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Abnormalities of fatty acid metabolism in the heart presage contrac-
tile dysfunction and arrhythmias. This study was performed to
determine whether myocardial fatty acid metabolism could be
quantified noninvasively using PET and 1-''C-paimitate. Methods:
Anesthetized dogs were studied during control conditions; during
administration of dobutamine; after oxfenicine; and durin? infusion
of glucose. Dynamic PET data after administration of 1-''C-palmi-
tate were fitted to a four-compartment mathematical model.
Results: Modeled rates of palmitate utilization correlated closely
with directly measured myocardial palmitate and total long-chain
fatty acid utilization (r = 0.93 and 0.96, respectively, p < 0.001 for
each) over a wide range of arterial fatty acid levels and altered
patterns of myocardial substrate use (fatty acid extraction fraction
ranging from 1% to 56%, glucose extraction fraction from 1% to
16% and myocardial fatty acid utilization from 1 to 484 nmole/g/
min). The percent of fatty acid undergoing oxidation could also be
measured. Conclusion: The results demonstrate the ability to quan-
tify myocardial fatty acid utilization with PET. The approach is readily
applicable for the determination of fatty acid metabolism noninva-
sively in patients.
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Under physiological circumstances, 60% to 80% of myocar-
dial energy use is supplied by oxidation of long-chain fatty
acids (/—4). This declines after a carbohydrate meal because of
the inhibitory influence of insulin on peripheral lipolysis and
the dependence of myocardial fatty acid use on the arterial
concentrations.

Derangements in myocardial fatty acid metabolism are mul-
tiple. They can be inherited (5) or acquired (/—4). Impairment
of beta-oxidation of fatty acids is a hallmark of myocardial
ischemia.The decline in contractile function, as well as the
onset of arrhythmias, may reflect accumulation of up-stream
long-chain fatty acid intermediates (/-4,6—8). Viruses, as well
as aspirin, have also been shown to impair fatty acid metabo-
lism (9,10) and may play a role in some forms of acquired heart
failure. Accordingly, noninvasive delineation of fatty acid
metabolism with PET has been a long-standing goal (/1).

Early studies demonstrated that, under certain circumstances,
washout of extracted 1-''C-palmitate from the myocardium
correlated with myocardial oxygen consumption (/2-15). La-
beled palmitate was useful in delineating zones of myocardial
infarction (/1,16,17) and in characterizing the efficacy of
reperfusion strategies (/8—20). Although the rapid washout of
tracer from the myocardium correlated to some extent with the
production of ''CO, (indicative of oxidation) and the slower
washout correlated with incorporation of tracer into triglycer-
ides (13-15), simple exponential analysis was shown to be
sensitive to levels of tissue oxygenation as well as to levels of
arterial fatty acid and the pattern of substrate use (2/-24).
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Our interest in noninvasive delineation of fatty acid metab-
olism was rekindled based on the identification of inherited
abnormalities in fatty acid oxidation which can lead to cardio-
myopathy (25) and because it appears that some patients with
acquired, nonischemic cardiomyopathy also have abnormalities
of fatty acid metabolism (/1,26,27). The purpose of this study
was to validate a compartmental model developed to quantita-
tively characterize myocardial fatty acid metabolism noninva-
sively with PET.

MATERIALS AND METHODS

The protocol was approved by the Animal Studies Committee of
the Washington University School of Medicine and conformed to
the guidelines of the American Heart Association and the Ameri-
can Physiological Society.

General Protocol

Adult, conditioned dogs of either gender weighing 22-28 kg
were fasted overnight, sedated with morphine sulfate (2 mg/kg
subcutaneously) and anesthetized with thiopental (12.5 mg/kg
intravenously), a-chloralose (72 mg/kg intravenously) and a con-
stant infusion of fentanyl (0.3 ug/kg/min). Dogs were intubated
and ventilated with room air to maintain arterial pH and blood
gases within the physiologic range. Additional chloralose was
administered periodically to maintain a stable level of anesthesia.

Catheters were placed in the thoracic aorta via a femoral artery
for aortic blood pressure recording, arterial blood sampling and
arterial microsphere withdrawal. A femoral vein was catheterized
for administration of drugs. A catheter was advanced into the
coronary sinus under fluoroscopic guidance from the right internal
jugular vein and placed at least 2 cm into the coronary sinus from
the right atrium (confirmed with a small amount of contrast). The
left atrium was catheterized retrogradely from a femoral artery with
a left atrial catheter and used for administration of radiolabeled
microspheres. After catheterization, dogs were heparinized with
5000 U intravenously which was repeated every 90 min.

To study a wide range of rates of myocardial fatty acid
utilization and patterns of myocardial substrate use, four groups of
dogs were studied. Dogs in the control group (n = 6) were studied
with no further intervention. To increase myocardial work and
concurrently raise arterial fatty acid levels, 5 dogs were given a
constant infusion of 5 to 10 ug/kg/min dobutamine. To selectively
block fatty acid oxidation, 9 dogs (including 3 studied under
control conditions) were given oxfenicine (33 mg/kg intravenous-
ly), a potent inhibitor of carnitine palmitoyltransferase I, an
enzyme critical for transporting long-chain fatty acids from the
cytosol into the mitochondria (28—30). The final group of 3 dogs
was given an infusion of glucose, insulin and potassium (500 g
glucose, 50 U insulin and 70 mg KCU/liter administered at 0.075
ml/kg/min) to increase arterial glucose levels, which diminishes
arterial fatty acid levels and thus myocardial fatty acid use.
Myocardial glucose utilization increases.

After 30 min of stabilization after each intervention and imme-
diately before the PET emission scan, myocardial blood flow was
measured using radiolabeled microspheres. One hundred uCi
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TABLE 1
Summary of Hemodynamics, Myocardial Blood Flow and MVO,,

Group (n) HR SBP DBP RPP MBF MVO,
Control (6) 85 + 16 122 = 18 78 +14 7607 = 1869 0.74 = 0.21 8.03 +1.7
Dobutamine (5) 101 £ 36 135+ 33 79+23 9172 = 3175 0.84 = 0.22 11.17 = 3.44
Oxfenicine (9) 77 x25 114 £ 27 69 + 15 6115 + 1838 0.54 = 0.21 597 +2.43
Glucose (3) 59+9 121 =1 62 = 11 4873 = 1109 0.55 = 0.04 6.09 = 1.20

HR = heart rate (bpm); SBP and DBP = systolic and diastolic blood pressure (mmHg); RPP = rate pressure product (mean arterial pressure X HR, mmHg
X bpm); MBF = myocardial blood flow (ml/g/min); and MVO, = myocardial oxygen consumption (umole oxygen/g/min). Results are presented as

mean * s.d.

(2-3 X 10°, 15 um spheres) of either strontium-85, cerium-141 or
scandium-86 were administered 2 min before each administration
of 1-''C-palmitate through the left atrial catheter while blood was
being withdrawn from the aortic catheter at 10 ml/min. After
completion of the PET study, animals were euthanized with an
overdose of anesthesia and the myocardium sectioned into approx-
imately thirty 0.5-0.8-g pieces for quantification of myocardial
blood flow by the standard reference technique.

Imaging Protocol

Dogs were studied in a PET VI. Attenuation correction scanning
was performed. To identify vascular structures, 20-40 mCi of
C'50 (which binds to erythrocytes) were administered by inhala-
tion. After waiting 30-60 sec to allow gas clearance from the
lungs, a 5-min scan was obtained. After allowing for decay of
radioactivity (t,,, of *O = 2 min), 20-40 mCi of 1-''C-palmitate
[prepared as previously described in detail (31)] were administered
intravenously as a bolus. Beginning with the time of administra-
tion, paired 3-ml arterial and coronary sinus samples were obtained
every 30 sec for 3 min, every 1 min for 5 min, every 2.5 min for
15 min and every 5 min to the end of the scanning procedure.
Dynamic PET scans were obtained for 30 min consisting of
eighteen S-sec frames, ten 30-sec frames and then 60-sec frames
for the remainder of the imaging period. Data were corrected for
isotope physical decay.

Analysis of PET Data

Regions of interest (3-5 cm®) on each slice representing anterior
and lateral myocardium as well as a small region within the left
atrial blood pool (1 cm?) (to determine the arterial input function)
were interactively placed. Regions near the liver were avoided to
obviate spillover of radioactivity from liver to heart. Arterial
time-activity curve data corrected for ''CO, (see below) and
myocardial time-activity data were analyzed using a four-compart-
ment model (Fig. 1 and Appendix). Tracer entering the mitochon-
drial compartment was considered to be unidirectional, and wash-
out of '"CO, from the mitochondria to the vasculature was
assumed to be proportional to flow. Turnover rate constants, to and
from each compartment, blood to myocardial spillover (Fg)) and
myocardial recovery coefficient (F,) were estimated by solving
simultaneous differential equations. Palmitate utilization, back-
diffusion, oxidation and esterification were computed (see Appen-
dix) using a modification of the model described by De Grado et al.
(32).

Assessment of Substrate Utilization

At the beginning and end of the PET scan, paired arterial and
coronary sinus samples were obtained for assay of fatty acids,
glucose and lactate. Steady-state myocardial fatty acid, glucose,
lactate and oxygen utilization were calculated from arterial-coro-
nary sinus differences of each substance multiplied by myocardial
blood flow. Blood was drawn into vacutainers, placed immediately

on ice, centrifuged within 60 min at 4°C and plasma separated and
frozen at —70°C until assay.

Total long-chain fatty acid content was measured using a
previously described assay (33). Individual fatty acids were mea-
sured by gas chromatography. 0.05 ml of the internal standard,
heptadecanoic acid (1.0 mg/ml) and 0.1 ml of 6 N HCI were added
to 0.25 to 0.5 ml of plasma. The volume was adjusted to 1.0 ml
with distilled water and the mixture vortexed and allowed to sit for
5 min at room temperature. One milliliter of diethyl ether was
added and the mixture was vortexed vigorously for 30 sec and then
centrifuged for 10 min. The ether layer was removed and the
extraction was repeated two more times. The ether layers were
combined, evaporated under nitrogen and the residue dissolved in
0.05 ml of iso-octane. Two microliters of this solution were
injected onto a gas chromatograph fitted with a Nukol fused silica
capillary column (30 m, i.d. 0.53 mm) and eluted isocratically at
190°C. Individual fatty acids (identified using authentic standards)
were compared to the internal standard.

Glucose and lactate were assayed enzymatically using a STAT-
PLUS glucose/lactate analyzer (Yellow Springs Instrument, Yel-
low Springs, OH). Paired samples of arterial and coronary sinus
blood were also obtained for hematocrit, blood pH, pCO,, pO, and
oximetry. To correct the arterial input function for tracer metabo-
lized to ''CO, and to measure conversion of 1-''C-palmitate to
''CO,, timed arterial and coronary sinus samples were collected
into base as described previously (2/). Total ''C-radioactivity was
measured in alkalinized blood and non-''CO, radioactivity (i.e.,
palmitate) was measured after blood was acidified with 6 N HCI
and bubbled with N, for 10 min to release ''CO,. The ''CO, in
each sample was calculated from the difference. Myocardial
production of ''CO, was calculated from the ''CO, content of
coronary sinus blood corrected for ''CO, in arterial blood. Direct

] v

] ky
Ca(t) INTERSTITIAL [ | NEUTRAL LIPIDS
—*| VASCULAR AND AND
F CYTOSOLIC AMINO ACIDS

k; K,
Ks
N MITOCHONDRIAL
s-oxidation

FIGURE 1. Schematic diagram of the four-compartment model. Compart-
ment 1 represents the vascular space; 2, the interstitial and intracellular
spaces; 3, neutral lipids, amino acids and other slow tumover pools (even
though these occur at different loci physiologically); and 4, mitochondrial
beta-oxidation. k,, represents the tumover rate constant between compart-
ments, F = myocardial biood flow, V = vascular volume and Ca(t) = arterial
concentration of tracer over time.
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TABLE 2
Summary of Substrate Arterial Concentrations, Myocardial Extraction and Utilization

Arterial concentration Myocardial extraction fraction Myocardial utilization
Group (n) FA Glucose Lactate FA Glucose Lactate FA Glucose Lactate
Control (6) 367 + 117 5.72 = 0.95 137 £ 041 419 2+6 40 + 15 107 + 42 85+263 413+214
Dobutamine (5) 962 + 566* 580+063 1.12*+0.67 26*4 -1%2 7+x15" 241 *x167 -43=*112 89 + 181
Oxfenicine (9) 373 =100 5.09 = 0.86 1.46 + 0.43 1 *x12* 7+5 51+14 20+ 23 216 =162 366 = 173
Glucose (3) 89 +19 25.02 +5.15* 2.74 *0.76* 2+4 1+1 43+6 2+2 166 = 195 643 * 217

*p < 0.05 compared with the control group.

Arterial concentration of long-chain fatty acids (FA), glucose and lactate (wmolel for FA, mmole/l for glucose and lactate);, myocardial utilization
(nmole/g/min); and myocardial extraction fraction (%) [(arterial — coronary sinus) + arterial concentration). Values were obtained by direct sampling of arterial
and coronary sinus blood. Utilization rates were obtained by calculating arterial-coronary sinus differences X MBF. Values represent the mean + s.d.

estimation of oxidation of radiolabeled palmitate was determined
by measuring myocardial ''CO, production multiplied by myocar-
dial blood flow.
Statistical Analysis

All data are presented as the mean * s.d. Correlations were
calculated by linear regression. Differences between grouped data
were compared using analysis of variance with the posthoc Scheffé
test.

RESULTS
Metabolic Alterations

Twenty-three PET scans were obtained: six under control
conditions, five during infusion of dobutamine, nine after
administration of oxfenicine and three during glucose, insulin
and potassium infusion. As summarized by the data in Table 1,
heart rate and blood pressure increased slightly with low-dose
dobutamine and were unchanged with oxfenicine. Heart rate

was slightly decreased in the 3 dogs receiving glucose. Myo-
cardial oxygen consumption and blood flow followed these
trends.

The data presented in Table 2 summarizes the wide range of
metabolic conditions and rates of myocardial fatty acid utiliza-
tion achieved. Total arterial long-chain fatty acid content
averaged 367 umole/l (range 237 to 618 wmole/l) under control
conditions, increased significantly during dobutamine infusion,
was without significant change after oxfenicine and decreased
during glucose infusion. Steady-state total long-chain fatty acid
extraction fraction decreased by more than 35% with dobut-
amine and was minimal after administration of oxfenicine or
during glucose infusion. Although dobutamine infusion resulted
in a decreased fatty acid extraction fraction, fatty acid utiliza-
tion increased because arterial fatty acid concentration in-
creased by nearly threefold and flow also increased. Glucose
extraction and utilization were enhanced by administration of

TABLE 3
Summary of Individual Long-chain Fatty Acids, Arterial Concentration, Myocardial Extraction and Utilization
Arterial concentration Extraction Utilization rate (%)

Group (n) Species umole/l % total fraction (%) nmole/g/min % total
Control (6) 14:0 6*2 1+02 18 + 91 1+3 043
16:0 115+ 28 27+ 2 31+6 27 +8 23+3

16:1 29+ 10 7+x2 53 + 22 1 +3 9+2

180 67 + 26 166 185 9+3 8+3

18:1 147 = 54 33*+6 46 *+8 53+24 43*+6

18:2 73*x19 1710 36=+8 20+6 17+2

Dobutamine (5) 14:0 14+9 1+03 16 + 27 1+5 -07=x3
16:0 231 + 122* 24+4 2+ 1 53 + 33 11+20

16:1 85 + 68 7*2 24+ 4 19+ 18 0.2+ 13

18:0 111+ 43 13+5 8+28 18+ 19 8+5

18:1 461 + 305 39+7 311 140 = 111 48 = 10

18:2 176 = 116 162 21 +16 45+ 33 197

Oxfenicine (9) 14:0 5+2 1+02 127 03+02 08+2
16:0 115+ 31 27 +2 9+6" 5+3" 25 + 12

16:1 30 =12 7*1 10 =27 2+2 3+24

18:0 67 =24 16+4 -6*10 -09+2 8+38

18:1 135 = 47 31*5 1657 107 41 +34

18:2 77 *27 18+2 9+9 3*3 22+ 15

Glucose (3) 140 2+2 2+2 67 + 47 11 36 = 45
16:0 31+5 30*1 12=+8 2+1 60 *+ 50

16:1 5§*3 4+3 8+31 05*1 -3*x24

18.0 29x2 28+5 -9+8 -2=*1 -30+6

181 26*+8 24+ 4 9+ 14* 2+3 26 44

18:2 14 +1 13+*1 5+5" 04 +03 11*+14

*p < 0.05 compared with control.
Values represent the mean * s.d.
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FIGURE 2. Time-activity curves from representative dogs in the different groups. The mathematical model fitted curves extremely well under all conditions

studied.

oxfenicine and glucose infusion, but the changes did not reach
statistical significance because of the small arterial-coronary
sinus differences and number of animals studied (Table 2).
Although total arterial long-chain fatty acid content varied with
the interventions, the proportion of individual fatty acids and
their myocardial extraction remained relatively constant (Table
3).

Analysis of PET Data

Time-activity curves from representative dogs are presented
in Figure 2. Clearance of labeled palmitate from blood was
rapid (approximately 10% of peak by 10 min after administra-
tion of tracer) and did not vary markedly among the groups. In
contrast, the shape of myocardial time-activity curves did vary,
with the most rapid curves seen during dobutamine infusion,
and flatter curves observed after oxfenicine and during glucose

infusion. The resultant model curves fitted observed data
extremely well (Fig. 2).

Table 4 presents the results of turnover rate constant estima-
tions. Value k,, reflects the rate of transport of label from one
compartment to the other (Fig. 1). For example, increases in k,
represent increased back-diffusion from the cytosol or intersti-
tial space into the vascular space. Although the rates of
transport from one compartment to the other are useful in their
own right, as outlined in the Appendix, we modified the
approach proposed by De Grado et al. (32) to use these rates of
transport to define steady-state rates of myocardial palmitate
utilization as well as to estimate the fraction of extracted
1-'!'C-palmitate that was either oxidized or esterified to neutral
lipids (or entered other slow turnover pools).

Figure 3 shows the close correlation between the modeled
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TABLE 4

Summary of Tumover Rate Constants

Group (n) K, k> L% Kq ks
Control (6) 6.22 + 0.62 0.113 = 0.032 0.016 + 0.008 0.032 + 0.066 0.082 + 0.024
Dobutamine (5) 6.26 + 0.47 0.073 + 0.046 0.019 * 0.004 0.005 * 0.012 0.087 + 0.017
Oxfenicine (9) 5.66 + 0.62 0.150 * 0.045 0.038 + 0.018 0.001 * 0.002 0.020 * 0.014*
Glucose (3) 5.38 + 0.83 0.162 + 0.069 0.070 * 0.087 0.017 = 0.015 0.006 * 0.006"

*p < 0.05 compared with the control group.

Summary of turnover rate constants (min ") obtained from the mathematical model (Fig. 1). k, represents the flux of tracer from the vasculature into the
cell; k, represents back-diffusion; k, represents influx of tracer into the neutral lipid pool; k, represents the egress from the neutral lipid pool; and ks represents

entry into mitochondrial oxidation. Values represent the mean * s.d.

and directly measured rates of myocardial steady-state palmi-
tate utilization. Figure 4 demonstrates that modeled steady-state
palmitate utilization correlated with steady-state total myocar-
dial fatty acid utilization as well since palmitate made up a
relatively stable proportion of total arterial fatty acids as well as
a relatively stable fraction of the fatty acid extracted and
utilized by the myocardium (Table 3).

Under control circumstances or with dobutamine, > 80% of
extracted palmitate underwent oxidation (Fig. 5). After
oxfenicine or during glucose infusion, the fractions undergoing
oxidation decreased, whereas the fractions that underwent
esterification (or entered another slow turnover pool) greatly
increased (p < 0.05 for each compared with controls). Model-
estimated fractional oxidation correlated closely with directly
measured palmitate oxidation (r = 0.87, p < 0.001).

DISCUSSION

Abnormalities in cellular metabolism presage contractile
dysfunction as well as cardiac arrhythmias. PET offers a
powerful approach to noninvasively estimate abnormalities in
myocardial fatty acid metabolism and has already been used
successfully in defining modalities that enhance salvage from
myocardial ischemia (/1,18-20); the metabolic patterns of
substrate use which define viable from nonviable myocardium

(34,35); and identifying abnormalities that occur with both
inherited and acquired cardiomyopathies (25,26).

The interventions chosen were employed to alter fatty acid
utilization and oxidation over a wide range by varying intracel-
lular pathways as well as arterial fatty acid content. Model
estimated utilization correlated closely with directly measured
utilization over the wide range induced (Figs. 3 and 4). The
model-estimated amount of extracted palmitate undergoing
oxidation under control conditions averaged 84%, a value
which agreed extremely closely with direct measurements and
with previous values from our laboratory (21,22). With dobut-
amine, arterial fatty acid increased markedly as anticipated
based on the lipolytic effects of beta-adrenergic stimulation.
Steady-state extraction fraction of fatty acid was diminished
slightly. Oxfenicine, a relatively selective and potent inhibitor
of carnitine palmitoyltransferase 1 (28-30), did not induce
alterations in arterial fatty acid content or hemodynamics, but
markedly impaired fatty acid oxidation and its administration
was accompanied by enhanced myocardial glucose utilization.
Esterification and deposition into neutral lipid pools as well as
back-diffusion were enhanced, and these changes were detect-
able with the approach developed (Tables 3 and 4, Fig. S).
Glucose infusion was accompanied by a profound decrease in
arterial fatty acid content and enhanced myocardial use of
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studied.
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glucose. Extracted fatty acid during glucose infusion exhibited
increased back-diffusion as well as increased shunting to
storage forms (Table 4 and Fig. 5). The wide variation of flow,
work and pattern of substrate use covers the range that might be
encountered clinically in patients with inherited or acquired
cardiomyopathy. Alterations that accompany myocardial isch-
emia may be more difficult to assess accurately because
decreased perfusion would likely decrease signal-to-noise, al-
though this has not been tested directly.

The mathematical model developed, although highly simpli-
fied from the known biochemical fate of fatty acid use by the
heart, appears to adequately characterize observed myocardial
time-activity curves (Fig. 2) and correlated extremely well with
directly measured steady-state utilization (Figs. 3 and 4). In
addition, the mathematical model permitted determination of
the amount of extracted palmitate that underwent oxidation
from that undergoing esterification (or incorporation to other
slow turnover pools) suggesting that the magnitude as well as
the loci of abnormal metabolism is detectable with the approach
developed.

Recent data from our laboratory have demonstrated that with
the approach described, differences in the handling of fatty acid
by the myocardium can be distinguished in patients with
inherited abnormalities of fatty acid metabolism compared to
those with acquired cardiomyopathy (27,36).

Technical Considerations

Although more complex compartmental models could have
been defined, we limited the approach to the four-compartment
model schematized in Figure 1 because experience has demon-
strated that the maximum number of parameters that can be
accurately and reliably measured with PET is limited by the
dynamic data available and the model configuration. Greater
numbers of parameters can, of course, be estimated, but they
become unreliable due to high correlations among parameters
as well as high variance of the estimates.

Although the approach developed appears promising, a num-
ber of caveats are warranted. In the present study, the arterial
input curve was corrected for conversion of palmitate to ''CO,.
As shown in Figure 2, this correction only modestly affected the
shape of the input curve. If the input curve is not corrected for
''CO,, ks (the rate of transfer to triglycerides) and the fractional
esterification rate are the only estimates that are significantly

affected (decreased, data not shown), as would be anticipated
since they are represented by the tail of the time-activity curve.
A normalized correction for conversion of arterial palmitate to
''CO, may be acceptable if validated in humans. Although
arterial substrate content was used in the present study, venous
fatty acid levels would likely be measured during clinical
studies. The difference between arterial and venous fatty acid
content under steady-state conditions is modest (and was less
than 10% in paired measurements in our laboratory).

With regard to the mathematical model, V, the vascular
volume was fixed at 0.1 ml/g tissue in the present study.
Although this seems reasonable based on the known vascular
volume of myocardium, some disease states, especially myo-
cardial ischemia and reperfusion may alter the vascular volume.
Sensitivity analysis will be needed to define the magnitude of
error that would be induced under these circumstances.

It should be recognized that the label used in this study was
1-'!C-palmitate. Although palmitate cannot be used to define
the utilization of all long-chain fatty acids within the myocar-
dium since each is extracted and utilized to a different extent
based on its chain length as well as its arterial concentration,
palmitate does normally account for approximately 25% of all
fatty acids used by the myocardium, represents approximately
25%—30% of arterial fatty acids (Table 3) and is the prototype
for long-chain fatty acids. Since the percentage of palmitate to
total fatty acids did not change during the interventions (Table
3), and since the steady-state extraction fraction of each
long-chain fatty acid remained relatively constant, modeled
palmitate oxidation correlated quite closely with steady-state
total long-chain myocardial fatty acid utilization (Fig. 4),
although this relationship might be altered in some pathological
conditions. Specific metabolism of other long-chain fatty acids
of interest could be approached in a similar fashion.

Finally, although myocardial oxidation of 1-!''C-palmitate to
''CO, was measured directly and was well estimated with the
model, esterification was not measured directly in the present
study and fractional esterification could reflect shunting of label
to other metabolic pathways. Nonetheless, under control con-
ditions, rates of esterification estimated with the model agree
with rates previously measured by our lab (21,22).

CONCLUSION

Myocardial palmitate metabolism can be defined with PET
using 1-!''C-palmitate. The approach should enable enhanced
understanding of the pathophysiology of the biochemical de-
fects that underlie cardiac dysfunction and should also provide
an objective means to test therapeutic strategies. We have
previously shown that alteration of fatty acid delivery to hearts
isolated from diabetic rabbits is associated with contractile
improvement (37). The approach developed should aid in
defining whether the changes in fatty acid metabolism presage
or simply correlate with contractile dysfunction, predict recov-
ery of function and whether altered metabolism, induced either
pharmacologically or ultimately with gene therapy, will result
in improved fatty acid handling and contractile function.

APPENDIX

The kinetics of fatty acids were described in the present study by
a four-compartment model (Fig. 1) which defines tracer in the
vascular space, in the interstitial space and cytosol, in neutral
lipids, amino acids (or other slow-turnover pools) and in mitochon-
dria. k,, represents the rate constant describing the transfer of tracer
from one compartment to another. The model assumes that tracer
entering the mitochondria is unidirectional and that metabolites are
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washed out of the mitochondria into the vasculature at a rate
proportional to flow.
The differential equations describing the model are:

oq; Q
i F[Ca(t) V] + k; Eq. Al
99z
rral kiq + keqs — (k2 + k3 + ks)q2  Eq. A2
9qs3
S0 = k@ — kas Eq. A3
6q4 F
St = K@ — G Eq. A4

and total tracer concentration in myocardium at any given time can
be defined by the sum of the tracer in each compartment:

qr® = qi® + q(t) + qs3(t) + qqt) Eq. AS

where:

F = flow (ml/g/min)

Ca(t) = arterial tracer concentration (CPM/ml)

k;, k, = rate constants describing the transfer of ''C from the
vasculature to the intracellular compartment and the
reverse process (min ')

k;, k, = rate constants describing the incorporation of ''C into
amino acids, neutral lipids or other slow turnover pro-
cesses and the reverse process, respectively (min~")

ks = rate constant describing the transport of ''C into the
mitochondria (min~") (assumed to be unidirectional)

V = fractional vascular volume (assumed to be 10% of total
volume) (ml/g)

q, = concentration of tracer in compartment n (CPM/ml)

qr = the total concentration of tracer in myocardium (CPM/
ml).

To estimate the rate constants from the compartmental model,
the arterial tracer concentration [(the input function, Ca(t)] must be
known. The arterial blood activity obtained from PET images
represents not only ''C-palmitate but also ''CO, produced from
B-oxidation. To define the true input function, arterial blood
activity must be corrected for ''CO,. The fraction of ''C-palmitate
in blood as a function of time was obtained by subtracting the
contribution of !'CO,, obtained by direct sampling of blood, from
total ''C-activity in arterial blood. A multiexponential function was
fitted to this fraction so it could be defined at any point in time and
used to correct the total ''C-blood activity obtained from PET
images. Flow was fixed to values obtained with microspheres and
the fractional vascular volume (V) was fixed to 0.1 ml/g.

Since the numerical method used to solve the partial differential
equations of the compartmental model requires the evaluation of
the input function at any point in time, the input function had to be
defined analytically. This was accomplished by fitting the input
function to a gamma variate function splined with a multiexponen-
tial function.

Myocardial tracer concentration cannot be measured directly
with PET due to partial volume and spillover effects. Partial
volume, the underestimation of true tracer concentration, and count
spillover, the contamination of activity in one region due to
radioactivity from an adjacent one, are observed when imaging an
object small with respect to the resolution of the tomograph. PET
tissue activity qr,_(t), can be related to the true tissue activity,
q1(t), and the blood activity, qg(t), partial volume and spillover
effects by the equation:

r,e(t) = Fmmar(t) + Famaa(t) Eq. A6

where:

qr,.,(t) = PET tissue tracer concentration (CPM/ml)
qg(t) = true arterial blood tracer concentration (CPM/ml) and
Fymm = tissue recovery coefficient
Fgm = spillover fraction of blood activity observed in tissue, and

q(t) is defined as in Equation AS. By replacing q(t) in Equation
A6 by Equation A5 a new operational equation is obtained where
the parameters to be estimated are the model rate constants plus the
two PET parameters Fyy and Fgy,.

The system of differential equations describing the mass transfer
of the tracer compartmental models was solved numerically using
the IMSL library routine IVPAG and Gear’s backward differenti-
ation formulas. The IMSL routine BCLSF, used to estimate the
seven parameters, solves the nonlinear, least squares problem using
a modified Levenberg-Marquardt algorithm and a finite-difference
Jacobian.

Steady-state palmitate back-diffusion (BD), esterification (ES) and
oxidation (OX) in nmole/g/min were derived from the kinetic model:

BD = kyq, Eq. A7
ES = kiq, Eq. A8
OX = ksq, Eq. A9

where Equation A8 assumes that k, is negligible, and q, is the
concentration of unlabeled palmitate in compartment 2.
From steady-state conditions:

k;

q2 = k—z n ks (ll Eq. Alo

where q, is the concentration of unlabeled palmitate in compart-
ment 1 (arterial blood).

Since at steady-state there is no change in the net amount of
palmitate in each compartment, q, can be obtained by setting
Equation Al to zero:

at = - Vql + kzqz - k|q| =0 Eq.All

where:

F = flow (ml/g/min)

V=V, =01mlg
Ca = palmitate concentration in arterial blood (wmole/liter).

Substituting Equation A10 into Equation A11 we obtain:

F kik;
FCa - Vql + K

m)ql - k|(]| = 0. Eq.AlZ

Collecting terms:

¢ Fca= [t +xk kiks ) Eq. Al3
and: a = 1\y 1 k; + ks qi q.
_ FCa
= (F ' kikz
v ! ky + ks
k, +k
= (; ) FCa. Eq. Al4
ky + ks)(— + kl) = kik;
\"
Substituting Equation A14 into Equation A10:
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FCa
Q@ =k F . Eq.Al5
(ky + ks)(v + kl) - kik;
Substituting Equation AlS into Equations A7-9:
[ FCa ]
BD = kk; F Eq. Al16
(ky + ks)(— + kl) - kik;
L. V -
i FCa ]
ES = kik; F Eq. Al17
(k, + ks)(— + kl) = kik;
| A i
[ FCa ]
ky + ks)(— + kl) = kik;
= V -
Total utilization (U) in nmole/g/min is defined as:
U = ES + OX. Eq. A19

The fraction of extracted palmitate which undergoes esterification
(Fgg) or oxidation (Fpy) were computed from Equations A17 and
Al8 as:

Fog = — > A20
B = ES + OX Eq.
Foy = — X Eq. A21
X T ES + OX° 9
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