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ABSTRACT: The short half-life of current positron emission
tomography (PET) cardiac tracers limits their widespread
clinical use. We previously developed a 18F-labeled phospho-
nium cation, [18F]FPTP, that demonstrated sharply defined
myocardial defects in a corresponding infarcted myocardium.
The aim of this study was to compare the image properties of
PET scans obtained using [18F]FPTP with those obtained
using [13N]NH3 in rat myocardial infarction models. Perfusion
abnormality was analyzed in 17 segments of polar map images.
The myocardium-to-liver and myocardium-to-lung ratios of
[18F]FPTP were 10.48 and 2.65 times higher, respectively,
than those of [13N]NH3 in images acquired 30 min after tracer injection. The myocardial defect size measured by [18F]FPTP
correlated more closely with the hypoperfused area measured by quantitative 2,3,5-triphenyltetrazolium chloride staining (r =
0.89, P < 0.01) than did [13N]NH3 (r = 0.84, P < 0.01). [18F]FPTP might be useful as a replacement for the myocardial agent
[13N]NH3 in cardiac PET/CT applications.
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Nuclear medicine imaging by single photon emission
computed tomography (SPECT) has played a key role in

evaluating myocardial perfusion status in patients with coronary
artery disease.1 SPECT agents such as 99mTc-sestamibi, 99mTc-
tetrofosmin, or 201Tl are attractive surrogates for myocardial
perfusion imaging (MPI) tests.2 However, the technical
limitations of SPECT imaging, such as low spatial resolution
and suboptimal spread of SPECT tracers in organs adjacent to
the heart, may compromise the diagnostic accuracy of SPECT
for myocardial perfusion studies.3 Positron emission tomog-
raphy (PET) has several technical advantages over SPECT,
such as higher spatial resolution and a standardized method to
correct for photon attenuation. Owing to accurate attenuation
correction, PET can provide quantitative measures of
myocardial tracer uptake.4 However, the short half-life of
currently used PET tracers for MPI tests (e.g., [13N]NH3,

82Rb,
and [15O]water) limits the widespread clinical use of PET
because of the need for a nearby cyclotron or generator.5,6 18F-
labeled MPI tracers, with their longer half-life and better spatial
resolution, would avoid these limitations and facilitate clinical
protocols.7,8

To address this need, we have developed 18F-labeled
phosphonium cations.9−12 Similar to SPECT tracers, such as
99mTc-sestamibi and 99mTc-tetrofosmin, phosphonium cations
accumulate to higher levels in cardiomyocytes than in normal
cells because of the higher mitochondrial membrane potential

(MMP) in cardiomyocytes.13−18 This type of mitochondrial
voltage sensor would be useful for the detection of myocardial
abnormalities because loss of MMP is an early event in cell
death caused by myocardial ischemia.14,18−20 Previously, we
reported the synthesis and characterization of a novel 18F-
labeled phosphonium cation, (5-[18F]¯uoropentyl)-
triphenylphosphonium salt ([18F]FPTP), as a voltage sensor
for myocardial imaging.12 Biological studies, such as a
biodistribution study and microPET imaging in rat models,
demonstrated intense initial myocardial uptake with very rapid
clearance from the background, which allowed high throughput
with multiple daily studies in the clinic. Herein, we compare the
image characteristics of [18F]FPTP PET studies with those of
the gold standard PET myocardial tracer [13N]NH3 in rat
myocardial infarction (MI) models.
The structure of [18F]FPTP is shown in Figure 1. The

reference compound of [18F]FPTP was synthesized in two
procedures.12 All compounds were analyzed by 1H and 13C
NMR spectroscopy and FAB or ESI high-resolution mass
spectroscopy to confirm the identity. The total reaction time of
[18F]FPTP was within 60 min, and the overall decay-corrected
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radiochemical yield was approximately 15−20%. Radiochemical
purity was >98% as measured by HPLC. [13N]NH3 was
synthesized from a reduction reaction of [13N]NOx, which was
produced by an 16O(p, α)13N reaction, and nondecay corrected
radiochemical yield was approximately 60−70%.
Static microPET images of normal rats 10, 20, and 30 min

after intravenous injection of [18F]FPTP or [13N]NH3 are
shown in Figure 2A,B. In normal rats, microPET imaging
demonstrated intense, homogeneous uptake of [18F]FPTP
through the myocardium and excellent myocardium-to-liver
and myocardium-to-lung contrast 10 min after tracer injection.
The microPET [13N]NH3 images showed higher tracer uptake
by the liver than by the heart at 30 min after injection. Time
activity curves (TAC) and contrast ratios between myocardium
and liver or lung after tracer injection are shown in Figure 2C,D
and Table 1 (n = 5, each). The TAC for [18F]FPTP indicated a
rapid accumulation in the myocardium (within 1−2 min) and a
stable retention for at least 60 min (Figure 2C). The
myocardium-to-liver ratio reached 2.0 early after [18F]FPTP

injection (1 min) and continued to increase until 30 min after
the injection. However, the TAC of [13N]NH3 had a
myocardium-to-liver ratio of 1.37 ± 0.69 (2 min after
injection), and the ratio was less than 1.0 after approximately
2.5 min (Figure 2D) indicating that liver uptake of [13N]NH3

became higher than myocardium from the time point. The
myocardium-to-lung ratio of [18F]FPTP was over 3-fold higher
than that of [13N]NH3 from 2 min after injection (p < 0.05).
We estimated a clearance half-time of [18F]FPTP and
[13N]NH3 using the fitting to a single exponential as a measure
of the blood clearance.21,22 The time−activity data between
image frames of 30 min were fit in the [18F]FPTP and
[13N]NH3 images. The clearance half-time of [18F]FPTP and
[13N]NH3 were 26.02 ± 6.50 and 27.72 ± 3.41 s, respectively
(Figure 2E).
Images of MI models produced by acute ligation of the left

coronary artery (LCA) in the short-, vertical long-, and
horizontal long-axis, collected 10, 20, and 30 min after tracer
injection, are shown in Figure 3A,B. Sharply defined myocardial
defects were clearly detected by either tracer at the initial time
point (10 min). In the repetitive imaging studies, we confirmed
good image quality that allowed the defects’ borders to be
clearly delineated. However, the borders of the upper liver and
the inferior heart overlapped in [13N]NH3 PET images, which
could lead to incorrect interpretations. Subsequently, we
performed 2,3,5-triphenyltetrazolium chloride (TTC) staining
to measure the size of hypoperfused myocardium. The size of
the area labeled with [18F]FPTP or [13N]NH3 in the polar map

Figure 1. Structure of (5-[18F]fluoropentyl)triphenylphosphonium salt
([18F]FPTP).

Figure 2. Coronal microPET images, time−activity curve, and blood clearance of [18F]FPTP or [13N]NH3 in normal rats after intravenous injection.
(A) Images acquired after injection of 37 MBq of [18F]FPTP. (B) Images acquired after injection of 37 MBq of [13N]NH3. The heart was visible,
with excellent heart-to-background contrast at each time point after [18F]FPTP injection. H, heart; L, liver; SUV, standardized uptake value. Time−
activity curves generated from dynamic microPET images using (C) [18F]FPTP or (D) [13N]NH3. [

18F]FPTP was retained at a constant level in the
myocardium but was rapidly washed out from the liver and lungs. (E) Blood clearance of [18F]FPTP or [13N]NH3 in normal rats. The clearance half-
time of [18F]FPTP and [13N]NH3 were less than 30 s, respectively. x-axis, SUV; y-axis, time (min).
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was also measured and was compared against the nonstained
area in TTC staining (n = 10, each). Using polar maps with a
60% threshold, which have the best statistical significance,12 we
measured the coefficient of determination (r) for the defect size
as shown by TTC staining in [18F]FPTP- or [13N]NH3-labeled
models. The correlation coefficient between TTC staining and
labeling with [18F]FPTP or [13N]NH3 was 0.89 and 0.84,
respectively (Figure 3C,D). The strong correlation demon-
strated that noninvasive imaging results obtained by [18F]FPTP
or [13N]NH3 small-animal PET can serve as a surrogate for
histology to quantify the infarct size.
[13N]NH3 is generally used to quantitfy myocardial blood

flow, and the uniformity and repeatability of this measurement
was shown in previous studies using small animals.23,24 High
uptake of [13N]NH3 by the liver can interfere with the
detection of flow abnormalities in the adjacent heart tissue.
Previous studies have reported that the biodistribution of
[13N]NH3 in rats was higher in the liver than in the heart.25

[13N]NH3 (18.5 MBq, 0.5 mCi/kg) was injected into rats, and
the radioactivity was measured in the heart and the liver. The
initial myocardial uptake of [13N]NH3 was 2.6 ± 0.18 %ID/g at

0.2 min and decreased to 0.92 ± 0.06 %ID/g 50 min after
injection. However, the initial liver uptake of [13N]NH3 was
4.83 ± 0.73 %ID/g at 0.2 min and increased to 14.4 ± 0.7 %
ID/g 20 min after injection. These results indicated that the
[13N]NH3 that was initially deposited in the heart was
eliminated and that [13N]NH3 uptake increased in the liver
over time. Furthermore, the short half-life of [13N]NH3 (9.96
min) for cardiac PET imaging limits its widespread clinical use.
[18F]FPTP, which has a longer half-life (109.8 min), is a

derivative of tetraphenylphosphonium cation that was originally
developed for MMP measurement. The lipophilicity and
delocalized positive charge enable the phosphonium cation to
cross the lipid bilayer by passive diffusion and accumulate in
cells in a membrane potential-dependent manner.16,17,26 Our
study demonstrated the utility of [18F]FPTP as a novel
myocardial perfusion agent that targets the MMP of
myocardium. [18F]FPTP showed homogeneously high and
stable uptake properties, which provided excellent image quality
when compared with [13N]NH3 in normal and MI rats. The
long half-life of 18F renders [18F]FPTP useful for clinical PET/

Table 1. Contrast Ratios of [13N]NH3 or [
18F]FPTP at Each Time Point after 37 MBq Injection in Normal Rat (Myocardium-

to-Liver and Myocardium-to-Lung)

myocardium-to-liver

1 min 2 min 5 min 10 min 15 min 30 min

[18F]FPTP 3.21 ± 0.81 2.10 ± 0.13 2.08 ± 0.17 2.58 ± 0.23 3.17 ± 0.32 5.73 ± 0.75
[13N]NH3 3.01 ± 2.38 1.37 ± 0.69 0.84 ± 0.15 0.76 ± 0.10 0.74 ± 0.09 0.75 ± 0.09
p-value nsa ns b b c c

myocardium-to-lung

1 min 2 min 5 min 10 min 15 min 30 min

[18F]FPTP 2.17 ± 1.25 4.51 ± 0.28 5.09 ± 0.34 5.77 ± 0.44 5.73 ± 0.75 5.95 ± 1.01
[13N]NH3 1.25 ± 0.38 1.44 ± 0.30 1.80 ± 0.17 2.31 ± 0.12 2.59 ± 0.25 2.87 ± 0.41
p-value ns b b b b b

ans: not significant. b*p < 0.05. c**p < 0.01.

Figure 3. Short-, vertical long-, and horizontal long-axis images of (A) [18F]FPTP or (B) [13N]NH3 in LCA-occluded rats. Data were collected 10,
20, and 30 min after radiotracer injection (37 MBq). Sharply defined myocardial deficits were identified with [13N]NH3 or [

18F]FPTP labeling in
LCA-occluded rats, whereas live uptake was observed in [13N]NH3 images. (C) Polar map image of [18F]FPTP or [13N]NH3 and corresponding
myocardial slices stained with TTC. (D) Correlation between infarct size measured using small-animal PET and TTC staining. A threshold of 60%
was set for the PET data analysis. Correlation coefficient [18F]FPTP, r = 0.89, P < 0.01; [13N]NH3, r = 0.84, P < 0.01.
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CT applications in patients with suspected or proven coronary
artery disease.
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