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A B S T R A C T Myocardial substrate metabolism was
studied in 13 subjects at the time of diagnostic cardiac
catheterization by means of palmitic acid-14C infusion
with arterial and coronary sinus sampling. Two sub-
jects were considered free of cardiac pathology and all,
with one exception, demonstrated lactate extraction
across the portion of heart under study. Data for this
single lactate-producing subject were treated separately.

The fractional extraction of '4C-labeled free fatty acids
(FFA) (44.4+±9.5%) was nearly twice that of unla-
beled FFA (23.2 ±7.8%) and raised the possibility of
release of FFA into the coronary sinus. FFA uptake,
based on either the arterial minus coronary sinus con-
centration difference or the FFA-14C fractional extrac-
tion, was directly proportional to the arterial FFA con-
centration. Gas-liquid chromatography failed to demon-
strate selective handling of any individual FFA by the
heart. Fractional oxidation of FFA was 53.5 ±+12.7%,
accounting for 53.2 ±14.4% of the heart's oxygen con-
sumption while nonlipid substrates accounted for an
additional 30.0 ±17.3%. Determinations of both labeled
and unlabeled triglycerides suggested utilization of this
substrate by the fasting human heart.

Direct measurement of FFA fractional oxidation as
well as FFA uptake, exclusive of possible simultaneous
FFA release, would appear necessary in studies con-
cerned with human myocardial FFA metabolism.

INTRODUCTION
Since the first demonstration that fatty acids (1), and
more specifically free fatty acids (FFA) bound to se-
rum albumin (2), can serve as a substrate in human
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myocardial metabolism, numerous investigations have
confirmed this observation (3-7). In addition, it has
been established that plasma FFA are the major myo-
cardial substrate in the postabsorptive state in man
(3, 8, 9). The arteriovenous concentration difference
bears a direct but variable and as yet poorly under-
stood relationship to the arterial concentration (3). The
extraction ratios vary slightly for individual fatty acids
and may be influenced by the length of the carbon chain
and the number of double bonds (7,10). These results
have been obtained on the basis of arterial and coronary
sinus concentration differences of FFA in humans, while
information regarding the contribution of FFA to myo-
cardial oxidative metabolism has been derived entirely
from animal experiments. Albumin-bound 'C-labeled
FFA have been used in the study of myocardial oxida-
tion of FFA in the intact dog heart, as well as in iso-
lated heart preparations (11). In man, such isotope
techniques have been described in studies of uptake and
oxidation of FFA by skeletal muscle. Findings in the
human forearm and leg indicate that simple measure-
ments of the arteriovenous difference of unlabeled FFA
may not always accurately reflect true tissue uptake and
utilization (12, 13). In the present study, isotope tech-
niques have been utilized in man to define more clearly
myocardial uptake and metabolism of FFA in the rest-
ing state. It has been shown that the fractional extrac-
tion of FFA-14C is greater than that of unlabeled FFA,
that the fractional oxidation of FFA-1'C is approximately
55%, and that FFA oxidation accounts for a little over
half of the heart's oxygen consumption. Oxidative me-
tabolism of the human heart is discussd on the basis
of these findings.

METHODS
All 13 subjects were admitted to the hospital and studied
after an overnight fast (> 14 hr) immediately before diag-
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nostic cardiac catheterization. All subjects were over 40 yr
of age and had given informed consent for this metabolic
study. Clinical data and catheterization findings are sum-
marized in Table I.

A premedication consisting of intramuscular sodium pen-
tobarbital (100 mg) and meperidine (50 mg) was adminis-
tered approximately 2 hr before the metabolic study. A
small polyethylene catheter was inserted percutaneously into
the brachial artery and a No. 8 Goodale-Lubin catheter was
placed in the coronary sinus. Neither glucose nor heparin
was administered during the study. Catheters were kept
patent by intermittent flushing or slow intravenous infu-
sion of 0.5% sodium citrate in isotonic saline.

Each subject received 50 juc of 1-palmitate-14C with a con-
stant infusion pump into a peripheral vein over a predeter-
mined period of 20-60 min. Paired multiple arterial and
coronary sinus blood samples were collected at 5-min intervals
both during and after the infusion of labeled palmitate for
analyses of blood gases and metabolites.

In five subj ects coronary blood flow was measured by
selective injection of 'lXe into the left coronary artery as
soon as metabolic sampling had been completed (14). Pre-
cordial 'Xe activity was recorded for 15 min by an ex-
ternal scintillation detector. This was followed by complete
right- and left-sided cardiac catheterization in all cases and
selective coronary arteriography in all subjects except one
(V. A.).

The albumin-i-palmitate-14C complex was prepared as
follows: 1-palmitic acid-"C in benzene solution was obtained
from New England Nuclear Corp., Boston, Mass. (specific
radioactivity 10 mc/mmole). 5 Asmoles of palmitic acid were
transferred into a sterile round-bottomed flask and neu-
tralized with a slight excess of 0.01 N KOH in methanol.
The mixture was then evaporated to dryness, the potas-

sium salt of the fatty acid dissolved in 10 ml of 25%o human
serum albumin solution (courtesy of Blood Research In-
stitute, Boston, Mass.), and the mixture filtered through a
bacteriologic filter (pore size 0.45 IA; Millipore, Bedford,
Mass.). The final, postfiltration solution had a specific ac-
tivity approximating 5 X 10U dpm/,umole FFA. The molar
ratio postfiltration of FFA to albumin was 1.4. The albumin-
FFA solution was subsequently diluted with isotonic saline
to a volume of 20-30 ml for intravenous infusion.

Iced, heparinized blood samples for determination of FFA,
FFA-"C, and other lipid fractions and samples for deter-
mination of '4CO2 were analyzed within 24 hr. Storage for
24 hr was found to increase FFA concentration by ap-
proximately 5%o. No attempt has been made to correct the
data for this increment. FFA concentration was determined
by titration according to Dole and Meinertz (15), as modi-
fied by Trout, Estes, and Friedberg, utilizing a Nile blue
indicator (16). Seven replicate determinations were per-
formed on human serum with a 2.3%o coefficient of variation.
FFA composition was analyzed by gas-liquid chromatography
after methylation of a lipid extract with diazomethane.
During methylation the solution was kept at 0C for 10 min
and then warmed under a stream of nitrogen until color-
less. The methyl esters were dissolved in hexane and loaded
onto a column of 10% diethylene glycol succinate (GP 35C
D.E.G.S.) on Anakron 80/90 mesh (Jarrel-Ash Co., Wal-
tham, Mass.). A Biomedical Gas Chromatograph (model
400, F. & M. Scientific Corp., Avondale, Pa.) with a flame
ionization detector was used (Hewlett-Packard Co., Lexing-
ton, Mass.). The following gas chromatography conditions
were employed: carrier gas helium, oven temperature 2400C,
detector temperature 200'C. The composition of the FFA
methyl ester mixture was calculated by photocopying the
graphs, cutting out the peaks, and weighing. Reproducibility

TABLE I
Clinical Data and Catheterization Findings

History
of

History myocar-
of dial in- IVGTT

Subject Age Sex angina farction K CBF Diagnosis

yr cc/100
gm per

min

B. C. 50 F + - 0.77 57.0 CAD*
J. G. 58 M ? 1.00 74.5 CAD*
M. F. 45 F + 1.39 86.0 CAD*
V. A. 46 M + + CAD:
J. H. 73 M + + 0.95 65.0 CAD*
J. T. 64 M ? - - Mitral stenosis, CAD*
P. D. 60 M + - 1.62 - CAD*
W. T. 49 M + + - 64.0 CAD*
A. R. 55 M + ? 0.73 Mitral insufficiency, etiology unknown
J. M. 42 M ? 1.20 - Paroxysmal arrhythmia
E. C. 44 F ? 1.25 Probable normal
G. M. 50 M - 1.00 - Probable normal
T. F. 67 F + + - - Mitral stenosis, CAD,* and diabetes mellitus

Abbreviations: IVGTT K = glucose decay rate during i.v. glucose tolerance test (IVGTT); CBF = coronary blood flow; CAD
= coronary artery disease.

* Demonstrated angiographically.
Developed acute myocardial infarction just before coronary angiography.
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of percentage composition by this method is within 10% for
a given value.

Triglyceride concentration was determined by a modifi-
cation of the method of Van Handel and Zilversmit (17).
Nine replicate determinations on human serum gave a 3.2%
coefficient of variation. Plasma samples were extracted with
chloroform-methanol, 2:1 (v/v) (18), and aliquots of the
extracts were counted for total lipid radioactivity. Lipid
fractions were then separated by thin-layer silicic acid chro-
matography and radioactivity in each fraction determined
according to Goldrick and Hirsch (19). A perchloric acid
blood extract for determination of lactate, beta hydroxy-
butyrate and acetoacetate was prepared by precipitation of
the proteins with perchloric acid and neutralization of an
aliquot of the supernatant with potassium carbonate. Total
nonlipid radioactivity of blood was determined on the extract.
Determinations of radioactivity were made in a 2,5-di-
phenyloxazole (PPO) -p-bis [2- (5-phenyloxazolyl) ] benzene
(POPOP)-toluene mixture (4 g PPO, 50 mg POPOP/
liter of toluene) or in a Cab-O-Sil counting mixture (772 ml
of xylene, 772 ml of dioxane, 456 ml of absolute alcohol, 10
g of PPO, 110 mg of POPOP, 160 g of naphthalene, 80 g
of Cab-O-Sil).

C02 and 02 content of blood were measured manometrically
by the technique of Van Slyke and Neil (20). 14CO2 in blood
was determined by a rotating microdiffusion technique (21).
Immediately after withdrawal, 5.0 ml of blood was mixed
with 1.0 ml of 2.5 N NaOH to maintain the C02 in a non-
gaseous phase. With this method, storage for as long as
48 hr before analysis resulted in no significant loss of ac-
tivity. For analysis, 2 ml of this mixture was placed in a
30 ml Wheaton specimen bottle. 2 ml of 85% lactic acid

was added and the bottle was immediately sealed by a
stopper. "CO2 released during subsequent rotation of the
bottle was absorbed by hyamine-saturated filter paper traps
held by the bottle stopper. Radioactivity of the sample was
determined using a methanol, toluene, PPO-POPOPcount-
ing mixture. Mean recovery of activity on 10 replicate sam-
ples of a standard NaH'CO8 solution was 98.3% by this
technique. All determinations of radioactivity were corrected
for quenching by calculation of counting efficiency utilizing
the channels ratio technique. Activity was subsequently ex-
pressed as disintegrations per minute. Lactate was analyzed
enzymatically by a modification of the technique of Horn
and Bruns (22). Duplicate lactate determinations agreed
within an average of 0.03 mmoles/liter. Glucose was deter-
mined by the ferricyanide technique on a Technicon Auto-
Analyzer (23) with a coefficient of variation of 1.5%. Aceto-
acetate (24), betahydroxybutyrate (24), and glycerol (25)
were analyzed enzymatically. For acetoacetate and beta
hydroxybutyrate the recovery of known amounts added to
blood were 84.0 ±5.5%7 (SD) and 91.4 ±5.4%, respectively.
The coefficient of variation for the glycerol method was
3.0%.

The fractional extractions of FFA, palmitate-"C, and other
metabolites were calculated on the basis of their arterial (a)
and coronary sinus (cs) concentrations: fractional extrac-
tion (E) = (a - cs) /a. The myocardial uptake of FFA
(,gEq/liter) was computed as the product of E and the ar-
terial plasma FFA concentration. The fractional oxidation
of the FFA taken up was determined as the ratio "CO2
(cs-a)/FFA-"C (a-cs) after hematocrit correction.
Oxygen consumption from FFA oxidation was calculated
on the basis of 24.7 moles of oxygen consumed per mole of

TABLE I I
Arterial (a) and Coronary Sinus (cs) Concentrations and Fractional Extraction of FFA and palmitate-14C

Specific Activity (SA) and Fractional Oxidation of palmitate-'4C

Free fatty acids palmitate14C Fraction
SA palmitate-J4C of palmi-

Fractional Fractional 14CO2, tate-14C
Subject a Cs extraction a cs extraction a cs cs -a oxidized

;&moles/liler* % dpm/ml* plasma % dpm/pEq dpm/ml %
plasma blood

B. C. 864 576. 33.3 2446 1276 47.8 11,330 9,310 306 48.2
J. G. 718 543 24.4 2388 923 61.3 12,310 5,560 481 57.6
M. F. 903 779 13.7 1609 1167 27.5 6,330 5,170 180 63.6
V. A. 808 599 25.9 1601 972 39.4 9,470 6,570 181 49.3
J. H. 792 679 14.3 2974 1934 35.0 13,810 10,570 272 41.8
J. T. 539 349 35.3 1950 999 48.8 13,220 10,760 227 38.2
P. D. 861 708 17.8 1418 757 46.6 6,680 4,020 156 40.2
W. T. 677 523 22.7 2290 1060 53.7 11,240 7,690 414 62.7
A. R. 1441 998 30.7 2159 1247 42.2 4,940 4,070 281 57.1
J. M. 1800 1301 27.7 3123 1927 38.3 6,580 5,580 321 43.2
E. C. 1015 810 20.2 2353 1456 38.1 323 56.8
G. M. 500 439 12.2 959 445 54.1 - 234 82.7

Mean 910 692 23.2 2107 1180 44.4 9,590 6,930 281 53.5
SD 371 260 7.8 631 436 9.5 3,230 2,530 97 12.7

T. F.§ 1154 1049 9.1 5396 4163 22.9 17,460 14,920 432 62.6

* Based on 3 to 5 observations for each subject.
t Specificactivity (SA) basedondatainTable III, assuming 16:0, 16:1, 18:0, 18:1, and 18:2 tobe85%of total FFA.
§ Subject T. F. included separately, owing to documented myocardial ischemia during the study.
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FIGURE 1 Correlations between FFA uptake and the arterial FFA con-
centration. Upper graph based on FFA-14C fractional extraction (dpm up-
take converted to ,umoles/liter uptake). Lower graph based on (a - cs)
FFA.

FFA. Statistical calculations were performed according to
Snedecor (26), and all data presented in the text are in the
form (mean --SD).

RESULTS

Steady arterial and coronary sinus levels of FFA were

observed throughout the study in all subjects, except
J. M. who showed a gradual increase in FFA concen-

tration over 60 min. A possible cause of the elevation in
J. M. was progressive antecubital discomfort at the site
of catheter insertion. During the last 15 min of his study
an increase in arterial FFA of approximately 10% oc-

curred. The mean fractional extraction of FFA for the
group (Table II) was 23.2+±7.8% (mean ±SD). With

increasing arterial levels of FFA, (a - cs) concentra-
tion differences rose (P < 0.01, Fig. 1).

Analysis of individual plasma FFA by gas-liquid
chromatography is given in Table III. The palmitate
fraction of FFA (per cent of the sum of palmitate,
palmitoleate, stearate, oleate, and linoleate) did not dif-
fer significantly in arterial and coronary sinus samples.
The same finding was true for the other FFA analyzed
in this manner.

A steady state for arterial and coronary sinus con-

centration of FFA-"C was generally achieved within
15-20 min after initiation of the infusion and was main-
tained until the infusion was terminated. The rapid fall
in FFA-14C concentration within 5 min of termination
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TABLE I I I
Relative Arterial (a) and Coronary Sinus (cs) Concentrations of Individual FFA Measured

by Gas-Liquid Chromatography*

16:0 16:1 18:0 18:1 18:2

Subject a cs a cs a cs a cs a cs

B. C. 29.4 28.0 4.1 5.2 10.9 9.4 41.1 44.5 14.5 12.9
J. G. 31.8 36.0 4.2 3.7 17.7 16.4 24.0 25.8 22.3 18.2
M. F. 33.1 34.1 4.3 3.9 13.9 14.4 29.1 27.9 19.6 19.6
V. A. 24.6 29.1 6.3 4.8 8.2 8.6 40.7 33.4 20.1 24.0
J. H. 32.0 31.7 2.6 4.0 13.3 12.1 35.7 29.4 16.5 22.8
P. D. 29.0 31.3 1.4 3.7 11.1 11.5 41.6 32.5 17.0 21.0
J. T. 32.2 31.3 2.7 3.0 15.1 16.2 31.8 29.2 18.2 20.4
W. T. 35.4 31.0 2.2 2.6 16.4 16.7 27.4 26.9 18.7 22.8
A. R. 35.7 36.1 4.0 3.9 11.2 11.3 29.3 29.1 19.9 19.7
J. M. 31.0 31.2 4.6 3.7 7.1 7.8 40.9 43.1 16.4 14.2

Mean 31.4 32.0 3.6 3.9 12.5 12.4 34.2 32.2 18.3 19.6
SD 3.2 2.7 1.4 0.8 3.4 3.3 6.6 6.5 2.3 3.6

T. F.: 31.5 31.3 2.9 3.3 13.9 13.5 28.6 30.1 23.2 22.0

* Percentages by weight of sum of the methyl esters of 16:0 (palmitic acid), 16:1 (palmitoleic acid), 18:0 (stearic acid), 18:1
(oleic acid), and 18:2 (linoleic acid).
I Subject T. F. included separately owing to documented myocardial ischemia.

of infusion restricted metabolic radiopalmitate observa-
tions to the plateau state achieved during the infusion.
The mean value for fractional extraction of FFA->C
was 44.4 ±9.5% which is significantly higher (P <

FFA FRACTIONAL
EXTRACTION

10 20 30 40 50 60 70

PALMITATE 14C FRACTIONAL EXTRACTION %

FIGURE 2 Correlation of fractional extraction of FFA with
fractional extraction FFA-14C. Solid line indicates a line
of identity. A significant correlation between the two was
not achieved.

0.001) than the corresponding value for unlabeled FFA.
In addition, in every instance, the fractional extraction of
FFA-1C exceeded that of unlabeled FFA (Fig. 2).
This difference was in excess of 10% in every subject
(Table II). Although the FFA-14C fractional extraction
tended towards lower values with increasing arterial
FFA concentration (Fig. 3), this was not statistically
significant. The FFA uptake, based on FFA-w"C extrac-
tion, was directly related to the arterial FFA concentra-
tion (P < 0.01, Fig. 1). In the five subjects in whom
coronary blood flow was measured the mean myocardial
consumption of FFA, based on FFA-"C extraction and
calculated from data in Tables I and II, was 13.8 ±-2.9
,umoles/100 g per min, of which 7.6 ±2.3 umoles/100 g
per min were oxidized.

The mean arterial concentration of triglycerides
(TG) was 1.23 +0.46 mmoles/liter of plasma. The
coronary sinus TGconcentration was 1.12 ±0.45 mmoles/
liter (n = 11). The a - cs difference was significant
(P < 0.05). The mean fractional extraction was 9.7 ±
15.0%. These values are based on two to six pairs of
observations for each individual. In six subjects there
was a measurable incorporation of FFA-1'C into TG
(> 200 dpm/ml of TG-14C). The arterial and coronary
sinus TG radioactivity levels were 376 ±70 dpm/ml and
306 ±57 dpm/ml (P < 0.025). In every instance, the
coronary sinus level was lower than the corresponding
arterial concentration. The mean fractional extraction
was 17.9 ± 12.0%.

14CO2 production by the heart tended to level off after
20 min of infusion (Fig. 4). With shorter infusion times,

Free Fatty Acid Metabolism of the Human Heart at Rest
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FIGURE 3 Correlation of FFA-14C fractional extraction with the arterial
FFA concentration. A significant correlation between the two was not
achieved.

steady-state 14C02 production was not fully achieved and
consequently led to an underestimation of the fractional
oxidation of FFA-14C. In these instances the three
(cs - a) 14CO2 differences best approximating a plateau
were used. The mean value for fractional oxidation given
in Table II (53.5 ±12.7%) is therefore likely to slightly
underestimate the true oxidation. It is further noted
that even with the more prolonged infusions (cs - a)
4CO2 differences in several subjects had still not reached

6oo (cs-a) 4CO2
dpm/ml

500 / '~^

400

300 ,

200 - el

100 'r

a plateau. Calculations of their data were made as de-
scribed above for the shorter infusion periods.

FFA, palmitic acid--4C, and 'CO2 data for an illus-
trative subject (B. C.) are seen in Fig. 5. The steadily
rising arterial 'CO2 level is noted in addition to the rela-
tively steady-state FFA and palmitic acid-YC levels.

After termination of the infusion, 'C02 production
continued for variable periods. In several subjects, mea-
surable levels were monitored for as long as 15 min

I JM

10 20 30 40 50 60

minutes
FIGURE 4 "CO2 production by the heart during (solid lines) and after (broken lines) infusion

of palmitate-"C.
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FIGURE 5 Data from an individual experiment (subject B. C.) during and after a palmitic
acid-'4C infusion at 1.5 /uc/min. Percentages in parentheses are the fractional extractions for
FFA-14C and FFA.

(Fig. 4). The 5 min postinfusion (cs - a) 'CO2 level
was often comparable to the last value noted during the
infusion. For some subjects, this value was incorporated
into the calculation of fractional oxidation when it pro-

vided the best third value for approximating the (cs -

a) '4CO2 plateau. It is recognized, however, that an

even higher (cs - a) GCO2value may have been reached
between the end of the infusion and the 5 min postinfu-
sion measurement in those subjects whose (cs - a) 'CO2
curve was still rising at the end of the infusion period.

Small amounts of radioactivity were found in the
perchloric acid extracts of blood. At the end of the
FFA-14C infusion period the mean arterial radioactivity
level was 192 ±50 dpm/ml and the mean coronary sinus

level 174 ±37 dpm/ml (n = 9). This difference is not
significant.

The observed cardiac oxygen uptake and extractions
of the major nonlipid substrates are presented in Table
IV. The fractional extraction of oxygen showed rela-
tively small variation (73.1 ±4.6%). The oxygen equiva-
lence of the sum of measured nonlipid substrates, calcu-
lated on the assumption of complete oxidation, was 30.0
±17.3% of the (a - cs) oxygen difference. The corre-

sponding values for individual substrates are 13.1
15.4% for glucose, 8.6 ±5.8% for lactate, 4.2 ±3.6%
for B-hydroxybutyrate, and 2.5 +2.8% for acetoacetate.
No significant (a - cs) concentration difference was

observed for glycerol.

Free Fatty Acid Metabolism of the Human Heart at Rest
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TABLE IV
Oxygen Uptake and Nonlipid Substrate Utilization

Subject

B. C.
J. G.
M. F.
V. A.
J. H.
J. T.
P. D.
W. T.
A. R.
J. M.
E. C.
G. M.

Mean
SD

T. F.*

fl-hydroxy-
Oxygen Lactate Glucose butyrate Acetoacetate Glycerol

Fractional
a a-cs extraction a a-cs a a-cs a a-cs a a-cs a a-cs

mmoles/liter
8.25 6.35
8.12 5.71
6.10 4.10
6.86 5.14
6.67 5.01
6.02 4.66
7.78 5.03
7.95 5.58
8.66 6.97
7.62 5.37
7.62 5.82
8.19 5.97

7.49 5.48
0.87 0.77

7.75 5.75

% mmmoles/liter mmoles/liter mmoles/liter mmoles/liter mmoles/liter
77.0 0.32 0.09 5.04 0.02
70.3 0.35 0.16 4.09 0.12 - -
67.2 0.44 0.14 3.72 0.04 0.190 0.090 0.150 0.090 0.060 -0.002
74.9 0.44 0.08 4.16 0.07 0.120 0.041 0.040 0.000 0.046 0.016
75.1 0.45 0.11 5.44 0.18 0.086 0.037 0.030 0.005 0.034 -0.033
77.4 0.61 0.32 5.28 0.36 0.021 0.004 0.040 0.015 0.036 0.010
64.7 0.42 0.05 4.33 0.03 0.243 0.115 0.125 0.065 0.035 -0.009
70.2 0.54 0.16 3.89 0.00 0.040 0.017 0.050 0.020 0.085 -0.007
80.5 0.52 0.10 6.10 0.00 0.272 0.104 0.120 0.080 0.135 0.023
70.5 0.52 0.12 5.20 0.11 0.122 0.046 0.060 0.020 0.179 -0.118
76.4 0.63 0.12 4.52 0.39 0.060 0.020 0.068 0.008 0.042 0.025
72.9 0.97 0.39 5.82 0.05 0.036 0.011 0.060 0.020 0.045 -0.008

73.1 0.52 0.15 4.72 0.11 0.119 0.049 0.074 0.032 0.070 -0.025
4.6 0.17 0.10 0.76 0.11 0.089 0.040 0.042 0.033 0.050 0.042

74.2 0.45 -0.08 5.38 0.38 0.280 0.070 0.210 0.150 0.131 0.008

* Subject T. F. included separately owing to documented myocardial ischemia during the study.

The measured myocardial oxidation of FFA, based on sponding value based on the (a - cs) concentration dif-
the FFA-2'C extraction and the observed fractional oxi- ference for unlabeled FFA and assuming 100% oxida-
dation was calculated to consume 53.2 ±14.4% of the tion was 57.2 ±32.0%. When these values were com-
(a - cs) oxygen difference (Table V). The corre- bined with the oxygen equivalents of nonlipid substrates

TABLE V
Individual and Combined Contributions to Cardiac Oxygen Consumption of FFA and Nonlipid Substrates

FFA uptake FFA (2)* Oxygen equivalents
oxidized Percentage of total

Based on based on FFA (1)* as- oxygen consumed
Based on FFA- 14CO2 suming com- Nonlipid

(a -cs) '4C ex- produc- FFA (3)* lete oxidation substrates (7)
FFA traction tion (4)* plus (5)* plus

Subject (1) (2) (3) (4) (5) (6) (6)* (6)*

msmoles moles/ moles mmoles/ %$ mmoles/ %t mmoles/ %t
liter liter liter liter liter liter

B. C. 156§ 224 108 2.67 42.0 3.85 60.7 0.3911 6.111 48.111 66.811
J. G. 100 251 145 3.57 62.5 2.47 43.2 1.2011 21.011 83.511 64.211
M. F. 79 159 101 2.50 60.9 1.96 47.7 1.43 34.8 95.7 82.5
V. A. 122 185 91 2.26 43.9 3.02 58.7 0.84 16.4 60.3 75.1
J. H. 71 174 73 1.79 35.8 1.75 35.0 1.60 31.9 67.7 66.9
J. T. 120 166 63 1.56 33.6 2.96 63.5 3.20 68.6 102.2 132.1
P. D. 90 236 95 2.34 46.5 2.22 44.2 1.11 22.0 68.5 66.2
W. T. 83 195 122 3.02 54.2 2.04 36.5 0.64 11.4 65.6 47.9
A. R. 238 321 187 4.62 66.3 5.89 84.5 1.09 15.6 81.9 100.1
J. M. 310 429 185 4.58 85.2 7.66 142.6 1.31 24.3 109.5 166.9
E. C. 132 249 141 3.49 59.9 3.26 56.0 2.82 48.5 108.4 104.5
G. M. 34 151 125 3.08 51.7 0.84 14.1 1.60 26.8 82.5 40.9

Mean 128 228 120 2.96 53.2 3.16 57.2 1.56 30.01¶ 84.2¶1 88.3¶
SD 77 80 40 0.98 14.4 1.90 32.0 0.83 17.3 18.6 38.8

T. F.** 59 148 93 2.29 39.8 1.45 25.3 3.20 55.6 95.4 80.9

* Refers to column number.
Percentage of (a -cs) oxygen.

§ All concentrations given are for whole blood.
II Does not include 1-hydroxybutyrate and acetoacetate.
¶ Does not include subjects B. C. and J. G.
** Subject T. F. included separately owing to documented myocardial ischemia during the study.
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84.2 ±+18.6% and 88.3 ±38.8%, respectively, of oxygen
consumption could be accounted for.

The mean cardiac respiratory quotient (RQ) was
062 +0.08. Other than as a gross indication of the
predominant lipid oxidation further reference will not
be made to RQvalues.

DISCUSSION
In spite of considerable clinical heterogeneity in the
present study group, all subjects (with the exception
of T. F.) showed significant myocardial lactate extrac-
tion indicating adequate myocardial oxygenation (27,
28). The results from T. F.'s study are discussed sepa-
rately and were not included in the calculated mean val-
ues. Other factors to be considered include the adminis-
tration of a digitalis preparation (J. T., J. H., A. R.,
and J. M.) and the presence of clinical diabetes mellitus
in two subjects (T. F. and A. R.). Although the acute
administration of ouabain has been shown to increase
the fractional oxidation of FFA-"C in the perfused rab-
bit heart (29), there is no evidence of a comparable
influence of digitalis preparations during chronic ad-
ministration in the intact human heart. For this reason
and owing to the extreme mildness of subject A. R.'s
diabetes and the absence of information regarding corre-
lation of myocardial metabolism with results of the in-
travenous glucose tolerance test, all subjects, exclusive
of T. F., were considered as a single group.

Quantitative calculations of myocardial FFA metabo-
lism were complicated by the finding in all subjects of
a lower specific activity for FFA in coronary sinus blood
than in arterial. This observation parallels that of
Evans, Opie, and Shipp (30) for the isolated perfused
rat heart. The same observation can also be expressed
as a higher fractional extraction of FFA-14C than of
unlabeled FFA (Table II). The latter value in the pres-
ent study agrees closely with the corresponding data for
other and larger study groups (5, 7, 8, 10, 31). This dis-
parity in chemical and labeled FFA fractional extraction
could be ascribed to several mechanisms: (a) release
of unlabeled FFA from tissue lipid stores into coronary
sinus blood; (b) hydrolysis of circulating triglycerides
by lipoprotein lipase and release of unlabeled FFA into
cs blood; (c) the nature of the exogenously prepared
FFA-`4C-albumin complex may have led to preferential
extraction of FFA-14C; and (d) true myocardial prefer-
ential extraction of circulating palmitate.

The human heart is not without potential sources for
a release of FFA to coronary sinus blood. In the subepi-
cardial tissue, particularly in the atrioventricular and
interventricular grooves, there is a considerable amount
of fat and the fat may extend in strips over the entire
surface of the heart (32). There have been no published
descriptions of the venous drainage of this adipose tis-

sue but it is not unreasonable to assume that it is being
drained, at least in part, by the coronary sinus. Infiltra-
tion of the myocardium with fat has also been reported
and in some cases in sufficient quantity to interfere with
atrioventricular conduction (33). Moreover, intracel-
lular lipid droplets have been demonstrated in myo-
cardial cells: they appear to be formed by FFA esterifi-
cation in the sarcoplasmic reticulum (34). Mobilization
of FFA from any or all of these fat depots in the heart
may possibly have contributed to a lower specific activity
of FFA-"4C in cardiac venous blood. It is noted that the
human heart differs from most animal species in that
it possesses a considerably greater quantity of subepi-
cardial adipose tissue.

Hydrolysis of plasma triglycerides may also contribute
to a relative increase in unlabeled FFA in coronary
sinus blood. This possibility receives support from work
in the perfused rat heart (35) showing an increase in
FFA in the perfusate during perfusion with low density
lipoproteins (d < 1.006). That the human heart has the
capacity to hydrolyze circulating triglycerides is
strongly suggested by the recent demonstration in vivo
of the presence of heparin-releasable lipoprotein lipase
from the human heart (36). This finding has been con-
firmed in this laboratory in two subjects. In the present
study the arterial triglyceride concentration was sig-
nificantly greater than the coronary sinus concentra-
tion. This was true for both the chemical and radio-
active determination of triglycerides. This finding is
supported by other work (37, 38) but not by all studies
(3, 7, 8). The data for labeled triglycerides do not de-
pend on glycerol determinations as do the analyses of
unlabeled triglycerides, and they are for this reason
probably more reliable in studies of the release of ester-
bound fatty acids.

The fate of the fatty acids released through hydrolysis
of circulating triglycerides has not been determined.
Assuming complete hydrolysis of the (a - cs) triglycer-
ide difference and myocardial uptake of all released
FFA, the resulting mean oxygen equivalents would be
2.5 mmoles/liter of blood. This is based on only 50%
fractional oxidation and is far in excess of available
oxygen equivalents after accounting for proven oxida-
tion of FFA and for other substrates shown to be
extracted. This observation may support the hypothesis
of release of fatty acids to coronary sinus blood from
triglyceride hydrolysis. This possibility is not excluded
by the absence of a significant (a - cs) concentration
difference for glycerol, since glycerokinase is present in
myocardium (39) and glycerol oxidation, presumably,
can take place in the heart as has been shown to be the
case for skeletal muscle (13). It should be noted that
the occurrence of a release of unlabeled FFA to coro-
nary sinus blood derived either from lipid stores in the

Free Fatty Acid Metabolism of. the Human Heart at Rest 1185



heart or from hydrolysis of circulating triglycerides
would invalidate the (a - cs) concentration difference
of unlabeled FFA as a measure of myocardial FFA
uptake.

The use of an exogenously prepared FFA-albumin
complex necessitates the assumption of identical han-
dling of this complex and that produced endogenously.
Although generally accepted, absolute evidence of iden-
tical metabolism has not been demonstrated. One must
consider the possibility that preferential extraction of
the exogenous labeled palmitate might occur and account
for lower specific activity in coronary sinus samples.
The possibility has been raised, based on isolated heart
perfusion studies, that added radiopalmitate could be
denied tight binding sites on albumin and thus be pref-
erentially extracted (30). The methodology employed in
our study was designed to avoid this possibility. Unlike
studies using isolated perfused hearts, the exogenously
prepared palmitate-14C-albumin complex was infused
peripherally into a large pool of endogenous FFA-al-
bumin complexes. The electrostatic nature of the FFA-
albumin bond (40, 41) makes it probable that endoge-
nous and exogenous complexes rapidly interact and
equilibrate, minimizing differences between exogenous
and endogenous FFA-albumin complexes.

Previous studies of myocardial uptake of individual
FFA (7, 10) reported slight preferential extraction of
oleate and a relatively low degree of extraction of pal-
mitate. We were unable to confirm these findings and
could not demonstrate a significant difference in the pal-
mitate fraction of total FFA found in arterial and coro-
nary sinus blood. Our data indicate that net cardiac pal-
mitate exchange correctly reflected net cardiac FFA ex-
change and preferential extraction of palmitate thus was
not the explanation of the lower specific activity of FFA
in coronary sinus blood. It should be noted, however, that
if the (a - cs) concentration difference represents a net
value, (combining cardiac release and uptake of FFA)
the question of selectivity with regard to the extraction
of individual FFA cannot be determined unless studied
with several different labeled FFA. One cannot as-
sume from the data obtained in this study that palmitate
and total FFA fractional extractions are identical, but
data from animal studies (42, 43) and for exercising
human skeletal muscle (13, 44) indicate that this ap-
proach may lead to only small errors.

The fractional contribution of FFA as a substrate in
total myocardial metabolism, determined in the present
study on the basis of FFA-'4C extraction and oxidation
is in excellent agreement with previous reports derived
by somewhat different techniques (7, 45). The quanti-
tative importance of the high fractional extraction of
FFA-"C is partly offset by the incomplete oxidation of
FFA-'4C resulting in an approximately equal estimate

of FFA oxidation from these data and from (a - cs)
concentration difference of unlabeled FFA, assuming
100% oxidation. The finding in this study of less than
total oxidation of extracted FFA is in close agreement
with results from animal studies (30, 43) and suggests
that metabolic calculations should not be based on the
assumption of immediate and total oxidation of all ex-
tracted substrate. Approximately 85% of the oxygen
consumption can be accounted for if the FFA-14C data
are combined with the measured extraction of glucose,
lactate, 8-hydroxybutyrate, and acetoacetate. It has been
assumed that these nonlipid substrates are being fully
oxidized, but this may not necessarily be the case, as
noted above and discussed earlier by Goodale, Olson,
and Hackel (9), and in view of the finding of release
of alanine to coronary sinus blood in normal subjects
(3) and in patients with diabetes mellitus (46).

Several factors may contribute to the deficit in ac-
counting for the total oxygen uptake. At the termination
of the infusion period, "CO2 production had not reached
an entirely steady-state level (Fig. 4). This finding
might lead to a slight underestimation of FFA oxida-
tion. Failure to achieve a 14CO2 plateau could be at-
tributed to two major factors: (a) shorter (< 30 min)
infusions failed to substantially label all the rapidly
turning over substrate pools in the heart, and (b) longer
infusions resulted in increasing levels of labeled tri-
glyceride, 8-hydroxybutyrate, and acetoacetate, all of
which could contribute to increasing amounts of 1'CO2
production. With regard to the latter two substrates,
the continuing rise in "CO2 would not suggest an un-
derestimation of FFA oxidation but could in theory
result in an overestimate. Measurement of both un-
labeled and labeled triglycerides indicates that these
neutral lipids may be hydrolyzed during passage across
the coronary bed. Oxidation of FFA thus released may
well account for a portion of the residual oxygen uptake,
and may possibly contribute to the "4CO2 production.

A small net cardiac extraction of labeled water-soluble
compounds was observed and probably reflects uptake
of labeled ,8-hydroxybutyrate and acetoacetate formed
in the liver during the infusion. The possibility of a
simultaneous release by the myocardium of labeled wa-
ter soluble compounds making up part of the FFA-_4C
uptake not accounted for by '4CO2 production, as seen
in exercising skeletal muscle (13), cannot be excluded.
The considerably lower fractional extraction of the la-
beled water soluble components (8.0 +8.3%), when
compared to the combined extractions for /8-hydroxy-
butyrate and acetoacetate, does suggest the possibility
of release of ketones by the heart into the coronary
sinus.

The limited number of subjects reported upon here
will not permit a comparison of cardiac metabolism in
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different pathologic states. On the other hand, in the
absence of significant after-loading (47), evidence of
anoxia (27, 28), or cardiac failure (47), the data pre-
sented probably represent an approximation of normal
resting cardiac metabolism. Of particular interest was
subject T. F., who experienced mild anginal pain and
produced lactate during the study. This patient demon-
strated a low FFA uptake based on FFA-"C fractional
extraction and a high fractional oxidation. FFA did not
appear to be preferentially esterified as suggested by
work with the acutely anoxic dog by one of the authors
(45) and the perfused rat heart (11). The degree of
ischemia encountered during angina in human subjects
may not be sufficient to impose such a change in FFA
metabolism by the myocardium. The relatively high glu-
cose extraction noted in T. F. was consistent with previ-
ous observations (48) but was equaled by other non-
lactate-producing subjects. It should also be noted that
the cardiac extractions of 18-hydroxybutyrate and aceto-
acetate in this subject did not differ markedly from
the findings for the other subjects. This confirms a prev-
ious single observation (49) that a shift in equilibrium
in the lactate dehydrogenase reaction during spontaneous
angina is not necessarily associated with a similar shift
in the f8-hydroxybutyrate dehydrogenase system.
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