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This study describes the radiosynthesis and preliminary biologic
evaluation of trans-9(RS)-18F-fluoro-3,4(RS,RS)-methylenehep-
tadecanoic acid (18F-FCPHA) as a new potential probe for as-
sessing myocardial fatty acid metabolism by PET. This fatty
acid, containing a cyclopropyl moiety in the �,�-position, was
designed to enter the myocardium by the same mechanism as
natural fatty acids and to undergo partial metabolism before
being trapped in the cell. Methods: 18F-FCPHA and the
�-methyl analog 8(RS)-18F-fluoro-3(RS)-methylheptadecanoic
acid (18F-FBMHA) were prepared from their corresponding me-
sylate precursors by nucleophilic substitution. The precursors
used for labeling were fully characterized, and the data were
consistent with the proposed structures. Biodistribution studies
of each tracer were performed with Sprague–Dawley rats at 5
and 60 min after injection. Sequential imaging of a rhesus mon-
key injected with 222 MBq of 18F-FCPHA was performed by use
of a microPET camera. Results: At 5 and 60 min, heart uptake
values measured as mean � SD percentage injected dose per
gram (%ID/g) in rats for 18F-FCPHA were 1.55 � 0.72 and
1.43 � 0.14, respectively. The heart-to-blood ratios at 5 and 60
min, an indication of target definition, were 25.8 and 20.4,
respectively. The heart-to-lung ratios at 5 and 60 min were 3.3
and 4.6, respectively. Bone accumulation (%ID/g), an indication
of defluorination, was 0.16 � 0.03 at 5 min and increased to
0.70 � 0.39 at 60 min. The heart-to-blood ratio obtained with
18F-FBMHA was 2.6 at 5 min and did not change significantly at
60 min. Imaging of the monkey heart after injection of 18F-
FCPHA showed an initial spike of activity corresponding to
blood flow followed by a plateau at 10 min. Conclusion: The
cyclopropyl moiety in 18F-FCPHA does have a significant influ-
ence on heart accumulation, as suggested by the high heart-
to-blood ratio and the fast blood clearance in rats. These re-
sults, along with the remarkable quality of the PET images,
indicate the potential of this new class of labeled fatty acids for
use in studying heart disease by PET.
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Radionuclide imaging of myocardial perfusion and ven-
tricular function is useful for identifying areas of ischemia
and defining its impact on global and regional functions.
Myocardial flow can be assessed by PET with 13N-ammonia
or 82Rb or by SPECT with 201Tl or 99mTc-sestamibi. Al-
though measurements with these agents usually provide
complementary data in patients with stable coronary artery
disease, situations in which the information is inconsistent
occur (1,2). Perfusion and function are discordant immedi-
ately after thrombolysis (3,4) and in some patients with
cardiomyopathy (5,6). Both circumstances may result in
markedly depressed function when regional perfusion is
near normal. These observations suggest that in addition to
perfusion and function, other simultaneous measurements,
such as substrate metabolism, are needed to better charac-
terize the metabolic viability of the injured myocardium.

Myocardial metabolism is most often assessed with
2-18F-FDG (18F-FDG), a glucose analog that is carried into
the cell by a specific glucose membrane transporter and
phosphorylated by hexokinase. This agent permits the de-
tection of exogenous glucose utilization in areas of de-
creased perfusion, indicating the presence of an ischemic
myocardium that has preferentially shifted its metabolic
substrate toward glucose rather than fatty acids or lactate
(7,8). Studies have consistently shown the ability of 18F-
FDG and PET to identify ischemic myocardium in 10%–
20% of regions that otherwise would be classified as in-
farcted when imaged with 201Tl or 99mTc-sestamibi (9,10).
Hence, a mismatch between glucose utilization and perfu-
sion determined by PET is an indication of ischemic but
viable myocardium. However, there are concerns with this
method because regional myocardial blood flow and 18F-
FDG uptake patterns can be similar in various types of
myocardial dysfunction (11–13).

Another PET metabolic tracer that is used to assess
oxidative metabolism and that is deemed to be superior to
18F-FDG is 11C-acetate. Its uptake reflects overall O2 me-
tabolism by myocytes and does not depend on plasma
substrate concentrations or on blood glucose levels, which
can influence 18F-FDG distribution. 11C-Acetate imaging is
considered more useful than 18F-FDG imaging for assessing
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postintervention recovery of myocardial function; however,
the 20-min half-life of 11C restricts its use to institutions
with an on-site cyclotron.

Labeled fatty acids were originally developed to detect
myocardial ischemia in which the energy substrate shifts
from fatty acids to glucose. Fatty acids are the major source
of energy for the myocardium, and their uptake is propor-
tional to blood flow as well as concentration (14). Fatty
acids are cleared from the blood with a half-life of less than
2 min and are concentrated in the myocardium with a
first-pass extraction fraction of 50%–60%. In zones of myo-
cardial ischemia, stunning, and hibernation, fatty acid ex-
traction and oxidation are reduced. Thus, an alteration in
fatty acid uptake is considered to be a sensitive marker of
ischemia and myocardial damage (15).

The use of 11C-palmitate as a physiologic substrate pro-
vided the experimental basis for measuring myocardial fatty
acid metabolism by PET (16,17). After the initial uptake of
11C-palmitate, a rapid loss of radioactivity from myocardial
tissue corresponds to straight-chain fatty acid catabolism by
�-oxidation. In areas of ischemia or hypoxia, the uptake of
the agent and the rate of clearance are diminished, consis-
tent with reduced oxidative metabolism. Unfortunately, in
addition to the disadvantage of brief imaging time because
of rapid catabolism, 11C-palmitate is also distributed among
different tissue pools with variable turnover rates, signifi-
cantly complicating data analysis (18).

1-11C-3-Methylheptadecanoic acid (11C-BMHA) was de-
signed to enter the myocardium by the same mechanism as
normal fatty acids; however, because the methyl group
inhibits �-oxidation, the tracer is trapped in the cell because
of incomplete metabolism (19,20). 11C-BMHA was shown
to be incorporated into the same lipid pools as 11C-palmitate
and to have high retention of activity in the myocardium and
excellent imaging properties (21). On the basis of these
results, several iodinated branched-chain fatty acids were
introduced for the purpose of assessing myocardial fatty
acid metabolism by SPECT (15,22,23). Among these, 15-
123I-(p-iodophenyl)-3(RS)-methylpentadecanoic acid (BMIPP)
has been investigated extensively and is an approved radio-
tracer for clinical use in Japan.

An 18F-labeled fatty acid that is retained in the heart
should allow high-resolution PET images that could sim-
plify activity quantitation with an appropriate mathematic

model. In this article, we report on the preparation and
preliminary evaluation of trans-9(RS)-18F-fluoro-
3,4(RS,RS)-methyleneheptadecanoic acid (18F-FCPHA;
compound 2) as part of a new series of modified fatty acids
for myocardial metabolic imaging. 18F-FCPHA contains a
cyclopropyl moiety that is present in a wide variety of
naturally occurring compounds (24). The small size of this
moiety allows 2 adjacent carbon sites to inhibit the oxida-
tion process with a minimal change in overall fatty acid
structure. Moreover, the cyclopropyl group possesses
unique chemical properties attributable to its inherent ring
strain and is often an essential staging element in biotrans-
formations.

The biodistribution of 18F-FCPHA was studied in rats and
its myocardial extraction and retention were measured in a
monkey by use of sequential PET. Finally, the significance
of the cyclopropyl moiety on heart uptake was further
demonstrated by comparing the biodistribution of the
�-methyl analog 18F-8-fluoro-3-methylheptadecanoic acid
(18F-FBMHA; compound 4) with that of 18F-FCPHA.

MATERIALS AND METHODS

Chemicals and solvents used in this study were American
Chemical Society grade, except for acetonitrile, which was silyla-
tion grade (Pierce Chemical Co.), and all were used without
additional purification. Compounds 1 and 3 were purified and fully
characterized by 1H nuclear magnetic resonance and mass spec-
trometry analyses (T.M. Shoup, unpublished data, 2004). 18F-
Fluoride was produced at Massachusetts General Hospital with a
Scanditronix MC-17F cyclotron by the 18O(p,n)18F nuclear reac-
tion on 95% 18O-enriched water in a silver target at 17 MeV and
24 �A per hour. Radio–thin-layer chromatography (radio-TLC)
counts were determined with a Bioscan System 200 (Bioscan, Inc.)
on 250-�m silica gel AL SILG/UV plates (Whatman Ltd.).

Chemistry
The following labeling procedure was used to prepare com-

pounds 2 and 4 (Scheme 1). A Wheaton 5-mL reaction vial
containing 18F (100 mCi) in 0.5 mL of 18O-enriched water, Krypto-
fix-2.2.2 (8 mg), and potassium carbonate (2 mg) was heated at
118°C, and the solvent was evaporated with the aid of nitrogen
gas. The K18F-Kryptofix complex was dried by the addition of 1
mL of acetonitrile followed by evaporation of the solvent by use of
nitrogen flow; this step was repeated 3 times. A solution of 8 mg
of the mesylate (compound 1 or 3 in Scheme 1) in 1 mL of
acetonitrile was added to the vial, and the fluorination reaction was

SCHEME 1. Radiosynthesis of 18F-
FCPHA (compound 2) and 18F-FBMHA
(compound 4). (a) K18F-Kryptofix, acetoni-
trile, 120°C. (b) Aqueous LiOH (1 mol/L):
methanol, 80°C. (c) 10% HCl.
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performed at 120°C for 10 min. The solvent was removed by use
of nitrogen flow and replaced with 1 mL of a hexane:ethyl acetate
(85:15) solution. After the solution was mixed, it was loaded onto
a silica gel Sep-Pak (Waters), and the activity was eluted with 3
mL of the same hexane:ethyl acetate solution. The eluent contain-
ing the labeled ester was placed in a 5-mL vial, and the solvent was
removed. A mixture of 0.5 mL of lithium hydroxide (1 mol/L) and
1 mL of methanol was added to the reaction vial, the vial was
heated at 100°C for 20 min, and the reaction volume was reduced
to less than 1 mL. The solution was acidified by the addition of 5
mL of 10% HCl, and the mixture was extracted twice with diethyl
ether. The ether extracts were combined, and the solvent was
removed. The synthesis was complete within 90 min, with an
overall yield of final product (compound 2 or 4) of 777 MBq (38%
end of bombardment). Radio-TLC revealed 94% radiochemical
purity (silica gel plates; ethyl acetate:hexane, 25:75; Rf � 0.40),
with the remaining activity as unhydrolyzed ester (silica gel plates;
ethyl acetate:hexane, 15:85; Rf � 0.80). The labeled fatty acids
were formulated in 10% ethanol in saline for biodistribution in rats
and 4% bovine serum albumin in saline for monkey studies
(0.22-�m Millex-GV sterile filter; Millipore).

FCPHA and FBMHA were prepared from their corresponding
hydroxy esters. The alcohols (100 mg) in methylene chloride (10
mL) were treated with diethylaminosulfur trifluoride (200 �L) at
�78°C. The reaction mixtures were stirred at �40°C for 1 h
before being quenched with methanol (100 �L) and washed with
saturated sodium bicarbonate. Chromatography (silica gel; ethyl
acetate:hexane, 5:95) afforded the fluorinated esters, which were
converted to the acids by use of LiOH (1 mol/L):methanol (1:3) at
reflux for 1 h. The solvent was removed, 10% HCl (10 mL) was
added, and the acids were extracted with ether (10 mL; 3 times).
Chromatography (silica gel; ethyl acetate:hexane, 20:80) afforded
the fluorinated acids in 15% yields. Data were as follows: for
FCPHA—1H nuclear magnetic resonance (400 MHz, CDCl3) �
0.32 (2H, m, ringOCH2), 0.55 (1H, m, ringOCH), 0.78 (1H, m,
ringOCH), 0.89 (3H, t, J � 6 Hz, CH3), 1.2–1.8 (22H, m, CH2),
2.25 (2H, d, CH2OCAO), 4.45 (1H, br-d, J � 53 Hz, FCH); and
for FBMHA—� 0.88 (3H, t, J � 6 Hz, CH3), 0.92 (3H, d, J � 6
Hz, CH3), 1.2–1.9 (24H, m, CH2), 2.25 (2H, dd, CH2OCAO),
4.46 (1H, br-d, J � 53 Hz, FCH).

Tissue Distribution Studies
The distribution of radioactivity in tissues of male Sprague–

Dawley rats (300–350 g; Charles River Breeding Laboratories)
was determined after intravenous administration of the radioflu-
orinated compounds. The animals were allowed food and water ad
libitum before the studies. Either 18F-FCPHA or 18F-FBMHA
(1.48–2.96 MBq) was injected directly into the tail veins of
unanesthetized rats. At 5 and 60 min after injection, groups of 6
animals were sacrificed with an overdose of sodium pentobarbital,
and biodistribution was determined. Samples of blood, heart, lungs,
liver, kidneys, bone, skeletal muscle, and brain were weighed, and
radioactivity was measured with a well-type �-scintillation counter
(model 1282; LKB). To correct for radioactive decay and permit
the calculation of radioactivity in each organ as a fraction of the
administered dose, counts in aliquots of the injected doses were
determined simultaneously. The results were expressed as mean �
SD percentage injected dose per gram (%ID/g).

microPET Measurements
Imaging was performed by use of a microPET model P4 device

(Concorde Microsystems). The monkey was positioned supine on the

microPET table, injected with 222 MBq of 18F-FCPHA via a femoral
line, and imaged for 90 min in list mode. The emission data were
binned into 3-dimensional sinograms by use of Fourier rebinning to
produce 24 time frames (8 � 15 s, 8 � 60 s, and 8 � 600 s) and were
reconstructed by use of a filtered-backprojection algorithm with a
ramp filter (Nyquist cutoff at 0.5). A 30-min transmission image was
acquired in single mode with a rotating pin source containing 68Ge.
The reconstructed data were corrected for scattered radiation, attenu-
ation, and dead time. Regions of interest (ROIs) were drawn over the
left ventricular wall, and cardiac blood pool and time–activity curves
were constructed.

Statistical Methods
The data were analyzed by 2-way ANOVA with a linear model

in which the classification variables were tissue and time: %ID/
g � tissue 	 time 	 (tissue � time). Post hoc comparisons of
individual means were performed with the Student–Newman–
Keuls test. All results were expressed as mean � SD.

RESULTS

Radiochemistry
Radiofluorination of trans-9-methanesulfonoxy-3,4-methyl-

eneheptadecanoate methyl ester (compound 1) was achieved
by a nucleophilic substitution reaction with the K18F-Kryptofix
complex in acetonitrile. After 10 min at 120°C, radio-TLC
of the reaction mixture revealed 
94% labeled ester, with
the remaining activity as 18F-fluoride. Because of the dif-
ferences in the lipophilicities of the labeled ester (Rf � 0.2)
and precursor 1 (Rf � 0.9), purification of the labeled ester
was performed with a silica gel Sep-Pak and hexane:ethyl
acetate (85:15) for elution of the activity. Base hydrolysis of
the ester with lithium hydroxide (1 mol/L) and then acidi-
fication produced compound 2 (or compound 4, when start-
ing with compound 3) without detectable defluorination.
The synthesis was complete in 90 min, with radiochemical
yields of 30%–40% (corrected for decay) (n � 8).

TABLE 1
Tissue Distribution of 18F-FCPHA in Sprague–Dawley Rats

Tissue

Mean � SD %ID/g at:

5 min 60 min

Blood 0.06 � 0.01 0.08 � 0.02
Heart 1.55 � 0.72 1.43 � 0.14
Lungs 0.47 � 0.13 0.31 � 0.16
Liver 1.34 � 0.26 0.87 � 0.15*
Kidneys 0.41 � 0.10 0.34 � 0.09
Skeletal muscle 0.25 � 0.01 0.10 � 0.01†

Bone 0.16 � 0.03 0.70 � 0.39*
Brain 0.06 � 0.01 0.05 � 0.02

*P � 0.05.
†P � 0.01.
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Biodistribution
Table 1 shows the biodistribution of 18F-FCPHA at 5 and

60 min after intravenous administration in rats. ANOVA
demonstrated a highly significant main effect of tissue
(F7,80 � 65.88; P � 0.0001) and a significant interaction of
tissue and time (F7,80 � 6.29; P � 0.0001). The main effect
of time was not significant (F1,80 � 1.63; P � 0.21). At 5
min, the accumulation of 18F-FCPHA in the heart and liver
was significantly greater (P � 0.01) than that in any of the
other tissues sampled. At 60 min, the accumulation of
18F-FCPHA in the heart was significantly greater (P � 0.01)
than that in the kidneys, lungs, skeletal muscle, blood, and
brain. The accumulation in the liver was significantly
greater (P � 0.05) than that in the kidneys, lungs, skeletal
muscle, blood, and brain, whereas the accumulation in the
bone, kidneys, and lungs was significantly greater (P �
0.01) than that in the skeletal muscle, blood, and brain.

At 5 min, the accumulation of 18F-FCPHA in the heart
(1.55 � 0.72 %ID/g) was 25.8 times higher than that in the
blood. At 60 min, the uptake of radioactivity in the heart
decreased slightly to 1.43 � 0.14 %ID/g (P � NS), to yield
a heart-to-blood ratio of 20.4 (Table 2). Blood activity did
not change sufficiently from 5 to 60 min. Lung activity was
0.47 � 0.13 %ID/g at 5 min and decreased to 0.31 � 0.16
%ID/g at 60 min (P � NS), liver uptake was 1.34 � 0.26
%ID/g at 5 min and decreased to 0.87 � 0.15 %ID/g at 60
min (P � 0.05), and skeletal muscle uptake was 0.25 � 0.01
%ID/g at 5 min and decreased to 0.10 � 0.01 %ID/g at 60
min. Heart-to-lung ratios at 5 and 60 min were 3.3 and 4.6,
respectively (Table 2). Tracer accumulation in bone, an
indication of defluorination, was 0.16 � 0.03 %ID/g at 5
min and increased to 0.70 � 0.39 %ID/g at 60 min (P �
0.05).

The biodistribution of the �-methyl analog 18F-FBMHA
at 5 and 60 min after intravenous administration in rats is
shown in Table 3. ANOVA demonstrated a highly signifi-
cant main effect of tissue (F7,80 � 89.74; P � 0.0001), a
significant main effect of time (F1,80 � 8.90; P � 0.005),
and a highly significant interaction of tissue and time
(F7,80 � 13.77; P � 0.0001). At 5 min, the accumulation of
18F-FBMHA in the liver was significantly greater (P �
0.01) than that in any of the other tissues sampled. The
accumulation in the kidneys was significantly greater (P �

0.01) than that in the lungs, blood, skeletal muscle, and
bone. The accumulation in the heart was significantly
greater (P � 0.01) than that in the lungs, blood, skeletal
muscle, bone, and brain. At 60 min, the accumulation of
18F-FBMHA in the liver was significantly greater (P �
0.01) than that in any of the other tissues sampled.

The accumulation of 18F-FBMHA in the heart was 2.56 �
0.76 %ID/g at 5 min after injection and decreased to 1.69 �
0.13 %ID/g at 60 min (P � 0.05). Nearly equal concentra-
tions of radioactivity were detected in the heart and the
kidneys at both times. Tracer activity in the blood at 5 min
was 1.02 � 0.22 %ID/g and decreased only to 0.58 � 0.27
%ID/g at 60 min (P � 0.05). Most of the radioactivity
accumulated in the liver (8.88 � 2.97 %ID/g at 5 min vs.
4.17 � 1.49 %ID/g at 60 min; P � 0.05). The heart-to-
blood ratio of 2.6 at 5 min did not change significantly at 60
min (Table 2). Tracer accumulation in bone was 0.52 �
0.16 %ID/g at 5 min and increased to 2.36 � 0.78 %ID/g at
60 min (P � 0.01), indicating that there was significant
defluorination. The biodistribution of 18F-FBMHA in rats
was analyzed again with a 4% Tween 80:saline formulation,
and similar results were obtained (data not shown).

MicroPET Imaging
Representative transaxial PET images of the heart of a

monkey were acquired at 60 min after administration of 6
mCi of 18F-FCPHA and are shown in Figure 1. The corre-
sponding time–activity curves for ROIs drawn over the left
ventricular wall and cardiac blood pool are shown in Figure
2. The images clearly demonstrate a high level of tracer
accumulation in the heart, with excellent definition of the
left ventricle from the lungs and blood pool. The left ven-
tricular time–activity curve shows rapid accumulation of the
tracer. A plateau was achieved by approximately 10 min
after injection and was maintained for the remainder of the
study. The early transient increase in radioactivity was most
likely attributable to blood flow. The blood time–activity
curve shows an immediate increase in radioactivity fol-
lowed by a rapid decline. The secondary slow increase in

TABLE 2
Heart-to-Tissue Ratios for 18F-FCPHA and 18F-FBMHA

Ratio

Value for the following tracers at the
indicated time:

18F-FCPHA 18F-FBMHA

5 min 60 min 5 min 60 min

Heart-to-lung 3.3 4.6 2.0 2.9
Heart-to-blood 25.8 20.4 2.6 2.9
Heart-to-muscle 6.2 14.3 3.9 4.1
Heart-to-liver 1.6 1.6 0.3 0.4

TABLE 3
Tissue Distribution of 18F-FBMHA in Sprague–Dawley Rats

Tissue

Mean � SD %ID/g at:

5 min 60 min

Blood 1.02 � 0.22 0.58 � 0.27*
Heart 2.56 � 0.76 1.69 � 0.13*
Lungs 1.25 � 0.18 0.58 � 0.17†

Liver 8.88 � 2.97 4.17 � 1.49*
Kidneys 2.62 � 0.86 1.66 � 0.61
Skeletal muscle 0.66 � 0.22 0.41 � 0.10
Bone 0.52 � 0.16 2.36 � 0.78†

Brain 0.25 � 0.07 0.27 � 0.03

*P � 0.05.
†P � 0.01.
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blood radioactivity most likely represented the release of
radiolabeled metabolic products from the liver.

DISCUSSION

The myocardium can use lactate, acetate, fatty acids, and
glucose to satisfy its contractile needs. Under aerobic cir-
cumstances, most of the energy for adenosine triphosphate
production is provided by the complete oxidation of fatty
acids (those containing between 14 and 18 carbons) to
carbon dioxide and water. These products of catabolism are
diffusible and are carried away from the myocytes as they
are produced when blood flow is adequate. When blood
flow is significantly reduced, tissue delivery of oxygen and
removal of waste products are reduced. As a result, oxygen-
dependent substrate catabolism decreases. Because fatty
acids are catabolized by �-oxidation to acetyl coenzyme A

(acetyl-CoA), which requires the Krebs cycle and ultimately
oxidative phosphorylation to produce adenosine triphos-
phate, fatty acid consumption decreases with anoxia (i.e.,
zones of myocardial ischemia or infarction) (25).

Fatty acids pass from capillary blood into the interstitial
space, where they may “back diffuse” to the vascular space
or continue forward, passing through the sarcolemmal bar-
rier. Once inside the cell, fatty acids may return to the
interstitial space or become activated as acyl-CoA. Acti-
vated fatty acids then can be esterified to form triglycerides,
incorporated into phospholipids, or carried into the mito-
chondria and oxidized. The activation of free fatty acids to
acyl-CoA requires energy and is believed to be essentially
irreversible in vivo. However, the formation of triglycerides
is not irreversible, and these can be broken down into the
constituent fatty acids and glycerol, adding to the free fatty

FIGURE 1. Transaxial heart-level slices
acquired in rhesus monkey by use of
positron camera (microPET model P4) 60
min after intravenous administration of 222
MBq of 18F-FCPHA.

FIGURE 2. Time–activity curves for ROIs
drawn over left ventricular wall and cardiac
blood pool of rhesus monkey injected with
222 MBq of 18F-FCPHA.
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acid pool. Fatty acid �-oxidation occurs in the mitochon-
drial matrix, and fatty acids are actively transported from
the cytoplasm into the mitochondria by carnitine palmitoyl
transferase. The �-oxidation metabolic process involves 4
reactions that occur in repeating cycles (Fig. 3). In each
cycle, a fatty acid is progressively shortened by 2 carbons as
it is oxidized and its energy is captured by the reduced
energy carriers reduced nicotinamide adenine dinucleotide
and reduced flavin adenine dinucleotide (26). At the end of
each cycle, acetyl-CoA is released and either returns to the
cytoplasm and is used in various synthetic reactions or
enters the Krebs cycle to produce carbon dioxide and water.
The oxidative process is repeated for various numbers of
cycles until the fatty acid is entirely converted to acetyl-
CoA (even carbon chain) or propionyl-CoA (odd carbon
chain). �-Oxidation requires less than 2 min to complete the
catabolism of a typical 16-carbon fatty acid, such as palmi-
tate.

To obtain measurements of fatty acid metabolism with
high precision, it is important to use a fatty acid analog that,
like 18F-FDG, enters the metabolic pathway but is retained
in the tissues for a prolonged period of time. Such an analog
would mirror the initial uptake characteristics of palmitate,
proceed through the steps of activation to acyl-CoA, enter
the mitochondria, and proceed though several steps of the
catabolic cycle before being trapped in the cell. Previously,
Livni et al. (19) and Elmaleh et al. (20) designed 11C-
BMHA, a branched-chain fatty acid with a methyl group
placed at position 3 to inhibit �-oxidation by precluding the
formation of the keto-acyl-CoA intermediate (step 3 in Fig.
3). When 11C-BMHA was compared with 14C-palmitate,
similar myocardial uptake of the 2 agents was noted; how-
ever, there was prolonged retention of 11C-BMHA, which
cannot undergo �-oxidation, and hence it is either trapped in
the mitochondria or incorporated into the triglyceride pool.
The concentration of 11C-BMHA in myocardial tissue after

intravenous injection reaches a plateau after 10–15 min.
Because the triglyceride pool turns over very slowly, as
indicated by measurements with palmitate, the plateau of
activity represents both uptake and pool components.

18F-labeled 3-methyl- and 5-methyl-substituted 16-flu-
oropalmitic acid analogs have been prepared, and their
evaluation in rats showed lower uptake but longer retention
of radioactivity in the myocardium compared with those of
16-18F-fluoropalmitate (27–29). There was also high uptake
of radioactivity in bone, an indication of defluorination.
�-Oxidation of fatty acids, albeit a minor metabolic path-
way, occurs in the endoplasmic reticulum rather than the
mitochondria and may account for the instability of these
�-labeled analogs.

Another PET tracer, 14-18F-fluoro-6-thiaheptadecanoic
acid (FTHA), has been proposed as a probe for myocardial
oxidative metabolism (30). FTHA is a “false” long-chain
fatty acid substrate in which a sulfur atom has been inserted
at position 6 to block complete catabolism. Evaluation of
FTHA has shown high myocardial uptake in animals and
humans, with a heart-to-blood ratio similar to that of a blood
flow agent. The biodistribution of FTHA in mice showed a
large amount of activity in bone, indicating defluorination.
Our work, in collaboration with that of Okada et al. (31),
who evaluated tellurium as a heteroatom in the fatty acid
backbone, revealed high myocardial uptake similar to that
of FTHA in animals. Although FTHA has promise as a
myocardial imaging agent, we prefer the use of a fatty acid
with an all-carbon backbone, a more natural fatty acid
structure, because of potential complications of image in-
terpretation. The biologic behavior of these natural mole-
cules and the identification of their metabolites have been
completely determined. Therefore, we compared our recent
results with results obtained with fatty acid probes that have
similar all-carbon backbones.

Cyclopropane fatty acids occur in a variety of plants and
animals but most prominently in bacterial phospholipids
(32). The discovery of lactobacillic acid, cis-11,12-methyl-
eneoctadecanoic acid, led to considerable interest in the
metabolism and function of cyclopropane fatty acids (33).
Its 17-carbon analog, cis-9,10-methylenehexadecanoic acid,
was shown to be present in phospholipids of bovine heart
(about 4% of all fatty acids) and liver mitochondria (34). It
has also been reported that cis-3,4-methylenehexanedioic
acid is present in human urine and that it is a metabolite of
cis-9,10-methylenehexadecanoic acid; however, the origin
and physiologic role of these compounds remain unclear
(35). Interestingly, experiments have shown that cis-9,10-
methylenehexadecanoic acid and its 18-carbon analog can-
not be metabolized beyond a certain length in rat liver
mitochondria. Data suggest that �-oxidation occurs until the
cyclopropyl moiety is reached, because 3,4-methylenede-
canoic and 3,4-methylenedodecanic acids have been found
as metabolic products (36).

In our study, 18F-FCPHA showed fast blood clearance
and excellent heart uptake and retention. Its heart-to-blood

FIGURE 3. Metabolic pathway for �-oxidation. Each cycle
involves 4 reactions: 1, acyl-CoA dehydrogenase; 2, enoyl-CoA
hydratase; 3, 3-hydroxyacyl-CoA dehydrogenase; and 4, �-ke-
to-acyl-CoA thiolase. FAD � flavin adenine dinucleotide;
FADH2 � reduced flavin adenine dinucleotide.
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ratio of 20:1 in rats at 60 min is significantly higher than
those of BMHA (10:1) and BMIPP (3:1) (Fig. 4). PET
imaging of the monkey heart after injection of 18F-FCPHA
exhibited an initial spike of activity corresponding to blood
flow followed within 10 min by a plateau that remained
constant for over 1 h. In contrast, compared to 18F-FCPHA,
the �-methyl analog 18F-FMBHA showed slower blood
clearance along with a greater accumulation of activity in
the liver and bone. The heart-to-blood ratio obtained with
18F-BMHA was 2.6 at 5 min and did not change signifi-
cantly at 60 min, indicating the retention of activity. These
results clearly illustrate the unique influence of the cyclo-
propyl moiety on the manner in which 18F-FMBHA accu-
mulates in the heart. The high liver and bone uptake of the
�-methyl analog may be associated with its inability to be
irreversibly trapped in the myocardium, because 18F-
FBMHA and 11C-BMHA should have the same uptake
mechanisms. Like 11C-BMHA, 18F-FBMHA may experi-
ence back diffusion before it is incorporated into the cyto-
solic lipid pool and mitochondria, events that may increase
the chance of defluorination. A comparative study of 11C-
BMHA and 11C-CPHA would be useful to evaluate the
direct effect of the cyclopropyl moiety on heart uptake.

The mechanism for 18F-FCPHA uptake in the myocar-
dium may center on the irreversible formation of the cyclo-
propanol derivative produced in step 2 of the �-oxidation

cycle, because cyclopropanols are unstable and are known
to undergo rearrangement under mild conditions (37). Al-
ternatively, 18F-FCPHA accumulation may be the result of
an interaction between the cyclopropyl moiety and the en-
zymes associated with the �-oxidation process. It is known
that the active metabolite methylenecyclopropylacetyl-CoA
(MCPA-CoA), produced from the degradation of hypogly-
cin A, accumulates in rat liver mitochondria (38). The
mechanism of this effect is believed to be an irreversible
inhibition of �-oxidation that results from the reaction of
MCPA-CoA with the flavin of general acyl-CoA dehydro-
genase. The same methylenecyclopropyl moiety found in
MCPA-CoA is theoretically produced when 18F-FCPHA-
SCoA enters the �-oxidation cycle and undergoes dehydro-
genation via acyl-CoA dehydrogenase (step 1 of the oxida-
tion cycle). In this form, the cyclopropane moiety, by virtue
of its ring strain and electron-withdrawing substituent, may
be readily susceptible to nucleophilic attack, thus trapping
the tracer in the mitochondria (Scheme 2). A similar mech-
anism has been proposed for several cyclopropane-contain-
ing compounds; in this mechanism, an enzyme activates the
cyclopropane ring for nucleophilic addition by the oxidation
or protonation of the adjacent group, rendering the substitu-
ent more capable of electron withdrawal (39).

CONCLUSION

The results of this study suggest that the cyclopropyl
moiety in 18F-FCPHA is responsible for the unusually high
heart uptake and fast blood clearance for this tracer. The
high heart-to-blood ratio and excellent images obtained with
18F-FCPHA indicate the potential of this class of com-
pounds for evaluating myocardial fatty acid metabolism by
PET. The preliminary data obtained with 18F-FCPHA war-
rant additional pharmacokinetic and metabolic fate investi-
gations to further evaluate its in vivo behavior and establish
logical hypotheses for designing future analogs.
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