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In this study the 18F-labeled pyridaben analogs 2-tertbutyl-4-
chloro-5-(4-(2-18F-fluoroethoxy))benzyloxy-2H-pyridazin-3-one
(18F-FP1OP) and 2-tertbutyl-4-chloro-5-(4-(2-(2-(2-18F-fluoro-
ethoxy)ethoxy)ethoxy))benzyloxy-2H-pyridazin-3-one (18F-FP3OP)
were synthesized, characterized, and evaluated as potential
myocardial perfusion imaging (MPI) agents with PET. Methods:
The tosylate labeling precursors of 2-tert-butyl-4-chloro-5-(4-
(2-tosyloxy-ethoxy))-benzyloxy-2H-pyridazin-3-one (OTs-P1OP),
2-tert-butyl-4-chloro-5-(4-(2-(2-(2-tosyloxy-ethoxy)ethoxy)ethoxy))-
benzyloxy-2H-pyridazin-3-one (OTs-P3OP), and the correspond-
ing nonradioactive compounds (19F-FP1OP and 19F-FP3OP) were
synthesized and characterized by infrared, 1H nuclear magnetic
resonance, 13C nuclear magnetic resonance, and mass spectrom-
etry analysis. 18F-FP1OP and 18F-FP3OP were obtained by 1-step
nucleophilic substitution of tosyl with 18F and evaluated as MPI
agents in vitro (physicochemical properties, stability), ex vivo (au-
toradiography), and in vivo (toxicity and biodistribution in normal
mice; cardiac PET in healthy Chinesemini swine and in acutemyo-
cardial infarction and chronic myocardial ischemia models).
Results: The total radiosynthesis time of both tracers, including
final high-pressure liquid chromatography purification, was about
70–90 min. Typical decay-corrected radiochemical yields were
about 50%, and the radiochemical purities were more than 98%
after purification. 18F-FP1OP had lower hydrophilicity and higher
water stability than that of 18F-FP3OP. In biodistribution studies,
both 18F-FP1OP and 18F-FP3OP had high heart uptake (31.13 6
6.24 and 31.10 6 3.72 percentage injected dose per gram at
2 min after injection, respectively) and high heart-to-liver, heart-
to-lung, and heart-to-blood ratios at all time points after injection.
Further autoradiography evaluation of 18F-FP1OP showed that the
heart uptake could be blocked effectively by rotenone or nonra-
dioactive 19F-FP1OP. Clear cardiac PET images of 18F-FP1OP
were obtained in healthy Chinese mini swine at 2, 15, 30, 60,
and 120 min after injection, and the uptake of perfusion deficit

areas was much lower than in normal tissue in both acute myo-
cardial infarction and chronic myocardial ischemia models. Con-
clusion: The 18F-labeled pyridaben analogs reported in this study
have high heart uptake and low background uptake in both the
mouse model and the Chinese mini swine model. The tracer with
the shorter radiolabeling side chain (18F-FP1OP) has better sta-
bility, faster clearance from the major organs, and a higher heart-
to-liver ratio than the other tracer (18F-FP3OP). On the basis of
the promising biologic properties, this mitochondrial complex I–
targeted tracer (18F-FP1OP) is worthy to be developed as an MPI
agent and to be compared with the other PET MPI agents in the
future.
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Myocardial perfusion imaging (MPI) is a significant
method of noninvasive measurement in the diagnosis and

prognosis of coronary artery disease. Though 99mTc-sestamibi

has been the gold standard of MPI for decades in nuclear

medicine (1), it still has several weaknesses compared with

PET (2). Currently, since 18F has an appropriate physical half-

life, good biocompatibility, a suitable atomic radius, and high

resolution with PET technology (3), some 18F-labeled lipo-

philic cations (such as 18F-TPP (4,5), 18F-FBnTP (1,6), and
18F-FERhB (7)) and analogs of mitochondrial complex I

(MC-I) inhibitors (such as 18F-FDHR (8), 18F-RP1003/04/

05 (9), and 2-tert-butyl-4-chloro-5-[4-(2-18F-fluoroethoxy-

methyl)-benzyloxy]-2H-pyridazin-3-one (BMS-747158-02)

(10)) have been reported as potential MPI agents. Most of

those compounds have better image quality and a better re-

lationship to true myocardial blood flow than 99mTc-sestamibi

(11,12). Up to now, BMS-747158-02 (also known by the non-

proprietary name flurpiridaz) has been the best evaluated 18F-

labeled MPI agent. It has high (94%) first-pass extraction

fraction (12), its high myocardial uptake is proportional to

myocardial blood flow, and it has entered clinical develop-

ment (phase 3) (11). The promising properties of BMS-
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747158-02 will ensure that cardiac PET will be the standard

for evaluation of myocardial perfusion in coming years.
Currently, clinical use of approved PET agents for MPI is

limited by the inherent properties of radioisotopes, the
degree of flow alteration, or the requirement for an on-site
cyclotron. The development of an ideal 18F-labeled myo-
cardial perfusion tracer that can be produced and widely
distributed by a central cyclotron facility remains a chal-
lenge. Mitochondria take up about 20%–30% of the myo-
cardial intracellular volume in the heart (13). Therefore, the
development of mitochondrion-targeted 18F-labeled analogs of
MC-I inhibitors as potential MPI agents is of great interest.
Several classes of MC-I inhibitors have been reported, such as
fenazaquin, S-chromone, tebufenpyrad, and pyridaben; all have
the same binding site of the MC-I enzyme as rotenone (14,15).
Our laboratories have been particularly interested in analogs of
pyridaben. Recently, we reported a pyridaben analog 2-tert-
butyl-5-[4-2-(2-18F-fluroethoxy)ethoxy]benzyloxy]-4-chloro-2H-
pyridazin-3-one (18F-FP2OP) as a potential MPI agent with
promising properties (16). It has high heart uptake and good
heart-to-nontarget ratios. However, 18F-FP2OP is not very sta-
ble in water, obviously limiting its application. Accordingly, 2
new tracers with different lengths of radiolabeling side
chain were developed to improve stability while retaining
the promising properties. Herein, we report the synthesis
and evaluation of 2-tertbutyl-4-chloro-5-(4-(2-18F-fluoro-
ethoxy))benzyloxy-2H-pyridazin-3-one (18F-FP1OP) and 2-
tertbutyl-4-chloro-5-(4-(2-(2-(2-18F-fluoroethoxy)ethoxy)
ethoxy))benzyloxy-2H-pyridazin-3-one (18F-FP3OP) as po-
tential MPI agents.

MATERIALS AND METHODS

Materials
18F-F2 was obtained from the PET Center of Xuanwu Hospital.

No-carrier-added 18F-F2 was trapped on a QMA cartridge (Waters)
and eluted with 0.3 mL of K2CO3 solution (10 mg/mL in H2O)
combined with 1 mL of Kryptofix2.2.2. solution (Sigma-Aldrich)
(13 mg/mL in acetonitrile) (17,18). Rotenone with 95% purity was
purchased from Sigma-Aldrich. Other reagents and solvents were
purchased from commercial suppliers. Paper electrophoresis experi-
ments were performed using 0.025 M phosphate buffer (pH 7.4) and
#1 filter paper (Xinhua) at 150 V for 180 min. Reversed-phase high-
pressure liquid chromatography (HPLC) was performed on a system
with an LC-20AT pump (Shimadzu) and a B-FC-320 flow counter
(Bioscan). The C-18 reverse-phase semipreparative HPLC column
(10 · 250 mm, 5-mm particle size [Venusil MP-C18; Agela Tech-
nologies Inc.]) was eluted at a flow rate of 5 mL/min. A Labgen 7
homogenizer was used (Cole-Parmer Instruments). 1H nuclear mag-
netic resonance spectra were recorded on a 400-MHz spectrometer
(Bruker), and 13C nuclear magnetic resonance spectra were recorded
on a 100-MHz spectrometer (Bruker). Chemical shifts are reported
in d (ppm) values. Infrared spectra were measured on a Nicolet 360
Avatar instrument (Thermo) using a potassium bromide disk, scan-
ning from 400 to 4,000 cm21. Mass spectra were recorded using an
Apex IV FTM instrument (Brucker).

Kunming mice (18–20 g) were obtained from the Animal Center of
Peking University. Healthy Chinese mini swine and cardiac ischemia
models (about 15 kg) were obtained from the Animal Center of FuWai

Hospital. All biodistribution studies were performed under a protocol
approved by Beijing Administration Office of Laboratory Animals.

Chemistry
As shown in Supplemental Figure 1 (supplemental materials are

available online only at http://jnm.snmjournals.org), the tosylate
precursors of 2-tert-butyl-4-chloro-5-(4-(2-tosyloxy-ethoxy))-benzyl-
oxy-2H-pyridazin-3-one (OTs-P1OP), 2-tert-butyl-4-chloro-5-(4-(2-(2-
(2-tosyloxy-ethoxy)ethoxy)ethoxy))-benzyloxy-2H-pyridazin-3-one
(OTs-P3OP), and the corresponding nonradioactive reference
compounds (19F-FP1OP and 19F-FP3OP) were synthesized and
characterized according to a procedure published previously
(14,16). Details of the synthesis and the characterization data
are available in the online supplemental data.

Radiochemistry
The labeling procedure of 18F-FP1OP and 18F-FP3OP, shown in

Figure 1, is similar to that we published previously, with slight
modification (16). Briefly, after the solvent of the 18F-F2 eluate
was evaporated under a stream of nitrogen at 110�C, 1.5 mg of
tosylate precursor dissolved in anhydrous acetonitrile (1.5 mg/mL)
were added. After 30 min of stirring at 90�C and then cooling to
room temperature, the reaction mixture was injected onto a semi-
HPLC column for purification. The column was eluted with water
(solvent A) and acetonitrile (solvent B) at a flow rate of 5.0 mL/
min. The gradient was 95% A from 0 to 5 min, 95%–60% A from
5.01 to 8 min, 60%–35% A from 8.01 to 19 min, and 0% A from
19.01 to 30 min. The desired product was collected from the
HPLC column, and the solvent was evaporated using a rotary
evaporator. The product was redissolved in 5% ethanol solution
and filtered through a 0.22-mm Millipore filter.

The final radiochemical purity was determined by reinjection of
the product onto a radio-HPLC column, and the radioactive fraction
was collected and measured in a dose calibrator for specific activity
calculation. The mass of the product was calculated by comparing
the area under the ultraviolet curve at 254 nm with that of the
standard reference (Supplemental Fig. 2).

Physicochemical Properties Studies
A previously published procedure (16,19) was used to measure the

octanol-to-water partition coefficient and to perform the paper elec-
trophoresis experiment. The partition coefficient value, expressed as
log P, was measured in 1-octanol and phosphate buffer (0.025 M, pH
7.4). For paper electrophoresis experiments, after development in
phosphate buffer (0.025 M, pH 7.4) the radioactivity distribution
on the strip was determined using a 1470 Wizard automatic
g-counter (Perkin-Elmer).

FIGURE 1. Radiolabeling route of 18F-FP1OP and 18F-FP3OP.

ACN5 acetonitrile; K222 5 Kryptofix2.2.2.; KF5 potassium fluoride.

18F-LABELED PYRIDABEN ANALOGUES FOR MPI • Mou et al. 473

http://jnm.snmjournals.org


In vitro stability was tested by following a published procedure
(16,20). Briefly, the radiotracer was incubated in water at room
temperature for 1 h, in 80% ethanol solution at room temperature
for 4 h, and in 0.5 mL of murine plasma at 37�C for 1 h. Plasma
proteins were precipitated by adding 100 mL of acetonitrile and
were removed by centrifugation. Afterward, the radiochemical
purity was again assayed by HPLC.

Biodistribution Study
About 185 kBq of radiotracer (18F-FP1OP or 18F-FP3OP) in 0.1

mL of 5% ethanol solution were injected through the tail vein of
normal Kunming mice (n 5 5). The mice were sacrificed at 2, 15,
30, and 60 min after injection, and the tissues and organs of in-
terest were collected, weighed wet, and counted in a g-counter.
The percentage of injected dose per gram (%ID/g) for each sample
was calculated by comparing its activity with an appropriate stan-
dard of injected dose. The values were expressed as mean 6 SD.

Metabolic Stability
Normal Kunming mice were intravenously injected with 3.7 MBq

of the 18F-FP1OP solution. The animals were sacrificed and dis-
sected at 2 and 30 min after injection. Blood, urine, and heart were
collected and treated using a previously published procedure (16,21).
Briefly, the blood sample was immediately centrifuged for 5 min at
13,200 rpm. The heart was homogenized and suspended in 1 mL of
methanol and then centrifuged for 5 min at 13,000 rpm. The urine
sample was directly diluted with 1 mL of phosphate-buffered saline
(0.025 M, pH 7.4). The heart and blood supernatants and diluted
urine samples were collected and passed through a Sep-Pak C18
cartridge (Waters). All cartridges were washed with 0.5 mL of water
and eluted with 0.5 mL of methanol. The combined aqueous and
organic solutions were passed through a 0.22-mm filter (Millipore)
and analyzed by radio-HPLC using the procedure described above.

Toxicity Study
Normal Kunming mice were fed a standard diet for 48 h before

treatment. They then were kept fasting overnight (12 h) and
weighed before treatment (22). A group of 5 male and 5 female
mice was treated with each dose level of nonradioactive 19F-
FP1OP (1.0142, 1.1064, 1.2171, 1.3830, and 1.6043 mg/kg) or
saline through tail vein injection. The mice were observed for
7 d after injection, and mortality was recorded.

Ex Vivo Autoradiography
Heart slides were obtained from a normal Sprague Dawley rat

(Harlan Laboratories, Inc.) (16). After being dehydrated with 30%
sucrose solution at 4�C, the heart was sectioned (30 mm) with
a cryostat (CM1900; Leica) and thaw-mounted onto Superfrost
microscope slides (Erie Scientific Co.). Frozen sections were fixed
in acetone and air-dried at room temperature before use. The
slides were pretreated with 100 mL of saline, 20 mM rotenone,
or 20 mM 19F-FP1OP solution at room temperature for 30 min.
After removal of that solution, 100 mL of 18F-FP1OP solution
(about 14 kBq) were added to the sections and incubated at room
temperature for another 30 min. After being washed with water
and 40% ethanol solution, the sections were subjected to autora-
diography for 10 min. Images were developed and quantified in
a Cyclone Phosphoimager system (Perkin-Elmer Inc.).

Whole-Body PET/CT of Healthy Animal
Animal procedures were performed following National Insti-

tutes of Health guidelines and were approved by Fu Wai Hospital,
Chinese Academy of Medical Science.

For the whole-body PET/CT study, a healthy Chinese mini swine
was anesthetized by a mixture of ketamine (25 mg/kg) and diazepam
(1.1 mg/kg). Anesthesia was supplemented as needed. The animal
was placed prone on the PET/CT bed, and a venous catheter was es-
tablished for radiotracer injection. About 55 MBq of 18F-FP1OP in
2 mL of 5% ethanol solution were injected intravenously.

Whole-body imaging was performed at 2, 15, 30, 60, and
120 min after injection. PET data were acquired on a PET/CT
system (Biograph 64; Siemens Healthcare). Whole-body scan-
ning involved 4 bed positions, with each scanned for 2 min.
Regions of interest were drawn on the myocardium, liver, and
lung. Standardized uptake value was calculated as [mean region-
of-interest count (cps/pixel) · body weight (kg)]/[injected dose
(mCi) · calibration factor (cps/pixel)]. The myocardium-to-liver
and myocardium-to-lung standardized uptake value ratios at each
time point were evaluated.

Cardiac PET/CT Scans of Disease Models
For the model of acute myocardial infarction, a Chinese mini

swine was anesthetized with intravenous injection of sodium
pentobarbital (25–35 mg/kg), and additional sodium pentobarbital
was used via intravenous injection to maintain anesthesia, when
needed. Heart rate and electrocardiography were recorded
throughout. The animal underwent lateral thoracotomy at the level
of the fifth left intercostal space, and the heart was suspended in
a pericardial cradle. The left anterior descending coronary artery
was isolated to the section about 1.5 cm after the first major di-
agonal branch. A silk suture was placed around the artery and
ligated to block the coronary flow. Acute myocardial infarction
induced by ligation was conformed by electrocardiography. A
dose of about 55 MBq of 18F-FP1OP was injected at 60 min after
the thoracic incision had been closed.

The chronic myocardial ischemia model was created in
a Chinese mini swine by ligation of the left anterior descending
coronary artery at about 1.5 cm after the first major diagonal
branch, using an amaroid constrictor, to produce progressive
vessel occlusion and ischemia. Three weeks later, when a critical
stenosis (.80%) was confirmed by coronary angiography (Sup-
plemental Fig. 3), a dose of about 55 MBq of 18F-FP1OP was
injected before cardiac PET/CT.

The cardiac PET scans were performed at 2, 15, 30, 60, and
120 min after injection. After a low-dose CT scan for attenuation
correction (tube voltage, 120 kV; tube current, 50 mAs with
CareDose4D technique (Siemens); collimation, 24 · 1.2 mm; rota-
tion time, 0.5 s; pitch, 1.2; slice width, 3 mm), PET was performed
to evaluate myocardial uptake. Using list mode with electrocardi-
ography gating, the scan time was 10 min. The images were recon-
structed with iterative ordered-subsets expectation maximization (2
iterations and 8 subsets). The matrix size was 2.0 · 2.0 mm with
128 · 128 pixels, and the slice thickness was 3.125 mm.

RESULTS

Chemistry

The precursors (OTs-P1OP and OTs-P3OP) and the cor-
responding nonradioactive references (19F-FP1OP and 19F-
FP3OP) were synthesized and characterized by 1H, 13C, and
19F nuclear magnetic resonance; electrospray ionization–
mass spectrometry; infrared analysis; and elemental analysis.
The synthesis route and all analysis data are shown in Sup-
plemental Figure 1.
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As shown in Figure 2, HPLC analysis of 19F-FP1OP and
19F-FP3OP showed that their retention times were 22.0 and
20.3 min, respectively (Figs. 2A and 2C). The delayed re-
tention time of 19F-FP1OP indicated that the compound
with the shorter radiolabeling chain has lower polarity
and hydrophilicity. Their chemical purity was calculated
as more than 98% from the HPLC chromatogram (l 5
254 nm), suggesting they are acceptable reference stan-
dards for the corresponding radioactive tracers.

Radiochemistry

The radiolabeling route is shown in Figure 1. Starting
from 18F-F2 in a Kryptofix 2.2.2./K2CO3 solution, the total
reaction time, including final HPLC purification, was 70–
90 min. The overall decay-corrected radiochemical yields
were 58% 6 7.4% and 47% 6 6.8% for 18F-FP1OP and
18F-FP3OP, respectively. The radio-HPLC retention times
of 18F-FP1OP and 18F-FP3OP were 22.3 and 20.9 min, re-
spectively (Figs. 2B and 2D) and were highly consistent

FIGURE 2. HPLC chromatograms of compounds 19F-FP1OP (A), 18F-FP1OP (B), 19F-FP3OP (C), and 18F-FP3OP (D) and profiles of
metabolic stability study of 18F-FP1OP (soluble fractions were collected in heart at 2 min [E], in blood at 2 min [F], in heart at 30 min

[G], in blood at 30 min [H], and in urine at 30 min [I]). Nonradioactive compounds of 19F-FP1OP and 19F-FP3OP were measured with

ultraviolet detector, and radioactive compounds were measured radiometrically.
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with the corresponding nonradioactive references (Figs. 2A
and 2C). The radiochemical purities calculated from radio-
HPLC chromatograms of both tracers were more than 98%
after purification. The specific activities of both tracers were
estimated by HPLC analysis to be about 30 GBq/mmol.

Physicochemical Properties

According to the results of the octanol-to-water partition
coefficient and paper electrophoresis, 18F-FP1OP and 18F-
FP3OP are lipophilic and neutral compounds. Their parti-
tion coefficients (log P) were 3.07 6 0.13 and 1.25 6 0.00
(n 5 3), respectively. The shorter radiolabeling chain of
18F-FP1OP leads to higher lipophilicity. This result is con-
sistent with that of HPLC analysis.
The HPLC profiles of stability studies are shown in

Supplemental Figure 4. After storage in water at room
temperature for 1 h, about 85% intact product of 18F-
FP1OP and 24% intact product of 18F-FP3OP were eluted
from HPLC. For the radiotracer incubated in murine plasma

at 37�C for 1 h, about 80% of 18F-FP1OP was intact. When
stocked in 80% ethanol solution, the tracers are stable dur-
ing at least a 4-h period (Supplemental Fig. 4). Therefore,
the HPLC-purified tracers are best stocked in 80% ethanol
solution first. The stability studies show that the longer
radiolabeling chain leads to worse stability in water (after
storage in water for 1 h, about 85% of 18F-FP1OP, 78% of
18F-FP2OP, and 24% of 18F-FP3OP are stable). Therefore,
in the studies performed afterward, the most stable 18F-
FP1OP was selected for further evaluation.

Biodistribution in Mice

The biologic distribution results in mice are shown in
Table 1. Both 18F-FP1OP and 18F-FP3OP had high initial
heart uptake (31.13 6 6.24 and 31.10 6 3.72 %ID/g at
2 min after injection, respectively). Meanwhile, uptake in
most other tissues was low, especially in liver and lung,
resulting in the high heart-to-nontarget ratios for both trac-
ers. For 18F-FP1OP, the heart-to-liver, heart-to-lung, and

TABLE 1
Biodistribution Results of 18F-FP1OP and 18F-FP3OP in Normal Mice

Postinjection time (min)

Tissue Compound 2 15 30 60

Heart 18F-FP1OP 31.13 6 6.24 29.00 6 1.49 19.25 6 1.67 11.32 6 1.01
18F-FP3OP 31.10 6 3.72 33.52 6 5.03 29.85 6 3.89 22.06 6 3.91

Liver 18F-FP1OP 2.72 6 0.33 1.86 6 0.14 1.77 6 0.20 2.14 6 0.29
18F-FP3OP 2.71 6 0.93 6.83 6 0.84 6.97 6 0.91 6.77 6 0.55

Spleen 18F-FP1OP 3.45 6 0.98 2.49 6 0.49 2.41 6 0.22 2.34 6 0.17
18F-FP3OP 1.41 6 0.44 2.69 6 0.28 2.79 6 0.45 2.45 6 0.21

Lung 18F-FP1OP 2.98 6 0.28 2.92 6 0.42 2.53 6 0.20 2.49 6 0.37
18F-FP3OP 4.65 6 1.60 1.58 6 0.33 1.78 6 0.51 1.90 6 0.26

Muscle 18F-FP1OP 7.45 6 1.38 9.56 6 2.21 7.27 6 0.66 6.06 6 1.53
18F-FP3OP 5.55 6 2.51 6.96 6 0.86 7.87 6 0.58 6.85 6 0.86

Bone 18F-FP1OP 2.23 6 0.22 3.56 6 0.53 4.13 6 0.54 5.28 6 2.29
18F-FP3OP 1.04 6 0.29 1.76 6 0.32 2.19 6 0.30 2.34 6 0.61

Kidney 18F-FP1OP 23.69 6 3.16 16.31 6 2.76 10.50 6 0.75 6.63 6 0.68
18F-FP3OP 18.94 6 4.89 17.19 6 3.04 15.48 6 1.99 12.60 6 1.56

Blood 18F-FP1OP 1.06 6 0.07 1.60 6 0.18 2.12 6 0.18 2.51 6 0.33
18F-FP3OP 0.82 6 0.05 0.69 6 0.10 0.89 6 0.16 1.07 6 0.12

Heart/liver 18F-FP1OP 12.53 16.12 10.87 5.29
18F-FP3OP 11.48 4.91 4.28 3.26

Heart/lung 18F-FP1OP 8.58 9.99 7.62 4.55
18F-FP3OP 6.69 21.28 16.75 11.61

Heart/blood 18F-FP1OP 32.36 16.63 9.09 4.50
18F-FP3OP 37.9 48.77 33.57 20.61

Data are %ID/g 6 SD (n 5 5).

FIGURE 3. Autoradiograms of heart sec-

tions from normal Sprague Dawley rat (A is

photograph of heart section before autora-

diography). Sections were incubated with
100 mL of 18F-FP1OP solution (about 14

kBq) for 30 min at room temperature after

pretreatment with 100 mL of saline (B), 20
mM rotenone (C), or 20 mM 19F-FP1OP (D).
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heart-to-blood ratios were 16.12, 9.99, and 16.63, respec-
tively, at 15 min after injection. For 18F-FP3OP, the respec-
tive ratios were 4.91, 21.28, and 48.77.
As described in Table 1, 18F-FP1OP had high initial heart

uptake and cleared quickly; about 64% of the tracer was
eliminated from myocardium during the first hour after in-
jection (11.32 6 1.01 %ID/g at 60 min after injection).
Compared with 18F-FP1OP, 18F-FP3OP had much slower
clearance from myocardium, obviously higher liver uptake,
and lower lung uptake at 2 min after injection, leading to
the lower heart-to-liver and higher heart-to-lung ratios of
18F-FP3OP than of 18F-FP1OP. Both tracers had high initial
kidney uptake, suggesting the tracers were excreted mainly
via the renal system.
The reason for the slight increase of blood uptake of both

tracers over time is not clear. The high uptake in muscle of
both tracers may due to the high mitochondrial expression.
All other organs and tissues had low uptake, and no obvious
change was observed during the 60 min after injection.

Metabolic Stability

The metabolic stability of 18F-FP1OP was determined in
the heart, blood, and urine of Kunming mice at 2 and 30 min
after injection. More than 95% of the total 18F was eluted at
22.3 min from HPLC (Figs. 2E and 2F), suggesting that the

radioactivity in myocardium and blood at 2 min after injec-
tion was intact 18F-FP1OP. At 30 min after injection, the
tracer was still intact in myocardium (Fig. 2G) but was me-
tabolized in blood and urine and eluted quickly from HPLC
(Figs. 2H and 2I). The peak of 18F-FP1OP had almost dis-
appeared and a new metabolite appeared at about 2.6 min,
suggesting the tracer undergoes considerable degradation in
both blood and urine at 30 min after injection. No defluori-
nation of 18F-FP1OP was observed in vivo from HPLC anal-
ysis. This finding was confirmed by the low bone uptake
found in the biodistribution study (Table 1).

Toxicity Study

Mortality data are shown in Supplemental Table 1.
According to the Bliss method (23), the calculated lethal
dose of 50% for the nonradioactive reference of 19F-FP1OP
was 1.2869 mg/kg (95% confidence limits, 1.1818–1.4015
mg/kg). On the basis of the toxicity result and the high
specific activity (about 30 GBq/mmol), this HPLC-purified
tracer solution should be safe for injection.

Ex Vivo Autoradiography

Ex vivo autoradiography studies were performed on frozen
sections of heart from a normal Sprague Dawley rat. As
shown in Figure 3, 18F-FP1OP had high uptake in myocar-
dium (Fig. 3B) and could be blocked both by preincubation
with rotenone (a known MC-I inhibitor with high affinity, Fig.
3C) and preincubation with 19F-FP1OP (Fig. 3D). After cal-
culation of the net radioactivity intensity, about 74% and 62%
of the radioactivity were found to have been blocked by ro-
tenone and 19F-FP1OP, respectively. The results of autoradi-
ography suggest that 19F-FP1OP has the same binding site as,
and comparable affinity to, rotenone. This is potent evidence
that the 18F-FP1OP was taken up by myocardium through the
MC-I enzyme and remained in mitochondria.

Whole-Body PET/CT of Healthy Animal

The representative whole-body images of 18F-FP1OP in
a healthy Chinese mini swine are shown in Figure 4. The

FIGURE 4. Whole-body planar images of healthy Chinese mini

swine. Images were obtained with 55 MBq of 18F-FP1OP in 5%

ethanol solution at 2, 15, 30, 60, and 120 min after injection. B 5
urinary bladder; H 5 heart; K 5 kidney.

FIGURE 5. Cardiac PET images of healthy
Chinese mini swine (normal) and Chinese mini

swine with acute myocardial infarction (AMI).

Images were obtained with 55 MBq of 18F-
FP1OP in 5% ethanol solution at 2, 15, 30,

and 60 min after injection. Arrows indicate

perfusion defect sites of infarction areas (api-

cal and anterior walls).
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heart could clearly be seen from 2 to 60 min after injection
and was still visible at 120 min after injection, although
heart uptake had obviously decreased. Radioactivity accu-
mulated strongly in the kidney and cleared quickly to the
bladder. Other organs and tissues had low background up-
take. The heart-to-liver and heart-to-lung standardized up-
take value ratios were, respectively, 1.83 and 4.53 at 2 min
after injection, 2.33 and 6.25 at 15 min after injection, 2.73
and 7.39 at 30 min after injection, 3.03 and 8.77 at 60 min
after injection, and 2.00 and 7.21 at 120 min after injection.
The heart-to-liver and heart-to-lung ratios were highest at
60 min after injection, leading to a best PET acquisition
time of 15–60 min after injection. In contrast, in the bio-
distribution study the highest heart-to-liver and heart-to-
lung ratios were reached at only 15 min after injection; this
difference may due to the different animal models used.

Cardiac PET/CT

The representative cardiac PET images of 18F-FP1OP in
healthy Chinese mini swine and the acute myocardial in-
farction model are shown in Figure 5. High heart activity
was observed at all time points. Clearance agreed well with
the biodistribution studies in mice. The outline of the myo-
cardium was clear and uptake in background organs (liver
and lung) low at all time points. In comparison with normal
myocardium, the infarct region (apical and anterior wall)
was apparent on 18F-FP1OP cardiac PET in the acute myo-
cardial infarction model (Fig. 5).
Representative cardiac PET images of the chronic myo-

cardial ischemia model are shown in Figure 6. The perfusion
deficit area (anterior wall) was clearly detected at 2–60 min
after injection but showed a slightly redistribution of 18F-
FP1OP at 120 min after injection. Future experiments are
needed to confirm the redistribution properties of 18F-FP1OP.

DISCUSSION

Pyridaben possesses a hydrophobic heterocyclic headpiece,
a side chain of p-tert-butylphenyl moiety, and a heteroatom-

containing linker (14). In this study, we found that the side
chain had a significant impact on the stability and pharmaco-
kinetic properties of pyridaben-based radiotracers. According
to the physicochemical properties study, the compound with
the shorter polyethylene glycol chain had higher lipophilicity
and better stability. For example, 18F-FP1OP, which had the
shortest polyethylene glycol chain, displayed the highest lip-
ophilicity and the best stability. Furthermore, changes of the
radiolabeling chain could also affect biodistribution (Supple-
mental Fig. 5). The biodistribution comparison of 18F-FP1OP,
18F-FP2OP (16), and 18F-FP3OP showed that 18F-FP1OP had
the lowest liver uptake and the fastest clearance rate from the
liver (Supplemental Fig. 5). 18F-FP1OP had the best stability,
the highest heart-to-liver ratio at all time points, and accept-
able heart-to-lung and heart-to-blood ratios—all promising
properties making it superior to the other 2 tracers.

18F-FP1OP had higher initial heart uptake and lower ini-
tial liver uptake than that of BMS-747158-02, making it
possible to acquire PET data earlier after injection. This
feature will be of great benefit to patients by shortening
their waiting time significantly. In addition, 18F-FP1OP
cleared from myocardium much more quickly than did
BMS-747158-02; this property could definitely lower the
irradiation dose and make the tracer a good choice for stress
and rest imaging in a 1-d protocol.

Because inhibiting MC-I activity might lead to death of the
animal, ex vivo autoradiography was done instead to confirm
the specific binding of 18F-FP1OP to MC-I enzyme. The tox-
icity of the tracer as a pyridaben analog should be considered
seriously. In this study, the 50% lethal dose of 19F-FP1OP was
determined in mice by tail vein injection as 1.2869 mg/kg. On
the basis of the reported specific activity (about 30 GBq/
mmol), if 370 MBq of tracer were to be injected in a 70-kg
human, the mass of 19F-FP1OP would be about 4.37 mg, and
the safety factor is calculated as more than 20,000 times the
lethal dose of 50%. Therefore, we believe the radiotracer is
safe enough for PET application. Acute or single-dose toxicity
and other special safety studies will be done in the future.

FIGURE 6. Cardiac PET images of Chinese

mini swine with chronic myocardial ischemia.

Images were obtained with 55 MBq of 18F-

FP1OP in 5% ethanol solution at 2, 15, 30,
60, and 120 min after injection. Arrows indi-

cate sites of perfusion deficit regions (anterior

wall). Redistribution was observed at 120 min

after injection.
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CONCLUSION

The 2 lipophilic and neutral tracers 18F-FP1OP and 18F-
FP3OP were successfully prepared with high radiochemical
yield (;50%) and radiochemical purity (.98%). Both had
high initial heart uptake and good heart-to-nontarget ratios.
The better stability and faster clearance from myocardium
of 18F-FP1OP make it worthy to be evaluated as an MPI
agent, and the high specific activity makes it a safe injec-
tion. The heart of a healthy Chinese mini swine could be
imaged clearly at 2–60 min after injection by cardiac PET.
The infarction region could be detected clearly in both
acute myocardial infarction and chronic myocardial ische-
mia models of Chinese mini swine, suggesting the potential
usefulness of 18F-FP1OP as an MPI agent.
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