
Utilization ofcarbohydrates and lipids in heart mus
dc ISclosely coupled to cardiac energy production (1).
When both substrates are present at the same time, free
fatty acids are preferred to glucose under fasting con
ditions (1 ,2). Therefore, radiolabeled free fatty acids
have been used for myocardial imaging and evaluation
of cardiac fatty acid metabolism (3â€”15).Terminal
phenylated as well as p-iodo-phenylated free fatty acids
are catabolized by beta oxidation to benzoic acid

(16,17), which is metabolized to its glucuronide and

hippuric acid in the liver (18,19) or to the respective
p-iodo compounds. These metabolites, along with un
metabolized benzoic or I-benzoic acid, are finally cx
creted with urine (18,19).

The purpose of this study was to compare metabolism
of 15(p-[23I]iodophenyl)pentadecanoic acid (I-PPA)

with that of 1-14C-labeled palmitic acid (PA), which is
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regarded as a reference tracer for evaluation of free
fatty-acid metabolism (13). A dual-tracer approach was
chosen in order to establish intermediary tracer con
version in an identical metabolic environment. Tissue
uptake of both tracers was compared in heart, lung, liver,
kidneys, and spleen in order to analyze tracer metabolism
in tissues with highly variable free-fatty-acid metabolic
rates (20). A pulse-chase-like experimental approach
was used to evaluate I-PPA and PA tissue uptake ki
netics and their subsequent metabolic conversion.

MATERIAL AND METHODS

Radiopharmaceuticals. I-PPA was produced accord
ing to the procedure described by Machulla et al.
(19,21 ). Iodine-I 23 was produced by the â€˜24Te(p,2n)'231
reaction at the compact cyclotron CV 28, by irradiation
of 91% â€˜24TeO2.I-PPA was synthetized by electrophilic
iodination of 15-phenyl-pentadecanoic acid in a solution
of acetic acid and concentrated sulfuric acid in the
presence of sodium nitrite (19,21). Specific radioactivity

of I-PPA was >900 Ci/mmol (19). [1-â€•C]Palmitic acid
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(PA) was procured commercially. Both fatty acids were
dissolved in an aqueous solution of 3% human serum
albumin and 10-30 mg ethanol per ml. Protein aggre
gates were removed from this solution by 2.2-@zmmilli
pore filtration.

Tissue disfribution. All animal experiments were

performed in male Wistar rats, 24-hr fasted, weighing
330 Â±50 g (mean Â±s.d.). Animals were anesthetized by

@ intraperitoneal injection of 140 Â±20 mg/kg pentobar
bital 20-30 mm before I-PPA and PA-application.
Trachea and left externaljugular vein were cannulated
with polyethylene tubes (22). Both FFAs were injected
as a bolus (250 @CiI-PPA and 2-4 j@CiPA/250 z1)
followed by a flush of 200 jzl 0.9% saline. Duration of
injection was @-@1Osec. Animals were killed by insuffla
tion of 10 ml air. The tissue specimens (heart, lung, liver,
spleen, and kidneys) were rapidly removed at various
time intervals after tracer injection (30 sec and 1, 2, 3,
5, 10, 20, and 30 mm p.i.), rinsed with 0.9% saline,
blotted on filter paper, each cut into three pieces, then
weighed and frozen in liquid nitrogen. Usually this
procedure was finished in 1-2 mm. Six animals per time
interval were examined.

Samples of the tissues were processed for liquid ex
traction (17,18,19) or placed in a test tube together with
2.0 ml distilled water. Iodine- 123 radioactivity was de
termined in an autogamma scintillation counter. All
values were corrected for radioactive decay and back
ground radioactivity. Uptake was calculated as per
centage of administered dose per g tissue, mean Â±1
s.d.

After a delay of about 4 mo, the C-14 content of the
tissues and the extracted samples was measured. The
samples were dissolved in 1.5 ml soluene/isopropanol
mixed with 15 ml scintillation cocktail, and counted in
a liquid scintillation counter together with standard
samples of the injected FFA solution. Thereafter a
known amount of C-14 n-hexadecane was added to each
sample. After thorough mixing, all samples were counted
again together with the standards of the FFA-albumin
solution, which was prepared for counting as described
above. The counting efficiency of the samples was cal
culated according to the internal standard method (23).
The C-14 contents of the tissues and their fractions (%
dose/g) were calculated from the efficiency-corrected
sample and standard counts.

Analysis of tissue lipids. Lipid extraction from tissues
was performed according to a modified method deve
loped by FOLCH (24,25,26). Briefly, tissue specimens
were homogenized and extracted twice with chloro
form/methanol (2:1, V/V). The resulting organic,
aqueous, and solid phases were separated. Radioactivity
in each phase was calculated in relative units (%) or as

percentage of administered dose per g tissue. Ratios
between the heart and the lung â€œbackgroundâ€•were
calculated assuming densities of 0.55 g/cm3 for lung

tissue and 1 g/cm3 for heart muscle (27). Radioactivity
distribution in the organic phase was assayed as de
scribed previously (25,26), by thin-layer chrornatogra
phy (TLC) on commercial silica F254gel plates, 20 by
20 cm by 250 @mthick, together with standard lipid
substances (phospholipids, cholesterol, tripalmitoyl
glycerides, cholesterol-ester.

I-PPA, PA, or the respective labeled lipids were
identified by autoradiography. After removal of silica
gel associated with the lipid fractions, their radioactivity
was measured in an autogamma scintillation counter
(I-PPA) or a liquid scintillation counter (PA) and cal
culated as percentage of injected radioactivity per g
tissue. Analysis of C-14 radioactivity was performed
about 4 mo after 1-123 radioactivity measurements.

Imaging studies. In order to substantiate the favorable
imaging properties of I-PPA for scintigraphy ofthe heart

muscle, scintiphotos of myocardium were made from
mongrel dogs about 5-10 mm after i.v. I-PPA injection
(2-3 mCi), using a LFOV gamma camera. A subsequent
single photon emission tomogram of the heart (5 mm
acquisition time) was made. Experimental details have
been reported (28).

Results. In the heart muscle, both of these fatty acids
were rapidly accumulated (Fig. 1). Maximal uptake of
I-PPA was 4.4% dose/g, thus exceeding that ofPA (2.7%
dose/g). The well-known 2-component ra4ioactivity
clearance pattern after bolus injection of radiolabeled
FFA from heart muscle (6,7,13,14) was common to both
tracers. Interestingly, a generally higher 1-123 tissue

FIG.1. Ca!@Iiacuptakeof I-PPAcomparedwithPA.
(XÂ±s.d.,N 6pertimepoint)
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FIG. 4. Similar kinetics of I-PPAand PA in kidney (XÂ±s.d., N =6
per timepoint)

FIG. 2. KineticS of l-PPA and PA turnover in lung tissue (X Â±s.d.,
N 6 per time point)

level was observed throughout the examination time.
In contrast to radioactivity turnover in the heart, ra

dioactivity concentration of both FFA tracers in lung
tissue decreased immediately after tracer application
(Fig. 2). Following the initial clearance period, 1-123
radioactivity was increased between 5â€”10mm after in
jection, whereas C-14 activity showed only a very mod
crate rise between 5â€”20 mm p.i. Like the radioactivity

turnover in heart muscle, 1-123 concentration in the lung

was generally higher (30-50%) than the C-14 content
in this tissue.

In liver tissue (Fig. 3) I-PPA and PA were rapidly
accumulated until 5â€”10mm p.i. Thereafter a slow one
component clearance of both tracers was found. Maxi
mal I-PPA uptake was about 20% lower than maximal
PA uptake. Compared with C-l4, 1-123 release from
liver tissue seemed to be somewhat more rapid.

In spleen and kidneys, an initial clearance of radio
activity was found after tracer injection. (Figs. 5 and 6).
Carbon-14 turnover in the kidneys was very similar to
that of I-i 23 activity until 5 mm p.i. Thereafter C- 14
entered a plateau phase. A similar, yet somewhat lower,
second phase of C-l4 radioactivity was found in splenic
tissue, whereas the 1-123 showed a slow complex clear
ance pattern from the spleen.

Heart-to-lung ratios are summarized in Table 1. As
assessed by the tracer content in heart and lung tissue,
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I-PPA exhibited a more favorable target-to-nontarget
ratio. Tissue contents of total radioactivity and of lipo
philic metabolites showed a significant correlation be
tween the two FFA tracers in all tissues investigated
(Fig. 6). Radioactivity uptake into main fraction of tissue
lipids (phospholipids, FFA, diglycerides, and triglycer
ides) was also significantly correlated (Table 3).

Imaging studies (dog). In LAO scintigrams taken be

tween 5â€”10mm p.i., left-ventricular myocardium was
clearly delineated (Fig. 7). Marked uptake was also
observed in the liver. Myocardium-to-lung (â€œback
groundâ€•)ratios, obtained in horizontal histograms from

planar scintigrams of the thorax, were 1.8â€”2.2.Tomo
graphic slices of the heart of a control dog and another
with acute myocardial ischemia induced by ligation of
left anterior descending coronary artery (LAD) 4 hr
before the study (Fig. 7, lower right), showed high
contrast images of the left ventricles and visualization
of the right ventricle. These images used a 40% back
ground cutoff. The left-ventricular wall has a horseshoe
shape due to imaging in a transverse plane at the level
of mitral valve. Acute ischemic myocardium is clearly

demarcated as an area of diminished tracer uptake; it
corresponds in locationâ€”and probably also in extentâ€”to

1.Olsonetai.(34) 69.278.961.157.88â€”12.13rat2.Scheueretal.(35)
66.27â€”6.677.15â€”19.73dog3.Crass

et al. (37) 77.434.890.853.140.2413.3rat4.Steinetal.(36)
80.7â€”5.6â€”13.7rat5.Reske

et al. (32) l-PPA 70â€”80 2â€”6â€”3â€”8â€”6â€”15rat, notfasted45â€”57
101017â€”28rat,fastedPA

40â€”55101812â€”30rat,fastedp

TG,DG,MG:tn-,di-,andmonoglycerides,respectively.t
FFA: free fattyacids.*

CHOL:cholesterol.Â§

PL: phospholipids.
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TABLE 2. HEART-TO-LUNGUPTAKERATIOS
FOR I-PPAAND PA. ORGANUPTAKEWAS

NORMAUZEDTO SPECIFICGRAViTY,
ASSUMING UNITY FOR HEART MUSCLE AND

Oâ€¢55FOR LUNGTISSUE (27)

Timeaftermnj. 0.5 1 2 3 5 10 20 30
(mm)

I-PPA 2.4 4.0 6.7 6.8 4.9 2.5 2.2 2.5

PA 3.8 3.4 4.5 3.6 3.3 2.7 2.1 1.9

TABLE3. COEFFICIENTSOF CORRELATiONBETWEENPA AND I-PPA IN HEART,LUNG,UVER,KIDNEY,
AND SPLEEN. TOTAL ORGAN UPTAKE, RADIOACTIVITYUPTAKE INTOUPOPHIUCMETABOLITES,

AND INTOUPID SUBFRACTIONS,I.e.,PL, FFA, DO,AND TG WEREANALYZED(N
= 48, p <0.01)PERFRACTIONTotal

organLipophilicuptake
metabolftesPLFFA DO TG
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fatty acids (6,30â€”32)have been observed in a variety of
experimental models.

Results reported by Machulla and Angelberger in
dicate identical cardiac uptake of the various FFA
tracers, but slightly delayed elimination kinetics of
I-PPA (19,30). Coenen reported similar results with
Br-75 phenyl-pentadecanoic acid (33). However, these
studies were not performed under strictly controlled
physiological conditions in experimental animals, thus
limiting the value of quantitative comparisons of FFA
turnover.

Labeled metabolites in aqueous, solid, and lipophilic
phase as well as in the subfractions of the lipid phase,
were significantly correlated (r 0.58, N 89, p
<0.01). Fractionaldistributionof labeledcardiaclipids
(Table 3) revealed a significantly concordant incorpo
ration of both tracers into main lipid fractionsâ€”i.e., into
free fatty acid (FFA), phospholipid (PL), and di- (DG)
and triglyceride (TG) fractions. These findings sub
stantiate the very similar metabolic pathways of both
FFA tracers in heart muscle. Minor differences of
metabolic fate of these tracers in the heartâ€”as in other
organsâ€”include a preferential uptake of I-PPA or PA
in the TG- or PL fractions, respectively (Table 3). Tissue
concentrations of I-PPA- and PA-labeled cardiac lipids
compared favorably with values reported for lipid uptake
of C-l4 or H-3-labeled free fatty acids (34â€”38).
Therefore the terminal iodophenyl group does not seem
to represent a major steric hindrance to I-PPA transfer
in labeled lipids.

In lung tissue, moreover, a generally concordant
turnover of both FFA tracers was observed. Whereas the
rapid initial clearance period is probably related to the
fast blood clearance of the labeled FFAs, the following
plateau phase is established at a significantly higher
value than in peripheral blood (1 .8 compared with 4.0)
(29). These findings indicate metabolic incorporation
of a substantial fraction of the labeled FFAs into lung
tissue. Frosonolo reported significant lung uptake of
C-14-labeled palmitic acid, mainly into a phospholipid

the hypodense area demonstrated with transmission CT
after contrast infusion (Fig. 7, lower left).

DISCUSSION

After intravenous injection, rapid and substantial
uptakes of PA and I-PPA were observed in the heart
muscle. Maximal myocardial accumulations of 2.8 (PA)
and 4.4 (I-PPA) % dose/g heart tissue were achieved
within 2 minutes after tracer administration. Despite
rapid tracer clearance from peripheral blood (29), in
creasing tissue concentrations in heart muscle indicated
an effective extraction of the labeled FFAs from
blood.

Although maximal heart uptake of I-PPA consider
ably exceeded that of PA, the parallel curves for cardiac
tracer turnover indicated very similar global metabolism
of both tracers in this tissue. The higher I-PPA heart
uptake might be influenced by an altered I-PPA-to
albumin binding, a different transport rate from blood
to tissue, or differences in the metabolic handling of I-

PPA. Nevertheless, cardiac uptake of the 2 tracers was
significantly correlated at all time points investigated,
indicating a strongly related global cardiac turnover of
both. A unique feature of I-PPA and PA turnover in
myocardium was the rapid tracer elimination that fol
lowed the initial fast accumulation period. Similar car
diac kinetics ofC-11 palmitic acid (13â€”15)or iodinated

Heart 0.60 0.77 0.45 0.87 0.45 0.93
Lung 0.77 0.58 0.90 0.99 0.32 0.85
Liver 0.58 0.94 0.70 0.90 0.46 0.90
Kidneys 0.48 0.89 0.73 0.95 0.44 0.67
Spleen 0.23' 0.97 0.85 0.95 0.78 0.73

p=@ <0.05.
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FIG.7. Clearvisualizationofdog'sleft-ventricularmyocardium5â€”10mmafteri.v.injectionof3mCIl-PPA.Topleft:planarscintI@am
recorded in45Â°LAOprojection(400, 000 cpm, 256 X 256 matrix).Additionaltracer uptake occurred inthe liver.SPECTimages at mid
ventricular level of control animal (top ilght) and animal with acute myocardial machernia(lower r@t); note clearcut demarCatIOnof ischemlc
tissue (arrow), corresponding to hypodense area demonstrated on TCT image of identical animal after contrast infusion (lower left). (Laterally
inverted representation of TCT is due to different reconstruction algorithm.)

with surfactant properties (39). Interestingly, a major
uptake of both labeled FFAs into the PL fraction (about
70% of lipophilic metabolites) was found in lung tissue
in our study. The slightly higher plateau value of 1-123
radioactivity relative to C-14 activity between 5â€”20mm
p.i. may be due to an increasing blood concentration of

labeled hydrophilic catabolites (40), released from
tissues with high FFA turnover rates.

Apart from heart muscle, the liver was the only tissue
exhibiting an increasing PA and I-PPA uptake. In all,
about 40-50% of applied dose was incorporated at
maximum. These values are in general agreement with
data reported by others (41), who found that â€œover30%
of injected doseâ€•accumulated in the liver after i.v. in
jection of C- 14-labeled palmitic acid. Whereas the
slightly lower liver uptake of I-PPA remains unex
plained, the somewhat faster clearance of I-i 23 radio
activity from the liver might be due to release of labeled
hydrophilic metabolites (i.e., 1-123 hippuric acid and
I- 123 benzoic acid glucuronide), since both substances
are synthetized in and released from liver tissue (18,42).
Fractional C-14 and 1-123, radioactivity distribution in
liver tissue showed a significant correlation (Table 3),
indicating a closely related turnover of PA and I-PPA
in this tissue.

Early and high radioactivity uptake of the phospho
lipid fraction in liver tissue was in good agreement with
results of van Golde and van den Bergh, who reported

that already 10-30 sec after i.p. injection of C-14-labeled
glycerol, -palmitate or -oleate, the phospholipid pre
cursor phosphatidic acid was maximally labeled in liver
tissue (41).

In the kidneys a very similar turnover of both PA and
I-PPA was encountered. Since the renal energy demand
is met mostly by oxidation of FFA (43), the initial fast

C-14 and 1-123 radioactivity clearance period may be
affected by tracer blood clearance, degradation of the
labeled FFAs, and metabolite excretion. The second rise
of 1-123 content between 10 and 20 mm p.i. is probably
caused mainly by renal extraction of hydrophilic cata
bolities of I-PPA, which are excreted subsequently. In
deed, it has been shown in murine experiments and in
patients that up to 70-80% of administered I-PPA was
excreted into the urine during 24 hr after i.v. I-PPA in
jection (19). The lower C-14 content in the kidneys may
result from concurrent â€˜4C02elimination by the lungs.

In the spleen a significantly higher uptake of I-PPA was
found, relative to PA. This finding, as well as elucidation
of the complex clearance kinetics of both tracers, needs
further investigation. The distribution of labeled lipids
in the highly cellular splenic tissue should be influenced
considerably by the more abundant lymphocyte and
platelet membrane lipids (44). It has been reported that
C-14-labeled palmitic acid is taken up by these cell types,
mainly into the phospholipid fractionâ€”a labeling pattern
that has also been observed in our study. (PL uptake in
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cardiac uptake, and fast oxidation of a substantial
fraction of the accumulated tracer, I-PPA seems a very
promising new metabolic tracer for the noninvasive
evaluation of cardiac lipid metabolism. High-quality
metabolic imaging of the heart is possible by means of
I-PPA with conventional scintigraphic equipment, as is
cross-sectional imaging with SPECT facilities.
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