
state, equilibrium-labeled, infusion methods. With this
approach, tagged substrates representing fatty acids, car
bohydrates, amino acids or ketone bodies, and labeled
with radioactive atoms, are supplied to the myocardium
at a constant concentration for a sufficient length of time
to allow the atoms to reach a constant level within the
metabolic pathway of interest. As an example, [U-'4C]
palmitate is frequently infused into the coronary circula

tion for minutes to hours (1â€”3),and the veno-arterial
difference of â€˜4C02measured to estimate the rate of fatty
acid oxidation at various perfusion conditions. There is
evidence in some circumstances, however, that the oxida
tion of palmitate estimated by this method, even following
relatively long (30 mm) periods of substrate equilibrium
labeling, does not reflect the total oxidation of free fatty
acids (4). This may result from the interaction of carbon
pools within the cardiomyocyte which are exchangeable
with the trace carbon but have not yet reached equilibrium.â€¢
Such would be the case particularly for the large storage
pool represented by neutral lipids. Specifically, Hansen et
al. (4) have suggested that the large, endogenous stores of
fatty acids contained in complex tissue lipids do not easily
or quickly equilibrate with extracted fatty acids from the
perfusate even when the â€˜4C02from exogenous fatty acids
has reached an apparent steady state production level in
coronary venous effluent.

With these issues yet to be resolved, the purpose of the
present study was to examine the uptake and washout of
tracer carbon from â€˜4C-palmitate after a step-function
increase or decrease of isotope administered to the coro
nary perfusate at aerobic flows. A specific interest was to
quantitate the influence of triacylglycerols in contributing
labeled fatty acids to the fatty acid utilization pathway
following exogenous labeling. The goals were to apply a
technique which was sensitive to events within the entire
metabolic pathway and to mathematically analyze the data
with few assumptions. Efflux of metabolites and â€˜4C02
from the heart was surveyed within the time encompassed
by the two or more distinct time constants manifest in
â€˜4C-palmitatemetabolism (6,7). Uptake and washout
curve analyses were selected to permit a testing of the
hypothesis of whether or not equilibrium of â€˜4C-labeled

These studies evaluated the kinetics of tracer uptake and
washout after step-function labeling with 14C-palmitate.
Washout and uptake function curve analysis for total radio
activity(TR) was derivedaccordingto the expressions:

TR=Fx@ C(t)xdt
â€˜/0

and TA = Fx I (C@â€”C(t)) x dt,
â€˜/0

respectively, with V@= @,

where F = coronary flow;@ = steady-state concentration;
C(t) = concentration with respect to time; Ca arterialcon
centration; and V@= distribution volumes within the fatty acid
pathway. The only radioactive metabolites in venous effluent
were fatty acids and 14CO2.The estimated V@of fatty acids
was small (1.2â€”1.7 mI/g dry wt or 0.4â€”0.5 @moI/gdry wt) and
compatible with labeled substrate trapped in the blood vol
ume. The V@,of 14C02 was much larger (11.4â€”15.8 ml/g dry
wt or 3.6â€”4.2 @mol/gdry wt) and correlated with counts
contained in the aqueous soluble and fatty acid fractions in
tissue. The counts in tissue were distributed between the
aqueous soluble fraction (40%), which was rapidly depleted
during washout, and a lipid fraction (60%) (triacylglycerols
and phospholipids), which was resistant to washout. Distil
butions in tissue radioactivity between the aqueous soluble
and lipidfractions support the notion of a dual pathway in
fatty acid oxidation, one arm of which passes through the
resident pool of triacylglycerols,which has a long time con
stant. The presence of this pool may impart an error in
estimating fatty acid oxidationby external labelingtechniques.

J NucI Med 1992; 33:1864â€”1874

he application of â€œtraceâ€•-labeledbiological com
pounds to measure key processes of intermediate metab
olism in heart muscle has traditionally relied on steady
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long-chain fatty acid substrate occurred within predicted
times ofcoronary perfusion. Experiments were conducted
in extracorporeally perfused aerobic pig hearts. A compan
ion paper to this describing similar events in coronary
reperfusion following regional myocardial ischemia has
recently been published (8).

METHODS

Surgical Preparation

Adolescent swine (averageweight 49 Â±0.8 kg) fasted overnight
were studied after anesthesia with pentobarbital (35 mg/kg i.v.)
and the establishmentof positivepressureventilationwith oxy
gen-supplemented room air. Additional drug was given as needed
to ensure adequate anesthesiathroughout the experiments.Fre
quent determinationsofarterial bloodgasesweredone to ensure
adequate ventilation and acid-base balance. Studies were per
formed in an open-chest, intact, working heart preparation which
has been extensively described previously (1,8â€”13).After a bilat
eral thoracotomy and treatment with heparin (10,000 U/hr i.v.),
a surgical arterioarterial shunt was constructed extracorporeally
connecting a femoral artery with the coronary arteries. The left
main coronary artery was cannulated with a Gregg cannula
inserted retrogradely from the left subclavian artery, while the
right coronary artery was perfused by a cannula positioned near
its origin. The left anterior descending(LAD) artery was perfused
separately with a cannula placed near its bifurcation from the
circumflex artery. The circumflex artery was then perfused
through the Gregg cannula. Flow in all three circuits was sup
ported by three separate, extracorporeal perfusion pumps. Flow
in therightandmain leftcoronaryarterieswassetby adjusting
their respective perfusion pressures to 10â€”20mmHg above aver
age aortic pressure. Cumulatively, these flows equaled 11.2 Â±0.5
ml min' g dry wt@'.Flow in the LAD bed was fixed at 6.9 Â±0.3
ml min@g dry wt@'by keepingpressurein the LAD perfusion
circuit, corrected for cannula resistance, at that of average aortic
pressure. Also contained in the LAD perfusion circuit were three
access ports. One port allowed infusion of Indocyanine green
directly into the circuit through a 50 ml mixingchamber. Another
port was for infusion of â€˜4C-palmitateand was connected to a
special section within the perfusion circuit (volume 8 ml) con
sisting of alternate segments of small (Â¼in. i.d.) and large (Â½in.
i.d.) tubing which were used for mixing the tracer with the whole
blood perfusate.A venous cannula was inserted into the great
cardiac vein anteriorly, which together with the third arterial port,
was used to sample for gases and metabolites across the anterior
perfusionbed. A 7F high-fidelitymicromanometer-tippedcath
eter was placed in the left ventricle to monitor pressures.

Indocyanine green dye was infused over 5 mm (1 mI/mm) of
each 10-mm sampling interval to estimate venous cross-contam
ination and dilution in the LAD venous circulation (12,13).
Samplesofarterial and venousblood from the LADcircuitwere
collected at 0, 10, 20, 30 and 40 mm in uptake studies and at 0,
20, 40, 50, 60, 70 and 80 mm in washout studies and the ratio of
venous-to-arterial concentrations ofgreen dye was used to derive
a correctionfactorfor radioactivecounts obtained in the venous
samples.There was no appreciable(<9% after 80 mm) recircu
lation of dye returning from the periphery to contaminate the
measurements.

Protocol

The study was divided into two parts. For the main protocol
in 13 animals, â€˜4C-palmitate was infused for 43.2 Â± 1. 1 mm,

whilebloodsampleswereobtainedasdescribedbelow.At the
end ofthis time period, the animals were killed and tissue samples
obtained. For the second protocol in seven animals, the radioac
tive palmitatewasinfusedfor 40 mm afterwhichthe infusion
was terminated. Samples of perfusate blood and venous effluent
were obtained for another 40 mm thereafter to follow the washout
of the radioactivity from the heart (in one animal this period of
washout was extended to 60 mm). Tissue samples were obtained
at thecompletionofthesestudiesaswell.In bothprotocols,heart
ratewasallowedto varywhileregionalcoronaryperfusionand
ventricular pressures were controlled.

Metabolic data were collected as follows: venous 14C02at 2-
mm intervals; arterial â€˜4C02at 10-mm intervals; venous plasma
at0.5-mmintervalsfor3mm,thenat2-mmintervalsthereafter,
LADand femoralarterialplasmaat 10-mmintervals;and venous
and arterial blood for extraction with perchionc acid at 10-mm
intervals. Blood gases were obtained at 10-mm intervals. Regional
myocardial oxygen consumption was modified from a previously
described expression using blood gas data and LAD flow (14).

At the conclusion of each study, to avoid any washout of
radioactivity, infusion of labeled palmitate was continued until

tissue biopsies from the LAD and circumflex (LCF) beds were
taken. The interval between acquiring the last blood samples and
obtaining the biopsies was <4 mm. The tissue samples were
frozen with Wollenbergerclamps and stored at â€”70Â°Cuntil
analyzed. India ink was injected into the LAD cannula and the
perfusion beds dissected free and weighed.

Chemical Procedures

Bloodsampleswere obtained from the LAD artery and vein
at the time intervals described above. Three 1.0 ml samples of
this blood were used for â€˜4C02determination by injecting 1.0 ml
into a sealed Erlenmeyer flask containing 0.5 ml concentrated
sulfuric acid and a centerwell with methylbenzethonium hydrox
ide as a CO2absorber. After 45 mm, the centerwell was transferred
to a liquid scintillation vial containing a compatible cocktail and
the content measured for radiocarbon. The remainder of the
blood collected above was centrifuged at 1,500 x g at 4Â°Cfor 10
mm to yield plasma. Blood from the femoral artery was likewise
centrifuged for plasma determination only. Plasma aliquots were
added to 0.1 ml of2 N hydrochloric acid to drive offany dissolved
CO2and after 45 mm neutralized with 0.1 ml of 2 N sodium
hydroxide before measuring total radiocarbon. This was used in
recovery experiments to be described below. The remainder of
the plasma was frozen for later analysis of free-fatty acids.

One milliliter ofblood from the LAD artery and vein was also
obtainedin a syringealreadycontaining 1.0ml of0.6 M perchlo
ric acid. The contents were thoroughly mixed, allowed to stand
on ice for at least 5 mm and centrifugedat 1,500x g at 4Â°Cfor
10 mm to remove precipitated protein. The resulting supernatant
was stored frozen for later analysis of organic acid soluble com
pounds by high-performance liquid chromatography (HPLC).

The quantification of these acid soluble products was con
ducted using a modified method ofPokits et al. (15). The protein
free supernatant derived above for HPLC analysis was injected
directly into a Bio Rad Aminex HPX-87H HPLC column (300
x 7.8 mm) using 0.01 N sulfuric acid in an exponential gradient
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up to 10% acetonitrile at a flow rate of 0.6 mi/mm. Absorbance
was recorded at 193 nm (necessary to detect glucose) and peak
areas were compared to correspondingstandards. The column
effluent was collected by a Gilson Model 203 Micro Fraction
Collector directly into liquid scintillation vials. Using peak-detec
tion algorithms, selective collection ofproducts was obtained and
radiocarbon levels determined. Recovery studies of this HPLC
plasma extract were also done to identify any other unknown
products. The extract was first counted, then applied to HPLC
and the above fractions collected and counted.

Free fatty acids were extracted from blood plasma and the
total free fatty acid content determined using the 63Ni assay
according to the methods of Ho (16). For an initial separation of
lipids into general classes, plasma samples were extracted with
chloroform and methanol after the method of Bligh and Dyer
(1 7). This extraction also left an aqueous fraction which was
counted for radiocarbons. Separation of neutral lipids, free fatty
acids and polar lipids was obtained following the method of
Hamilton and Comai (18) using prepacked silica Sep-Pak col
umns. A residual was left in the vial which was counted. The
isolated fractions were also counted for radiocarbon. In separate
experiments a blood sample was taken before any radioactivity
was introduced into the animal. Carbon-14-palmitate in 3% BSA
was added and the sample processed as described. The counts
from these samples were used as a standard to which the main
samples were compared. Tissue was likewise extracted with chlo
roform and methanol and the lipids separated by silica Sep-Pak
columns as described above for plasma.

The chloroform extract from above was also dried, after which
3% BSAwasadded and the mixturestirred for 3 hr. Triacyiglyc
erols were then measured using a Triglyceride [UVJ kit from
Sigma. The triacylglycerols were also estimated as free fatty acids
after hydrolysis with KOH using the Wako enzymatic kit for free
fattyaciddetermination.Bothmethodsgavethesameresults.

Total tissue radioactivity was obtained by digesting tissue in a
tissue solubilizer and the resulting solution counted for radiocar
bon. The scheme for fractionating the blood and tissue fractions
is shown in Figure 1. The radioactivity in the tissue was expressed
in two units. First, arterial specific activity in dpm/mol free fatty
acid was used to express the tissue concentration of counts in
terms of the equivalent moles of free fatty acid/g dry wt of the
tissue metabolite. Second, the radioactivity (in dpm/g dry wt) in
the tissue fraction was normalized by the radioactivity in the
arterialblood(in dpm/ml).Theresultingunitsof thissecond
derivation were ml/g dry wt which were comparable to the
radioactive uptake calculations from the venous time-concentra
tion curves (see Results section). Blood radioactivity was also
expressed by the same two units.

Statistical analysis of the kinetic data was performed using
paired and nonpaired Student's t-tests and correlations were
estimated with multiple linear regressions. Probability values for
statistical significance are listed as 5% or less by two-tailed
comparisons.

RESULTS

Theoretical Considerations
The major goal ofthis study was to develop uptake and

washout curves using step-function increases or decreases
of â€˜4C-palmitatein order to estimate distribution volumes
of fatty acid metabolites in aerobically perfused myocar
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FIGURE 1. Flowchartof strategiesto identifydistributionsof
radioactivity in possible metabolites derived from fatty acid utili
zation which are contained either in coronary effluent (A) or
myocardium (B).

dium. A model of the infusion technique employed and
the consequent uptake curves used in this approach are
shown in Figure 2A. The difference between the rate by
which radioactivity leaves the heart through the venous
effluent and that which enters from the arterial perfusate
represents the instantaneous radioactive uptake by the
heart. The integration ofthis difference represents the total
pool size of material taken up by the heart. Two problems
must be dealt with in this approach. The first is anatomical
and involves recovery of label. That is to say, blood
sampled from the anterior vein does not all originate from
the LAD coronary artery and may be slightly contami
nated (@l0%) with blood from other vessels (19,20).
Therefore, venous radioactivity is not equal to arterial
radioactivity even without myocardial uptake of labeled
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ferences of radioactivity in perfusate, using the principles
ofequilibrium labeling, it is possible to integrate counts in
venous effluent only and estimate myocardial uptake of
radioactive material as the difference between venous and
steady-state levels of radioactivity (Fig. 2B).

The second problem deals with specificity and the lim
itations inherent in quantitating venous-arterial differ
ences of total radioactivity. Radioactivity potentially exits
the heart in more than one compound. Each compound
represents a different terminus of interactive metabolic

pathways. In these studies we surveyed several such com
pounds (Fig. lA). By examining the radioactive uptakes
of these compounds (as an example, see analyses for fatty
acids and CO2 in Fig. 2C), the total radioactive pools can
be separated into constitutive pools representing the end
metabolites of different metabolic pathways. For these
studies, we examined carbon pools displaced by radioac
tive fatty acids as the radioactive carbons traveled through
the fatty acid utilization pathway and were either oxidized
to â€˜4C02or exited as other specific metabolites in the
coronary venous effluent. Total radioactivity (TR) is ex
pressed mathematically as:

and

Eq. 1

Eq.2

where V@is the distribution volume of the carbon pool
size, F@is the coronary flow, C@is the steady-state concen
tration of radioactive end-metabolites in venous blood,
C(t) is the concentrationof radioactivemetabolitesin
venous effluent as a function oftime and Ca is the coronary
arterial concentration of radioactivity.

The integration for TR describes uptake in disintegra
tions per minute (dpm). The total radioactive uptake was
normalized by the tissue weight of the LAD-perfused bed
so that the final units were dpm/g dry wt. While this
estimate of radioactive uptake can provide useful infor
mation, it is often an equivocal expression since the units
depend not only on the physiology of the heart but also
on the concentration of the trace-labeled and cold metab
olite in arterial blood. This dependence can be eliminated
or minimized by alternate normalizations. Two different
descriptive approaches were used. The simplest approach
was to normalize TR by the arterial radioactivity, Ca,
expressed in dpm/ml. This resulted in the V@term with

the units, ml/g dry wt. V@derived here is equivalent to the
distribution volume ofthe compartmental models used to
describe the metabolic kinetics for PET tracers. As a
second approach, TR was normalized by the specific activ
ity of the arterial blood and used to estimate the amount
of fatty acids incorporated into or displaced from V@over
the course ofthe perfusion trials. The units for this expres
sion are given as @mol/gdry wt. Specific activity was

FIGURE 2. The integrationof the venousefflux minusthe
arterial Influxcurve (A) uses the principle of the conservation of
mass to calculate the radioactive uptake of the heart (shaded
area, bottom curve). At steady-state in the ideal system, the
venous efflux is equal to the arterial influx (dashed line). (B) With

contamination of the venous blood, however, the venous efflux
never attains the value of the arterial influx.Accurate determina
tion of the instantaneous venous-arterial differences Â¶@annotbe
determined. The integration, however, can be approxImated by
evaluating the difference between the equilibration value and the
instantaneous venous content as shown in the bottom curve. (C)
This concept can be extended to analyzing the radioactivity of
individualcompounds (CO2and FFA)so that the total radioactive
uptake can be divided between different terminal metabolites of
Interrelated pathways.

material. In our studies, venous dilution is measured with
indocyanine green dye and corrections applied to venous
samples to compensate for this contamination. However,

even after such corrections there are small (<2%) errors.
These errors are inconsequential for most applications but
in these studies would accumulate when integrating over
relatively long perfusion times. Nevertheless, venous ra
dioactivity becomes equal to arterial radioactivity at equi
librium. Thus, rather than measuring venous-arterial dif
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calculated as the ratio of the arterial radioactivity of the
tracer to the arterial concentration offree fatty acids (dpm/

@mo1).
Figure 3 is an example ofthe time course of equilibrium

labeling of radioactive fatty acids (Fig. 3A) and â€œCO2(Fig.
3B) contained in the venous effluent measured after the
beginning of infusion oflabeled palmitate. The integral of
Equation 2 is graphically represented by the shaded area
in the figure. The interpolation line between the data
points is derived by using the cubic spline technique. The
equilibration value, Ce,, is the horizontal line and is the
average of the last 35 mm (for free fatty acid) and the last
10 mm (for C02) of venous sampling. The data depicted
in this figure are the rates ofradioactivity (in dpm) leaving
the myocardium per minute through the venous efflux
normalized by both the total radioactivity of the artery (in
dpm) and the tissue weight of the LAD-perfused myocar
dium.

Washout of the radioactive isotope was also examined

in seven animals. The trapped radioactive material which
remained in the heart when the infusion of the tracer was
terminated is the summation of the venous efflux given

by:

and

proper mixing and infusion speeds), identical measure
ments were not made in all animals. The mean values of
individual parameters are listed in Tables 1â€”4.The hemo
dynamic and metabolic status and availability of substrates
in the perfusate for all animals are represented in Table 1.
Left ventricular pressure was controlled by the regulation
of blood volume with 6% dextran. The respirator was
adjusted and sodium bicarbonate used to maintain blood
gases at normal values. Substrate levels were those of whole
blood and blood glucose was supplemented periodically to
maintain physiological levels. There were essentially no
changes in these variables from the beginning to the end
of the studies or among animals as reflected by the small
s.c.m. values. The only variable which did vary among
animals (but not as a function of perfusion time for any
one animal) was heart rate which ranged from 106 to 217
bpm (mean 153 Â±8 bpm). Levels ofoxygen consumption
were compatible with aerobic values previously reported
in this heart model (12,13) and were essentially unchanged
over time.

In separate experiments, blood samples from five ani
mals were taken 40 mm after infusion of palmitate and

FIGURE 3. Experimentaldatafromoneanimalshowingactual
curves of step-function, equilibrium labeling of [14C]palmitate as

monitored from efflux of counts (ml min1 g dry wt@1)in coronary
venous blood for fatty acids (A) and 14C02(B). The shaded area
extrapolated back from steady state levels of either metabolite
representsthecarbonpoolsizewithinthe myocardialutilization
pathway.C@represents the steady-state concentrationof radio
active end-metabolite in venous blood. The fatty acid pool is small
and is most likelycontainedwithin the pertusateblood volume.

TR=F@x@ C(t)xdt
i/O

vc = TR Ã·Ca.

Eq.3

Eq. 4

The darkly shaded areas in Figure 4 are the corresponding
carbon pools for FFA and â€˜4C02from one animal. Wash
out of radioactive palmitate is shown in Figure 4A. As
with the uptake curves, the free fatty acid radioactive pool
size was quite small and returned rapidly to zero. There
was no evidence for release of labeled nonmetabolized
fatty acids from stored tissue pools. Figure 4B depicts the
much larger radioactive carbon pool that leaves the heart
in the form of â€˜4C02.With washout, the efflux of â€˜4C02
dropped to an intermediate level and remained there for
the duration of the sampling period. This lower level
(hatched bars) represents release of product from a storage
tissue pool with a very long time constant. The efflux of
â€˜4C02never reached zero in these experiments, and the
decay rate ofthis pool was too slow to allow for an accurate
determination of the long time constants or their distri
bution volumes in all cases. Instead, the level of the CO2
radioactivity at the last sample time was tabulated and a
ratio constructed with reference to the equilibration level
obtained from the uptake curves. Since the â€˜4C02efflux in
the washout experiments never reached zero, non equilib
rium oflabeling is suggested. The ratio of CO2 washout to
uptake, listed below, served as a measure of this non
equilibration.

Direct Observations
For technical reasons involving early problems in estab

lishing the input function of radioactivity (establishing the
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Phase fractions Venous % Standards % p11

48 56 64

Hemodynamic, Perfusate,
Animaland

Metabolic Parameters in the
PopulationVariablesPerfusion

time*0

mm 40 mm

* No statistical differences were calculated in any of the variables

between0 and40 mmperfusion.
LVP= leftventricularsystolicpressure;LVEDP= leftventricular

end-diastolic pressure; (n = 20) 02 sat = oxygen saturation; FFA =
freefattyacid;HR = heartrate;MVO2= myocardialoxygencon
sumption.

5.0

4.0

3.0

2.0

1.0

TABLE 2
Distributionof RadioactivftyinBloodinFiveAnimalsALi

a.

E

a

II.
I'

PERFUSION TIME (mm)

FIGURE 4. Experimentaldatafromoneanimalshowingactual
curves of step-functionterminationof equilibriumlabelingof 14C-
palmitate as monitored from efflux of counts (mlmin1 g dry wt@1)
in coronary venous blood for fatty acids (A)and 14C02(B).Again,
the fattyacidpoolisquitesmalland quicklyreaches zero volume.
Conversely, the decay of counts for CO2 is larger and never
reaches zero value, suggesting the interactionof another tissue
carbonpool with a very long time constant (hatchedbars).

were analyzed for distribution of radioactivity among me
tabolites from venous effluent as indicated in Figure 2.
This time period had the maximum potential for detecting
any radioactivity which was contained in metabolites re

Aqueous
Organic
Totaloftwophases
Totaldirect(plasma)
Lipid Species

CholesterylEster
Triglycerides
FFA
Cholesterol
Phospholipids
Total in Fractions
Residue

10.37Â±0.905.70 Â±2.55ns89.25
Â±0.9193.90 Â±2.52ns99.62
Â±0.0499.60 Â±0.04ns100100â€”0.12

Â±0.030.08 Â±0.02ns0.08
Â±0.010.10 Â±0.05ns81

.06 Â±1.6183.48 Â±2.58ns0.86
Â±0.070.54 Â±0.04<0.0080.67
Â±0.090.68 Â±0.23ns82.79Â±1.5984.88Â±2.64ns6.52

Â±0.739.03 Â±2.20ns

-1.0

B

S
a.

S

S

0
U

Total of all lipidspecies 89.30 Â±0.90 93.92 Â±2.50
p1 ns ns

a Standard is nonradioactive blood spiked with 14C-palmitate
(60,000 dpm/ml).

p1 describes the statistical comparisons of data between total of
all lipid species and the organic phase fraction.

p11describes the statistical comparisons between radioactivity in
So the coronary venous effluent and the @spiked@standards.

leased into efflux. The results ofthis analysis are shown in
Table 2. Each fraction is expressed as a percent ofthe total
radioactivity. To estimate the amount of background ra
dioactivity from â€˜4C-palmitatein perfusate, analysis was
also performed on unlabeled pig blood to which 60,000
dpm/ml â€˜4C-palmitate(approximately that infused during
the in vivo studies) was added. These counts, also shown
in Table 2, served as a standard to which the in vivo
samples were compared. There were no counts in the in
vivo blood samples above that which were found in the
standards except for the cholesterol fraction which was
only slightly increased. Background â€˜4C02levels in stand
ard blood were almost zero (50 of 60,000 dpm/ml). Vir
tually all of the radioactivity in the venous efflux from the
in vivo studies was in the form ofeither â€˜4C02(not shown
in Table 2) or â€˜4C-palmitate. Background radioactivity
exclusive of CO2 and fatty acids were insufficient to iden
tify any other metabolites by'HPLC techniques.

Distribution volumes for these two constituents as cal
culated by Equations 2 and 4 are included in Table 3. The
integrals of the uptake and washout curves were normal
ized and expressed both as ml/g dry wt and @imol/gdry
wt. There were no statistical differences between the uptake
and washout estimates for â€˜4C02pool size. The fatty acid
distribution volume was slightly larger in magnitude from
uptake as compared with washout curve analysis (p <
0.03-0.045). A fatty acid pool was also derived for the
intravascular space between the arterial injection site and
the venous sampling site. This volume includes a vascular
volume calculated as 11% ofthe tissue bed weight perfused
by the LAD circuit and 8 ml ofcatheter volume. The 11%
coronary blood volume had been previously obtained in

ns

LVP(mmHg)102Â±2102Â±2LVEDP
(mmHg)6.6 Â±0.75.3 Â±0.6Artetial
pH7.42 Â±0.027.42 Â±0.02Arterial
02 5@t(%)98.1 Â±0.897.6 Â±0.9Arterial
glucose (@mol/ml)7.4 Â±1.47.1 Â±1.1Arterial
FFA (@mol/ml)0.48 Â±0.050.44 Â±0.04HR(bpm)153Â±8156Â±8MVO2

(mmolhr' 9 drywt@')1 .46 Â±0.111 .49 Â±0.09
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Carbon Pool Size

CO2 Free fatty acid

Methods of analysis ml/g dry @zmol/gdry ml/g dry @mol/gdryFree

fattyacidml/g

dry@mol/g dry

TABLE
Distribution of Myocardial Tissue Counts of Radioactivity in the4AnimalPopulations as Expressedin FattyAcidEquivalents(@mol/g

dry)(ml/gdry)Uptake

WashoutUptakeWashout(n
= 11â€”12) (n = 7)P(n = 11â€”12)(n = 7)P

* Total values represent the means of the sums of the constituents for the phase fractions or lipid species.

P describes the comparison of data between uptake and washout animals; P', the comparison between total counts measured separately
and added in both phase fractions and total counts measured directly; and Pâ€•,the comparison between lipid counts measured separately in
various component lipid species and added together and those of the lipid fraction measured directly Data are normalized by tissue dry wt.

TABLE 3
Carbon Pool Sizes for CO2 and Free Fatty Acids as Estimated by Uptake and Washout Function of Labeled

Infusionsof Palmitate

Uptake (n = 20)
Washout(n= 7)

15.8 Â±2.4 4.2 Â±0.8
11.4Â±2.2 3.6Â±0.8

P ns ns
Uptake(n=9)1.7Â±0.10.50Â±0.07Washout

(n = 7)1 .2 Â±0.20.41 Â±0.08Pp<0.045p<0.03

Volume*(n = 9) 1.4 Â±0.1 0.40 Â±0.06
ns nsP1

Pâ€• p<0.036 ns

* Volume method was calculated as 8 ml (volume in perfusate tubing) + 1 1 % (coronary blood volume contained i myocardial tissue weight)

x tissue weight. All data were normalizedby tissue dry wt.
P compares results estimated by uptake and washout methods; P' by washout and volume methods; and Pâ€•by uptake and volume

methods.

this laboratory using â€˜4C-dextranas a plasma marker (21).
These calculations were comparable to those estimated by
Equations 2 and 4 (except for a slightly lower value statis
tically from that ofthe uptake method in ml/g dry wt) and
suggested that for all practical purposes the in vivo fatty
acid distribution volume could be attributed to the radio
activity trapped in the perfusate.

The ratio of residual â€˜4C02production calculated from
the washout and uptake curves and which served as an
index of non equilibrium in step function labeling ranged

Phase Fractions
Aqueous soluble
Lipid _______ ________

Total of two phases@
TotalDirect
P1
Lipid Species

Triglycerides
Phospholipids
Cholesterol
Cholesteryl Esters
TissueFFA _______ _________

Totalofallspecies

from 0% to 11% (4.3% Â±1.5%) and reflected a large
variability among animals. This ratio was influenced by
changes in mechanical function as suggested by its corre
lation with heart rate (â€˜4C02ratio = â€”17.6+ 0.2 x heart
rate; r = 0.8, p < 0.03). Thus, in the presence of tachy
cardia, nonequilibrium ofsteady-statelabeling offatty acid
and lipid pools was enhanced.

The distribution of radioactivity among tissue products
is given in Table 4. The tissue was extracted into an
aqueous soluble and lipid phase. The sum of these two

ns 41 .8 Â±4.0 25.8 Â±5.5
ns 41.6 Â±4.9 30.3 Â±7.0

ns <0.05

3.6Â±0.7
5.9 Â±1.3

9.8 Â±1.6
9.8 Â±1.8

<0.01 16.6Â±1.9 3.9Â±0.5
ns 24.6 Â±4.4 22.0 Â±5.8

<0.05
ns

<0.03
ns

1.3 Â±0.2
7.7 Â±2.9

8.9 Â±2.9
8.6 Â±3.8

ns ns

3.7 Â±1.05.8 Â±2.7ns16.4 Â±3.915.9 Â±5.6ns1
.5 Â±0.21 .5 Â±0.2ns4.0 Â±0.34.9 Â±0.7ns0.3

Â±0.10.2 Â±0.1ns1.3 Â±0.30.7 Â±0.2<0.060.04
Â±0.010.04 Â±0.01ns0.15 Â±0.620.10 Â±0.10<0.070.3
Â±0.10.08 Â±0.02<0.061.1 Â±0.30.3 Â±0.1<003

5.9Â±1.5 7.7Â±2.9 ns 24.8 Â±4.4 22.0 Â±5.8 ns
ns ns ns ns
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extracts was compared to the total counts measured di
rectly in another sample of solubilized tissue. The lipid
fraction was further subdivided into separate species of
component lipids and fatty acids, and the total of these
counts was compared to those measured directly in the
lipid fraction. Finally, comparisons were also made con
trasting the effects of uptake and washout on distribution

of radioactivity. Tissue label at the end of uptake experi
ments was approximately equally divided between the
aqueous soluble and lipid fractions (40% and 60%, respec
tively). The counts measured directly in the solubilized
tissue were virtually identical to the sum of counts meas
ured in the two fractions. Radioactivity in the lipid fraction
was completely contained in triacylglycerols, phospho
lipids, cholesterol, cholesteryl esters and free fatty acids.
The majority of counts was present in complex lipids
(about 66% in triacylglycerols and another 25% in phos
pholipids). Total triacylglycerol stores were 19.9 Â±4.7

@mol/gdry wt ofwhich 3.7 â€”5.8 @tmol/gdry wt (see Table
4) contained radioactivity. The effect ofwashout was most
evident in the decreases in counts contained in the aqueous
soluble phase and tissue free fatty acids, which together
accounted for 76% of the lost radioactivity. Smaller de
creases in radioactivity incurred during washout were also
noted from cholesterol and cholesteryl esters.

Various data in Tables 3 and 4 were also compared by
other means. As noted, the size of the estimated free fatty
acid and â€˜4C02uptake pools was quite variable from one
animal to the other. Nevertheless, a strong correlation was
observed between the â€˜4C02uptake pool size and the
combined radioactivities in the aqueous soluble and free
fatty acid fractions in tissue (Fig. 5). Radioactivity in the
latter pools was lost rapidly in the washout experiments
and presumably did so through the conversion to 14C02.
A linear correlation between the â€˜4C02distribution volume

FIGURE 5. Linearcorrelationof 14CO2pool size estimated
from input uptake curve analysis (displayed on the ordinate in ml/
9 dry wt) and actual counts contained in tissue represented by
the aqueous soluble fraction and tissue fatty acids (displayed
along the abscissa in ml/g dry wt). These two tissue compart
ments accounted for most of the 14CO2uptake pool(r = 0.83, p
<0.004,n=10).

and the total radioactivity in the aqueous soluble fraction
and tissue free fatty acids was expressed as:

Vcc02 = â€”3.1 + 1. 1 x (aqueous soluble fraction

+ tissue free fatty acid radioactivity),

wherer=0.83andp<0.OO4atn= 10.
It is likely that the pool identified by the â€˜4C02uptake

curve, which includes only the pathway with the fast time
constant, and the tissue radioactivity found in the aqueous
soluble and free fatty acid fractions represent the same
volume in tissue.

While the distribution volume of radioactivity in tissue
phospholipids was relatively constant from animal to ani
mal (2.6â€”5.3 ml/g dry wt), the radioactivity found in
triacylglycerols in uptake infusion experiments was also
quite variable (5.2â€”51.6 ml/g dry wt). The triacylglycerol
radioactivity was negatively related to the radioactivity
found in the aqueous soluble fraction as expressed by the
relationship:

Triacylglycerol radioactivity

= 45 â€” 1 .74 x aqueous soluble fraction radioactivity,

wherer=0.76andp<0.Olatn= 10.
The aqueous soluble and triacylglycerol fractions in

tissue in turn may be related to the metabolic demands of
the heart as reflected by oxygen consumption values and
to the production of â€˜4C02at the conclusion ofthe uptake
infusion experiments (Fig. 6). Basically, the aqueous sol
uble fraction and tissue free fatty acid fraction (Fig. 6A)
were large if the production of radioactive CO2 from
exogenous substrate was high. This tended to occur at low
or intermediate levels of myocardial oxygen consumption
(MVO2). The relationship was expressed as:

Aqueous soluble fraction + tissue FFA radioactivity

= 23.9 â€” 11.8 x MVO2 + 7.7 x â€˜4C02,

where r = 0.92 and p < 0.002 at n = 10. The probabilities
that the individual regression coefficients were zero were
p < 0.002 for MVO2 and p < 0.004 for â€˜4C02,respectively.

Conversely, tissue triacylglycerols (Fig. 6B) were high
when â€˜4C02production was low tended to occur at inter
mediate-to-high levels ofmyocardial oxygen consumption.
The relationship was expressed as:

Triacylglycerol radioactivity

= 17.4 + 16.5 x MVO2 â€” 18.1 x â€˜4C02,

where r = 0.77 and p < 0.001 at n = 18. Here the
probabilities that the individual regression coefficients
were zero were p < 0.024 for MVO2 and p < 0.001 for
â€˜4C02,respectively.

We interpret these correlations in the following way. In
hearts where oxygen consumption and â€˜4C02production
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tion data and may influence the results of such descrip
tions.

DISCUSSION

The purpose of the present report was to examine the
rate of appearance and disappearance of radioactive me
tabolites from venous effluent in aerobically perfused

hearts after either a step-function increase or decrease in
radioactivity supplied by labeled palmitate. We have pre
viously used this tracer to estimate rates of fatty acid
oxidation by steady state production of â€˜4C02(1,9â€”11,22,
23) but have never previously evaluated the transients by
this labeling technique. Characterization ofthese transients
is of interest in light of recent data, which suggested that
the fatty acid utilization pathway passes through a prey
ously recognized (4) but under-appreciated, functionally
large, triacylglycerol storagepool on its way to CO2 pro
duction (5). Residence time of exogenously labeled fatty
acid within this pool was unexpectedly long and presents
difficulties for external labeling techniques. In such con
ditions, the calculated rate of metabolic oxidation may be
an underestimateofthe true metabolic rate for endogenous
fatty acids. Describing the magnitude and kinetic proper
ties of this pool is practically useful also to better under
stand the information currently being derived from â€œC-
palmitate in studies using positron emission tomography.
This latter approach, which has been employed to estimate
fatty acid utilization in both humans and experimental
animals (24â€”27), relies on measuring the washout of a
short-lived, radioactive tracer from various storage pools.
As suggested by the present data, use of this isotope may
be confounded by the long release times of neutral lipids
and result in incomplete characterizations of the more
distal elements in the fatty acid utilization pathway. Such
an influence must be accounted for in the modeling of
kinetic data so that accurate interpretations are possible
using this modality.

The animal model system used in our laboratory has
been extensively described elsewhere (1,9â€”12,14,22,23). A
few further comments are provided. The experiments were
performed in working, in situ hearts perfused with arterial
blood via a perfusion circuit which included modest levels
(3.6%) of labeled products returning from the periphery.
This recirculation prohibited the use of an inert vascular
indicator which, unlike â€˜4C-palmitate,would not be re
moved by the periphery. Without such a tracer, it is
impossible to preclude the existence ofa small nonvascular
component in the calculated free fatty acid distribution
volumes. However, to the best of our knowledge, given
the large range ofintravascular values previously published
for this space, i.e., 4.8â€”14.4ml/lOO g wet wt (27), it seems
reasonableto conclude that all of the labeled free fatty
acid in venous effuent resided in the vascular volume. The
reasonwhy the pool sizeoffree fatty acid appearedsmaller
in the washout as compared with the uptake curves, unlike
those for the â€˜4C02curves, is unclear but probably reflected
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FIGURE 6. Linearcorrelationsof tissuedistributionof counts
(panel A includes data for the aqueous soluble fraction and tissuefattyacidsdisplayedontheordinateinml/gdrywt;panelB
includestissuetriacylglycerolsontheordinatein ml/gdrywt)
arrayed with the metabolic state of the myocardium as repre
sented by the steady state production of 14C02.The correlation
of panel A is positive (r = 0.92, p < 0002, n = 10), while panel B
isnegative(r= â€”0.77,p< 0.001, n= 18).

from exogenous palmitate are in close approximation, the
above relationships suggest that the majority of radioactiv
ity is contained in the aqueous soluble fraction which
proceeds rapidly to fatty acid oxidation. In this instance,
equilibrium labeling with exogenous substrate accurately
represents the behavior of endogenous fatty acids. Con
versely, if the levels of oxygen consumption and â€˜4C02
production from exogenous palmitate are disparate, sug
gesting delays in equilibrium labeling, the majority of
counts are trapped and only slowly released from the
triacylglycerol pool. This lipid storage pool with a very
slow constant prevents rapid labeling of the fatty acid
pathway. In this instance, equilibrium labeling with exog
enous substrate does not well describe the metabolic stor
age and release of endogenous fatty acids. This must be
remembered when interpreting rates of substrate utiliza
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the deadspace in the tracer infusion system which would
have influenced the uptake curves.

Only approximately half of the radioactivity in tissue
was accounted for by the calculated pool sizes of free fatty
acids and CO2 from venous monitoring, and virtually all
of this was contained in the â€˜4C02pool. The remainder of
the tissue radioactivity was assumed to be hidden in a
pool, presumably triacylglycerols, with very slow turnover
which was only revealed by the CO2 washout experiments.
These studies also defined the more volatile tissue spaces,
particularly those identified by the aqueous soluble and
free fatty acid radioactivities and to a lesser extent the
cholesterol and cholesteryl ester lipid pools. With washout,
the radioactivity remaining in the heart was in the triac
ylglycerol and phospholipid fractions. The tissue pool size
delineated by efflux of â€˜4C02was similar to and correlated
well with the combined radioactivities in the tissue
aqueous soluble and free fatty acid fractions and probably
represented the same pool.

The other main finding, particularly evident from the
washout experiments, was that all the pools (lipids and
aqueous soluble) had one common pathway which resulted
in the efflux ofradioactivity as â€˜4C02.There was no other
significant radioactivity released from the heart. The wash
out data demonstrated a large storage pool within the fatty
acid utilization pathway which cannot be ignored kinetic
ally in its contribution to fatty acid oxidation. This pool
has long been recognized in biochemical analysis (4), but
its functional importance and confounding influence to
exogenous substrate labeling protocols have been under
appreciated. Our results have implications both for studies
in which the steady state production of â€˜4C02is used as a
measure offatty acid oxidation and in those using positron
emission tomography in which the isotope cannot easily
interrogate pools with slow turnover and release charac
teristics without appropriate modeling schemes. We cal
culate that the storage pool oftriacylglycerols from uptake
radioactivity experiments accumulates about 4 @mol/gdry
wt of free fatty acid. The heart has approximately 20 @zmol
free fatty acid/g dry wt contained in triacylglycerols, and
labeled entry into this pool displaces fatty acids which are
almost entirely unlabeled. These 4 @molof unlabeled free
fatty acid/g dry wt, when readmitted back into the utii
zation pathway, amounts to approximately 0. 1 @imolmin'
g dry wr' which, when added to the 0.4 @molmin' g dry
wt@' free fatty acid measured from steady-state of produc
tion of â€˜4C02,yields a sum ofabout 0.5 @imolmin' g dry
wt@'. Thus, 20% of fatty acid oxidation on the average is
from unlabeled substrate and as such goes unmeasured.
Many ofthe hearts in these studies had an even larger pool
of radioactivity trapped as neutral lipids.

The relationship between the radioactivity in the major
tissue compartments and the metabolic state of the heart
(Fig. 6B) can be explained by hypothesizing two parallel
routes for the fatty acid utilization pathway which con
verge to a final common pathway. In one track of the

model, the radioactive palmitate enters the cell, is activated
and directly enters mitochondria (assumed to be in the
aqueous soluble fraction) where it is oxidized, and the
radioactive tracer released as â€˜4C02.In the other route, the
labeled fatty acid enters the cell, is activated, but then is
taken up into the triacylglycerol pool. The pool is even
tually hydrolyzed but most likely in the early time periods,
unlabeled fatty acids are released to proceed to oxidation.
As previously recognized,the triacylglycerol pool is quite
large(4,5), and its labelingby â€˜4C-palmitateremainsdilute
suchthat the â€˜4C-palmitatemoleculeseffectivelybecome
trapped. By this hypothesis, two extremes are possible. In
one case, all the â€˜4C-palmitatemay enter the triacylglycerol
pool and stay trapped with no subsequent production of
â€˜4C02.No radioactivity is measured in the aqueous frac
tion, and a large collection of counts accumulates in the
triacylglycerol pool. In the other extreme, the triacylglyc
erol pool is bypassed completely, and fatty acids are di
rectly oxidized. Production of â€˜4C02is high and the
aqueous fraction contains a large amount of radioactivity
while the triacylglycerol pool is virtually depleted of label.
The present data represent an intermediate position be
tween thesetwo extremes.

The main purpose of this report was to describe the
metabolic performance of aerobically perfused myocar
dium and to define the rates of oxidation of its principal
substrate, long-chain fatty acids, using external labeling
techniques. As such and assuming equilibrium labeling
during the time course ofour perfusion trials, there should
have been close approximation between oxygen consump
tion and fatty acid oxidation estimated by steady state
production of â€˜4C02from exogenous palmitate. However,
the labeled palmitate trapped in complex lipids prevented
complete equilibrium labeling and created a discrepancy
between oxygen consumption and the estimates of fatty
acid oxidation. The more radioactivity trapped, the larger
the discrepancy, thus explaining the negative correlation
between the tissue triacylglycerol pool size with â€˜4C02
production and the positive correlation with MVO2 (Fig.
6B). On the other hand, as less radioactivity was trapped,
the discrepancy between oxygen consumption and â€˜4C02
decreased as more radioactivity was diverted directly into
and through the aqueous soluble fraction. Consequently,
there was a positive correlation between the aqueous sol
uble pool size and â€˜4C02production and a negative cor
relation with MVO2 (Fig. 6A). This discrepancy, which is
a function ofthe relative flux rates in each ofthe two arms
of the fatty acid utilization pathway leading to fatty acid
oxidation, imparts an error in estimating rates of substrate
oxidation in the myocardium. This error is highly variable
and may be substantial in some animals.
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