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Fatty acid oxidation (FAO) is a major energy-providing process
with important implications in cardiovascular, oncologic, neuro-
logic, and metabolic diseases. A novel 4-thia oleate analog,
18-18F-fluoro-4-thia-oleate (18F-FTO), was evaluated in relation-
ship to the previously developed palmitate analog 16-18F-
fluoro-4-thia-palmitate (18F-FTP) as an FAO probe. Methods:
18F-FTO was synthesized from a corresponding bromoester.
Biodistribution and metabolite analysis studies were performed
in rats. Preliminary small-animal PET studies were performed
with 18F-FTO and 18F-FTP in rats. Results: A practical synthesis
of 18F-FTO was developed, providing a radiotracer of high
radiochemical purity (.99%). In fasted rats, myocardial uptake
of 18F-FTO (0.70 6 0.30% dose kg [body mass]/g [tissue mass])
was similar to that of 18F-FTP at 30 min after injection. At 2 h,
myocardial uptake of 18F-FTO was maintained, whereas 18F-
FTP uptake in the heart was 82% reduced. Similar to 18F-
FTP, 18F-FTO uptake by the heart was approximately 80%
reduced at 30 min by pretreatment of rats with the CPT-I inhib-
itor etomoxir. Folch-type extraction analyses showed 70–90%
protein-bound fractions in the heart, liver, and skeletal muscle,
consistent with efficient trafficking of 18F-FTO to the mitochon-
drion with subsequent metabolism to protein-bound species.
Preliminary small-animal PET studies showed rapid blood clear-
ance and avid extraction of 18F-FTO and of 18F-FTP into the
heart and liver. Images of 18F-FTO accumulation in the rat myo-
cardium were clearly superior to those of 18F-FTP. Conclusion:
18F-FTO is shown to be a promising metabolically trapped FAO
probe that warrants further evaluation.
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The oxidation of long-chain fatty acids is the major
aerobic, energy-producing process in the heart, liver, and
skeletal muscle. Abnormalities of fatty acid oxidation
(FAO) are associated with a variety of diseases, including

ischemic heart disease (1), heart failure (2), cardiomyop-
athy (3), oncology (4), neurodegeneration (5), alcoholism
(6), nonalcoholic fatty liver (7), obesity or metabolic syn-
drome (8–10), and diabetes (8,11).

Over the last 20 y, our laboratory has investigated
radiolabeled thia-substituted long-chain fatty acid analogs
as metabolically trapped probes of myocardial FAO (12–
17). The first-generation molecule 14-18F-fluoro-6-thia-
heptadecanoic acid (18F-FTHA) was a 6-thia analog that
showed excellent myocardial imaging properties but lacked
specificity for mitochondrial FAO in certain conditions such
as oxygen insufficiency (14,15). Accumulation of 18F-
FTHA in the liver and skeletal muscle was largely in com-
plex lipid pools and therefore not useful for the indication
of mitochondrial FAO in those tissues (16). The second-
generation FAO probe 16-18F-fluoro-4-thia-palmitate (18F-
FTP), a 4-thia fatty acid analog, improved on 18F-FTHA by
increasing specificity to myocardial FAO, particularly in
response to hypoxia (12,14). However, myocardial reten-
tion of 18F-FTP was suboptimal, and metabolic trapping
in the liver was not specific to mitochondrial function (14).

Oleate is one of the most prevalent long-chain fatty acids
in human plasma (17,18) and, like palmitate, is used as an
energy substrate or incorporated into various complex lipids
for storage or as cellular structural components. Although
oleate and palmitate have been shown to be similarly taken
up and oxidized in human myocardium (18), their use in the
whole body and skeletal muscle in humans has shown some
notable differences (19–22). Because dietary oleate (18:1)
is preferentially oxidized relative to palmitate (16:0) and
stearate (18:0) (22), we anticipated that an oleic acid analog
of 18F-FTP might show a higher specificity for mitochon-
drial FAO than 18F-FTP itself. Therefore, we synthesized
and preliminarily evaluated in rats the 4-thia substituted
oleate analog 18-18F-fluoro-4-thia-oleate (18F-FTO) (1) as
a novel PET probe of FAO (Fig. 1). Results of biodistribu-
tion and small-animal PET studies were compared with
those for the previously developed 4-thia–substituted pal-
mitate analog 18F-FTP, showing enhanced myocardial
imaging characteristics and increased specificity for evalu-
ation of FAO rates in vivo.
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MATERIALS AND METHODS

Synthesis of Radiotracers
The chemical structures for the 18F-labeled thia fatty acids that

were synthesized and evaluated—18F-FTP and 18F-FTO—are
shown in Figure 1. The synthetic scheme is shown in Figure 2.
Details of the synthesis of the radiolabeling precursor and refer-
ence standard of FTO are available in the supplemental materials
(online only at http://jnm.snmjournals.org).

18F-Labeling Procedure
The labeling precursors for 18F-FTO and 18F-FTP were the

methylesters of their corresponding bromides (Fig. 2). Nucleo-

philic 18F-fluorination and subsequent hydrolysis of the ester pro-
tective group were performed as previously described (14).
Briefly, cyclotron-produced 18F-fluoride was dried down under
nitrogen at 95�C in a 2-mL glass vial containing Kryptofix 2.2.2
(10 mg), acetonitrile (0.8 mL), and K2CO3 (4 mg) solution in
water (0.15 mL). The residue was further dried by azeotropic
distillation with acetonitrile (2 · 0.5 mL). A solution of the pre-
cursor (;2 mg) in acetonitrile (0.5 mL) was added, and the vial
was sealed and heated at 75�C for 15 min. The vial was placed in
ice water for brief cooling. Subsequent hydrolysis of the resulting
18F-fluoroester was performed in the same vessel by adding 0.15
mL of 0.2N KOH to the solution and heating it at 90�C for 4 min.
The mixture was cooled, acidified with concentrated acetic
acid (25 mL), filtered, and applied to the semipreparative high-
performance liquid chromatography (HPLC) column (Luna
C-18, 5 mm, 10 · 250 mm; Phenomenex). The mobile phase
was acetonitrile/water/trifluoroacetic acid (90:10:0.005 v/v),
and flow rate was 5 mL/min. An in-line ultraviolet detector
(210 nm) was used to monitor the elution of unlabeled materials.
The 18F-fluoro–fatty acid fraction was diluted in 50 mL of water
and trapped on a C-18 Sep-Pak cartridge (Accel C-18 Plus;
Waters), followed by washing of the Sep-Pak with 10 mL of
water. The product was eluted from the Sep-Pak in 1 mL of
ethanol. The volume of the ethanol solvent was reduced to
approximately 0.1 mL under a nitrogen stream at 40�C and then
formulated in 0.5–1% albumin in isotonic NaCl solution and
filtered through a 0.22-mm filter (Millex-GS; Millipore). Radio-
chemical purity was checked by radio-HPLC in the system
described in the supplemental materials or by radio–thin-layer
chromatography (silica gel; hexane/ethyl acetate/trifluoroacetic
acid, 75:25:0.05 [v/v]; Rf 5 0.4).

FIGURE 1. Structures of 18F-labeled thia fatty acids
developed as FAO probes.

FIGURE 2. Synthetic scheme for 18F-
FTO (1), FTO reference standard (11),
and labeling precursor (10).
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Biodistribution Studies in Rats
Female Sprague–Dawley rats (165–215 g; Charles River) were

fasted overnight or fed ad libitum. The rats were anesthetized with
isoflurane (3.5% induction, 1.5% maintenance). The 18F-labeled
radiotracer (0.7–1.4 MBq) was injected into the tail vein. The
heart, liver, lung, blood, kidney, bone (femur), brain, and skeletal
muscle were procured after a prescribed time. The tissues were
counted for 18F radioactivity and weighed. Radiotracer uptake was
calculated as:

Uptake ð%dose kg=gÞ 5 CPM ðtissueÞ3 bodyweight ðkgÞ3 100

tissueweight ðgÞ3CPM ðdoseÞ ;

Eq. 1

where CPM is counts per minute.
In 1 group of fasted rats, the CPT-I inhibitor etomoxir

(40 mg/kg; Sigma-Aldrich) was administered intraperitoneally
2 h before 18F-FTO injection. Crude analysis of the nature of the
metabolites in the heart, liver, and muscle was performed by a
Folch-type extraction procedure. Approximately 0.5 g of tissue
was excised and thoroughly homogenized and sonicated (20 s)
in 7 mL of chloroform/methanol (2:1) at 0�C. Urea (40%, 1.75
mL) and 5% sulfuric acid (1.75 mL) were added, and the mixture
was sonicated for an additional 20 s. After centrifugation for
10 min at 1,800g, aqueous, organic, and protein interphase (pellet)
fractions were separated and counted for 18F radioactivity.

Small-Animal PET/CT Studies in Rats
Two female Sprague–Dawley rats (167–172 g) were fasted

overnight. The rats were anesthetized with isoflurane (3.5% induc-
tion, 1.5% maintenance). An eXplore Vista CT scanner (GE
Healthcare) was used. Before the radiotracer imaging study, a
whole-body CT scan was obtained. This scan was used for ana-
tomic visualization and attenuation correction of the emission
data. 18F-FTO and 18F-FTP were studied in 2 different rats to
allow biodistribution studies to be performed after the PET scan.
The 18F-labeled radiotracer (9–11 MBq) was injected into the tail
vein, and the emission data were collected in dynamic acquisition
for 50 min over the upper thorax, followed by a static whole-body
scan from 55 to 115 min after injection. The dynamic images were
analyzed to give time–activity curves of the left-ventricular myo-
cardium, blood pool, lung, liver, and bone (rib) at the following
consecutive intervals: 6 · 10, 4 · 30, 5 · 60, and 8 · 300 s. The
time–activity curves were expressed as the commonly used stand-
ardized uptake value, which is the PET-measured radioactivity con-
centration (Ct) normalized to body weight and injected dose:

Standardized uptake value 5
Ct ðkBq=cm3Þ3 bodyweight ðgÞ

dose ðkBqÞ :

Eq. 2

Statistical Analyses
All results were expressed as the mean 6 SD. Comparison of

the means was made using a 2-tailed Student t test. The acceptable
level of significance was set at a P value of less than 0.05.

RESULTS

Synthesis of 18F-FTO (1)

Figure 2 shows the synthetic scheme. To make (Z)-18-
fluoro-4-thia-octadec-9-enoic acid (11) (FTO), 1-bromononanol

was converted to 2-(9-bromononyloxy)tetrahydro-2H-pyran
(2), which on subsequent reaction with triphenylphosphine
gave [9-((tetrahydro-2H-pyran-2-yl)oxy)nonyl]triphenylphos-
phonium bromide (3) as an ylide for the Wittig reaction.
The ylide precursor was treated with 5-(tert-butyldimethyl-
silyloxy) pentanal, giving (Z)-tert-butyldimethyl(14-(tetra-
hydro-2H-pyran-2-yloxy)tetradec-5-enyloxy)silane (4).
The formation of compound 4 was characterized by the
presence of olefinic protons at d 5.38–5.32 (m, 2H) and
carbons at d 130.1, 129.6 in their nuclear magnetic reso-
nance spectra. Compound 4 was further treated with tetra-
butyl ammonium fluoride in tetrahydrofuran to deprotect
the hydroxyl group. On iodination, hydroxyl analog 5 gave
compound 6. Methyl 3-mercaptopropanoate was then treated
with compound 6 in tetrahydrofuran using sodium hydride
to obtain (Z)-methyl 18-(tetrahydro-2H-pyran-29-yloxy)-4-
thia-octadec-9-enoate (7). The tetrahydropyran group in
compound 7 was removed using p-toluenesulfonic acid in
methanol. The obtained hydroxyl analog (8) was further
reacted with tosyl chloride to obtain the corresponding tosy-
lester (9), which on reaction with lithium bromide gave (Z)-
methyl 18-bromo-4-thia-octadec-9-enoate (10), the optimal
bromoester precursor for radiofluorination. The cold fluori-
nated standard (11) was also synthesized from compound 9.
The intermediates and the final precursor were characterized
by detailed spectroscopic analyses.

Radiofluorination of the bromoester (10) proceeded effi-
ciently, with more than 70% incorporation of 18F-fluoride
into the corresponding 18F-fluoroester. Hydrolysis of the
methylester group by the addition of 0.2N KOH and contin-
ued heating was quantitative, and overall radiochemical
yields after preparative HPLC isolation were in the 20–
30% uncorrected range and not further optimized. Radio-
chemical purity of the product (1) by radio-HPLC or
radio–thin-layer chromatography was more than 99%. The
product was effectively formulated in 0.5–1.0% bovine
serum albumin solution in saline and sterile-filtered before
being administered to rats. Likewise, the palmitate analog,
18F-FTP, was synthesized by a similar approach as previ-
ously described (14).

Biodistribution Studies in Rats

Table 1 shows the biodistribution of 18F radioactivity in rats
after intravenous administration of 18F-FTO at 30 and
120 min after injection. In both fasted and fed rats at
30 min, the highest uptake was seen in the liver, followed
by the heart, kidney, and other organs. The only difference
in biodistribution between fasted and fed rats was a 29%
lower uptake in the livers of fed animals. Clearance from
the liver was seen between 30 and 120 min in fasted animals,
whereas heart uptake was maintained at 0.7–0.8% dose kg
(body mass)/g (tissue mass). Pretreatment of fasted rats with
the CPT-I inhibitor etomoxir resulted in an 80% reduction in
myocardial uptake of 18F-FTO (P, 0.02), consistent with the
previously reported decrease of 18F-FTP uptake by rat heart
under similar experimental conditions (14). Bone uptake of
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18F-FTO increased from 30 to 120 min after injection, evi-
dencing ongoing defluorination, similar to that of 18F-FTP.

In fasted rats, myocardial uptake of 18F-FTO was similar
to that of 18F-FTP at 30 min after injection (Table 1). At 2 h,
myocardial uptake of 18F-FTO was maintained, whereas 18F-
FTP uptake in the heart was 82% reduced. Hepatic clearance
was faster for 18F-FTP than for 18F-FTO. Bone uptake for the
2 tracers was comparable at 120 min, suggesting that their
defluorination rates in rats were equivalent.

Heart-to-organ ratios for 18F-FTO and 18F-FTP at 120 min
after administration of tracers are shown in Figure 3. Heart-
to-blood, heart-to-lung, and heart-to-liver ratios for 18F-FTO
were 4-, 4.8-, and 3.4-fold higher, respectively, than for 18F-
FTP.

Folch-type analysis of tissue extracts showed that 18F-
FTO is metabolized predominantly to protein-bound spe-
cies in control hearts (Table 2), consistent with previous
reports for 18F-FTP (14) and 18F-FTHA (16). At 30 min,
the protein-bound fraction of radioactivity was significantly
higher for 18F-FTO (;90%) than for 18F-FTP (;60%)
(P , 0.05). Pretreatment of rats with etomoxir caused a
dramatic shift from protein-bound species (.90%) to
organic-soluble species (.65%) for 18F-FTO at 30 min
(Fig. 4), demonstrating the dependence of the formation
of protein-bound metabolites on CPT-I dependent FAO.
At 120 min, protein-bound, aqueous, and organic fractions
in the liver were similar for 18F-FTO and 18F-FTP, but 18F-
FTO showed a 60% higher (P , 0.01) protein-bound frac-
tion in the skeletal muscle than did 18F-FTP (Table 2). Both
organic and aqueous fractions were higher for 18F-FTP than
for 18F-FTO in the skeletal muscle. The balance of non–
protein-bound radioactivity for 18F-FTO was split nearly
evenly between aqueous and organic fractions as unidenti-
fied metabolites, whereas for 18F-FTP, a larger fraction was
found in the organic fraction. Thus, the data suggested that
metabolic incorporation of the oleate analog 18F-FTO into
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FIGURE 3. Heart-to-organ ratios for 18F-FTO (openbars) and
18F-FTP (filled bars) in fasted rats at 2 h after administration of
radiotracers (n 5 6, both groups). All 18F-FTO values are
statistically higher than 18F-FTP values (P, 0.05).
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mitochondrial proteins of skeletal muscle appears to be
similar to that shown in the heart (80–90%), whereas mito-
chondrial trapping of 18F-FTP represents approximately
one half of its metabolic fate.

Small-Animal PET Studies in Rats

A preliminary small-animal PET study was performed
using 18F-FTO and 18F-FTP in separate groups of fasted
rats (Fig. 5). Early dynamic images showed rapid blood
clearance of both tracers to low radioactivity concentrations
within 2 min after injection. Likewise, lung clearance was
rapid, providing low background to the heart by 2 min after
injection. The predominant hepatic uptake of the 2 fatty
acid analogs peaked at 5 min after injection, followed by
slow clearance. Myocardial uptake plateaued at about
10 min for both radiotracers, remaining nearly constant
for 18F-FTO, whereas more pronounced myocardial clear-
ance was observed for 18F-FTP. In the 2 rats studied, myo-

cardial uptake of 18F-FTO, expressed as standardized
uptake value, was higher than that for 18F-FTP. This obser-
vation could not be explained by higher arterial concentra-
tions of 18F-FTO: integrations of the blood pool curves over
0–2 min, when metabolites should not have a significant
impact, were essentially the same for 18F-FTO and 18F-FTP.
Whole-body images acquired at 55–115 min after injection
demonstrated superior myocardial imaging characteristics of
18F-FTO consistent with the biodistribution data (Fig. 5).
Myocardial uptake relative to liver and bone was markedly
lower for 18F-FTP. Bone uptake in the ribs was seen with
both radiotracers, evidencing in vivo defluorination in the rat.

DISCUSSION

FAO is the major energy-providing process in the heart,
liver, and skeletal muscle. Because disturbances of FAO are
associated with many cardiovascular, gastrointestinal,
oncologic, neurologic, and metabolic disorders, a non-
invasive imaging method has great potential to affect the
clinical care of patients. An imaging method would be of
great value for monitoring disease progression and the
effects of a growing number of drug therapies aimed at
modifying FAO rates (23–25). The current study extends
our previous work with thia-substituted fatty acid analogs
(12,14,16) to develop an 18F-labeled fatty acid molecule
that can serve as a metabolically trapped, general-purpose
probe for PET of FAO in humans.

To date, nearly all the PET studies of fatty acid
metabolism have been performed using 11C- or 18F-labeled
saturated fatty acid analogs such as 11C-palmitate and 18F-
labeled palmitate. The early studies of Knust et al. (26)
showed that in mice 18F-fluoro fatty acids distribute in a
manner similar to palmitate. As is the case for 11C-palmi-
tate, the FAO rate must be derived from the clearance
kinetics of the radiolabel, requiring various assumptions
and complex tracer kinetic modeling approaches (27).
The 11C-palmitate modeling method has not been validated
in ischemic myocardium because of an elevated and varia-
ble level of backdiffusion of nonmetabolized radiotracer
that confounds the clearance of labeled catabolite (27,28).

TABLE 2. Distribution of 18F Radioactivity (% of Total) in Aqueous, Organic, and Pellet Fractions After Folch-Type
Extraction of Tissues

Tracer n Time after injection (min) Tissue Aqueous (%) Organic (%) Pellet (%)
18F-FTO 6 30 Heart 3.3 6 1.0 5.3 6 1.3 91.4 6 2.3
18F-FTP 6 30 Heart 2.6 6 1.0 38.6 6 19.0* 58.8 6 19.2*
18F-FTO 6 120 Heart 1.8 6 0.8 10.4 6 1.8 87.7 6 2.1

Liver 5.6 6 1.1 23.4 6 3.1 70.9 6 2.9
Muscle 8.4 6 0.1 11.7 6 1.0 79.9 6 1.1

18F-FTP 6 120 Heart 4.2 6 1.3 18.8 6 10.8 76.9 6 10.8

Liver 5.3 6 0.9 31.4 6 9.8 63.3 6 9.3

Muscle 16.2 6 4.6* 34.0 6 12.4* 49.8 6 16.9*

*P , 0.01 vs. 18F-FTO for same tissue, fraction, and time point.
Rats were fasted overnight.

FIGURE 4. Effect of CPT-I inhibitor etomoxir (40 mg/kg
intraperitoneal pretreatment 2 h before) on 18F radioactivity
distribution in Folch-type extractions of rat hearts analyzed
at 30 min after intravenous administration of 18F-FTO
(control group, n 5 6; etomoxir group, n 5 4). Rats were
fasted overnight. Statistical significance of etomoxir-
induced changes: *P , 0.02 vs. control.
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Various branched-chain fatty acid analogs have been devel-
oped as metabolically retained probes (29,30), but they are
poorly accepted for transport into the mitochondrion
through CPT-I (31), rendering them sensitive for the indi-
cation of extramitochondrial lipid incorporation processes
but not sensitive for the indication of FAO. Our approach of
sulfur substitution (16) followed earlier work with larger
heteroatom substituents (32). It was established that the
sulfur substitution greatly diminishes the incorporation of
fatty acids into complex lipids (33), rendering its kinetics
more specific to mitochondrial metabolism. 18F-FTHA, a
6-thia analog, was shown to be sensitive to CPT-I inhibition
(16), but later studies indicated FAO-independent retention
of radiotracer in hypoxic myocardium (19). Later, the 4-thia
analog 18F-FTP was found to correlate well with FAO rates
in isolated rat hearts in normoxic and hypoxic conditions
(12,14). However, both 18F-FTHA (16) and 18F-FTP (14)
showed significant clearance from rodent myocardium
between an early peak (,10 min) and 2 h after adminis-
tration. Slow but appreciable myocardial clearance was also
observed in humans with 18F-FTHA (34), although 18F-FTP
was well retained in healthy swine myocardium (14).
This is the first report of a positron-emitter labeled oleate

analog. The 4-thia oleate analog 18F-FTO was synthesized
in practical yield by analogy with 18F-FTP. Because of the
presence of the cis double bond, the synthesis of the label-
ing precursor of 18F-FTO involved multiple steps but was
straightforward. Because both 18F-FTO and 18F-FTP share
the 4-thia substitution, any differences in their biodistri-
butions and biochemical handling can be attributed to dif-
ferences in chain length and unsaturation. The initial
myocardial uptake of 18F-FTO was similar to that of 18F-
FTP, but myocardial retention was dramatically increased.
Although there was no evidence of clearance of 18F-FTO
from the rat myocardium out to 2 h after injection, there
was approximately 80% clearance of 18F-FTP from 30 to
120 min. The reasons for the higher myocardial retention of

18F-FTO are not clear. There was evidence in the Folch-
type tissue-extraction measurements that 18F-FTO had a
higher specificity to indicate mitochondrial FAO in the
heart than did 18F-FTP. The protein-bound fraction of 18F
radioactivity of 4-thia (18) and 6-thia (20) fatty acid ana-
logs indicates the accumulation of FAO-dependent metab-
olites in the tissue, as supported by profound decreases of
this fraction with CPT-I inhibition. This fraction decreased
from 80% to 45% for 18F-FTP in rat heart (30 min after
injection) under control and CPT-I–inhibited conditions,
respectively (18). In contrast, the protein-bound fraction
in the rat heart for 18F-FTO decreased from 90% to 25%
under control and CPT-I–inhibited conditions, respectively
(Fig. 4). However, decreases in myocardial uptake caused
by CPT-I inhibition (;80%) at 30 min after injection were
found to be equivalent for 18F-FTO and 18F-FTP (18). Both
18F-FTO and 18F-FTP appear to be highly specific probes
for the indication of FAO in the heart. However, the slower
myocardial clearance and 3- to 4-fold higher heart-to-
blood, heart-to-lung, and heart-to-liver radioactivity con-
centration ratios favor 18F-FTO over 18F-FTP for heart
imaging applications.

With regard to skeletal muscle, our measurements at
120 min after injection showed 18F-FTO to have a signifi-
cantly higher protein-bound fraction relative to 18F-FTP
(Table 2), indicating that 18F-FTO may have better utility
for the evaluation of FAO in skeletal muscle. Previous work
with 18F-FTHA in pigs had shown the 6-thia analog to be
poorly taken up into skeletal muscle mitochondria (35).
Taken together with the results of the present study, the
approximate distribution of 18F-FTHA, 18F-FTP, and 18F-
FTO to the protein-bound mitochondrial fraction of control
skeletal muscle is 36%, 50%, and 80%, respectively. Thus,
the results indicate that 18F-FTO kinetics are sufficiently
specific in skeletal muscle to warrant further evaluation of
18F-FTO as an FAO probe for monitoring of FAO in meta-
bolic disorders that involve skeletal muscle.

FIGURE 5. Early time–activity curves
for 18F-FTO and 18F-FTP in rat heart (left
ventricle), liver, lung, bone (rib), and blood
pool and PET thoracic images acquired at
55–115 min after administration. Heart,
bone, and liver uptake is evident on PET
images. Higher heart-to-liver radioactivity
concentration ratio was seen with 18F-
FTO. Blood-pool data were not corrected
for spillover effect from myocardium.
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The suggested enhancement of specificity of 18F-FTO
relative to 18F-FTP and 18F-FTHA for the indication of
FAO in skeletal muscle has some support from previous
studies of oleate and palmitate metabolism. A whole-body
metabolism study in humans showed that dietary 13C-oleate
was preferentially oxidized relative to dietary 13C-palmitate
(22). Because skeletal muscle is the major consumer of
fatty acids in the body, this study implied that skeletal
muscle preferentially oxidized oleate relative to palmitate.
Likewise, a human feeding study in which the ratio of
polyunsaturated to saturated fatty acids in the diet was
altered also suggested that polyunsaturated fatty acids are
more highly oxidized than are saturated fatty acids (36).
Heart and skeletal muscle uptake of 18F-FTO was found

to be the same in fed and fasted rats. This does not imply
equivalent FAO rates in heart and muscle in the different
feeding conditions. Radiotracer uptake is a measure of the
fraction of dose taken up per gram of tissue. Taking into
consideration that plasma concentrations of nonesterified
fatty acids are 2.2-fold higher in the fasted state than in
the fed state in the same experimental conditions (14),
equivalent uptake is consistent with higher FAO rates in
fasted animals in heart and skeletal muscle.
The liver is a predominant organ of uptake for 18F-FTO,

consistent with previously developed fatty acid radio-
tracers. Folch-type extraction analysis of livers from rats
administered 18F-FTO showed that 70.9 6 2.9% of the
trapped 18F radioactivity was in the form of protein-bound
metabolites at 2 h after injection, indicating that 18F-FTO
may be useful for the evaluation of hepatic FAO rates. In
comparison, 18F-FTHA showed 57.56 1.9% protein-bound
metabolites at 10 min after injection (16), and 18F-FTP was
in between (63.3 6 9.3% at 2 h after injection). Notably,
the liver uptake of 18F-FTO was significantly lower in fed
rats than in fasted rats (0.836 6 0.086% vs. 1.185 6
0.155% dose kg/g at 30 min after injection), consistent with
lower hepatic FAO rates in the fed state. 18F-FTP lacked
this sensitivity (1.24 6 0.44% vs. 1.15 6 0.16% dose kg/g)
(14). The lack of a response of liver uptake of 18F-FTO to
the CPT-I inhibitor etomoxir at 30 min after injection likely
reflects the presence of uptake and oxidation mechanisms
that are CPT-I–independent in the liver, such as peroxi-
somal FAO. Etomoxir was found to paradoxically stimulate
palmitate oxidation in rat liver homogenates through a per-
oxisome-dependent pathway (37). The PET-measured he-
patic concentrations of the thia fatty acid analogs are
relevant to hepatic fatty acid uptake and oxidation, with
18F-FTO being the most specific to date for indicating FAO.
The in vivo defluorination of v-labeled, non-b-oxidiz-

able 18F-fluoro-fatty acids is known to be problematic in
rodents (38) but has not been observed to be a problem in
pigs or humans (14). Because the synthesis of labeling
precursor is more straightforward for labeling at the
v-position, we developed 18F-FTO as the first oleate ana-
log. Should defluorination of 18F-FTO be found in subse-
quent studies in large animals and humans, an v-3–labeled

analog will be developed to stabilize the 18F radiolabel
(38).

CONCLUSION

A practical and high-purity synthesis of the oleate analog
18F-FTO was developed. 18F-FTO exhibited 3- to 4-fold
higher heart-to-background tissue radioactivity concentra-
tion ratios, resulting from higher myocardial retention rel-
ative to 18F-FTP. 18F-FTO uptake by the heart was
approximately 80% reduced by pretreatment of rats with
the CPT-I inhibitor etomoxir. Folch-type extraction analy-
ses showed 70–90% protein-bound fractions in the heart,
liver, and skeletal muscle, consistent with the high traffick-
ing of 18F-FTO to the mitochondrion with subsequent
metabolism to protein-bound species. Small-animal PET
images of 18F-FTO accumulation in the rat myocardium
were clearly superior to those of 18F-FTP. 18F-FTO has
been shown to be a promising metabolically trapped FAO
probe that improves on the myocardial imaging character-
istics of 18F-FTP and warrants further evaluation.
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