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14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid (FTHA) has been re
cently introduced as a new tracer for fatty acid metabolism. Myo-
cardial [18F]FTHAuptake is believed to reflect mainly beta-oxidation

of the circulating free fatty acids (FFAs), since it is trapped in the
mitochondria because subsequent steps of beta-oxidation are in
hibited by sulfur heteroatom. We investigated [18F]FTHA kinetics in

myocardial and skeletal muscle in vivo. Methods: Two dynamic PET
studies were performed in seven patients with stable coronary
artery disease, once in the fasting state and once during euglycemic
hyperinsulinemia (serum insulin â€”60mil/liter). The fractional [18F]

FTHA uptake rates (KJ were multiplied with serum FFA concentra
tions and were considered to represent FFA uptake. Results: Serum
FFA concentration decreased by 80% during insulin clamp. After
tracer injection, rapid myocardial uptake was identified both in the
fasting state and during insulin stimulation. The cardiac image
quality was excellent in both occasions. In addition, femoral muscles
were clearly visualized in both studies. The fractional myocardial
[18F]FTHA uptake rates (KÂ¡)in the normal myocardial regions were

similar in the fasting state (0.11 Â±0.04 ml/g/min (mean Â±s.d.) and
during insulin clamp (0.12 Â±0.03 ml/g/min; ns). The calculated
myocardial FFA uptake was four times higher in the fasting state
than during insulin clamp (5.8 Â±1.7 versus 1.4 Â±0.5 /xmol/100
g/min, p < 0.005). The femoral muscle fractional [18F]FTHA uptake

rates (KÂ¡)were lower (0.0071 Â±0.0014 ml/g/min) in the fasting state
than during insulin clamp (0.0127 Â±0.0036 ml/g/min; p = 0.03), but
the estimated femoral muscle FFA uptake was three times higher in
the fasting state (0.38 Â±0.09 /u.mol/100 g/min) as compared to that
during insulin clamp (0.12 Â±0.05 ju.mol/100 g/min, p < 0.005).
Conclusion: Fluorine-18-FTHA PET appears to be a feasible
method to estimate fatty acid kinetics in myocardial and skeletal
muscle. Physiologically reasonable rates of FFA uptake in myocar
dium and skeletal muscle were obtained. Furthermore, the uptake
rates were suppressed in response to insulin both in the myocardial
and femoral muscle as expected.
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ECree fatty acids (FFAs) are the primary source of energy in the
well-oxygenated myocardium (1-3) and skeletal muscle (4-6)

in the fasting state. Rate of FFA utilization by cardiac muscle is
determined by the availability of exogenous fatty acids and the
rate of oxidative metabolism or workload of the heart (1,3,7).
Insulin lowers plasma FFA levels by inhibiting lipolysis in
adipose tissue (fi). When plasma glucose and insulin levels are
increased, the myocardium preferentially uses glucose while
fatty acid uptake and oxidation are suppressed (9-11). Insulin
lowers FFA uptake (5.12) and oxidation (5) also in the limb. In
experimental studies, the FFA beta-oxidation has been impaired
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during myocardial ischemia (1,13), even before the changes in
cardiac function or electrocardiogram appear. The alterations of
fatty acid metabolism has not been fully investigated in many
other conditions and diseases such as diabetes or hypertension.
Therefore, a technique that allows study of local FFA metabo
lism in humans would be important.

Fatty acids or fatty acid analogs labeled with radioactive
isotopes have been used for noninvasive delineation of myo
cardial metabolism (7). The radioiodinated long-chain fatty
acids can be traced with conventional gamma cameras but they
lack the possibility of quantification. PET allows us to evaluate
noninvasively and quantitatively changes in myocardial metab
olism. However, distribution of FFAs into various lipid pools
and ultimate utilization are kinetically complicated. The
positron emitter [l-"C]palmitic acid has been investigated as a

natural tracer of FFA metabolism by PET (7,14). It is suggested
that the rapid washout of the tracer is associated with the fatty
acid oxidative metabolism (3,7,14) and the slower washout with
incorporation to myocyte triglycÃ©ridepool (3,7). Because of
distribution of [I-1 'C]palmitic acid between several tissue pools

that turn over at different rates it has been supposed that studies
with [l-"C]palmitic acid remain mainly qualitative (7). Re

cently Bergmann et al. (//) identified that modeled rates of
[l-"C]palmitate utilization with PET correlated closely with

directly measured myocardial palmitic acid and total long-chain

fatty acid utilization rates.
Fluorine-18-labeled thia-heptadecanoic acid (FTHA) is a new

long-chain fatty acid tracer analog and inhibitor of fatty acid
metabolism (75). Fluorine-18-FTHA has a high first-pass

uptake in the heart. After transport into the mitochondria it
undergoes initial steps of beta-oxidation and is thereafter

trapped in the cell. The rate of radioactivity accumulation in the
myocardium is, therefore, believed to reflect the beta-oxidation
rate of long-chain fatty acids (15). This is supported by the
finding that the carnitine palmitoyl-transferase I (CPT I) inhib
itor (POCA), which blocks FFA beta-oxidation (16), decreased
mice cardiac [I8F]FTHA uptake by 81% and 87% at 1 and 60

min after tracer injection, respectively (75). The tracer has been
recently used to study myocardial fatty acid metabolism in
humans (17-19). Ebert et al. (17) found that the distribution of
[I8F]FTHA in the normal myocardium in the fasting state was

homogeneous and the accumulation of tracer increased in
response to exercise but was not directly regulated by myocar
dial blood flow. Altehoefer et al. (18) found that [18F]FTHA
indicated septal viability better than ['8F]fluorodexoyglucose in

patients with coronary artery disease (CAD) and left bundle
branch block. Contrary to these studies, Schulz et al. (19) found
that [18F]FTHA uptake was related to 2-methoxyisobutyl isoni-
trile uptake and that static PET imaging with [18F]FTHA is of

limited value when distinguishing between ischemie or hiber-
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FIGURE 1. Study design. Dyn = dy
namic imaging; ECHO = two-dimen
sional echocradiography; tr = trans
mission scanning.

nating myocardium and scar. Fluorine- 18-FTHA has not been
previously used to study FFA uptake in the skeletal muscle.

The purpose of this study was to assess the uptake kinetics of
[18F]FTHA in human heart and skeletal muscle and to further

investigate the effect of physiological elevation of plasma
insulin on tracer uptake. The [18F]FTHA PET studies were

performed twice, once in the fasting state and once during
insulin clamp in patients with stable CAD.

MATERIALS AND METHODS

Subjects
The study group consisted of 7 male patients (mean age 58 Â±10

yr; mean ejection fraction 58% Â±5%) with stable angiographically
confirmed CAD, but no previous myocardial infarction. Since the
goal of this study was to assess the kinetics of [ISF]FTHA in the

normal myocardium the potential effects of CAD on the results
were minimized. The angiographie and echocardiographic data
were used as previously described to determine normal myocardial
segments as precisely as possible (20). Each patient gave a written
informed consent. The study protocol was accepted by the Ethical
Committee of the Turku University Central Hospital.

Study Design
All subjects underwent two dynamic PET studies with [I8F]FTHA

in random order on consecutive days, once during insulin clamp
(n = 6) and once in the fasting state (n = 7) (Fig. 1). The clamp
study consisted of a 120-min period of hyperinsulinemia, while
saline was infused in the fasting study. Fluorine-18-FTH A was
injected at 60 min and dynamic scan of 32 min of the thoracic
region was started. Then the femoral region was scanned over 15
min (in the fasting state n = 5 and during hyperinsulinemia n = 6).
Myocardial blood volume and blood flow were determined with
[15O]CO and [15O]H2O before the [1SF]FTHA study in the fasting

state. Heart rate and blood pressure were monitored during the
studies to calculate the rate-pressure product. Electrocardiogram
was continuously monitored during the PET study. Echocardio-
grams were obtained immediately before and after the PET studies
to assess the potential wall motion abnormalities.

Infusions and Blood Sampling
Two catheters were placed, one in an antecubital vein for

infusion of saline or glucose and insulin and for tracer injection and
one in a radial vein of the contralateral hand that was warmed (air
temperature 70Â°C)for sampling of arterialized venous blood. In the

clamp study, an intravenous primed continuous insulin infusion
was started as previously described (20,21). The rate of insulin
infusion was 1 mU/kg/min. During hyperinsulinemia, euglycemia

was maintained by infusing 20% glucose. The rate of the glucose
infusion was adjusted according to plasma glucose concentrations
measured every 5-10 min from arterialized venous blood. Serum

FFA, insulin and lÃ¡clateconcentrations were determined every 30
min. Twenty-three blood samples were taken to measure total ISF

radioactivity with the well counter (Bicron 3MW3/3P; Bicron, Inc.,
Newbury, OH). Blood samples to measure radioactive [IKF]FTHA

metabolites were drawn at 2 min, then every 5 min until 30 min and
thereafter every 10 min to the end of the study.
PET: Production of [^OJCO and [15O]H2O

For production of [I5O] a low-energy deuteron accelerator

Cyclone 3 was used (Ion Beam Application, Inc., Louvain-la-
Neuve, Belgium). Oxygen-15-CO was produced in a conventional
way (22). Oxygen-15-H2O was produced using dialysis techniques
in a continuously working water module (23). Sterility and
pyrogenity tests for water and Chromatographie analysis for gases
were performed to verify the purity of the products.

Production of Fluorine-18-FTHA
For nucleophilic radiofluorination the benzyl 14(R,S)-tosyloxy-

6-thia-heptadecanoate was synthesized from 8-bromo-1-octanol
(24). Product was isolated as a colorless oil by flash chromatog-
raphy (hexane/ethylacetate;3:l). H-NMR spectra showed Sn
(CDCI3); 0.82 (t, 3 H, -CH3), 1.25 (m, 12 H,-CH2-), 1.55 (m, 10 H,
-CH,-), 2.44 (s, 3 H, Ar-CH3), 2.36-2.52 (m, 4 H, -CH.-S-CH,-),
4.55 (q, 1 H, CH-OTs), 5.12 (s, 2 H, -CO2-CH2-Ar), 7.3-7.4 (m, 7
H, ArH), 7.8 (d, 2 H, ArH). The precursor solution (3 mg in 1 ml
acetonitrile) was added into dry Kryptofix 222/K2CO,-'8F~-resi

due. After the reaction of 10 min at 90Â°Cthe reaction mixture was

evaporated and 0.2 M K.OH was added for hydrolyzis (Fig. 2).
After neutralization with acetic acid the product 14(R,S)-[ISF]F-

THA was purified with radio high-performance liquid chromatog-
raphy (HPLC) on a p, Bondapak Clx column using methanol:water:
acetic acid (85:15:0.4) as eluent at a flow rate of 3.0 ml/min. The
[ISF]FTHA fraction was collected, evaporated and dissolved to 4%

human serum albumin and filtrated (0.22 /xm Cathivex; Millipore
Corp., Bedford, MA). The radiochemical yield at the end of
synthesis was 45% Â±10% and the radiochemical purity of the final
product was > 98%. The chemical purity was confirmed with
liquid chromatography-mass spectrometry analysis.

Image Acquisition, Processing and Corrections
The patients were positioned supine in an 15-slice ECAT

931/08-12 tomograph (Siemens/CTI, Inc., Knoxville, TN) with a
measured axial resolution of 6.7 mm and 6.5 mm in-plane. To
correct for photon attenuation, transmission scanning was per
formed for 5 min for femoral regions and 20 min for thoracic
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FIGURE 2. Synthesis of 14(R,S)-[18F]
FTHA (2) from benzyl 14(R,S)-tosyloxy-
6-thia-heptadecanoate (1). (Ã•)Kryptofix
2.2.2, CH3CN, KjCOa, [18F]F"; (Â¡i)0.2 M
KOH, 95Â°C.

regions before the emission scans. The myocardial flow study was
performed as previously described (25) in the fasting state. The
mean doses of [15O]CO and [15O]H2Owere 3780 Â±460 MBq and

1720 Â± 130 MBq, respectively. Thereafter 190 Â± 16 MBq
[1XF]FTHAwas injected intravenously over 30 sec (200 Â±7 MBq

in the clamp study and 180 Â±25 MBq in the fasting study, ns).
Dynamic scanning of the cardiac region was started simultaneously
for32min(12 X 15sec,4 X 30 sec, 2 X 120 sec, 1 X 180 sec and
4 X 300 sec). Dynamic imaging of femoral regions was started for
15 min (5 X 180 sec). All data were corrected for deadtime, decay
and photon attenuation and reconstructed in a 128 X 128 matrix.
The final in-plane resolution in reconstructed and Hann-filtered
(0.3 cycles/pixel) images was 9.5 mm FWHM.

Fluorine-18-FTHA Metabolite Analysis
Serum metabolite samples were deproteinizated by methanol

and centrifugated. From the supernatant fraction the nonmetabo-
lized [ISF]FTHA was analyzed by HPLC on a Â¿iBondapak Clg

column using methanol:water:acetic acid (85:15:0.4) as eluent at a
flow rate of 3.0 ml/min. The radioactivity on the column outlet
flow was monitored with a coincidence probe consisting of two
3X3 Nal crystals. The metabolite analysis was not successful in
2 patients in the fasting state and 1 patient during insulin clamp for
technical reasons. Since the nonmetabolized fraction of the tracer
was quite comparable between the patients (Fig. 3), the input
function was corrected with the mean metabolite fraction in those
studies.

Definition of Regions of Interest in PET Studies
Transaxial PET slices were visually aligned and the left ventric

ular myocardium was assigned to eight segments (anterobasal,
anterior septal, anterior, lateral, posterior septal, apical, postero-
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FIGURE 3. Percentage of nonmetabolized [18F]FTHA in blood by high-

performance liquid chromatography expressed as a function of time. The
metabolites of [18F]FTHA appeared rapidly to blood, and after 15 min the

majority of blood radioactivity was in metabolites both in the fasting state and
during insulin clamp. The plasma radioactivity curves in each patient were
corrected using the data about metabolite fractions.

basal and inferior) with the help of a heart map phantom (20).
Thirty-four to 30 elliptical regions of interest (ROls) were placed
on an average nine transaxial ventricular slices in each ['8F]FTHA

study, with care taken to avoid myocardial borders. A mean of 17
elliptical ROIs were drawn in representative transaxial ventricular
slices in the flow study. The larger ROIs were used in the flow
study to enhance the accuracy of the measurements. For the
femoral regions ROIs were drawn on the anteromedial, anterolat-
eral and posterior muscle compartments (26) in four adjacent
planes. Large vessels were avoided when outlining the muscle
areas.

Calculation of the Regional Fluorine-18-FTHA Fractional
Uptake Constant and FFA Uptake Index

The nonmetabolized fraction of [1SF]FTHA was used to correct

the plasma input function. In femoral regions, blood background
was subtracted using average blood volume of 3% (26). Thereafter,
plasma, myocardial and femoral tissue time-activity curves were
analyzed graphically (27) with the equation:

Q(T) flCp(t)dt
Cp(T) = ' Cp(T) Eq. 1

where C,(T) corresponds the radioactivity concentration in tissue at
time T, Cp(T) the plasma radioactivity concentration at time T and
Vd the distribution volume of the tracer. When C,(T)/Cp(T) is
plotted against the integral of plasma time-acitivity curve divided
by Cp(T) (the normalized plasma time) the slope of the plot in the
graphical analysis is equal to the fractional uptake constant of
[I8F]FTHA, K,. The last seven time points (6-29.5 min) were used

to determine the slope by linear regression in the myocardium (Fig.
4A and B) and all 5 time points were used in the femoral regions
(Fig. 4C and D). Since Ki is representing the fraction of tracer
taken up by tissues during time from actual circulating substrate
amount, the myocardial and skeletal muscle FFA uptake indices
were calculated by multiplying myocardial and skeletal muscle K|
with the mean serum FFA concentration during PET imaging. The
lumped constant (LC) for [18F]FTHA was assumed to be 1.0.

Coronary Angiography and Echocardiography
All patients underwent selective coronary angiography by

standard techniques. A significant lesion was defined as that
compromising the luminal diameter by 50% or more. The cine
tapes were analyzed by an experienced radiologists. Digitized
two-dimensional echocardiography (AcusÃ³n 128XP/5; AcusÃ³n
Inc., Mountain View, CA) was performed according to standard
protocols (28) and previously described modifications (20).
Echocardiograms were analyzed by an experienced physician
blinded to both PET and clinical data. Normal wall motion was
defined as > 5 mm of endocardial excursion and systolic
thickening and no wall thinning (the segments were considered
to be thinned if the wall thickness was reduced by > 25%
compared with the adjacent normal segments).
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FIGURE 4. Examples of graphical analysis plots of myocardial and femoral
muscles. A and C display myocardial and skeletal muscle plots in the fasting
state. B and D show the respective plots during insulin clamp. All plots show
linear increase indicating metabolic trapping. The label for the y axis is
C,(T)/Cp(T)and for the x axis normalized plasma time in minutes.

Normal Myocardial Segments. Angiographie and echocardio-

graphic data were localized to the segmental heart map phantom
designed for our studies as previously described (20). Only
normal myocardial segments (no abnormality in echocardiog-
raphy and angiography stenosis < 50%) were accepted. Finally,
25 normal myocardial segments (range 2-5 per patient, same 25
segments in the fasting and clamp study) in the 7 patients were
included.

Analytical Procedures. Serum FFAs were determined by an
enzymatic method (ACS-ACOD Method; Wako Chemicals
GmbH, Neuss, Germany) and serum insulin was measured by
radioimmunoassay kit (Pharmacia, Uppsala, Sweden). Plasma
glucose was determined in duplicate by the glucose oxidase
method (29) using an Analox GM7 (Analox Instruments LTD,
London, England) glucose analyzer. LÃ¡clatewas measured by
enzymatic analysis (30).

Statistical Analysis. All results are expressed as mean value
and s.d. The difference between the fasting state and during
insulin clamp was statistically tested using a paired compari
sons Student's t-test. P values < 0.05 were interpreted as

statistically significant. The statistical computation was per
formed with the SAS statistical program package (SAS Insti
tute, Inc., Gary, NC).

RESULTS

Metabolic and Physiologic Characteristics During the
Studies

Plasma glucose concentrations were similar in the fasting
state and during hyperinsulinemia (Table 1). During hyperin-

sulinemia serum FFA concentrations decreased by 80% (p <
0.01) and plasma lactate concentrations increased slightly (p <
0.05) as compared to the fasting state. The rate-pressure

products were comparable during the two occasions. No patient
experienced chest pain or showed ischemie electrocardigram
changes during the PET studies. No alterations in wall motion
was observed by echocardiography between the two studies. In
6 patients, the normal segments located in the inferoposterior
and lateral wall and in 1 patient to the anterior, anteroseptal,
apical and lateral wall.

Myocardial Blood Flow in the Normal Myocardium
In those myocardial segments that were classified as normal

according to angiography and echocardiography the PET-
derived myocardial blood flow using was normal (0.81 Â±0.14
ml/g/min, range 0.69-1.1 ml/g/min).

Myocardial Fluorine-18-FTHA Kinetics and FFA Uptake
Indices in the Fasting State and During Insulin Clamp

Rapid tracer uptake was identified in the myocardium within
2-3 min after [I8F]FTHA injection and it remained nearly

constant during the next 30 min (Fig. 5). Myocardium-to-blood
radioactivity ratios at 27-32 min after tracer injection were
12 Â±6 in the fasting state and 19 Â±8 (p < 0.05) during
hyperinsulinemia leading to excellent myocardial image quality
(Fig. 6A and B). The metabolites of ['8F]FTHA appeared in

blood within a few minutes after injection and their fraction
steadily increased (Fig. 3). At 20-30 min about 70%-80% of

blood radioactivity was in metabolites (Fig. 3). In the graphical
analysis the plots were linear, indicating metabolic trapping
(Fig. 4). The mean K| values in the fasting state and during
insulin clamp in the normal myocardial regions were 0.11 Â±
0.04 ml/g/min and 0.12 Â±0.03 ml/g/min (ns). Although the KÂ¡
values were similar during both approaches there was high
variability between the subjects (Fig. 7). The mean FFA uptake
indices decreased by 76% during insulin clamp (5.8 Â± 1.7
/j,mol/100 g/min in the fasting state and 1.4 Â±0.5 ^mol/100
g/min during insulin clamp, p < 0.005).

Femoral Muscle Fluorine-18-FTHA Kinetics and FFA Up
take Indices. The femoral muscles were clearly visualized in
both studies (Fig. 6C and D). Femoral [18F]FTHA uptake plots

showed also a linear increase, indicating metabolic trapping
(Fig. 4C and D). The average femoral muscle fractional [ F]-
FTHA uptake rate was lower (0.0071 Â±0.0014 ml/g/min) in the
fasting state than during insulin clamp (0.0127 Â± 0.0036
ml/g/min, p < 0.05). However, the calculated FFA uptake
indices were about three times higher in the fasting state
(0.38 Â±0.09 ju,mol/100 g/min) compared to that during insulin
clamp (0.12 Â±0.05 ju.mol/100 g/min, p < 0.005).

DISCUSSION
The purpose of this study was to apply a new tracer,

[18F]FTHA, and PET to investigate uptake of FFAs in the

normal myocardium and femoral muscle and further to deter-

TABLE 1
Metabolic and Physiologic Characteristics During PET Studies

Fasting state
Duringclamp*p<

0.01.

tp< 0.001.

FFA = free fatty acid;P-glucose

(mmol/liter)5.3

Â±0.4
5.4 Â±0.8P

= plasma; RPP =S-insulin

S-FFA

(mil/liter)(/xmol/liter)8

Â±3 560 Â±80
62Â±10T 110Â±30*rate

pressure product; S = serum.P-lactate

(mmol/liter)RPP0.9

Â±0.5 7270 Â±1340
1.1 Â±0.2' 6160 Â±660
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([18F]FTHA dose 195 MBq) and during
insulin clamp ([18F]FTHA dose 193

MBq). Solid lines with triangles =
plasma total radioactivity curves;
dashed lines = curves corrected for

blood metabolites.

mine their response to insulin stimulation, which is known to
suppress FFA uptake (5,9,12) and oxidation (5) in muscle
tissue. The image quality was excellent and the graphical
analysis was successfully applied both in the cardiac and
femoral muscle. When a simple model for estimation of FFA
uptake was applied the myocardial and femoral muscle uptake
rates in the fasting state were concordant with the previous studies
(5,9,11,12,31-33). Insulin suppressed myocardial FFA uptake

by 76% and femoral muscle FFA uptake by 68%.

PET Image Quality and Tracer Kinetics
Rapid tracer uptake was identified in the myocardium,

leading to excellent image quality in the heart both in the fasting
state and during insulin clamp (Fig. 6A and B). In addition, the
femoral muscles were clearly visualized in both study condi
tions (Fig. 6C and D). The finding that fractional tracer uptake
values in the heart during insulin stimulation were close to those
obtained in the fasting state is somewhat surprising. The
fractional tracer uptake represents the fraction of tracer taken up

60

^.0.0

FIGURE 6. Examples of parametric im
ages measured with [18F]FTHA. Myo

cardial midventricular transaxial slice
and cross-section of femoral region

measured in the fasting state (A,C) and
during insulin clamp (B,D) in the same
subject.
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uptake indices in each subject in the fasting state and during insulin clamp.
Although KÂ¡values were similar during both approaches there was variability
between subjects.

by tissues during time from actual circulating substrate amount
and is related to substrate extraction fraction when flow is not
changed. Insulin is known to reduce net FFA utilization in
cardiac (9,11) and skeletal muscle (5,12). Uptake of total FFAs
by the myocardium is directly related to their concentration in
plasma (}) and, on the other hand, the mechanism of insulin
action on FFAs can be suggested to be mainly indirect (reduc
tion of serum FFA concentrations due to inhibition of peripheral
lipolysis) (8) leading to rather constant fractional uptake rates
in a wide range of serum FFA concentrations. There was,
however, large interindividual variability in the fractional up
take values (Fig. 7). Therefore, myocardial FFA uptake cannot
be directly derived from the circulating FFA concentrations.
The mean fractional uptake rate constant KÂ¡in our study in the
myocardium in the fasting state was similar to the values
obtained by Ebert et al. (17) in healthy young men using the
same tracer.

In the skeletal muscle the fractional tracer uptake was even
higher during hyperinsulinemia as compared to fasting state,
suggesting that during lower circulating FFA levels larger part
of it is taken up by muscle. This is concordant with the previous
reports (5,72) showing that FFA extraction fraction is increased
with decreased blood FFA concentrations. Since fractional
tracer uptake is also related to image quality, this phenomenon
explains the excellent image quality obtained during the two
approaches.

General Features of the Measurement of FFA Uptake and
Metabolism

Measuring the uptake of a substrate by the heart and skeletal
muscle does not indicate whether the substrate is immediately

oxidized or stored for later metabolism. Therefore, the accumu
lation of a FFA tracer in the tissue probes the net utilization rate
of long-chain FFAs, the sum of esterification and oxidation
(15). The FFA is activated to fatty acyl-CoA, which is either

transported to mitochondria for oxidation, stored as triglycÃ©r
ides or transformed to structural lipids (1,3,7). In the myocar
dium 80%-84% of the FFAs extracted undergo rapid oxidation
and only a small fraction is entering the intracellular lipid pool
in the fasting state (11,33,34). However, during glucose infu
sion the fraction undergoing rapid oxidation may decrease. In
contrast to myocardium, in skeletal muscle FFA enter large
premitochondrial triglycÃ©ridefatty acid pools before oxidation
(4). This yields to a delay in entry of FFA from plasma into the
oxidative pathways. Furthermore, another known problem in
measuring FFA oxidation with tracer technique is that the rate
of estimated FFA oxidation is slightly underestimated, because
part of oxidation is from unlabeled storage form (34). For
example Nellis et al. (34) have estimated that about 20% of
myocardial fatty acid oxidation is from unlabeled storage.

Fluorine-18-FTHA as a Tracer for FFA Uptake

The general features of the measurement of FFA metabolism
are of course valid also for [I8F]FTHA. However, [I8F]FTHA is

a radiolabeled long-chain fatty acid analog designed to undergo
metabolic trapping because complete beta-oxidation of the
chain is blocked by the sulfur heteroatom. Otherwise it is
expected to follow the same metabolic pathways as physiologic
FFAs. Fluorine-18-FTHA is rapidly transported and metabo
lized in heart and has been believed to provide information on
the rate of substrate delivery for beta-oxidation of the myocar
dium (15). Tissue [18F]FTHA uptake was shown not to be

directly regulated by myocardial blood flow rate but rather
increases when myocardial energy demands are increased, e.g.,
during exercise (17). Pretreatment with the carnitine POCA,
which selectively blocks fatty acid beta-oxidation (16), de
creased cardiac [ FJFTHA uptake in mice by 81% and 87% at
1 and 60 min, respectively (75). These findings suggest that the
accumulation of [I8F]FTHA in the normal myocardium is
mainly associated with FFA beta-oxidation and only 5%-10%

is esterified.
Fluorine-18-FTHA has certain advantages as compared with

"C-palmitate. Intracellular trapping of [ F]FTHA has been

described without redistribution ( 75 ), resulting in a more simple
model for data analysis. Labeling with 18Fwith longer physical

half-life allows simple acquisition and calculation and the
image quality is good. However, [18F]FTHA is a rather new

tracer and until now only a few studies have been published
(75-79). The metabolic handling of FTHA along the beta-
oxidation pathway and the subsequent formation of protein-

bound metabolites have not been studied and fully characterized
in different physiological and pathophysiological conditions.
Therefore, in this study, we interpreted the results to represent
fatty acid uptake rather than FFA beta-oxidation.

FFA Uptake in the Myocardium
Quantitation of myocardial fatty acid utilization has been

previously based on invasive determination of arteriovenous
concentration differences and simultaneous myocardial blood
flow measurements in animals. Using this method, myocardial
total FFA uptake in fasted dogs has varied from 6.6-21.7
/Ltmol/100 g/min (9,11,31,32). In a study by Bergmann et al.
(77), myocardial FFA utilization was quantitated using
["C]palmitate and PET. In that study PET-derived rates of

palmitate utilization correlated closely with directly measured
myocardial palmitate (2.7 Â¿imol/100 g/min) and total long-
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chain fatty acid utilization rates (10.7 Â¿unol/lOOg/min) in fasted
dogs(//).

Although different long-chain fatty acids are extracted and
used by the myocardium to a different extent (7,11), the
extraction proportion of each individual FFA remained rela
tively constant during interventions (glucose-insulin infusion)
(77). Therefore, the total FFA utilization can be calculated if
the percentage of given fatty acid to total FFA utilization is
known (//). For example, palmitate represents 24.5%-27% of
arterial fatty acids in the fasting state and its uptake rate is
1.3-2.7 ju.mol/100 g/min (11,32), which accounts for approxi
mately 20%-23% of all fatty acids used by the myocardium
(11,32). Taking into consideration the previously measured
palmitate uptake rates, percentage of palmitate use of all FFAs
and that in the myocardium 84% of extracted FFAs undergo
rapid oxidation in the fasting state (11,33) the calculated
myocardial FFA uptake would be 5.7-13.5 ju.mol/100 g/min and
beta-oxidation 4.8-11.3 /j.mol/100 g/min in the fasting state
(11,32). The [l8F]FTHA-derived myocardial FFA uptake rate in

the fasting state in this study (5.8 /u.mol/100 g/min) is in
concordance with the previous reports. In our study, during
euglycemic hyperinsulinemia, the myocardial FFA uptake in
dices decreased by 76%. This finding is concordant with a
previous study in dogs, in which insulin clamp technique (â€”73

jLtU/ml) was combined with arterial and coronary sinus blood
sampling and myocardial FFA uptake was decreased by 95%
(9).

Fatty Acid Uptake in Skeletal Muscle in Humans
This study tried to measure fatty acid metabolism directly in

skeletal muscle by PET. The image quality was reasonably
good and resulted in acceptable count statistics for the graphical
analysis. The femoral muscle FFA uptake rates in this study in
the fasting state (0.38 /u.mol/100 g/min) are similar to what
Kelley et al. (5) detected using leg balance technique (0.39
/u.mol/min/100 ml of leg tissue). Our results also are of the same
magnitude with invasive measurements of forearm FFA uptake
rate (0.25 /xmol/min/100 ml) (72) and oleate uptake rate (0.38
/Ltmol/min/100 ml) (4) considering that in the latter study the
arterial FFA concentrations were double as high as in our study.
During hyperinsulinemia in this study, femoral muscle FFA
uptake was 0.12 Â±0.05 /u.mol/100 g/min, which is also very
similar to the previous measurements (0.11-0.09 /imol/rnin/
100 ml) (5,72).

In the present PET method, the tracer kinetics are visualized
and quantitated in a region of limb that can easily be identified
as muscle tissue. The anteriovenous balance method is able to
give estimates of substrate utilization in the whole limb, not in
the specific tissue region. If muscle values are estimated the
muscle mass of the limb is usually assumed rather than
measured as is the fraction of blood flow that flows through
muscle tissue. The present method using PET does not require
blood flow information and the methodological problems that
might be caused by flow measurement do not confound the
quantitation of FFA uptake.

Study Limitations
In this study, cardiac tracer uptake was measured in the

normally perfused and normally functioning myocardial regions
in the patients with stable CAD and preserved global left
ventricular ejection fraction. Although all efforts were made to
eliminate the confounding effects of coronary heart disease, we
cannot completely exclude that it might have affected the
measured [ F]FTHA kinetics. However, similar [' 'C]palmitate

clearance rates (representing FFA beta-oxidation) have been
identified in the normal myocardial regions of CAD patients

and in normal subjects (14). In this study, a simple model for
estimations of FFA uptake was applied. The fractional [18F]
FTHA uptake values derived from graphical analysis of [18F]

FTHA kinetics were multiplied by actual serum total FFA
concentration and the result was assumed to represent uptake of
all FFAs in the myocardium and skeletal muscle. This model is
based on two assumptions: First, the fraction of [18F]FTHA

used from blood is similar to that of other FFAs and, second, the
proportion of [I8F]FTHA used is not changed by insulin or

changes in serum fatty acid concentrations.

CONCLUSION
Fluorine-18-FTHA PET appears to be a feasible method to

estimate fatty acid kinetics in myocardial and skeletal muscle.
The fractional tracer uptake into these tissues appears to be
adequate both in the fasting state and during insulin stimulation.
Furthermore, physiologically reasonable estimations of myo
cardial FFA uptake were obtained and the uptake rates were
suppressed in response to insulin. In the femoral muscle, the
FFA uptake rates were in concordance with the previous studies
both in the fasting state and during hyperinsulinemia. However,
the kinetics of [ F]FTHA along the metabolic pathways and
the formation of protein-bound metabolites in different patho-
physiological conditions still wait for further studies.
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Quantitation of Presynaptic Cardiac Sympathetic
Function with Carbon-11 -Meta-Hydroxyephedrine
James H. Caldwell, Keith Kroll, Zheng Li, Katherine Seymour, Jeanne M. Link and Kenneth A. Krohn
Division of Cardiology and Departments of Bioengineering and Radiology, Veterans Administration Medical Center, and the
University of Washington, Seattle, Washington

The purpose of this study was to validate an axially distributed
blood-tissue exchange model for the quantitation of cardiac presyn-

aptic sympathetic nervous system function that could be applied to
PET images. The model accounts for heterogeneity in myocardial
blood flow, differences in transport rates of 11C-meta-hy-

droxyephedrine (mHED) across the capillary endothelium and/or
neuronal membranes, the virtual volumes of distribution in the
interstitial space and neuron and retention of mHED in the neuronal
vesicles. Methods: Multiple indicator outflow dilution and residue
detection methods were used to measure the kinetics of radiola-
beled intravascular space and interstitial space markers and 11C-
mHED in isolated perfused rat heart at baseline and during norepi-
nephrine neuronal transporter blockade with desipramine (DMI).The
outflow dilution and residue detection data were modeled with a
multiple pathway, four-region, axially distributed model of blood-
tissue exchange describing flow in the capillary and exchange
between regions using permeability-surface area products with
units of clearance of milliliters per minute per gram. Meta-hy-
droxyephedrine may enter the nerve terminal via membrane trans
port, where it may be sequestered by first-order unidirectional
uptake within vesicles. Release of mHED from the vesicles is
modeled via exchange with the interstitial space. Results: After
intracoronary injection, mHED transport across the capillary endo
thelium and in the interstitial space closely followed that of sucrose.
Subsequently, mHED was retained in the heart, whereas sucrose
washed out rapidly. With DMI the outflow dilution curves more
closely resembled those of sucrose. Model parameters reflecting
capillary-interstitial kinetics and volumes of distribution were un
changed by DMI, whereas parameters reflecting the neuronal trans
porter process and volumes of distribution in the nerve terminal and
vesicular sequestration were markedly decreased by DMI. Applica
tion of the model to a pilot set of canine PET images of mHED
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suggests the feasibility of this approach. Conclusion: Meta-hy-

droxyephedrine kinetics in the heart can be quantitated using an
axially distributed, blood-tissue exchange model that accounts for

heterogeneity of flow, reflects changes Â¡nneuronal function and is
applicable to PET images.
Key Words: sympathetic nervous system; PET; modeling; meta-

hydroxyephedrine; neuronal transporter
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Substantial and increasing evidence supports the concept that
aberrations in cardiac sympathetic nervous system (SNS) func
tion contribute to and may be primarily responsible for the
morbidity and mortality associated with cardiac conditions such
as sudden cardiac death (/), congestive heart failure (2-4) and
post-myocardial infarction depression (5,6). A major limitation

to understanding the role of the SNS in these conditions has
been the absence of quantitative methods for noninvasive
examination of global and/or regional pre- and postsynaptic

cardiac SNS function.
The distribution and retention in the myocardium of norepi-

nephrine (NE) analogs (7-9) and the postsynaptic ÃŸ-adrenergic

receptor density and distribution (10) can now be imaged using
PET. Several positron-emitting compounds have been devel
oped to study presynaptic SNS function (Â¡1-14). Among these,
"C-meta-hydroxyephedrine (mHED), a tracer for the norepi-

nephrine transporter (NET) mechanism (75) that recycles NE
released from the sympathetic nerve terminal, has been shown
to have clinical applicability (7-9). Carbon-11-labeled mHED

has a high affinity for the NET sites. NET and vesicular storage
are similar to that of NE, and "C-mHED has the advantage of

limited metabolism of the tracer (76,77). It has low nonspecific
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