increasing 
metabolic demand and reduced oxygen/nutrient delivery result 
in compensatory rise in baseline coronary flow (dashed green 
line). Increased baseline flow leads to a reduced CFR presuming 
stable or reduced hyperemic flow. Reduction in hyperemic coro-
nary flow (dashed red line) can be induced by reduced diastolic 
filling time or coronary microvascular disease and will also result 
in a decreased CFR.
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demonstrated a CFR of 3.55±1.36 as the weighted average of 
CFR measurements of nearly 3500 healthy controls. The goal 
of this review is to discuss the currently available noninva-
sive methods for the quantification of MBF and to summarize 
the available noninvasive flow data based on the underlying 
pathophysiology of CMVD.

Quantification of Flow With  
Radiotracer Imaging

Ideal Radiotracer and Ideal Acquisition Technique 
for Dynamic Radiotracer Imaging
Of critical importance, the ideal quantitative MPI agent should 
have a quantifiable concentration that increases linearly with 
coronary flow over a large range of flow values. Ideally, the 
tracer should have a high first-pass extraction without signifi-
cant recirculation. Of note, for most clinically used radiotrac-
ers with increasing coronary flow levels, (1) a competitive 
back diffusion into blood can be observed after the myocardial 
tracer uptake or (2) the uptake mechanism of tracer becomes 
saturated. These mechanisms can result in a progressive 
decline in myocardial extraction and retention at higher flow 
rates (roll-off phenomenon; Figure 3).2 The ideal tracer should 
show minimal roll-off phenomenon at higher stress-induced 
flows. The tracer kinetics ideally are not affected by changes 
in metabolism or type of pharmacological stress, and the agent 
should demonstrate rapid clearance from the blood pool. The 
ideal tracer has low extracardiac uptake (especially liver and 

lung uptake, given their relative proximity to the heart). Last 
but not the least, the ideal perfusion agent should be safe with-
out significant side effects, stable, and easy to produce at low 
cost.

The ideal dynamic imaging modality for MBF assess-
ment has high sensitivity to detect small changes in coronary 
flow. Based on the detected signal, it should be able to quan-
tify perfusion. Ideally, the imaging modality should have high 
spatial resolution to be able to detect regional and transmural 
differences in flow, as well as adequate temporal resolution to 
accurately create time–intensity curves if first-pass imaging 
is used for flow quantification. The measurement should be 
reproducible and would need to have high diagnostic utility 
free of artifacts. It should be widely available, fast, easy to use, 
cost-effective, and result in low radiation exposure.

Compartmental Modeling of Tracer Kinetics
The dynamic exchange of the tracer between the arterial blood 
and the myocardium can be described by using compartmental 
models. Compartmental models give mathematical description 
about the behavior of the tracer. Based on known or assumed 
knowledge about tracer kinetics, the body is divided into dif-
ferent compartments that represent either distinct physical 
space or a metabolic/bound state of the tracer. The amount of 
tracer leaving any compartment is assumed to be proportional 
to the concentration in the actual compartment. The constant 
of this proportionality (the rate constant) describes the fraction 

Figure 3. Relationship between myocardial blood flow and tracer uptake for common single-photon emission computed tomogra-
phy (SPECT) and positron emission tomography (PET) radiotracers demonstrates a roll-off phenomenon at high flow rates because 
uptake of some radiotracers becomes diffusion limited at higher flows. This results in reduced accuracy in the quantification of hyper-
emic coronary flow and coronary flow reserve (CFR). Adapted from Salerno et al2 with permission of the publisher. Copyright ©2009, 
The American Heart Association, Inc.D
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of the tracer that leaves the compartment per unit of time. The 
uptake constant k1 describes the rate of transfer from blood 
to tissue, while k2 is the washout rate by blood from tissue. 
The arterial blood concentration can be measured from direct 
blood sampling or estimated by fitting input function to the 
measured activity in the left ventricular (LV) cavity, left atrial 
cavity, or the aorta. The one compartment model operates with 
the assumption that the blood concentration is known because 
the kinetics of the blood concentration is determined by an 
independent model. Therefore, the only unknown variable is 
the tissue concentration (Figure 4). The 2 compartment model 
makes no such assumption; therefore, blood is considered a 
separate compartment. The myocardial tissue can be further 
modeled by subcompartments, creating a 3-compartment 
model with additional compartments representing the inter-
stitial and intracellular space. These additional compartments 
are often difficult to model and often are not needed for accu-
rate MBF determination. Time activity curves are commonly 
derived by dynamic region of interest sampling over the myo-
cardium and the LV. The detailed description of compartmen-
tal modeling is beyond the scope of this review, and a more 
detailed description can be found elsewhere.23

Quantification of Flow by PET
PET is the most studied noninvasive imaging modality for 
the quantification of MBF, with almost 30 years of experi-
ence using 15O-water, 13N-ammonia, and Rubidium-82 (82Rb) 
for blood flow quantification. The uptake of the currently 
used PET tracers can be modeled by 1, 2, or 3 tissue com-
partmental modeling. MBF (mL/min per gram) is calculated 
from k1 with additional correction for tracer extraction (E) 
in the myocardium (MBF=k1×E). Alternatively, a simplified 
retention model can be applied using the data acquired during 
early phase of imaging. This model is based on the assump-
tion that the washout and the metabolism of the tracer is neg-
ligible at the time of early imaging; therefore, the calculation 
of k2 and k3 are not necessary. This simplification omits the 
complicated curve fitting process, which is required in the 

compartmental modeling for the calculation of k1, making 
this approach potentially more suitable for widespread routine 
clinical application.

15O-water is the prototypical ideal perfusion agent for 
dynamic imaging, being freely diffusible with an almost 
100% first-pass extraction. Therefore, the myocardial uptake 
of 15O-water is highly proportional to myocardial flow in a 
wide range of coronary flows (0.4–5.8 mL/min per gram) and 
shows minimal roll-off at high flows.24,25 The short half-life of 
15O-water allows for rapid serial imaging with relatively low 
overall radiation exposure. However, secondary to the rapid 
clearance and the short half-life, 15O-water static images can-
not be used for visual analysis. 13N-ammonia readily diffuses 
across cell membranes, gets metabolically trapped in the myo-
cardium with a high retention rate, and is rapidly cleared from 
the blood.25,26 However, at higher flow rates, 13N-ammonia 
shows a significant roll-off as metabolic trapping becomes rate 
limiting, and significant back diffusion emerges (Figure  3). 
82Rb is a potassium analog that is extracted by the heart via 
active transport through Na-K-ATPase. The first-pass extrac-
tion of 82Rb approximates 40% to 50% at rest; however, as 
with other nondiffusible tracers, the extraction significantly 
drops with increased coronary flow rates.27 A major advantage 
of 82Rb is that it can be produced at the scanner by a portable 
generator. Therefore, there is no requirement for an on-site 
cyclotron. Unfortunately, of the 3 most commonly used PET 
tracers, 82Rb shows the most significant roll-off. Figure 5 dem-
onstrates time activity curves and representative PET images 
of a patient who underwent both 82Rb and 13N-ammonia PET 
imaging.28 Newer 18F-labeled myocardial perfusion radio-
tracers have been introduced, among which 18F-flurpiridaz, 
a 18F-labeled mitochondrial complex 1 inhibitor, has reached 
phase 3 clinical trials. This radiotracer shows favorable char-
acteristics for dynamic PET imaging, having a high first-pass 
extraction and linearity with flow even at high stress-induced 
flow rates and slow washout with prolonged myocardial reten-
tion.29,30 An early Phase II clinical trial demonstrated safety, 
better imaging quality, and higher sensitivity for improved 

Figure 4. Schematic display of tissue compartment models used in quantitative analysis of dynamic positron emission tomography 
(PET) imaging of selected PET radiotracers with unique properties. 15O water is a freely diffusible agent, as the blood concentration 
(CB(t)) is determined by an independent model, the 1 tissue compartment model is used (left). 13N ammonia readily diffuses across cell 
membranes, gets metabolically trapped in the myocardium (compartment 2) with high retention rate (middle). After injection and diffu-
sion through capillary membranes, 18F-Flurpiridaz gets trapped intracellularly in the mitochondria by irreversible binding to mitochondrial 
complex-1 (right).
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detection of CAD when compared with 99mTc SPECT imag-
ing.31 The tracer is cyclotron produced, although has a longer 
half-life of 2 hours that allows for distribution from a regional 
production center, as well as facilitating imaging with exer-
cise stress. The lower positron range of 18F in comparison to 
other PET tracers results in excellent spatial resolution. In 
the first completed phase 3 trial, 18F-flurpiridaz was demon-
strated to be superior to SPECT for diagnosing CAD, particu-
larly in women, obese subjects, and patients with multivessel 
disease.32

Dynamic PET myocardial imaging has been validated by 
microsphere blood flow studies in preclinical animal mod-
els for the absolute quantification of MBF and CFR and has 
been shown to be highly reproducible over a wide range of 
flows (0.5–6 mL/g per minute).24,25,33 In PET imaging, attenu-
ation correction is the cornerstone of accurate measurement 
of tracer uptake, which has been achieved initially with rotat-
ing attenuation line sources and more recently with CT-based 
attenuation correction after the introduction of hybrid PET/
CT systems. The accuracy of magnetic resonance–based 
attenuation correction of PET using hybrid PET/magnetic 
resonance systems remains under active investigation. PET 
offers enhanced image quality because of higher count rates 
and better spatial resolution in addition to the routine avail-
ability of robust attenuation correction when compared with 
SPECT. Additionally, PET tracers usually permit lower radia-
tion exposure than SPECT perfusion tracers mostly driven by 
their shorter half-life. More importantly, some of the available 
PET tracers (ie, 15O-water, 13N-ammonia) track flows better at 
high MBF values when compared with the commonly used 
99mTc-labeled SPECT tracers. However, the relative high cost 
associated with PET imaging has limited widespread clinical 
application because of the requirement of either onsite/nearby 
cyclotrons or expensive generators. However, the availability 
of Food and Drug Administration–approved automated soft-
ware packages for kinetic modeling and quantitative analy-
sis of flow has made routine assessment of MBF and CFR 
feasible in the everyday clinical setting. A high agreement 
of global and regional MBF values across multiple software 
packages has been demonstrated when the same kinetic mod-
eling was applied.34 The growing number of installed PET 

scanners throughout the world has made this modality even 
more accessible.

Quantification of Flow by SPECT
At the present time, most of MPI is performed on SPECT 
imaging systems, with the number of cardiac SPECT stud-
ies significantly outnumbering the number of PET imaging 
studies by 10-fold. Initial attempts to quantify blood flow with 
conventional SPECT cameras met with mixed results; how-
ever, the recent advent of dedicated ultrafast high-sensitivity 
cardiac cameras capable of dynamic list mode acquisition has 
prompted a renewed interest in the use of dynamic SPECT for 
quantification of coronary flow.

The most commonly used SPECT perfusion radiotracers  
contain 99mTc (99mTc-sestamibi and 99mTc-tetrofosmin), char-
acterized by 6-hour half-life and a 140 keV photon peak. 
However, both of these 99mTc-labeled radiotracers have rela-
tively low first-pass extraction, show significant roll-off of 
radiotracer uptake at higher flow rates, and have significant 
liver uptake, which potentially limits their use for quantifica-
tion of MBF.35–37 In contrast, 99mTc-Teboroxime, a Food and 
Drug Administration–approved, radiotracer has a higher first-
pass extraction and demonstrates linear uptake with flow even 
at higher flow rates induced by vasodilator stress. However, 
the rapid myocardial washout kinetics of 99mTc-Teboroxime 
resulted in short myocardial retention times, which along with 
significant lung uptake limited clinical use of this SPECT 
radiotracer.38 Thallium-201 (201Tl), an alternative SPECT 
radiotracer introduced in the 1970s, has also been applied 
in dynamic SPECT imaging for quantification of myocar-
dial flow.39 201Tl resembles potassium and is extracted by the 
myocardium through Na/K ATPase and has a high first-pass 
extraction rate. However, this radiotracer demonstrates sig-
nificant redistribution, which is characterized by differential 
clearance from normal and ischemic myocardium based on 
both differences in flow and tissue viability. This property of 
redistribution allowed for imaging after a single injection of 
radiotracer and comparison of early and delayed images for 
the classification of myocardial regions as normal, ischemic 
(reversible defect), or infarcted (fixed defect). However, the 
relative low energy of the emitted photon (60–80 keV) along 

Figure 5. Illustration of kinetic modeling of positron emission tomography (PET) radiotracers. Shown are typical factors and correspond-
ing factor images associated with 82Rb (A) and 13N-ammonia (B) from dynamic PET studies in same subject. AU indicates arbitrary units; 
LV, left ventricle; MYO, whole myocardium; and RV, right ventricle. This research was originally published in JNM. Reprinted from  
El Fakhri et al28 with permission of the publisher. Copyright ©2009, the Society of Nuclear Medicine and Molecular Imaging, Inc.
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with a particularly long half-life (73 hours) made the use 
of 201Tl less ideal for quantitative assessment of myocardial 
flow.37,40 Recently, radioactive iodinated rotenone derivatives 
(123I-ZIROT; 123I-CMICE-013) have shown great promise 
for dynamic SPECT MPI.41,42 These tracers, similarly to the 
PET tracer 18F-flurpiridaz, target mitochondrial complex-1 of 
the electron transport chain and demonstrate a high extrac-
tion fraction and high correlation of myocardial uptake with 
microsphere flow even at higher flow rates.41,42

Because of technical limitations related to camera sensi-
tivity and insufficient temporal resolution, early studies using 
conventional cameras with NaI detectors attempting to quan-
tify MBF by SPECT applied first-pass planar imaging using 
right pulmonary artery counts for arterial input functions. 
However, this method carried several limitations and did not 
allow for scatter, partial volume, and attenuation correction 
or permit estimates of regional MBF. More recently, newer 
dedicated cardiac SPECT systems equipped with stationary 
solid-state cadmium–zinc–telluride detectors with improved 
sensitivity and spatial and energy resolution have been applied 
for the determination of myocardial flow.37 Preclinical valida-
tion studies evaluating a dynamic SPECT imaging protocol 
using a cadmium–zinc–telluride camera suggested that 201Tl 
outperformed the 99mTc-labeled tracers based on the improved 
physiological properties of 201Tl.37

Despite the recent advances in dynamic SPECT imag-
ing, there are a handful of technical issues preventing the 
widespread use of SPECT for routine quantitative perfusion 
imaging.43 The prerequisite of accurate quantitative estima-
tion of myocardial flow through kinetic modeling is to obtain 
accurate reconstructions from the 3-dimensional SPECT 
data sets. At early time points, the blurring from cardiac and 
respiratory motion can result in overestimation of myocar-
dial tracer uptake and underestimation of input-derived blood 
pool tracer concentration, whereas at later time points, the 
myocardial uptake can be underestimated and the blood pool 
overestimated. The use of dual respiratory and cardiac gating 
during the SPECT acquisition may resolve this issue.43 One 
also needs to correct for confounding physical issues asso-
ciated with SPECT imaging, including attenuation, scatter, 
projection truncation, and partial volume effects. Attenuation 
correction is now generally achieved using a low-dose CT 
scan for the generation of nonuniform attenuation maps. 
Co-registration of a contrast CT scan can facilitate anatomic 
colocalization of myocardial surfaces for partial volume effect 
correction. The typical voxel-based partial volume correction 
methods can increase image noise, which can be particularly 
important in dynamic imaging, often having low signal to 
noise ratio at certain time points of the time activity curve. As 
gamma photons cross the human body, they can also interact 
with the tissue in a way that results in deflection of the pho-
ton with and without energy loss (Compton or Rayleigh scat-
tering, respectively). Scatter results in blurring and haziness 
of projections reduces contrast on reconstructed images and 
adds uncertainty in the quantification of the underlying activ-
ity distribution. In addition, radioactivity in adjacent organs or 
background may be truncated, and this truncation may cause 
quantitative errors without correction (projection truncation). 
Incorporating the body contour obtained from low-dose CT 

from hybrid systems or coregistered CT images in reconstruc-
tion have been shown to provide the most accurate flow esti-
mates in dynamic SPECT studies.37 Of note, in comparison 
to PET, where correction for scatter and attenuation is always 
performed, these are not routinely done for dynamic SPECT 
imaging studies, and studies without these critical corrections 
require careful interpretation.

Quantification of Flow by CT
With the advent of new multidetector CT technology with 
state of the art 128, 256, and 320 detector rows, coverage of 
the entire heart became possible with only one gentry rota-
tion. This provided feasibility of adequate serial myocardial 
and blood pool sampling for the true quantification of MBF. 
Dynamic CT scanning is performed after injection of a con-
trast agent with prospective ECG triggering of each scan at 
frequent intervals (every or every other heartbeat) for ≈30 sec-
onds after contrast administration to recover the first pass of 
the contrast medium. From these dynamic image sets, myo-
cardial and arterial input time activity curves can be generated 
and then mathematical modeling can be applied to produce 
estimates of absolute myocardial flow. Because CT contrast 
agents are similar in characteristics compared with magnetic 
resonance imaging (MRI) contrast agents (low molecular 
weight, free diffusion across capillary membranes, no intra-
cellular uptake), mathematical models previously used for 
MRI flow quantification have been successfully adapted for 
dynamic CT flow calculation. The most frequently used meth-
ods include upslope analysis, model-based deconvolution 
technique, and Patlak plot analysis.

The iodinated contrast agents that are currently used clini-
cally are nonionic, have relatively high iodine concentration, 
and can be iso-osmolar or have low-osmolality. Notably, these 
iodinated contrast agents can influence coronary physiology. 
Tatineni et al44 has shown that iodinated contrast agents induce 
coronary vasodilation that is comparable to the vasodilation 
induced by nitroglycerin. Unlike purely intravascular particu-
late emulsion contrasts, conventional nonionic contrast agents 
significantly diffuse to the extravascular space during the first 
passage, and thereby, they tend to overestimate IMBV.45 The 
first-pass extraction of nonionic contrasts is estimated to be at 
33% at hyperemic flow conditions in nonstenotic vessels and 
significantly higher (50%) in ischemic coronary territories.45 
Unlike gadolinium-based MRI contrast materials, iodinated 
CT contrast agents show linear relationship between contrast 
concentration and enhancement.

The major advantages of CT MPI are the superior spa-
tial resolution of CT and the relative cost-effectiveness of the 
technique. CT provides the opportunity to perform accurate 
anatomic and functional assessment of both the myocardium 
and the coronary circulation within one examination, provid-
ing invaluable luminal and extraluminal structural information 
about the epicardial coronary arteries as well. As mentioned 
earlier, with dynamic CT imaging, the IMBV can be calcu-
lated and may provide additional information about the cor-
onary microcirculation. State-of-the-art CT scanners have 
sufficient spatial resolution to enable differentiation between 
the endocardium and the epicardium, and the attenuation dif-
ference between these 2 layers (especially when assessed 
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during rest and stress conditions) can provide unique informa-
tion about the microcirculation, more specifically decreased 
endocardial over epicardial contrast ratios, and associated CT 
attenuation values have been associated with microvascular 
abnormalities.46 Another advantage of CT perfusion imaging 
is the possibility to calculate linear spatial variations in iodine 
concentration along the vessel (transluminal attenuation gra-
dient).18 There is also the possibility to derive estimates of 
regional myocardial perfusion associated with each coronary 
artery territory using computational modeling of the contrast 
within the large vessels.19,47

However, all these benefits potentially come at a price 
of higher radiation; even with prospective gating, a com-
bined rest and stress dynamic study exposes patients to as 
much as 15 to 20 mSv radiation. The availability of new CT 
scanners that operate at lower kVp, with advanced iterative 
reconstructions, and the application of newer acquisition 
protocols and quantitative approaches have the potential 
to significantly reduce the radiation exposure. In light of 
newer studies showing improved accuracy of hyperemic 
MBF above CFR,48 in the future, the radiation dose might be 
further lowered by limiting studies to stress only imaging. 
However, some issues will remain of concern. For example, 
with dynamic CT imaging, the image quality might be com-
promised at stress by the increased heart rate, introducing 
motion artifacts. Beam hardening artifacts arising from high 
attenuation contrast agents or coronary calcium can also 
affect image quality, although image-based beam hardening 
correction has been shown to improve CT-derived coronary 
flow accuracy by microsphere flow.49 Dual-energy CT pro-
vides another means for overcoming calcium-related beam 
hardening during CT MPI.50 Because contrast agents are 
not without physiological effects in the coronary circula-
tion, baseline flow measurements might be overestimated, 
and this could lead to underestimation of CFR. Contrast-
induced nephropathy is also a feared complication of CT 
angiography; therefore, patients with baseline renal disease 
are usually excluded from these studies. Figure  6 depicts 
color maps for MBF and IMBV in a patient who underwent 
dynamic CT imaging.51

Quantification of Flow by MRI
The high spatial and temporal resolution of MRI (particularly 
with 3 Tesla scanners) combined with the lack of radiation 
makes MRI an excellent tool for estimation of MBF. After 
the injection of gadolinium-based contrast agents, first-pass 
imaging of the myocardium is performed, based on the T1 
relaxation shortening properties of gadolinium. Well-perfused 
myocardium has shorter T1 and appears bright on heav-
ily T1-weighted images. First-pass images obtained with 
dynamic contrast MRI have been routinely evaluated for the 
assessment of MBF by visual assessment or by semiquantita-
tive approaches, such as quantitative analysis of the upslope 
in regional myocardial contrast intensity. True MBF quan-
tification requires rapid repeated acquisitions (such as fast 
low-angle shot, echo planar imaging, or steady-state free 
precession imaging) at multiple short-axis locations. These 
techniques are often combined with parallel imaging tech-
niques with the goal of reducing acquisition time. To maintain 

adequate temporal sampling, the number of short-axis slices is 
usually restricted to 3 to 4 slices. Blood pool signal intensity is 
recorded as a reference.

The gadolinium chelates that are currently used clinically 
as MRI contrast agents have a low molecular weight and freely 
diffuse across capillary membranes into the extracellular space 
without any substantial intracellular uptake. Importantly, the 
gadolinium concentration is only linear with signal intensity 
at lower concentrations and at higher doses (gadolinium con-
centration >4 mmol/L, often used in nonquantitative perfusion 
imaging for better visualization of perfusion defects) result 
in signal saturation that can lead to inaccurate estimation of 
MBF.52 To avoid signal saturation during the early dynamic 
imaging phase, a dual bolus imaging has been applied. In this 
approach, a lower bolus is administered for determination of 
the arterial input curve, which is followed by a higher bolus 
with a repeat acquisition for visualization and quantification 
of the myocardial phase.53,54

Using the measured arterial input function and the tis-
sue signal intensity, time intensity curves are constructed 
and kinetic modeling applied to quantify MBF. The most 
widely applied modeling techniques quantify MBF via com-
partmental kinetic modeling (Patlak plot, modified Kety 
equitation) or by deconvolution methods (Fermi deconvolu-
tion, model-independent deconvolution, exponential basis 
deconvolution, and B-spline basis deconvolution). The 
Patlak plot method enables the calculation of the k1 trans-
fer constant by linear least-squares fitting, simplifying the 
analytic approach to a 2-tissue compartment model.55 It only 
includes data from the early phase of contrast arrival when 
the extracellular contrast concentration is not substantial 
enough to cause back diffusion into the intravascular space. 
The k1 in this case represents the 1-way transfer of gadolin-
ium containing contrast material from the LV blood pool to 
the myocardium. The main weakness of this compartmental 
modeling approach is that MBF is calculated as K1 divided 
by the extraction fraction, and there is a nonlinear decrease 
in the extraction of gadolinium contrast agents with increas-
ing flow. Deconvolution methods model contrast enhance-
ment using a linear time invariant system, calculating the 
myocardial impulse by deconvolution of the measured tissue 
response with the arterial input function.56 The Fermi model, 
which was initially developed for purely intravascular con-
trast agent studies, can also be applied for MBF calcula-
tions for extravasating tracers as long as the intravascular 
tracer concentration stays significantly higher than the extra-
vascular concentration (eg, during first-pass diffusion).57 
B-spline basis deconvolution uses the degree and number 
of splines and the position of the break points to calculate 
MBF, whereas the total number of exponential functions and 
decay rate of the exponential functions are the parameters in 
exponential basis deconvolution.56 The model-independent 
deconvolution method applies sophisticated mathematical 
technique for input response function calculation.58 A recent 
MRI study performing head-to-head comparison of 4 dif-
ferent mathematical modeling applications (Fermi model, 
uptake model, 1-compartmental model, model-independent 
deconvolution) concluded that there was no difference in 
diagnostic performance.59
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When applying MRI for evaluation of MPI, there needs to 
be a consideration of artifacts. Subendocardial dark artifacts 
(dark-rim artifact) can transiently appear on contrast-enhanced 
MRI images at the time when the gadolinium contrast reaches 
the LV blood pool. This not only affects visual image analysis, 
but the artifact can induce significant differences in the estima-
tion of MBF by either changing the contrast upslope or baseline 
for signal difference calculations or changing the fit parameters 
of a compartment model or a nonmodel-based approach. The 
dark rim is likely multifactorial in origin, caused by Gibbs ring-
ing–related resolution limitation and cardiac motion effects.60 
Besides the aforementioned nonlinear relationship of contrast 
enhancement and contrast concentration, the main disadvan-
tages of quantitative MRI perfusion imaging are the relatively 
complicated postacquisition processing and the relatively higher 
cost. Gadolinium contrast agents are also contraindicated in 

patients with advanced renal failure, and this approach should 
not be used when the glomerular filtration rate is <30.

MRI-derived MBF has been shown to correlate well with 
microsphere-derived MBF in animal models.57,58 The advan-
tages of MRI are the high spatial resolution allowing transmu-
ral MBF characterization and the lack of ionizing radiation, 
along with the ability to perform a more comprehensive car-
diovascular assessment of structure and mechanical function. 
MRI has also been used to accurately quantify IMBV using 
first-pass perfusion. Additionally, T1 mapping at rest and dur-
ing adenosine stress has been recently demonstrated to be 
able to differentiate between normal, infarcted, ischemic, and 
remote myocardium with distinctive T1 profiles.61 Figure  7 
shows images of a quantitative myocardial perfusion MRI 
study of a patient diagnosed with hypertrophic obstructive 
cardiomyopathy.62

Figure 6. Computed tomography (CT) 
perfusion imaging of a patient who under-
went dynamic contrast CT imaging for 
suspected coronary artery disease. No 
visual perfusion defect was detected. A 
and B, The color maps for myocardial 
blood flow and myocardial blood volume, 
respectively. Global left ventricular myo-
cardial blood flow and volume were 157.7 
mL/100 mL/min and 19.3 mL/100 mL, 
respectively. Adapted from Vliegenthart 
et al51 with permission of the publisher. 
Copyright ©2016, Society of Cardiovas-
cular Computed Tomography.
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Quantification of Flow by MCE
MCE has been validated for the quantification of absolute 
MBF and determination of IMBV.12,63 The most clinically used 
ultrasound contrast agents consist of gas containing micro-
bubbles that have a shell composed of lipid, albumin, or bio-
polymers filled with perfluoropropane or sulfur hexafluoride 
gas. These microbubbles are generally 1 to 8 μm in diameter 
and resemble red blood cells with regard to size and rheo-
logical properties. They can pass through the capillary net-
work, although remain stable in the circulation as imageable 
intravascular contrast agents. These gas-filled microbubbles 
expand and contract (resonate) in response to acoustic waves, 
producing a detectable signal distinct from tissue. When 
delivered as a constant intravenous infusion, they achieve a 
steady-state concentration, however, can be locally destroyed 
in the myocardium with the delivery of high-intensity acous-
tic signals (mechanical index >0.5). Pioneering work by Kaul 
et al established an approach for quantification of myocardial 
flow using MCE (Figure 8).12 The monitoring of the rate of 
myocardial replenishment by microbubbles postdestruction 
can be used to generate time–acoustic intensity curves. The 
changes in signal intensity over time are fit to an exponential 
function, with peak signal intensity reflecting the IMBV and 
the rate of appearance of contrast reflecting the flow velocity 
in the microcirculation. The product of these 2 parameters has 
been shown to equate to MBF.12 The MCE approach has been 
used to evaluate cycle-dependent change in IMBV as an index 
of stenosis severity64,65 and the changes in flow and IMBV  
during pharmacological stress.66

The quantification of flow with MCE has been validated in 
preclinical studies against microspheres, and MCE has been 
shown to provide a good correlation with PET-derived MBF 
in humans.12,63 MCE has been extensively used in post-PCI 
imaging for detecting flow-limiting microvascular obstruction 
(no-reflow phenomenon).67 The major advantages of MCE 
against some of the other dynamic imaging modalities is the 
lack of ionizing radiation, the wide availability, and relative 
inexpensiveness of this technology. Recently, drug-coated 
microbubbles have been used for intravascular tissue–targeted 
imaging of angiogenesis and transplant rejection, as well 
as for gene or targeted drug delivery.68 Regarding potential 
disadvantages, the techniques used with MCE are operator-
dependent. In particular, maintaining the image plane during 
replenishment of microbubbles is crucial to get an accurate 
estimation of flow. Obesity, respiratory motion, and parenchy-
mal lung diseases can also result in suboptimal MCE images. 
High concentration of microbubbles in the near field can 
cause attenuation of a significant proportion of the ultrasound, 
which can lead to failure to opacify and adequately assess the 
far field. Microbubble destruction in the near field can also 
result in swirling artifacts.

Molecular Imaging and Coronary Flow
In noninvasive imaging, there is increasing demand for the 
development of molecular and cell-specific probes to visual-
ize and characterize subcellular biological processes. Recent 
advancements in instrumentation, imaging technology, and 
molecule/cell-specific tracer development enhanced progress 
in the last few decades; therefore, many modalities used for 
quantification of myocardial flow (PET, SPECT, MCE, and 
MRI) can be used for targeted molecular imaging. Specific 
probes have been developed to image angiogenesis, myo-
cardial metabolism and remodeling, cardiac neuroreceptors, 
atherosclerosis, and inflammation.68 Activation of the sym-
pathetic nervous system initiates vasodilatation in the coro-
nary resistance vessels and, thereby, increases MBF via an 
endothelium-dependent mechanism. Reductions in MBF have 
been correlated with sympathetic denervation in multiple dis-
ease processes associated with CMVD, including diabetes 
mellitus,69 and primary CMVD.70 Sympathetic imaging has 
also been used in cardiac transplant patients to demonstrate 
regional differences in the reinnervation of the transplanted 
heart, which correlated well with impaired MBF responses 
to CPT and endothelium-dependent vasodilation.71 Myocar-
dial metabolism is closely coupled with blood flow because 
of the high resting oxygen extraction, and therefore, any rise 
in oxygen demand has to be matched with an increase in 
MBF. 11C-acetate can be used for the estimation of myocardial 
oxygen consumption, and based on the high first-pass extrac-
tion, the agent has also been used for quantification of MBF.72 
Although 11C-acetate has provided an estimation of myocar-
dial flow comparable to that of 13N-ammonia, the use of this 
agent has not gained widespread utilization, possibly related 
to the complexity of producing 11C-labeled tracers. Myo-
cardial 18F-fluorodeoxyglucose imaging in conjunction with 
quantification of myocardial flow has been used to predict 
improvement in global and regional LV function in response 
to revascularization for over 30 years.73 As inflammatory cells 

Figure 7. Quantitative magnetic resonance imaging (MRI) myo-
cardial perfusion at rest and during adenosine in a 31-year-old 
male patient with hypertrophic obstructive cardiomyopathy. 
Top, The signal intensity (SI) curves (in arbitrary units [AU]) 
during the first pass of a contrast agent bolus in the hypertro-
phied basal myocardial segment (marked as *). Bottom, The SI 
curves in the blood pool used as the arterial input function. LV 
indicates left ventricle. Adapted from Petersen et al62 with per-
mission of the publisher. Copyright ©2007, The American Heart 
Association, Inc.
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display high glycolytic activity, 18F-fluorodeoxyglucose is 
also applied for evaluation of myocardial inflammation that 
occurs with infiltrative myocardial diseases. A close correla-
tion between inflammation and regional impairment in MBF 
has been recently demonstrated in cardiac sarcoidosis.74

Assessment of CMVD in Patients Without CAD: 
Primary CMVD
CMVD can develop secondary to several underlying mecha-
nisms; on the basis of clinical settings, it can be differenti-
ated into 3 major categories: CMVD in the absence of CAD 
or other myocardial disease (primary CMVD), CMVD in the 
presence of obstructive CAD (including iatrogenic CMVD 
caused at the time of revascularization), and CMVD in the 
presence of other myocardial diseases.1 The assessment of 
myocardial flow with dynamic imaging modalities reflects an 
integration of flow in the epicardial arteries and the microcir-
culation. In the absence of epicardial stenosis, any reduction 
in the MBF is assumed to be caused by functional or structural 
alterations in the coronary microcirculation causing CMVD. 
Cardiac catheterization reveals nonstenotic epicardial coro-
naries in 20% of patients with typical exertion-induced chest 

pain, and two third of these patients show abnormalities on 
invasive coronary microvascular testing.22 Chest pain without 
obstructive CAD comprises multiple etiologies, including 
musculoskeletal, pulmonary, and psychiatric pain syndromes 
in addition to non-CAD cardiac pain. In certain cases, nonin-
vasive quantification of MBF is able to differentiate noncar-
diac from cardiac pain by diagnosing CMVD.

Chest Pain Without Obstructive CAD
Cardiac syndrome X (CSX) is a frequently used diagnostic 
term for the subset of non-CAD chest pain patients, most 
commonly used in cases when chest pain is linked to objec-
tive evidence of ischemia during exercise electrocardiography 
or nuclear stress perfusion imaging; however, the diagnosis 
of CSX has been used liberally in the literature, with signifi-
cant differences in the definitions across publications. The 
heterogeneity of CSX patients is highlighted by the fact that 
a reduced CFR is not a consistent finding in all patients with 
CSX; only approximately half of these patients show impaired 
CFR by dynamic PET.21 Bøttcher et al75 demonstrated with 
13N-ammonia PET blood flow measurements in CSX patients 
that despite impaired CFR during dipyridamole vasodilator 

Figure 8. Contrast echocardiography for assessment of flow and intramyocardial blood volume. Microbubbles are delivered as a con-
stant infusion and myocardial contrast echocardiography performed using different pulsing intervals. A, The elevation (thickness) of the 
ultrasound beam is represented as E. If all the microbubbles in the elevation are destroyed by a single pulse of ultrasound at t0, then 
replenishment of the beam elevation (d1 through d4) will depend on the velocity of microbubbles and the ultrasound pulse interval t. B, 
The relationship between video intensity (y axis) and pulsing interval (x axis) are plotted. When the pulse interval exceeds T, the video 
intensity will remain constant. This plateau phase will reflect the effective microbubble concentration within the myocardial microcircula-
tion. The myocardial video intensity versus pulsing interval plots are fitted to an exponential function: y = A(1 – e−βt), where A is the plateau 
video intensity reflecting the microvascular cross-sectional area, and β reflects the rate of rise of video intensity and, hence, microbubble 
velocity. In acute preclinical validation studies, excellent correlations were found between microsphere flow and β, as well as flow and the 
product of A and β. C, A relationship between radiolabeled microsphere–derived myocardial blood flow (x axis) and A×β derived on MCE 
(y axis) in experimental animals after intracoronary delivery of a vasodilator. D, The relation between the ratio of radiolabeled microsphere–
derived myocardial blood flow from the stenotic and nonstenotic beds (x axis) and the A×β ratio derived on MCE from the stenotic and 
nonstenotic territory (y axis) in another group of animals with coronary stenoses. Adapted from Wei et al12 with permission of the publisher.  
Copyright ©1997, The American Heart Association, Inc.
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stress, the MBF response to CPT remained intact, suggest-
ing endothelium-independent alterations in coronary flow. In 
this study, infusion of the nitric oxide precursor l-arginine had 
no influence on either the resting myocardial perfusion or the 
CPT-induced hyperemia. Recently, in patients with chest pain 
without significant obstructive CAD, CT-derived myocardial 
perfusion reserve was found to be progressively decreased 
from the epicardium to endocardium.46 A recent study has 
also demonstrated an association between elevated CRP lev-
els and reduced PET-derived CFR in CSX patients, pointing to 
the importance of inflammation in the pathogenesis of CSX-
related chest pain.76

CMVD is highly prevalent in women presenting with chest 
pain syndromes; a reduced CFR has been reported in nearly 
one half of women presenting with chest pain in the absence 
of obstructive CAD.77 The high prevalence in women has been 
hypothesized to be caused by sex differences in vasoreactivity and 
vascular remodeling.78 Traditionally patients with microvascular 
angina were considered low risk; however, recent data indicate 
that the diagnosis of CMVD is associated with increased mor-
bidity and mortality, particularly in women.79 In the WISE study 
(Women’s Ischemia Syndrome Evaluation) in women without 
obstructive CAD, a reduced CFR was found to be associated with 
adverse clinical outcomes at mean follow-up of 5.4 years.80

Current practice guidelines offer limited guidance for 
making the diagnosis of CMVD. In the setting of acute coro-
nary syndrome, the American Heart Association/American 
College of Cardiology guidelines recommend considering 
invasive CFR measurement if coronary angiogram reveals 
nonobstructed epicardial arteries and CMVD is suspected 
(Class IIb; Level of Evidence B).81 The European Society 
of Cardiology guidelines recommend CFR quantification by 
PET or transthoracic Doppler echocardiography in the LAD 
for the diagnosis of microvascular angina, without consensus 
in regards the use of MCE or MRI for quantification of MBF.82 
Once the diagnosis is established, the European Society of 
Cardiology recommends reassurance and symptom relief with 
either nitrate, β-blocker, or calcium channel blocker therapy.82

When impaired CFR is demonstrated on invasive testing 
or by noninvasive quantification of MBF in non-CAD chest 
pain patients, it is reasonable to assume that the angina is sec-
ondary to primary CMVD, and appropriate changes in treat-
ment strategies can be implemented. Currently, there is little 
evidence that establishes the most effective treatment strate-
gies for the treatment of primary CMVD. In addition to risk 
factor control and the aforementioned traditional antianginal 
therapies (nitrates, β-blockers, calcium channel blockers), 
nontraditional antiischemic drugs (nicorandil, ivabradine, 
and aminophylline) have been proposed for the treatment of 
microvascular angina.78 A recent pilot study detected improve-
ment in 82Rb PET-derived CFR after 1 month of treatment 
with sodium current inhibitor ranolazine in patients presumed 
to have primary CMVD.83 The promising finding of this study 
suggests that PET-derived CFR might serve as a tool for moni-
toring the response to therapy in primary CMVD patients.

Aging
Normal aging has been associated with a progressive reduc-
tion in coronary flow.84,85 PET-derived basal and hyperemic 

MBF is comparable in patients ≤60 years of age; however, 
above the age of 60 years, basal flow increases, likely related 
to increase in cardiac workload generated by elevated systolic 
blood pressure (basal coronary flow 0.76±0.17 mL/min per 
gram in young versus 0.92±0.25 mL/min per gram in older 
patients).84 In addition, above the age of 70 years, hyperemic 
flow becomes blunted as well and, therefore, further reduc-
ing PET-derived CFR (CFR: 3.54±0.96 in patients <30 years, 
4.23±1.35 in patients 30–49 years, 3.51±1.21 in patients 50–
69 years, and 1.94±0.46 in those >70 years).85

Smoking
PET-derived CFR is 21% lower in long-term asymptomatic 
smokers when compared with control subjects (CFR: 3.8±0.6 
versus 4.6±0.9, respectively).86 Coronary endothelial dysfunc-
tion has been demonstrated in smokers by impaired PET MBF 
during CPT, when compared with controls.6 Importantly, the 
abnormal MBF response to CPT is normalized at 1 month 
after smoking cessation and remains preserved for 6 months 
after discontinuation of smoking.6

Hypertension
Reduction in PET-derived CFR has been demonstrated in 
patients with LV hypertrophy secondary to hypertension in 
the absence of epicardial CAD.87,88 Importantly, the impair-
ment in CFR is not correlated with LV mass.87 This obser-
vation suggests that intrinsic microvascular abnormalities 
(vascular remodeling and endothelial dysfunction) may play 
more important role in the pathogenesis of hypertension-
associated CMVD than LV hypertrophy. The blunting in CFR 
appears to be transmural, uniformly affecting both suben-
docardial and epicardial perfusion,87 and appears to happen 
early in the disease process because lower hyperemic flow 
has been demonstrated in asymptomatic prehypertensive 
patients.88 The fact that each step in the development of hyper-
tension is associated with worsening CFR suggests that CFR 
may progressively worsen with the evolution of the disease 
(CFR: 2.91±0.53 in controls, 2.54±0.48 in prehypertensive 
patients, and 2.23±0.47 in hypertensive patients).88 Addition-
ally, improvement in hyperemic MBF has been described after 
treatment with oral antihypertensives.89

Hyperlipidemia and Obesity
Impairment in CFR has been documented by PET in asymp-
tomatic hyperlipidemic patients with nonobstructive CAD, 
and the reduction in CFR has been correlated with total and 
low-density lipoprotein cholesterol levels.90 Moreover, treat-
ment of hyperlipidemic patients with fluvastatin91 or piogli-
tazone92 has been shown to improve PET-derived CFR mostly 
driven by improvement in hyperemic MBF. Patients with 
obesity without significant comorbidities have also shown 
blunted hyperemic MBF response on PET when compared 
with nonobese subjects.7,8 Impairment in endothelium-depen-
dent coronary vasomotion is present in overweight individu-
als as evidenced by impaired MBF response to CPT, which 
progresses to impaired vasodilator capacity to dipyridamole in 
obese individuals.7 Related to these findings, bariatric surgery 
has been demonstrated to cause marked improvement in MBF 
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in morbidly obese patients after CPT (presurgery 0.93 mL/
min per gram; postsurgery 1.08 mL/min per gram; P=0.03) 
and dipyridamole-induced hyperemia (presurgery 1.53 mL/
min per gram; postsurgery 2.51 mL/min per gram; P<0.001).8

Diabetes Mellitus
Endothelial dysfunction is the hallmark feature of diabetes 
mellitus, and impaired CFR has been demonstrated in both 
type 1 and type 2 diabetic subjects with multiple dynamic 
imaging modalities, including PET,10,93 CT,51 and MRI.94 In 
a patient cohort referred for cardiac stress/rest PET imag-
ing, those patients with diabetes mellitus and impaired CFR 
(CFR<1.6) showed yearly cardiovascular death rate compa-
rable to nondiabetic patients with known CAD (2.8% ver-
sus 2.0%, respectively), whereas those diabetic patients with 
preserved CFR had yearly cardiac death rate comparable to 
patients without diabetes mellitus and without CAD (0.3% 
versus 0.5%; Figure 9).93 Based on these findings, the authors 
postulated that diabetic patients with diffuse epicardial athero-
sclerosis or CMVD may carry a prognosis comparable to those 
with obstructive epicardial disease. There is limited evidence 
suggesting that quantification of MBF using dynamic imaging 
may be able to capture the early and progressive impairment of 
CFR at various stages of insulin resistance.10 Compared with 
controls, insulin resistance alone was associated with impaired 
endothelial function as evidenced by a blunted MBF response 
to CPT. In this study, in addition to impaired MBF with CPT, 
CFR was also impaired during adenosine stress in patients with 
overt diabetes mellitus, suggesting an impairment in endothe-
lium-independent vasodilation. CFR was even further reduced 
in patients with concomitant hypertension. The impairment in 
MBF with CPT in diabetics has been correlated with the extent 
of sympathetic nerve dysfunction, as determined by reduced 
11C-hydroxyephedrine retention.69

Assessment of CMVD in Presence  
of Obstructive CAD

Impaired hyperemic flow and CFR can be detected in patients 
with known single-vessel CAD even in coronary territories 

not affected by obstructive stenosis,95 and alterations in myo-
cardial flow can be observed in coronary territories with 
atherosclerotic disease well before the development of hemo-
dynamically significant luminal narrowing.5 It has been postu-
lated that the impaired CFR in this instance could be explained 
by (1) early atherosclerotic disease evidenced by structural 
alterations (eg, increased calcium content) in the epicardial 
coronary wall affecting the coronary microcirculation or (2) 
diffuse atherosclerotic involvement of epicardial vessels.5,96 
The former hypothesis is supported by imaging studies that 
confirm the presence of perfusion abnormalities in patients 
with traditional atherosclerotic risk factors in the absence of 
obstructive CAD.51,86,90,93,94

Integrating quantitative noninvasive flow parameters with 
qualitative MPI provides superior diagnostic accuracy for 
the diagnosis of CAD than MPI alone and offers incremen-
tal risk stratification in CAD patients.97 The value of CFR is 
highlighted by a recent study investigating 2783 consecutive 
patients referred for PET stress perfusion imaging, which 
identified impaired CFR (<2.0) to be associated with a 2- to 
3-fold increase in cardiovascular death and increased adverse 
events, whereas severely reduced CFR (<1.5) was associated 
with a 6-fold rise in the risk of cardiac death.97 Using abso-
lute MBF quantification in addition to conventional MPI can 
be especially beneficial in patients with triple-vessel disease 
for whom relative coronary perfusion assessment may fall 
short to uncover ischemia because of balanced hypoperfu-
sion. Recently, it has been demonstrated that evaluation of 
stress MBF may perform better than noninvasive assessment 
of CFR in the detection of flow-limiting CAD, implying that 
stress-only protocols may be sufficient for diagnostic stress 
imaging studies.48 Also emerging evidence suggests that 
hybrid imaging techniques (particularly PET/CT) capable of 
obtaining both anatomic and functional information about the 
coronary vasculature might be able to separate microvascular 
dysfunction (reduced CFR, normal epicardial anatomy) from 
obstructive CAD (reduced CFR and epicardial stenosis) at 
the expense of increased radiation exposure.48 However, with 
advent of high-sensitivity 3-dimensional PET 82Rb perfusion 

Figure 9. Annualized cardiac mortality among patients with diabetes mellitus (DM) or coronary artery disease (CAD). Adjusted cardiac 
mortality among patients with CAD (ie, history of coronary revascularization or myocardial infarction) without DM (orange), DM patients 
without CAD who have impaired coronary flow reserve (CFR; red), DM patients without CAD who have preserved CFR (blue), and patients 
without DM or CAD with normal scans (no scar, ischemia, or left ventricular dysfunction; green) presented as survival curves (A) and annu-
alized cardiac mortality rates (B). Data for patients with CAD and DM are also presented for comparison (purple). CD indicates cardiac 
death; EF, ejection fraction; and NI MPI, normal myocardial perfusion imaging. Adapted from Murthy et al93 with permission of the publisher. 
Copyright ©2012, The American Heart Association, Inc.

D
ow

nloaded from
 http://ahajournals.org by on June 12, 2019



14    Feher and Sinusas    Absolute Quantification of Myocardial Blood Flow

imaging with low dose prospective ECG-gated CT angiogra-
phy and the use of stress-only imaging, the radiation exposure 
would be fairly low (potentially <3 mSV).

It is important to note that a reduction in CFR can occur 
with both obstructive CAD and impairment in coronary 
microvascular function. Differentiating the patients with true 
obstructive CAD (who could benefit from revascularization) 
from patients with predominantly microvascular disease 
remains a debated topic and a major challenge in routine 
clinical practice. Large randomized trials reported that intra-
coronary pressure–based FFR-driven revascularization was 
associated with better outcomes when compared with angi-
ographic severity–guided PCI or medical treatment alone; 
however, the net benefit was mostly driven by urgent revas-
cularization and not by a reduction in the rate of mortality 
or myocardial infarction.98 Despite the relatively similar diag-
nostic accuracy of FFR and CFR, studies have surprisingly 
reported poor correlation between FFR and invasive or nonin-
vasive CFR; discordance between these values can be found in 
30% of the cases (Figure 10).99 Based on the concordance/dis-
cordance of FFR and CFR, measurements can be grouped into 
4 distinct categories: (1) concordant normal values indicate 
nonobstructive coronary anatomy and normal coronary micro-
vascular physiology, (2) concordant abnormal FFR and CFR 
indicate obstructive disease with reduced downstream MBF, 
(3) normal CFR and reduced FFR reflects predominantly 
focal, but nonflow-limiting epicardial disease, and (4) reduced 
CFR and normal FFR have been postulated to have predomi-
nant CMVD or diffuse coronary atherosclerotic involvement. 
Interestingly, when compared with concordant normal results, 
normal FFR with abnormal CFR has been associated with 
increased risk of major adverse events, whereas normal CFR 
and reduced FFR showed no increased risk.99 This highlights 
the importance of CMVD or diffuse atherosclerotic disease on 
cardiovascular outcomes.

Differentiating between focal/diffuse CAD and CMVD 
can be very challenging; several invasive and noninvasive 
diagnostic tools have been applied to separate these entities 
(Figure 11 and Table 1) Invasive quantification of resistance 
can be useful because microvascular resistance is not affected 
by epicardial stenosis when collateral coronary flow is taken 
into consideration, but it requires invasive left heart catheter-
ization. FFR and CT-FFR are indicators of focal stenosis, with 
ample evidence showing their routine applicability for differ-
entiating mild nonflow-limiting stenosis from severe steno-
sis.98 A small (10 mm Hg) pressure gradient has been observed 
in diffuse atherosclerotic disease, which still translates to non-
stenotic FFR.100 Secondary to microvascular compensatory 
mechanisms, baseline MBF remains preserved up to relatively 
late stage of atherosclerotic disease, however, is reduced in 
the presence of severe stenosis. As hyperemic flow becomes 
compromised in the presence of both an epicardial stenosis 
and CMVD, despite being a useful marker for disease sever-
ity and outcome, CFR usually cannot completely discriminate 
between CMVD and diffuse or obstructive CAD. Therefore, 
a normal-appearing coronary angiogram linked with reduced 
CFR could represent both diffuse atherosclerotic disease and 
CMVD. When invasive microvascular resistance indices are 
not available, IMBV and transluminal attenuation gradient 

can provide potential means of differentiation between these 
2 entities. Diffuse atherosclerotic disease is associated with 
compensatory increase in IMBV and a gradually decreasing 
transluminal attenuation of contrast material, while CMVD is 
associated with marked reduction in IMBV and normal lumi-
nal contrast attenuation.

Impaired CFR has been also observed in acute coronary 
syndrome patients after successful thrombolysis or catheter-
based revascularization.101,102 This type of microvascular 
injury is often categorized as iatrogenic CMVD (also called 
coronary no reflow or microvascular obstruction) and is pri-
marily caused by arteriolar vasoconstriction or microvascu-
lar embolization of atherosclerotic debris.67 The presence of 
iatrogenic CMVD has been closely associated with poor car-
diovascular outcomes, and pharmacological treatment with 
intracoronary vasodilators have been successfully applied to 
alleviate the disruption in microvascular function.67

CMVD in Other Cardiac Diseases
CMVD has been identified in multiple cardiac diseases, 
which directly or indirectly alter the myocardium and coronary 

Figure 10. Conceptual plot of the fractional flow reserve (FFR)–
coronary flow velocity reserve (CFVR) relationship. Four main 
quadrants can be identified by applying the clinically applicable 
cutoff values for FFR and CFVR, indicated by the dotted lines. 
Patients in the upper right blue area are characterized by concor-
dantly normal FFR and CFVR, and patients in the red lower left 
area are characterized by concordantly abnormal FFR and CFVR. 
Patients in the upper left orange area and lower right light green 
area are characterized by discordant results between FFR and 
CFVR, where the combination of an abnormal FFR and a normal 
CFVR indicates predominant focal epicardial, but nonflow-lim-
iting, coronary artery disease, and the combination of a normal 
FFR and an abnormal CFVR indicates predominant microvascular 
involvement in coronary artery disease. The small dark green 
region in the lower right is characterized by an FFR near 1 and 
an abnormal CFVR, indicating sole involvement of the coronary 
microvasculature. The FFR gray zone indicates the equivocal 
0.75 to 0.80 FFR range. Adapted from van de Hoef et al99 with 
permission of the publisher. Copyright ©2014, The American 
Heart Association, Inc.
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vasculature. Table 2 summarizes cardiac disorders that have 
been linked to CMVD.

Reduced hyperemic MBF or reduced CFR has been dem-
onstrated in hypertrophic obstructive cardiomyopathy,62,103 
dilated cardiomyopathy,107,108 aortic stenosis,114 amyloidosis,118 
and cardiac allograft vasculopathy.116 Endothelial dysfunction 
and CMVD are also recently recognized central components 
of the pathophysiology of heart failure with preserved ejec-
tion fraction.109,111,112 In many of these myocardial disease 
states, the impaired coronary flow carries prognostic informa-
tion,103,107,117 and improvements in coronary flow parameters 
have been described after treatment of the underlying cardiac 

disease.104,105,113,115 Reduced CFR has been also identified 
in patients with chronic kidney disease, and CFR has been 
shown to have a significant positive correlation with GFR in 
these patients.119 Additionally, global CFR was shown to be 
independently associated with all-cause mortality in dialy-
sis-dependent end-stage renal disease patients.120 Impaired 
CFR has been also described in a wide variety of chronic 
autoimmune diseases, including rheumatoid arthritis,121 sys-
temic lupus erythematosus,122 and systemic sclerosis.123 More 
recently, sarcoid-mediated focal myocardial inflammation has 
been associated with corresponding regional impairment in 
coronary flow.74 In this prospective study, immune suppression 

Figure 11. Expected changes in invasive and noninvasive coronary parameters in focal and diffuse atheroslerosis, as well as in coronary 
microvascular disease (CMVD). In mild nonflow limiting stenosis, microvascular resistance (MVR) is uneffected, and the luminal pressure 
drop is not sufficient to result in abnormal fractional flow reserve (FFR >0.8). Intramyocardial blood volume (IMBV) would be increased 
slightly secondary to compensatory vasodilation associated with autoregulation. Coronary flow remains normal under resting conditions 
and mildly reduced with hyperemic stress. With progression of coronary artery disease (CAD) to severe stenosis, FFR becomes reduced 
(<0.8), and there is marked increase in IMBV secondary to recruitment and vasodilatation. A severe reduction in baseline flow, hyperemic 
flow, and CFR can be observed. Diffuse nonobstructive atherosclerotic disease is characterized by gradually decreasing intracoronary 
pressure across the lesion, mildly increased IMBV and normal resting, and decreased hyperemic myocardial blood flow contributing to 
reduced CFR. CMVD, on the other hand, is associated with marked increase in coronary vascular resistance, maintained coronary perfu-
sion pressure, and marked reduction in IMBV. Hyperemic myocardial blood flow becomes compromised, leading to reduced CFR.

Table 1.  Expected Alterations in Invasive and Noninvasive Coronary Flow Indices in CAD and CMVD

Disease

Invasive Indices  

IMR/HMR

Noninvasive indices

FFR/CT-FFR Rest MBF Stress MBF CFR IMBV TAG

Mild to moderate nonflow-limiting focal stenosis (<85%) N ↓ N ↓ ↓ ↑ ↓

Severe, flow-limiting focal stenosis (>85%) N ↓↓ ↓ ↓↓ ↓↓ ↑↑ ↓↓

Diffuse atherosclerotic disease N ↓ N ↓ ↓ ↑ ↓

CMVD ↑↑ N N/↑ ↓ ↓ ↓↓ N

↓ indicates decrease in index; ↑, increase in index; CAD, coronary artery disease; CFR, coronary flow reserve; CMVD, coronary microvascular disease; FFR, fractional 
flow reserve; HMR, hyperemic microvascular resistance; IMBV, intramyocardial blood volume; IMR, index of microvascular resistance; MBF, myocardial blood flow; 
N, no change in index; and TAG, transluminal attenuation gradient. Number of arrows represents the relative magnitude of change.
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induced a decrease in inflammation that was associated with 
improvement in CFR, whereas CFR further worsened in areas 
with increasing inflammation.74

Conclusions
With the evolution of noninvasive cardiac imaging, absolute 
quantification of coronary flow became a reality for modern 
clinical cardiology practice. The evaluation of absolute coro-
nary flow can be used for risk stratification in CAD patients 
and improves the diagnosis of primary CMVD. Absolute 
quantification of MBF may also improve our understanding 
of the pathophysiology behind the cardiac involvement of sys-
temic inflammatory disorders, diseases of the myocardium or 
vasculature, and the syndrome of heart failure with preserved 

ejection fraction. In certain diseases, such as diabetes mel-
litus, hypertrophic obstructive cardiomyopathy, and dilated 
cardiomyopathy, impaired coronary flow can serve as a pow-
erful prognostic marker, facilitating clinical decision-making 
regarding clinical surveillance frequency or initiation of more 
advanced therapies. A progressive decline in coronary physi-
ology can be observed in association with disease progression 
in certain systemic conditions, such as hypertension, hyper-
lipidemia, obesity, and diabetes mellitus. Future studies are 
needed to assess whether noninvasive quantitative assessment 
of CFR can be applied for monitoring disease progression in 
these patient populations and to evaluate the clinical impact of 
early diagnosis and therapy facilitated by noninvasive coro-
nary flow quantification. Future studies are encouraged for the 

Table 2.  Secondary CMVD in Cardiac Diseases

Disease
Presumed Pathophysiology 

of CMVD
Coronary Flow 
Abnormality

Prognostic Value of Coronary 
Flow Parameters

Improvement 
in CFR With 
Treatment Reference

Hypertrophic 
obstructive 
cardiomyopathy

Remodeling of intramural 
coronary arterioles, marked 

wall thickening, luminal 
narrowing

Reduced hyperemic 
MBF proportional to 

hypertrophy

Reduced hyperemic MBF 
independent predictor 

of cardiovascular death, 
progression to heart failure, 

or sustained ventricular 
arrhythmias

Alcohol septal 
ablation

Petersen et al62, 
Cecchi et al103, 
Timmer et al104

Dilated 
cardiomyopathy

Endothelial dysfunction, 
decreased microvascular 

density, extravascular 
compression of the 

microvasculature because of 
elevated LV filling pressures

Reduced CFR present 
at early stage of the 

disease

Reduced hyperemic MBF 
independent predictor of 

cardiac death or development/
progression of heart failure

CRT Djordjevic Dikic et 
al105, Knaapen et al106, 
Neglia et al107, van 
den Heuvel et al108, 

Negli et al124

Preserved CFR independent 
predictor of LV recovery in 

response to CRT

Heart failure with 
preserved ejection 
fraction

Systemic proinflammatory 
state leading to coronary 
microvascular endothelial 

inflammation, lower coronary 
microvascular density

Reduced CFR   Kato et al109, 
Mohammed  

et al110, Paulus 
and Tschöpe111, 
Srivaratharajah 

et al112

Aortic stenosis Increased hemodynamic 
load leading to increased 

LV mass, reduction in 
diastolic perfusion time, and 
abnormal cardiac–coronary 

coupling

Reduced hyperemic 
flow correlating to 
stenosis severity

 Conventional or 
transcatheter 
aortic valve 
replacement

Rajappan et al113,114, 
Wiegerinck et al115

Coronary allograft 
vasculopathy

Generalized endothelial 
dysfunction, diffuse 

concentric epicardial intimal 
thickening with CMVD 

secondary to changes in 
sympathetic innervation, 

inflammation, and 
autoimmune mechanisms

Reduced CFR 
correlating with  

intimal thickening

Reduced CFR and hyperemic 
MBF predictors of adverse 

events (all-cause death, acute 
coronary syndrome, and heart 

failure hospitalization)

 Kofoed et al116,  
Mc Ardle et al117

Amyloidosis Diffuse coronary media 
infiltration or obstruction of 
intramyocardial coronary 

vessels by amyloid deposits

Reduced rest MBF, 
reduced hyperemic 
MBF, reduced CFR

  Dorbala et al118

Sarcoidosis Microvascular compression 
by inflammation or 

granulomas

Reduced hyperemic 
MBF corresponding to 
areas of inflammation

 Immune 
suppression

Kruse et al74

CFR indicates coronary flow reserve; CMVD, coronary microvascular disease; CRT, cardiac resynchronization therapy; LV, left ventricle; and MBF, myocardial blood flow.
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investigation of whether quantitative assessment of MBF can 
be used for the prediction of response to therapies, particularly 
in primary CMVD patients or in patients with heart failure 
with preserved ejection fraction. The quantification of MBF 
is expected to become more widely available with advances 
in technology, and so this invaluable tool can be used in the 
everyday decision making in clinical cardiology.
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