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Cardiac PET Perfusion Tracers: Current Status and Future 
Directions

Jamshid Maddahi, MD, FACC, FASNC1,2 and René R. S. Packard, MD1

1Department of Medicine (Cardiology), Ronald Reagan UCLA Medical Center, University of 
California at Los Angeles (UCLA) School of Medicine, Los Angeles, California

2Department of Molecular and Medical Pharmacology (Nuclear Medicine), Ronald Reagan UCLA 
Medical Center, University of California at Los Angeles (UCLA) School of Medicine, Los Angeles, 
California

Abstract

Positron emission tomography (PET) myocardial perfusion imaging (MPI) is increasingly used for 

non-invasive detection and evaluation of coronary artery disease (CAD). However, the widespread 

use of PET MPI has been limited by shortcomings of the current PET perfusion tracers. 

Availability of these tracers is limited by need for an on-site (15O water and 13N ammonia) or 

nearby (13N ammonia) cyclotron or commitment to costly generators (82Rb). Due to short half-

lives ranging from 76sec for 82Rb, to 2.1min for 15O water and 10min for 13N ammonia, their use 

in conjunction with treadmill exercise stress testing is either not possible (82Rb and 15O water) or 

is not practical (13N ammonia). Furthermore, the long positron range of 82Rb makes image 

resolution suboptimal and its low extraction limits its defect resolution.

In recent years, development of an 18F labeled PET perfusion tracer has gathered considerable 

interest. The longer half-life of 18F (108 minutes) would make the tracer available as a unit dose 

from regional cyclotrons and allow use in conjunction with treadmill exercise testing. 

Furthermore, the short positron range of 18F would result in better image resolution. 18F 

flurpiridaz is by far the most thoroughly studied in animal models, and is the only F18-based PET 

MPI radiotracer currently undergoing clinical evaluation. Pre-clinical and clinical experience 

with 18F flurpiridaz demonstrated a high myocardial extraction fraction, high image and defect 

resolution, high myocardial uptake, slow myocardial clearance, and high myocardial-to-

background contrast which was stable over time – important properties of an ideal PET MPI 

radiotracer. Pre-clinical data from other 18F labeled myocardial perfusion tracers are encouraging.

Introduction

Currently, single photon emission computed tomography (SPECT) myocardial perfusion 

imaging (MPI) remains the mainstay of risk stratification of coronary artery disease (CAD). 
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However, several factors affect the accuracy of this test, in particular uncorrected non-

uniform attenuation and photon scatter from extra-cardiac sources, particularly the liver. 

Attenuation artifacts are frequently observed due to the diaphragm as well as in obese 

patients and female patients. Positron emission tomography (PET) cardiac imaging has 

inherent attenuation correction and has superior spatial and temporal resolution compared to 

SPECT. This has led to the growing use of PET MPI in clinical practice. However, several 

limitations of the currently available PET perfusion tracers have hampered their widespread 

use. The short half-life of these tracers necessitates either the availability of an on-site 

cyclotron or costly generators. This has also rendered exercise treadmill testing impractical 

in routine streamlined clinical practice. Ensuingly, academic and biotechnology industry 

researchers over the last decade exhibited a growing interest in the development of an 18F-

based radiotracer in an effort to take advantage of the much longer 108min half-life of 18F. 

This has led to a sharp growth in recent years in the development and experimental animal 

testing of 18F-based PET MPI radiotracers (1) (2) (3). The present article will review 

currently available PET MPI tracers and will revisit some of the more thoroughly 

studied 18F-based radiotracers at the basic and translational level.

Current myocardial perfusion PET tracers

Three PET myocardial perfusion tracers are currently available for clinical use: 15O 

water, 13N ammonia, and 82Rubidium. These tracers are different from one another with 

respect to their myocardial uptake, myocardial extraction fraction, positron range, half-life, 

production and use in the clinical setting, points that are discussed below.

15O water

Myocardial uptake of 15O water is through passive diffusion (4). The physical half-life of 

this tracer is 2.06 minutes (5). As such its production requires an on-site cyclotron (Table 1).

Image resolution of PET tracers depends on their positron energy. Tracers that emit a higher 

energy positron have a lower image resolution because their high energy positron travels a 

longer distance away from the organ before they annihilate. In other words, the higher the 

energy of the emitted positron, the longer the positron range and the lower the image 

resolution (Figure 1). 15O has a 4.14 mm positron range (5) resulting in an intermediate 

image resolution (Figure 1).

Perfusion defect contrast is influenced by the myocardial extraction fraction of the 

myocardial perfusion tracer that is used for imaging. Figure 2 illustrates conceptually the 

relationship between myocardial blood flow (x-axes) and myocardial tracer uptake (y‐axes) 

at baseline and at peak hyperemia. In these examples, myocardial blood flow (MBF) in a 

region supplied by a normal coronary artery increases to 2.4 ml/min/g, while in the region 

subtended by a moderately narrowed coronary artery it increases to only 1.8 ml/min/g (25% 

less than the normal region). The myocardial extraction fraction of 15O water is 100% (6). 

When this tracer is used for imaging, the difference in myocardial tracer uptake would be 

directly proportional to the difference in flow. In other words, tracer uptake in the under-

perfused region would be 25% lower than that in the normal region (estimated 1.8 versus 
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2.4) (Figure 2A). Nevertheless, myocardial perfusion image quality with 15O water is 

suboptimal due to a low myocardial-to-background count ratio.

Due to its very short half-life, stress imaging with 15O water is only feasible in conjunction 

with pharmacologic stress, not treadmill exercise. The imaging protocol consists of injection 

of 24-30 mCi (900-1100 MBq) of the tracer at rest followed by dynamic imaging for 4-5min 

(14×5sec, 3×10sec, 3×20sec, and 4×30sec) (7). Pharmacological stressor administration may 

begin shortly after completion of rest image acquisition, due to the short half-life of 15O 

water. Again, 24-30 mCi (900-1100 MBq) of the tracer is injected, this time at peak 

hyperemia, followed by dynamic imaging for 4-5min (7).

15O water has been validated and extensively used for quantitation of MBF and coronary 

flow reserve (CFR) (4) (6) (8) (9). However, 15O water is not approved by the FDA for 

clinical use and is not reimbursed by third party payers. The current clinical use of 15O 

water is primarily for measuring MBF in research studies and in the academic setting.

13N ammonia

This tracer is taken up by the myocardium by passive free diffusion across cell membranes 

as ammonia (NH3) where it equilibrates with its charged form ammonium (NH4) and gets 

trapped inside the cell by conversion through glutamine synthase to 13N-glutamine (10) (11) 

(12). The physical half-life of 13N ammonia is 9.96 minutes (5). As such, its production has 

required an on-site cyclotron (Table 1). Due to the 9.96 minute half-life of 13N ammonia, 

production and delivery of this tracer from a cyclotron a few miles away has been shown to 

be feasible. More recently, small, single site 13N ammonia cyclotrons have been developed 

(Ionetix) that allow on-site production and unit dose use of 13N ammonia in the clinical 

setting. However research reports with this product are lacking at present. The positron 

range of 13N ammonia is 2.53 mm (5) resulting in an intermediate-high image resolution as 

compared to other PET MPI tracers (Figure 1). The myocardial extraction fraction of 13N 

ammonia is is approximately 80% (Table 1). Therefore, there is less difference in tracer 

uptake in the under-perfused versus normally perfused regions as compared to 15O water 

(Figure 2B). In other words the under-perfused to normal hyperemic blood flow ratio of 0.75 

(1.8/2.4) would result in a tracer uptake ratio of 0.84 (1.3/1.55). Therefore, tracer uptake in 

the under-perfused region would be 16% below that of the normal region.

Since the physical half-life of 13N ammonia is longer than those of 15O water and 82Rb, it is 

feasible to use 13N ammonia in conjunction with supine bicycle exercise (13) (14) or 

treadmill exercise (15). This approach, however, is not practical for routine clinical use. 13N 

ammonia has been validated and extensively used for quantitation of MBF and coronary 

flow reserve in a variety of clinical conditions with a standard clinical protocol involving 

injection of 20 mCi (740 MBq) of 13N ammonia at rest followed by a 10min image 

acquisition protocol, 30min after which a pharmacological stress is performed and a second 

20 mCi (740 MBq) injection of 13N ammonia performed and images acquired (16) (17) (18) 

(19) (20) (9). This tracer is approved by the FDA for clinical use and is reimbursed by third 

party payers.
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82Rb

This tracer is taken up by the myocardium as a potassium analog through active transport by 

the Na+/K+ ATPase-pump (21) (22) (23). The physical half-life of 82Rb is 1.25 minutes (5) 

and can be produced by a relatively small on-site generator (Table 1). Availability of 82Rb 

generators have been hampered by limited availability of 82Sr and a single supplier for 82Rb 

generators. Recently however, a new 82Rb generator delivery system has been developed, 

comprised of a 82Sr/82Rb generator and an elution system that may offer improvement in 

safety (Jubilant/DraxImage). This system is available in Canada and is currently under 

review by the US FDA. The positron range of 82Rb is 8.6 mm (5) resulting in low image 

resolution as compared to other PET MPI tracers (Figure 1). The myocardial extraction 

fraction of 82Rb is lower than the other PET perfusion tracers (Table 1). Therefore, there is 

less difference in tracer uptake in the under-perfused versus normally perfused regions 

(Figure 2C): the same stress response would result in tracer uptake of 1.0 in the normally 

perfused bed and 0.9 in the bed served by the stenotic vessel. Therefore, tracer uptake in the 

under-perfused region would be only 10% below that of the normal region.

The clinical imaging protocol for 82Rb starts with initial scout and transmission CT scans 

obtained for orientation and attenuation correction. Beginning with the intravenous bolus 

administration of 50 mCi (1850 MBq) of 82Rb, serial dynamic images are acquired for 6 min 

(14×5sec, 6×10sec, 3×20sec, 3×30sec and 1×90sec). Rapidly after completion of the rest 

study, a standard intravenous vasodilator infusion is administered. At peak hyperemia, a 

second 50 mCi (1850 MBq) dose of 82Rb is injected, and images recorded in the same 

manner (24) (25). Although the low myocardial extraction fraction of 82Rb does not render 

it ideal for absolute quantitation of MBF and CFR, this tracer has been extensively validated 

for this purpose (23) (26) (27) (28) and has provided useful information in the clinical 

setting (29) (30) (31) (32)

Future directions

Over the past few years, several 18F labeled myocardial perfusion PET tracers have been 

developed. Among these tracers, 18F flurpiridaz, formerly BMS-747158 or 2-tert-butyl-4-

chloro-5-[4-(2-(18F)fluoroethoxymethyl)-benzyloxy]-2H-pyridazin-3-1, has entered phase 3 

multicenter clinical trials and will be discussed in more detail. Data on other new 18F labeled 

tracers that are in pre-clinical investigation, such as fluorodihydrorotenone (F18-FDHR), p-

fluorobenzyl triphenyl phosphonium cation (F18-FBnTP) and 4-fluorophenyl triphenyl 

phosphonium ion (F18-FTPP), will also be reviewed. Additional novel 18F labeled PET MPI 

radiotracers based on various iterations of triphenyl phosphonium salts are currently being 

studied (33), (34), (35), (36). Given these are mostly at preliminary stages of development, 

they will not be discussed below.

18F flurpiridaz
18F flurpiridaz is a novel PET MPI tracer which is a structural analog of the insecticide 

pyridaben, a known inhibitor of the NADH:ubiquinone oxidoreductase also known as 

mitochondrial complex-1 (MC-1) of the electron transport chain (37). Flurpiridaz inhibits 

MC-1 by competing for binding with ubiquinone without affecting the viability of 
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cardiomyocytes. Uptake and washout kinetics of Flurpiridaz in rat cardiomyocytes 

demonstrated a very rapid uptake with a time to ½-maximal uptake of 35sec, and slow 

washout with an efflux ½-time greater than 120min. In vivo biodistribution studies in mice 

demonstrated that Flurpiridaz had the highest accumulation in the heart, with a substantial 

myocardial uptake of 9.5% injected dose per gram at 60min with very favorable heart-lung 

and heart-liver ratios of 14.1 and 8.3, respectively (37). Mouse microPET images acquired 

from 5-15min and from 55-65min demonstrated clear visualization of the left ventricular 

myocardium with minimal background activity. Importantly, cardiomyocyte toxicity was not 

observed when cells were incubated for 18h at concentrations up to 1umol/L. Importantly, 

the highest concentration of Flurpiridaz used in studies did not exceed 200 nmol/L with a 

maximal incubation time of 45min, permitting to safely conclude that cardiomyocyte 

viability is not affected.

Further experimental PET imaging in rats, rabbits and rhesus monkeys demonstrated a high 

and sustained cardiac uptake which was proportional to blood flow (38). In rats, heart-lung 

ratio was 9.5 at 15min with 18F flurpiridaz compared to 2.0 with 99mTc sestamibi, whereas 

heart-liver ratio was 2.6 at 15min with 18F flurpiridaz compared to 1.9 for 99mTc sestamibi. 

Ratios at 60min were also more favorable to 18F flurpiridaz. In isolated rabbit hearts, the 

net 18F flurpiridaz uptake increased proportionally at blood flow rates of 1.66 – 5.06 

mL/min/g of left ventricular weight, achieving a slope of 0.47. In comparison, 201Tl 

and 99mTc sestamibi achieved a slope of 0.10 and 0.08, respectively. MicroPET images 

acquired in rats, rabbits and rhesus monkeys from 5-15min and from 55-65min 

demonstrated clear visualization of the myocardium with negligible background activity. 

Percent change in tracer activity in the heart was determined in 5 rhesus monkeys at 10min 

intervals following the initial injection, with essentially constant levels in the heart after 

60min. The left coronary was ligated in rat hearts to visualize myocardial perfusion deficits 

with blue dye injection used as the reference. The no-flow region by PET matched the one 

with absence of dye histologically. In a pig model, 18F flurpiridaz exhibits significantly 

higher activity ratios of the myocardium vs. the blood, liver and lungs compared to 13N 

ammonia (39). A small increase in myocardial tracer uptake was noted from 10–40min, both 

at rest and adenosine stress, suggesting the presence of tracer metabolites.

Finally, this radiotracer also permits evaluation of myocardial infarction (MI) size in rats 

(40). Left coronary arteries were ligated either permanently – inducing transmural MI's - or 

transiently for 30min – inducing subendocardial MI's - and triphenyltetrazolium chloride 

staining of tissue samples used as a reference of infarct size. The animals were imaged 24h 

thereafter. There was an excellent correlation of the defect size by microPET imaging with 

the MI size both after permanent (r=0.88) and transient (r=0.92) LAD ligation.

Imaging characteristics and potential clinical advantages of 18F flurpiridaz are described 

below:

Unit dose availability—18F flurpiridaz has a half-life of 108 minutes and may be 

produced at regional cyclotrons and delivered to imaging centers in much the same way 

as 18F‐labeled fluorodeoxyglucose (FDG), thus obviating the need for an on-site cyclotron 

(Table 1).
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High image resolution—The positron range of 18F is 1.03 mm and is shorter than those 

of 82Rb (8.6 mm), H2
15O (4.14 mm), and 13NH3 (2.53 mm) (5) (Table 1 and Figure 1). 

Image resolution of 18F flurpiridaz PET is also better than 99mTc SPECT. It is expected that 

improved image resolution leads to improved image quality and confidence of 

interpretation. In Phase II clinical trials (41), image qualities of rest and stress images 

obtained by 18F flurpiridaz PET and 99mTc SPECT were compared by blinded observers in 

the same patients undergoing both studies. A higher percentage of images were rated as 

excellent/good by PET versus SPECT on stress (99.2% vs. 88.5%, p < 0.01) and rest (96.9% 

vs. 66.4, p < 0.01) images. Diagnostic certainty of interpretation (define as percentage of 

cases with definitely abnormal/normal interpretation) was higher for PET versus SPECT 

(90.8% vs. 70.9%, p < 0.01).

High extraction fraction and perfusion defect resolution—The first-pass extraction 

fraction of 18F flurpiridaz by the myocardium was determined in isolated rat hearts perfused 

with the Langendorff method (42). The radiotracer demonstrated an elevated – 94% – and 

flow-independent extraction fraction of 18F flurpiridaz, implying a linear relationship 

between uptake and MBF, an important attribute for stress MBF measurements. In 

comparison, 13N ammonia has an extraction fraction of 82% at rest and 82Rb chloride one of 

42% with a significant roll-off phenomenon, i.e. low extraction at high flows. The 94% 

extraction fraction of 18F flurpiridaz did not change significantly at flows ranging from 5.0 – 

16.6 mL/min which were achieved using adenosine stress. This is a result of the high density 

of mitochondria in cardiac muscle (which comprise 20-30% of the myocardial intracellular 

volume) doubled by the lipophilicity of the compound and its high binding affinity to MC-1 

(38). The primary route of excretion of the compound is renal, consistent with a rapid 

decrease in activity of the radiotracer in the kidneys. Higher myocardial extraction facilitates 

detection of milder perfusion defects, as shown in Figure 2 (43). With a high-extraction 

radiotracer such as flurpiridaz, a substantial difference in tracer uptake is expected in normal 

versus under-perfused regions. With the same stress response illustrated in Figure 2D (MBF 

increases to 2.4 ml/min/g in the normal vascular bed and to 1.8 ml/min/g in the bed served 

by the stenotic vessel), tracer uptake is estimated to be 2.0 and 1.6, respectively. Therefore, 

tracer uptake in the under-perfused region would be 20% below that of the normal region 

(Figure 2D). In Phase 2 clinical trials, the magnitude of reversible defects was greater with 

PET than SPECT (p = 0.008) in patients who had CAD on invasive coronary angiography.

Low radiation exposure—In Study 101 (44), the mean effective dose (ED) of 18F 

flurpiridaz injected at rest was very similar to that of FDG, with a much lower exposure to 

the critical organ by a factor of 2.5. In Study 102 (45), dosimetry of 18F flurpiridaz was 

evaluated in patients who were injected at rest and on a second day, at peak adenosine stress 

or at peak treadmill exercise. Excellent image quality was noted with both forms of stress 

imaging. Dosimetry results suggest that injection of up to 14 mCi (518 MBq) of 18F 

flurpiridaz during a rest-stress protocol would provide a clinically acceptable ED at 6.4 mSv. 

This is significantly lower than ED's of stress-redistribution 201Tl imaging (26 mSv) and 

rest-stress 99mTc SPECT imaging (11.5 mSv). 18F flurpiridaz radiation exposure is 6.3 mSv, 

which is approximately one half of 99mTc SPECT MPI and is similar to that of 82Rb 3D 

imaging (4.3 mSv).
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Feasibility of rest-treadmill exercise imaging—The longer half-life of 18F also 

ensures that the radiotracer is present long enough to allow a patient injected at peak 

treadmill exercise to move to the camera and still be effectively imaged. Feasibility of rest-

treadmill exercise 18F flurpiridaz was initially shown in Phase 1 clinical trials (44, 45). A 

very high target-to-background ratio was noted when 18F flurpiridaz was injected at peak 

treadmill exercise. Using the relationship between rest-stress contamination and dosing, it 

was determined that for a same-day rest-exercise protocol, a minimum dose ratio of 3.0 was 

needed, with a 60-minute waiting time between the 2 injections. For an optimum same-day 

rest-adenosine stress protocol, on the other hand, a dose ratio of 3 with a 30-minute waiting 

time between the 2 injections was required (44, 45). These protocols were successfully 

implemented in the Phase 2 and Phase 3 clinical trials of 18F flurpiridaz.

Peak stress function imaging—Kinetic studies in Phase 1 trials (45) have shown that 

imaging may begin 2min following injection of 18F flurpiridaz during pharmacological 

stress. With treadmill exercise protocol, imaging may begin as soon as the patient is moved 

under the PET imaging device following completion of exercise. Using 18F flurpiridaz, post 

stress imaging is, therefore, very close to peak stress and has a higher chance of detecting 

stress induced wall motion abnormalities. This is in contrast with 99mTc SPECT MPI 

protocol in which post stress images are obtained 30-45min following stress.

Diagnostic accuracy for detection of CAD—In the Phase 2 trial (41) of 18F 

flurpiridaz, diagnostic performance of this tracer was compared to 99mTc SPECT MPI for 

detection of CAD defined as ≥50% stenosis by invasive coronary angiography (ICA). 143 

patients from 21 centers underwent rest-stress PET and 99mTc SPECT MPI. In 86 patients 

who underwent ICA, sensitivity of PET was higher than SPECT (78.8% vs. 61.5%, 

respectively, p = 0.02). Specificity was not significantly different (PET: 76.5% vs. SPECT: 

73.5%). Receiver-operating characteristic curve area was 0.82 ± 0.05 for PET and 0.70 ± 

0.06 for SPECT (p = 0.04) (Figure 3). Normalcy rate was 89.7% with PET and 97.4% with 

SPECT (p = NS). Figure 4 illustrates a patient who underwent 99mTc labeled SPECT MPI 

and 18F flurpiridaz MPI who was subsequently found to have normal coronary arteries on 

invasive coronary angiography. The SPECT MPI was a false positive due to the presence of 

a reversible inferior wall defect. 18F flurpiridaz MPI showed uniform distribution of activity 

throughout the myocardium and therefore was truly negative. The patient shown in Figure 5 

had a normal SPECT MPI. 18F flurpiridaz MPI, however, showed reversible anterolateral 

defects that correlated with the presence of significant left circumflex coronary disease on 

ICA.

Absolute quantitation of myocardial blood flow—The importance of absolute 

quantitation of myocardial flow, above and beyond relative perfusion imaging, has been 

well established and is progressively entering routine clinical practice (46) (47) (9). 13N 

ammonia CFR increases diagnostic sensitivity (48) and has a strong association with 

prognosis (49) (50). 82Rb MBF and CFR correctly detects 3-vessel CAD (51) and predicts 

adverse cardiovascular events (29) beyond relative MPI (30) (31). Most importantly, 

absolute quantitation of MBF with 82Rb is a strong and independent predictor of cardiac 
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mortality in patients with known or suspected CAD, providing incremental risk stratification 

over established clinical variables and relative MPI (32).

The elevated extraction fraction of 18F flurpiridaz at different flow rates makes it an optimal 

candidate for absolute MBF quantitation. In an initial study, Nekolla and associates used a 

3-compartmental modeling approach in a pig model for quantitation of MBF with 18F 

flurpiridaz (39). In this 3-compartment kinetic model, k1 was the extraction from the arterial 

blood to the interstitium, essentially representing MBF; k2 the reverse diffusion of the 

radiotracer from the interstitium to the vascular space; and k3 represented the binding of the 

radiotracer from the interstitium to the cardiomyocyte MC-1. k4, theoretically describing the 

reverse diffusion of the radiotracer from the cardiomyocyte MC-1 to the interstitium was set 

at zero given the very high retention rate of 18F flurpiridaz. Given the single-pass extraction 

fraction was known to be 94%, no correction for flow-dependent extraction was applied. 

With the use of adenosine stress and LAD constriction, regional flow values ranged from 0.1 

– 3.0 mL/min/g. Results of the 3-compartment model fitting were 80% over a 10min and 

84% over a 20min acquisition period. There was overall significant agreement between the 

kinetic modeling and MBF measured by microspheres, with a modest underestimation of 

MBF using this model leading to a slope=0.84 and r=0.88. The underestimation of MBF was 

more accentuated in LAD constriction, with a slope=0.61 and r=0.93.

Another simplified method of absolute flow quantitation utilizing 18F flurpiridaz and 

allowing radiotracer injection outside the PET scanner was proposed in a pig model (52). 

Here, the authors posited that myocardial retention and standardized uptake values (SUV) 

based on late uptake could provide estimates of CFR. These represent simplified methods, 

given radiotracer retention is a model-free approach in which tracer uptake is calibrated with 

myocardial radiotracer delivery, and given SUV represents myocardial uptake calibrated 

with the patient's dose and weight. Radioactive microspheres were injected concomitantly 

to 18F flurpiridaz in the left atrium. Myocardial retention and SUV of 18F flurpiridaz were 

calculated using the averaged myocardial activity concentration. Myocardial retention was 

measured by averaging regional myocardial activities at various time-points. This average 

was subsequently normalized to the area under the blood curve in the 1st 3min after 

injection. SUVs were also calculated at various time-points at rest and stress. Both showed 

the best correlation with the 3-compartment kinetic model or microspheres at 5-12min after 

injection. However, at later intervals of 5-15min, 10-15min and 10-20min after injection, 

both retention and SUV underestimated MBF. The authors then calculated the ratios of 

stress and rest values of CFR-retention and CFR-SUV which were then compared to 

CFR-18F flurpiridaz and CFR-microspheres. For CFR-retention vs. CFR-microspheres, the 

slope=0.63 and r=0.92 at 5-12min after injection. For CFR-SUV vs. CFR-microspheres, the 

slope=1.13 and r=0.95 5-12min after injection. At later time points, both CFR-retention and 

CFR-SUV values had poor concordance with either CFR-18F flurpiridaz or CFR-

microspheres. Given the good correlation of CFR-retention and particularly of CFR-SUV 

following radiotracer injection with measured absolute quantitation methods at 5-12min, and 

given that SUV measurement does not require tracer input function and hence could be 

measured even when the radiotracer is injected outside the PET scanner, the authors 

conclude that this approach would permit combination of flow quantitation with exercise 

treadmill protocols.
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Our group recently completed the first in human absolute quantitation of MBF with 18F 

flurpiridaz (53). Study patients were participants in the phase II clinical trial of 18F 

flurpiridaz at the University of California, Los Angeles (UCLA) (41). Analyses were 

performed in both normal subjects and CAD patients providing MBF data over a wide range 

of conditions. Our approach does not necessitate compartmental modeling. Dynamic polar 

maps were obtained and time-activity-curves generated. Quantitative myocardial perfusion 

was estimated using the tracer uptake kinetics within the first 90 seconds post tracer 

injection. Within this period, the tracer was assumed to be taken up by the myocardium 

without significant clearance, and with very few if any labeled metabolites contained in the 

blood. Since the kinetic data were corrected for partial volume effect, spillover of activities 

between myocardium and blood pool, and vascular activity, the MBF value obtained 

corresponded to the blood perfusion value in the myocardium with blood in the vasculature 

removed. We found that CFR in patients with a low likelihood of CAD and territories 

supplied by normal coronary arteries was 3.7± 0.39, while CFR was significantly lower in 

myocardial regions supplied by diseased coronary arteries (1.86± 0.59). Although the first-

pass extraction fraction was taken directly from an animal study, its use in our approach 

gives human MBF values comparable to the commonly accepted values obtained by other 

methods. Indeed, our results are in a similar range as those measured with other radiotracers 

such as 82Rb chloride, 13N ammonia and 15O water. Moreover, our results obtained with 18F 

flurpiridaz do not necessitate a correction such as that often utilized in the case of Rb82 for 

example (54).

Fluorodihydrorotenone (18F-FDHR)—Rotenone is a neutral lipophilic compound that 

also binds to complex I in the mitochondrial electron transport chain (55). Rotenone is an 

inhibitor of MC-I and competitively inhibits the enzyme by competing for binding with 

ubiquinone. The exact characteristic of fluorodihydrorotenone's binding has not been fully 

evaluated. Isolated rabbit hearts were perfused and radiotracer kinetics assessed at flow rates 

ranging from 0.3 – 3.5 mL/min/g of left ventricle. The radioagent was not studied using a 

microPET imaging system, but rather myocardial extraction, retention and washout were 

computed from the venous outflow curves with the multiple-indicator technique and spectral 

analysis. Results were compared to 201Tl and to the vascular reference tracer 131I-albumin. 

The mean extraction fraction of 18F-FDHR and 201Tl were similar; however the initial 

extraction fraction of 18F -FDHR declined with flow. Overall, the investigators observed 

that the myocardial retention was higher and less affected by flow than that of 201Tl, leading 

to superior correlation with flow 1min and 15min after radiotracer injection. Unfortunately, 

no followup studies with 18F-FDHR were conducted.

p-Fluorobenzyl triphenyl phosphonium cation (18F-FBnTP)—18F-FBnTP is a 

lipophilic cation. The delocalized positive charge of the compound allows it to cross the 

lipid bilayer by passive diffusion and accumulate in cells in a membrane potential-dependent 

manner. Due to its greater membrane potential, the radiotracer accumulates mainly in the 

mitochondria (56). The main clearance route is renal. The metabolic stability, uptake 

kinetics in isolated myocytes and in dog myocardium, as well as the myocardial and whole-

body distribution in dogs were analyzed (57). In isolated myocytes, 18F-FBnTP results in 

rapid accumulation and prolonged retention, reaching 91% of the mean plateau activity after 
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15min, and 88% of control activity after 60min and 85% after 120min, respectively. Similar 

results are observed in vivo, with the radiotracer reaching a plateau in the left ventricular 

myocardium within 5min of administration, and a prolonged retention time up to 90min 

observed. In dogs, the metabolite fraction analyzed by high-performance liquid 

chromatography of plasma comprises <5% of total activity in blood at 5min, <9% at 10min 

and gradually increases to 24% at 30min after injection. However, the absolute 

concentration of metabolites in the blood is very low, around 3% after 20min, due to rapid 

tissue accumulation of the radiotracer. Whereas blood pool and lung activity decreases over 

time, leading to favorable uptake ratios to the heart, the ration of heart to liver is 1.2 after 

60min. Despite this, high-quality cardiac images are produced with visualization of 

anatomic details including papillary muscles and atria. Similar radiotracer activity is 

observed in all quadrants. Whole body distribution of 18F-FBnTP demonstrates that the 

kidney cortex is the major target organ, followed by the heart and the liver.

In a followup study, the authors investigated the ability of 18F-FBnTP PET vs. 99mTc-

tetrofosmin SPECT to assess the severity of coronary artery stenosis in dogs with various 

degrees of stenosis in the left anterior descending (LAD) and left circumflex coronary (LCx) 

arteries in an acute model of ischemia with intact myocardial viability (58). The authors 

utilized radioactive microspheres as the gold standard to determine true myocardial blood 

flow and Monastral blue staining to assess the risk area. 18F-FBnTP myocardial regional 

activity was measured ex vivo by direct tissue γ-well counting and in vivo by dynamic PET 

imaging. The LAD or LCx arteries were dissected free 1-2cm from the origin and a cuff 

occluder placed around the artery. The authors demonstrated that 18F-FBnTP PET was 

superior to 99mTc-tetrofosmin SPECT in assessing mild or severe stenosis compared to 

normal territories, with a flow defect contrast that was 2.7 times greater in favor of 18F-

FBnTP. In both stenotic and normal vascular beds, peak 18F-FBnTP activity was obtained 

within 10-20sec after injection, and a near-plateau concentration observed within the 

following 10-20sec. This plateau activity was retained throughout the scanning time of up to 

60min. The mean risk area by 18F-FBnTP PET was 84% of the true extent measured by 

Monastral blue-stained cardiac sections. The underestimation of the risk area is far less than 

that reported for technetium complexes which are typically in the 30% range. Finally, the 

authors note that in patients with chronic ischemia, either in the setting of repetitive stunning 

or myocardial infarction, the effect of tissue viability, mitochondrial bioenergetics and 

membrane potential – the driving force of 18F-FBnTP uptake by the myocardium – were not 

assessed.

In a similar followup study in rats, the investigators analyzed the ability of 18F-FBnTP to 

delineate the ischemic area after transient coronary occlusion in rats and assessed the 

presence of tracer washout and redistribution (59). Rats underwent thoracotomy and a 2min 

occlusion by suture against a snare of the left coronary artery was conducted at which time 

the radiotracer was injected, followed by reperfusion which was obtained by release of the 

snare. 1min prior to sacrifice, the animals underwent repeat occlusion of the left coronary 

artery by repositioning the snare with concomitant injection of Evans blue dye to determine 

the ischemic territory. 18F-FBnTP demonstrated stable ischemic defects at all time points 

(5min, 45min, and 120min) following radiotracer injection and excellent correlation with the 
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Evans blue dye determined histological ischemic area (R2=0.94). A comparison was 

conducted at each time-point with 201Tl which exhibited redistribution and hence absence of 

significant defect after 120min – a known phenomenon with this SPECT tracer. The lack of 

redistribution for at least 45min of 18F-FBnTP should permit development of clinically 

feasible protocols. Interestingly, 18F-FBnTP also detects apoptosis and has a strong negative 

correlation with the Bax (pro-apoptotic) – to – Bcl-2 (anti-apoptotic) ratio (R2 = 0.83) and 

release of the apoptogen cytochrome c (R2 = 0.92) in breast cancer cells. This additional 

property is described in detail elsewhere (60).

4-Fluorophenyl triphenyl phosphonium ion (18F-FTPP)—A related lipophilic 

cationic radiotracer but differing structurally and in electronic charge distribution, 4-

fluorophenyl triphenyl phosphonium ion (18F-FTPP), also targets the mitochondria and 

accumulates in the mitrochondrial matrix due to the relatively high mitochondrial interior 

membrane potential. 18F-FTPP was evaluated as a potential PET MBF agent (61). 

Biodistribution studies were performed in normal rats at 5, 30 and 60min and in rabbits 

before and after occlusion of the LAD accomplished by tightening of a snare around the 

artery in the setting of thoracotomy. Results were compared with 13N ammonia. Uptake was 

highest in the kidneys at all time points. Heart uptake was 1.5% of the injected dose per 

gram. MicroPET imaging demonstrated an initial spike of activity corresponding to blood 

flow followed by rapid washout and a plateau after 1-2min. After 5min, ratios were 11 for 

heart/blood, 2 for heart/lung and 5 for heart/liver. After 30min, these ratios were 75, 5 and 8 

respectively and remained in a similar range at 60min. Images in the regions of interest and 

corresponding time-activity curves obtained following LAD occlusion were of similar 

quality between 18F-FTPP and 13N-ammonia.

Conclusion

For decades, PET MPI was mostly limited to academic research centers and large hospital 

systems while SPECT MPI remained the default approach in routine clinical practice by 

which patients underwent cardiac risk stratification and evaluation of stress-inducible 

myocardial ischemia. The enhanced sensitivity and specificity of PET radiotracers compared 

to SPECT radiotracers, as well as their inherent attenuation correction and ability to 

quantitate flow in an absolute manner further increases the value of a PET based approach. 

The major Achilles heel of routine PET MPI however has been the availability of 

radiotracers, with current requirement for either onsite or very nearby cyclotrons or costly 

generators. In this context 18F-based PET radiotracers, taking advantage of the 

radioisotope's 108min half-life, have garnered significant interest and have been developed 

by academic centers and biotechnology companies. Of the reported 18F-based PET MPI 

radiotracers, only 18F flurpiridaz is in advanced clinical evaluation with encouraging results.
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Figure 1. 
Positron range and end point coordinates are shown for various myocardial perfusion PET 

tracers. The higher the energy of the emitted positron, the longer it travels away from the 

source before annihilation and the worse the resolution of the imaged target. In this figure, 

end point coordinates are similar to point source images obtained from a given PET tracer.
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Figure 2. 
Conceptual effect of radiotracer extraction fraction on detection of myocardial perfusion 

defect severity. Myocardial uptake of various PET tracers (y-axes) are shown when 

myocardial blood flow (x-axes) increases by a greater increment in a vascular bed supplied 

by a normal coronary artery versus a lower increment in the myocardial region supplied by a 

narrowed coronary artery. The differences in myocardial uptake of various tracers are 

illustrated for 15O water (Figures 2a), 13N ammonia (Figures 2b), 82RB (Figure 2c) and 18F 

flurpiridaz (Figures 2d). See text for detailed explanation
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Figure 3. 
Receiver Operating Curves (ROC) for 18F flurpiridaz (blue) and 99mTc labeled SPECT (red) 

for detection of coronary artery disease in Phase 2 18F flurpiridaz multicenter study. The 

area under the ROC curve for 18F flurpiridaz was significantly better than that of 99mTc 

labeled SPECT (p<0.05).
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Figure 4. 
99mTc SPECT images (upper rows) and flurpiridaz F 18 PET images (lower rows) from a 

patient with normal coronary arteries. A false positive reversible inferior defect is present on 

the 99mTc SPECT images due to shifting soft-tissue attenuation. The flurpiridaz F 18 PET 

study, however, provided superior image quality and was normal.
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Figure 5. 
99mTc SPECT and 18F flurpiridaz PET images in a patient with significant disease in the left 

circumflex coronary artery. The overall quality of the 18F flurpiridaz PET images (lower 

rows) was superior to the 99mTc SPECT images (upper rows). 18F flurpiridaz PET images 

showed reversible anterolateral wall defects in the distribution of the diseased left 

circumflex coronary artery, but the 99mTc SPECT images were normal.
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Table 1

Characteristics of various cardiac PET perfusion tracers.

15O water 13N ammonia 82Rb 18F flurpiridaz

Half life (minutes) 2.06 9.96 1.25 109

Production On-site cyclotron On-site or nearby cyclotron Generator Regional cyclotron

Positron range (mm) 4.14 2.53 8.6 1.03

Image resolution Intermediate Intermediate-high Lowest Highest

Myocardial extraction fraction 100% 80% 65% 94%

Perfusion defect contrast Intermediate* Intermediate Lowest Highest

Pharmacological stress imaging protocol Feasible Feasible Feasible Feasible

Treadmill exercise Imaging protocol Not feasible Feasible but not practical Not feasible Feasible

*
Theoretically 100% myocardial extraction fraction of 15O water should result in the highest perfusion defect contrast. However, poor myocardial-

to-background ratio reduces defect contrast.
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