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Progress in myocardial perfusion imaging has been slowed by the lack
of radiopharmaceuticals with suitable physical and biologic characteristics.
Hexadecenoic acid, terminally labeled with *’l, partially overcomes these
limitations by providing a compound that concentrates in the myocardium
in proportion to relative regional blood flow and carries a gamma-emitter
with desirable detection and imaging qualities. After intravenous injection
in experimental animals, the clearance half-times of hexadecenoic acid for
blood and myocardium are 1.7 and 20 min, respectively. These values com-
pare favorably with 18-carbon fatty-acid analogs labeled with ’C. In acute
and chronic infarction, similar distribution patterns are found for hexa-
decenoic acid and *K, which indicates that hexadecenoic acid is a suitable
substitute for the potassium analogs now in use for myocardial imaging.
Because of the high count rates obtainable with '*’l-hexadecenoic acid,
good-quality images can be acquired in as little as 2-3 min per view. lodine-
123-hexadecenoic acid is potentially a useful radiopharmaceutical for clini-

cal application.
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The feasibility of using intravenously administered
gamma-emitting radiopharmaceuticals and scinti-
graphic imaging for identification of deficits in re-
gional myocardial perfusion has been well estab-
lished both experimentally and clinically (/-5).
However, attempts to quantify regional blood flow
have not proven satisfactory, due largely to the un-
favorable physical characteristics of available radio-
nuclide labels. Most of these radionuclides possess
energies unsuitable for optimum resolution with
present commercially available imaging systems. In
addition, the detectable photon yield per rad of ab-
sorbed dose is too low to provide valid counting sta-
tistics for small regions of interest. Iodine-123 may
provide a solution to this problem; it emits an almost
pure 159-keV gamma photon with high abundance.
Photons with this energy are efficiently detected by
scintillation cameras and can be used with high-
resolution collimators. Relatively large doses of 1231
can be given because the short half-life (13 hr) and
lack of beta emission combine to reduce the absorbed
radiation dose. The problem has been to find a
carrier molecule for '2%I that will be distributed in
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the myocardium in proportion to blood flow and
remain there long enough to provide statistically sig-
nificant quantifiable data.

Fatty acids are an important energy source for
the heart and are efficiently extracted from the blood
by myocardial cells. In 1964 Evans prepared !'3']-
labeled oleic acid by saturation of the double bond
with iodine monochloride (6). Although a satis-
factory experimental heart-scanning agent was pro-
duced, labeling by double-bond saturation appears
to alter the biologic behavior of the parent compound
and reduce myocardial extraction efficiency. In con-
trast, labeling of the 16-carbon fatty acid, 16-iodo-
9-hexadecenoic acid, by radioiodine exchange with
bromine produces a compound that retains the myo-
cardial extraction characteristics of noniodinated
long-chain fatty acids (7). The purpose of this in-
vestigation was to define the biologic characteristics
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of intravenously administered iodinated hexadecenoic
acid and to evaluate its potential as a quantitative
indicator of relative regional myocardial blood flow.

MATERIALS AND METHODS

Mongrel dogs, weighing 14-22 kg, were used as
the experimental model. After an overnight fast,
anesthesia was attained with intravenous pentobar-
bital (25 mg/kg), supplemented as needed. During
open-chest procedures, a cuffed endotracheal tube
was used to maintain respiration by positive-pressure
breathing of 100% O,. Myocardial ischemia and/or
infarction were produced under aseptic conditions
by ligating the anterior descending coronary artery
just below its first major branch. If visual or electro-
cardiographic changes of ischemia were not imme-
diately noted, up to six collateral vessels were also
ligated. Intravenous propranolol (1-4 mg) was given
to prevent fatal arrhythmias. Postoperatively, phar-
macologic doses of meperidine were administered
for pain.

Except for commercially obtained carrier-free 131
and ™51, all radionuclides used in this study were
produced on site in a biomedical cyclotron using
standard production methods. The procedures for
preparing the !'C fatty acids and the terminally iodi-
nated hexadecenoic acid have been described pre-
viously (7,8). Briefly, the 1'C compounds are made
by Grignard synthesis using ''CO. and appropriate
alkyl magnesium bromides. Radioiodinated hexa-
decenoic acid is made by refluxing carrier-free 311,
1251 or 23] with 16-bromo-9-hexadecenoic acid in
methyl ethyl ketone solution.

The final 1!C compounds exist in true trace quan-
tities and contain little excess unlabeled fatty acid.
In this form they could be injected intravenously
without first being dissolved in an albumin solution.
However, for standardization, both the !'C-fatty
acids and the radioiodinated hexadecenoic acid were
dissolved in a 6% human or canine serum albumin
solution for these studies. For the studies of blood
and precordial clearance, '*'I-hexadecenoic acid was
used. The ''C reference compounds and the iodi-
nated fatty acid were given in amounts of approxi-
mately 150 uCi. Test agents were administered in-
travenously and blood samples were withdrawn
through separate indwelling venous catheters.

Blood-clearance rates for the labeled fatty acids
were obtained by counting serial samples of venous
blood in a well counter. Separation of the relative
percentages of “free” and “bound” radioiodine in
blood was accomplished by passing serum samples
through an anion exchange resin column. Myocardial
clearance rates were estimated by external counting
using a heavily collimated probe with a 2 X 2-in.
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sodium iodide crystal placed over the heart and
angled slightly away from the liver. After pulse
height analysis of the signals a scintigraphic data
analyzer* was used for data storage, decay correc-
tion, and computation of clearance rates.

The uptake characteristics of iodinated hexade-
cenoic acid in ischemic myocardium were determined
by direct tissue counting using ‘3K as the reference.
Infarction or ischemia was produced as described
above. Seven to ten minutes after the simultaneous
intravenous injection of 100 nCi each of 4K and
125]-hexadecenoic acid, the animals were killed by
intravenous injection of a saturated solution of po-
tassium chloride. Immediately, 8—10 samples (0.6-2
gm) of the anterior left-ventricular wall were re-
moved from the excised heart. Tissue samples were
systematically selected to ensure representation of
normal, ischemic, and infarcted tissue. (Samples
taken from the high lateral portion of the left ventri-
cle supplied by the circumflex artery were assumed
to be “normally” perfused. Usually the infarcted or
most ischemic area was apparent by inspection.
Otherwise, a section of ventricle thought to repre-
sent the central region of myocardium supplied by
the anterior descending coronary artery was se-
lected.) The samples were then counted by differen-
tial spectrometry in a well counter. The results,
expressed in counts per gram, were then normalized
to the normal sample containing the highest con-
centration of +3K.

Myocardial imaging was performed in 15 animals:
S normal controls and 10 with ligated anterior coro-
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FIG. 1. Blood clearance characteristics of ' I-hexadecenoic acid,
“C.stearic acid, and "'C-oleic acid are compared after intravenous
injections. Data were obtained by direct blood sampling except for
the 100% value calculated from quantified injected dose and esti-
mated blood volume. Points represent mean =+ s.d.
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FIG. 2. Relative concentrations of “bound™ and “free" radio-
iodine were determined by separation on anion exchange column.

nary arteries. Imaging was begun approximately 3
min following the intravenous administration of 1-5
mCi of '*3I-hexadecenoic acid. A Pho/Gamma HP
scintillation camera with a pinhole collimator (0.9-
cm aperture) was used. The collimator was placed
6—10 cm from the chest wall, a distance estimated to
provide a magnification factor of 2. The acquired
data were stored in the scintigraphic data analyzer
for subsequent background correction and an addi-
tional twofold magnification. The average back-
ground counts were determined from a region cir-
cumscribed around the perimeter of the myocardial
image. This background value was uniformly sub-
tracted from the final image.

For analysis of the clearance data, Student’s t-test
was used to determine significant differences between
mean measurements. Half-times were derived from
semilog plots of the clearance data. The relative up-
takes of potassium and hexadecenoic acid in normal
and ischemic tissue are displayed in a scattergram
with the association between the two expressed by
the linear regression line (y = ax + b), the standard
error of the estimate of the regression line (s.e.e.),
and the correlation coefficient (r). The MIRD sys-
tem was used for dosimetry calculation.

RESULTS

Blood clearance. Linear plots of the blood-clear-
ance data from 19 animals are presented in Fig. 1.
A biphasic clearance pattern is evident, with maxi-
mal tracer disappearance occurring during a rapid
first phase. Half-time values for the first phase are
1.7 = 1.0 min for the hexadecenoic acid (n = 9),
1.6 = 2.2 min for the stearic acid (n = 5), and
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2.2 = 0.8 min for oleic acid (n = 5). The break
in the curves comes at about 5 min after injection,
and a trend toward greater blood retention of the
radioiodine label follows. At 10 min the radioiodine
blood level is significantly higher than the stearic
acid (p < 0.001). By 20 min the iodine level also
becomes significantly greater than that for the oleic
acid (p < 0.001) and amounts to 18% of the in-
jected radioactivity.

The temporal change in character of the radioiodi-
nated material is further clarified in Fig. 2. The
radioiodine in the serum of four animals was sepa-
rated into “free” and “bound” components. The
results at 10 min show that over 75% of the activity
in the blood is attributable to free iodide, which
presumably results from complete metabolism of
the original fatty-acid molecule with hydrolysis of
the terminal iodine atom. The bound component
represents a mixture of residual labeled hexadecenoic
acid, iodinated breakdown products, and released
iodine bound to plasma proteins.

Precordial clearance. Tracer clearance from the
myocardium was measured in 16 dogs (Fig. 3). The
data are normalized to the maximum count rates
reached in the first minute after injection and are
expressed as percentages. Although the disappear-
ance of the !3' label approximates a monoexponen-
tial function, a slightly slower clearance rate develops
after 10 min. The slower phase is more pronounced
for stearic and oleic acids. Clearance half-times were
determined only for the 3—-10-min segment of the
curve. Hexadecenoic acid (n = 5) has the most
rapid clearance half-time (20.0 = 2.3 min) fol-
lowed by oleic acid (n = 6;24 = 7 min) and stearic
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FIG. 3. Relative precordial clearance characteristics of ‘%I
hexadecenoic acid, *'C-stearic acid, and *'C-oleic acid are compared

following intra dministration.
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FIG. 4. Comparative tissue concentrations (1.0 = 100%) of
121 hexadecenoic acid and K in series of 20 dogs with experi-
mental myocardial ischemia. Data are pooled from animals followed
for 4 hr, 24 hr, 1 week, and 1 month after coronary-arterial ligation.

acid (n = §; 25.5 = 6.7 min). During the first 10
min after injection no significant differences are seen
in the clearance of the three tracers. By 15 min a
borderline-significant (p < 0.05) slowing develops
in stearic acid clearance compared to hexadecenoic
acid. This difference becomes clearly significant (p
< 0.005) 3 min later. Oleic acid follows a pattern
similar to stearic acid.

Uptake in ischemic tissue. Comparative uptakes of
potassium and hexadecenoic acid were determined
in five animals each at 4 hr, 24 hr, 1 week, and 1
month after coronary artery occlusion. As a high
degree of correlation is observed at all stages (r =
0.94-0.98), the data are pooled and displayed in
the scattergram in Fig. 4. The relation between the
two tracers, expressed by the least-squares regres-
sion line, approaches unity and has a correlation
coefficient of 0.96.

Imaging. Using the pinhole camera system de-
scribed above, precordial images can be acquired
3-5 min following intravenous administration, with
an average of 50,000-75,000 cpm/mCi of 12%]-
hexadecenoic acid injected. Approximately 40-50%

I;{._.
16-20 MIN
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of the counts actually emanate from the myocardium.
An illustrative serial study is shown in Fig. 5. This
is a left lateral projection of an animal with an an-
terior infarct following administration of 1.4 mCi of
123].hexadecenoic acid. All four images contain
200,000 total counts. The ischemic defect (arrow)
is clearly visualized, as is the hepatic uptake caudal
to the heart (Fig. SA). Although minor quantitative
changes can be observed in the second image (Fig.
5B), the diagnostic quality of the image persists
through the first 10 min. Beyond 20 min, however,
the regional bloodflow pattern is practically lost
(Figs. 5C and 5D). Although there is some clear-
ance from the liver, the hepatic concentration re-
mains visually constant.

Dosimetry calculations, Assumptions used in cal-
culating the absorbed radiation dose to the myo-
cardium from !?%I-hexadecenoic acid include the
following: a 300-gm heart (for nonpenetrating radi-
ation only), a myocardial biologic T;,> of 30 min,
and 5% of the injected !2%] taken up by the myo-
cardium, with the other 95% uniformly distributed
in the body as iodide. The biologic half-time in the
body is taken as 15.1 hr. The total-body dose is
calculated assuming uniform distribution of 100%
of the administered 2% as iodide with a half-time for
biologic clearance equal to 15.1 hr. The dose to the
heart becomes 0.04 rad/mCi and the dose to the
total body 0.03 rad. The actual absorbed doses for
commercially available !?3] preparations are about
50% greater than estimated because of the presence
of other radioisotopes of iodine.

DISCUSSION

The similarities in blood clearance and precordial
clearance between hexadecenoic acid and the ref-
erence ''C-labeled stearic and oleic acids support
an earlier hypothesis that the radioiodinated 16-
iodo-9-hexadecenoic acid is an adequate long-chain
fatty-acid analog (7). However, this characteristic
holds only during the uptake and initial clearance
phases, since significant differences in relative radio-
active clearance patterns in the heart and blood can
be demonstrated beyond 10 min. The observed dif-
ferences may be due to rapid metabolism of the

FIG. 5. Sequential left lateral im-
ages after intravenous administration of
1.4 mCi |-hexadecenoic acid in dog with
occlusion of left anterior descending coro-
nary artery. Each image contains 200,000
total counts. Note initial high quality of
1 ) original image and good resolution of per-
fusion defect (arrow).
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original compounds and subsequent redistribution
of metabolic products. In the case of the *1C com-
pounds, the radioactive label is located in the car-
boxyl group which, on metabolic degradation, can
be incorporated into other organic molecules in the
muscle substance or further degraded to CO, and
exhaled. Release of radioiodine label from hexade-
cenoic acid is probably the result of beta oxidation
of the fatty acid with hydrolysis of the final radio-
iodinated metabolic product, iodoacetate, rather
than of the parent hexadecenoic acid (8). In any
event, the radioiodine is rapidly freed to enter the
circulating iodine pool.

No proven technique is available for absolute de-
termination of flows for small regions within an
organ where the influx and efflux of blood cannot
be sampled. The distribution of minute amounts of
radioactive microspheres probably provides the most
reliable experimental reference standard (9). This
standard has been employed by different investiga-
tors to determine the reliability of radioactive po-
tassium, rubidium, and cesium as regional myocar-
dial bloodflow indicators in normal, ischemic, and
infarcted tissue (7/0-I12). In normal and ischemic
myocardium, good correlation was found with all
three nuclides. In hyperemia, however, potassium
uptake does not increase linearly and will give falsely
low flow estimates (10). Presumably, most other solu-
ble tracers suitable for intravenous administration will
suffer a similar deficiency. In this study relative up-
takes of potassium and fatty acid were evaluated
only in conditions of normal flow and ischemia. The
results indicate that '23I-tagged hexadecenoic acid
should be as reliable an indicator for qualitative re-
gional myocardial blood flow as are the available
potassium analogs.

For quantitative measurements of regional myo-
cardial perfusion, the blood should be totally devoid
of the radioactive label. At the optimum time for
imaging with iodinated hexadecenoic acid, the blood
does retain appreciable amounts of radioiodine (Fig.
2). The contribution of this radioactivity in the
blood does not visually degrade the image, although
greater contrast would be obtained if this back-
ground contribution were not present. With the
short imaging periods required with ?3I-hexadecenoic
acid, the slight temporal changes in the blood levels
are not expected to invalidate quantitative regional
measurements. But if quantitative imaging with this
radiopharmaceutical does prove to be clinically use-
ful, and if the radioiodine in the blood does reduce
the reliability and reproducibility of the test, then
further attempts will be made to inhibit the process
of beta oxidation by chemically modifying the mo-
lecular structure of the fatty acid.
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The high count rates possible with dosimetrically
reasonable amounts of !2*I-hexadecenoic acid (e.g.,
S mCi) permit three approaches to clinical applica-
tion. First, multiview qualitative images could be
rapidly acquired at the rate of 2—4 min per view,
and a four-projection study could be completed in
less than 15 min after tracer injection. Second, be-
cause of the rapid myocardial clearance, repeat stud-
ies could be performed within a few hours. Third,
a selective very-high-count single-projection image
could be acquired. This approach would be particu-
larly suited to image quantification where sequential
studies would be desirable to detect small changes
in regional myocardial perfusion or function. A vari-
ant of this approach would be to measure regional
clearance rates, since metabolism of the labeled fatty
acid would presumably differ between normal and
injured myocardium.

The final breakdown products of 16-iodo- and
16-bromo-9-hexadecenoic acid (namely, iodoacetate
and bromoacetate) are toxic. As only trace amounts
of iodoacetate are produced from the administered
material, no problems would arise, but in the la-
beled hexadecenoic acid preparation used in this
study, up to 10 mg of the parent bromo compound
was given along with the radioiodinated material.
From a 10-mg quantity of 16-bromo-9-hexadecenoic
acid, 2 mg of bromoacetate might be produced. Al-
though this amount is well under the toxic level of
20-50 mg/kg, the desirability of producing very-
high-specific-activity preparations of iodohexadece-
noic acid is obvious, particularly when administra-
tion of multiple doses is anticipated (13). The
preparation of a radiopharmaceutical using only 1
mg of bromohexadecenoic acid seems feasible.

The physical characteristics of 23] make it a
highly desirable radionuclide for scintigraphic imag-
ing. The nearly monoenergetic intermediate-energy
gamma emissions can be effectively collimated and
are efficiently absorbed by the thin sodium iodide
crystals used in scintillation cameras. The short half-
life and absence of beta radiation minimize the radi-
ation dose delivered to patients. Iodine chemistry is
well understood and, in contrast to many other la-
bels, the iodine atom can be incorporated into many
molecules by a covalent bond. Unfortunately, long-
chain fatty acids are not the ideal carrier for 123
They are rapidly metabolized and the iodine label is
subsequently liberated to circulate in the iodine pool,
which in turn raises the nonmyocardial background
and reduces the reliability of quantitative measure-
ments. At the present time, however, 123I-hexadece-
noic acid appears to be an excellent indicator for the
scintigraphic determination of relative regional myo-
cardial perfusion.
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ANNOUNCING THE BERSON-YALOW AWARD
For Excellence in Nuclear Medicine In Vitro Investigation

A new award will be given at the 24th Annual Meeting of the Society of Nuclear Medicine in
Chicago, June 1977, for the best manuscript submitted in the in vitro (radioassay) area. The
works to be considered must be offered in complete and documented form and will be judged
by the Program Committee independent of abstracts submitted from the same authors for the
scientific program. Format, style, and abbreviations should follow the style used by the Journal
of Nuclear Medicine. This year the In Vitro Subcommittee of the Program Committee is jointly
staffed by members of the Clinical Radioassay Society and the Society of Nuclear Medicine,
and the award and stipend of $750.00 will be made in the names of both Societies.

Categories in which submissions are solicited:

1. Clinical applications of radioassay.
2. Newly developed or improved radioassays.
3. Basic radioassay research.

Authors wishing to be considered for the Berson-Yalow Award should submit their manu-
scripts accompanied by a letter requesting consideration for the award and including the
author’s full mailing address and telephone number. All submissions are to be sent to:

Ms. Maureen Kintley
Society of Nuclear Medicine
475 Park Avenue South
New York, NY 10016

DEADLINE: March 1, 1977.
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