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The isotope extraction ratio was calculated from the
disintegrations per minute per milliliter of blood in the
arterial and coronary sinus as

A dpm/ml-CS dpm/ml X 100.
A dpm/ml

Disintegrations per minute per milliliter of blood
were calculated from the specific activity (dpm/gmol)
and the chemical concentration (,umol/ml).

Myocardial lactate uptake was determined from the
isotope technique by multiplying the arterial concen-
tration of lactate by the isotope extraction ratio/ 100
and was expressed as ,umol/ml. The difference
between the myocardial lactate uptake determined
from the isotope technique and the arterial-coronary
sinus chemical concentration was the amount of lac-
tate released or produced by the myocardium.

In this study lactate was labeled in the C-1 position.
This carbon is released as "CO2 when pyruvate is
decarboxylated to acetyl-CoA. By measuring the cor-
onary sinus-arterial 14CO2 difference, the amount of
lactate per milliliter of blood undergoing oxidative
decarboxylation was determined as

(CS-A)14CO2 dpm/ml
arterial specific activity of lactate

Results
Figure IA shows the arterial and coronary sinus

specific activity of lactate in an individual patient. The
infusion of 14C-1-lactate was begun immediately after
the priming dose (time 0). The arterial and coronary
sinus specific activity reach a plateau after 20 minutes
of infusion (fig. IA). To ensure equilibration of the
labeled lactate, only the results of samples obtained 20
minutes or longer after beginning the infusion of
tracer are included in this report. The specific activity
of lactate in the coronary sinus (342 dpm/,umol) was
lower than the arterial value (425 dpm/gmol). For this
patient (fig. 1), the difference between arterial and cor-
onary sinus specific activity was 19.7%. In all 21
patients at rest, the specific activity of lactate was
lower in the coronary sinus than in the artery; for the
group the mean percent difference between the arterial
specific activity and that in the coronary sinus was
22.5% (range 6.6-41.4%).

Having obtained the disintegrations per minute for
lactate per milliliter of blood in the coronary sinus and
artery, an isotope extraction ratio can be calculated.
Figure 2 is a comparison of the traditional chemical
extraction of lactate with the isotope extraction ratio
for the patients at rest. If the chemical extraction were
equal to the isotope extraction ratio, the points would
fall on the line of identity (fig. 2). In all patients, the
extraction ratio by isotopic analysis was greater than
the ratio obtained by chemical analysis. The mean
chemical extraction ratio was 24.6 ± 8.5% (mean
± SD) for the patients at rest and the isotope extrac-
tion ratio was 41.0 ± 10.2% (p < 0.001).
The arterial level of free fatty acids in the 21

patients at the time of the metabolic samples was
1.23 ± 0.22 mmol/l (mean ± SD). All patients had
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FIGURE 1. (A) Arterial (A) and coronary sinus (CS)
specific activity of lactate in a patient at rest. (B) Coronary
sinus-arterial "CO2 difference in the same patient. At time
0, the priming dose of "C-i-lactate was given and the con-
stant infusion of the tracer was begun.
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FIGURE 2. Comparison ofchemical and isotope extraction
ratios for lactate in the 21 patients at rest. The asterisks
denote patients without lesions in the left coronary artery;
the squares, patients with a significant lesion in the left
anterior descending or left circumflex artery; and the
diamonds, patients with lesions in both vessels. Each point is
mean of three samples. The dashed line is the line ofidentity
for the chemical and isotope extraction ratios.
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received heparin before we took the samples. Three
additional patients with severe three-vessel disease had
blood samples before and after heparin. The mean
arterial level of free fatty acids before the heparin was
0.68 mmol/l (range 0.62-0.75 mmol/l) and rose to
1.15 mmol/l (range 1.09-1.21 mmol/l) at 10 minutes
after the 10,000-unit heparin bolus. Before the
heparin, the mean percent difference between the
arterial specific activity of lactate and that in the cor-
onary sinus for these three patients was 31.5% (range
23.7- 40.3%); after heparin, the difference was 32.3%
(range 25.5-41.0%). The chemical extraction ratio was
34.5% (range 28.4-45.8%) and the isotope extraction
ratio was 56.0% (range 45.5-62.0%) before heparin;
after heparin bolus the ratios were 28.4 (17.2-43.2%)
and 51.8% (41.9-59.3%), respectively.

Severity of Coronary Disease

Three of the 21 patients had no lesions in the LAD
and LCX arteries on angiography. Six patients had a
significant lesion (. 75% of cross-sectional luminal
area) in the LAD or LCX and 12 patients had signifi-
cant lesions involving both these vessels. As the venous
sampling site was the mid-coronary sinus, the venous
drainage of the right coronary artery is not included.
This was verified during angiography.

For the three patients without lesions, the isotope
extraction ratio was 36.8 ± 2.7% (mean ± SD) and the
chemical extraction ratio was 30.3 ± 2. 1% at rest. For
the six patients with a significant stenosis in one of the
vessels, these values were 31.1 ± 4.4% and 19.0
± 7.1'% respectively. In contrast, the isotope extrac-
tion ratio for the 12 patients with significant lesions in
both vessels was 47.0 ± 9.1(% and the chemical ratio
was 26.0 t 8.9%.
The myocardial lactate uptake as determined by the

tracer can be calculated by multiplying the arterial
concentration of lactate by the isotope extraction ratio
and is expressed as micromoles per milliliter of blood.
This represents the "true" or actual myocardial up-
take of blood lactate. The difference between this
value (isotope uptake) and the traditional
arterial-coronary sinus chemical value is the amount
of lactate released by the myocardium.

In the three patients without lesions the calculated
amount of lactate released or produced at rest was
0.039 ± 0.004 Mmol/ml of blood (mean + SD) (fig. 3).
For the patients with significant coronary disease, the
amount of lactate released by the myocardium was
0.076 ± 0.019 ,umol/ml for the six patients with one-
vessel disease and 0.136 ± 0.045 gmol/ml for the 12
patients with significant lesions in both vessels. The
difference between the amount of lactate released in
the patients with one-vessel disease and those with
two-vessel disease was significant (p < 0.001).

14C02 Data

In this study, lactate was labeled specifically in the
C-1 position. As pyruvate undergoes oxidative decar-
boxylation, i.e., pyruvate is converted to acetyl-CoA,
the carbon in the first position is released as CO2. By
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FIGURE 3. Relationship between the severity of coronary
disease and the amount of lactate released or produced by
the myocardium. Histogram gives the mean ± SDofamount
of lactate released or produced in patients without lesions in
the left coronary artery, patients with significant lesions in
the left anterior descending or left circumflex artery and
those with lesions in both vessels.

measuring the coronary sinus and arterial 14CO2
difference and the arterial specific activity of lactate,
the amount of lactate undergoing oxidative decar-
boxylation can be calculated. Figure lB shows the
CS-A `4CO2 difference during the infusion of labeled
lactate. Our infusion technique requires at least 15
minutes for `4CO2 to equilibrate with the myocardial
CO2 pool.
When `4CO2 is used to assess lactate oxidation, the

contribution of 14C from other metabolic substrates
must be measured. Secondary labeling of glucose and
pyruvate occurs when 14C-lactate is infused. After 40
minutes of 14C-lactate infusion, the specific activities
of arterial glucose and pyruvate are 40 dpm/gmol and
285 dpm/,umol, respectively, compared with an
arterial specific activity of 819 dpm/,Mmol for lactate
for an individual patient. Having determined the
specific activity of glucose and pyruvate and the ex-
traction ratios for these substrates, we calculated the
total amount of 14CO2 that could be derived from
glucose and pyruvate oxidation. After 40 minutes of
infusion the maximal amount of 14CO2 derived from
glucose and pyruvate is 18 dpm/ml, compared with
305 dpm/ml from lactate. This assumes that the meta-
bolic fate of all the glucose extracted by the myocar-
dium is oxidation, and that no glucose is stored as
glycogen or enters the hexose monophosphate
pathway. In this report we corrected the coronary
sinus-arterial 14CO2 difference for the possible com-
plete oxidation of all secondary labeled substrates
before calculating the amount of lactate undergoing
oxidative decarboxylation.
The calculated value for oxidative decarboxylation

of lactate was 0.268 ± 0.114 ,umol/ml (mean ± SD)
for the entire group. For each patient the amount of
lactate undergoing oxidative decarboxylation was
compared with the uptake of lactate measured by the
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FIGURE 4. The amount of lactate undergoing oxidative
decarboxylation (as calculated from the coronary

sinus-arterial difference in `CO2) is expressed as a percent-
age of the myocardial uptake of lactate determined by: (1)
the traditional chemical arterial-coronary sinus difference
(left column) and (2) the `4C tracer (right column). The `C
tracer or isotope myocardial lactate uptake in gmol/ml was

calculated as. arterial concentration of the substrate x

isotope extraction ratio. Lac = lactate; Calc'd = calculated.

arterial-coronary sinus chemical difference and the
uptake determined by the tracer method (fig. 4). In 18
patients, the amount of lactate undergoing oxidation
is greater than the myocardial uptake as assessed by
the arterial-coronary sinus chemical difference (range
112-31 1%). In figure 4, the lactate undergoing oxida-
tive decarboxylation is divided by the myocardial lac-
tate uptake calculated by the isotope technique. For
the group, 85% of the lactate extracted by the myocar-
dium undergoes oxidative decarboxylation (range
59-110%). Thus, the `CO2 data indicate that the
arterial-coronary sinus chemical difference under-
estimates the actual myocardial uptake and oxidation
of lactate, and most (mean of 85%) of the lactate ex-

tracted as determined by the isotope method under-
goes oxidation.

Discussion

Differences from epicardium to endocardium in the
concentration of substrates and glycolytic enzymes
have been demonstrated in the canine heart. Jedeikin7
documented increased levels of glycogen in the suben-
docardium. Lundsgaard-Hansen et al.8 demonstrated
transmural gradients of glycolytic enzyme activities.
Leunissen and Piatnek-Leunissen' showed an increase
in the glycogen and lactate content of the subendocar-
dium compared with the epicardium during acute
ischemia. In addition, differences in oxygen tension in
the various layers of the left ventricle were reported by
Kirk and Honig"8 in open-chest canine preparations.
More recently, heterogeneity of myocardial blood

flow has been demonstrated using radioactive micro-
spheres in animal preparations.'-6, 19 In patients with
significant coronary artery disease Klocke and

associates20 have reported a decrease in myocardial
blood flow per unit of left ventricular mass in the rest-
ing state. Using a 133Xe washout technique, Cannon
and associates demonstrated decreased myocardial
blood flow in patients with significant coronary artery
lesions.' This decrease in blood flow was seen at rest
and was in the distribution of significantly obstructed
arteries. Similarly, Gewirtz and co-workers have
reported transient defects in resting thallium-201
myocardial scintigrams.2 Twenty of their 23 transient
defects were found in the distribution of a severely
stenotic (> 90% stenosis) but not totally occluded
vessel. With a regional decrease in myocardial blood
flow, one might expect regions of the myocardium to
be relatively ischemic and producing lactate while
other areas are extracting this substrate.

If the myocardium were releasing or producing un-
labeled lactate, the specific activity or concentration of
14C-lactate would be lower in the coronary sinus than
in the artery. Likewise, if unlabeled lactate is released
by the myocardium, its concentration would increase
in the coronary sinus and the arterial-coronary sinus
chemical difference would be falsely low. The isotope
extraction ratio, which measures the true extraction,
would be higher than the chemical ratio. After the
equilibration of "4C-lactate, all 21 patients had
evidence of myocardial release of lactate despite net
extraction of this substrate. By using a tracer method,
we have demonstrated heterogeneity of lactate
metabolism.

Although the patients had a history suggestive of
ischemic heart disease, they had no clinical evidence of
ischemia, such as chest pain or dyspnea or ECG
changes, during this study. Therefore, in such patients
at rest without clinical evidence of ischemia, lactate is
being released or produced by the myocardium when
net chemical arterial-coronary sinus difference shows
extraction. Our findings are similar to those of For-
bath and colleagues.21 Using "C lactate, they showed
lactate production at rest in four patients with
documented severe coronary artery disease when en-
zymatically measured lactate concentration showed
lactate extraction.
The amount of lactate released appears to be

related to the severity of the coronary disease (fig. 3).
There was a significant difference in the amount of lac-
tate released between the patients with a significant le-
sion in the LAD or the LCX artery and those with
significant lesions in both these vessels (p < 0.001).
Lactate was released even in the three patients without
lesions in the left coronary artery (fig. 3), suggesting
that release of lactate from the myocardium may oc-
cur normally. Two of the three patients had significant
lesions in the right coronary artery. However, in these
patients the venous drainage of the right coronary
artery was near the ostium of the coronary sinus,
which was distal to the sampling site of the catheter.
Leunissen and Piatnek-Leunissen22 have reported
myocardial release of lactate in anesthetized dogs. The
possibility of myocardial release or production of lac-
tate in the normal myocardium needs to be further in-
vestigated.
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Many of our patients were receiving propranolol
and nitrates. However, 11 patients were not receiving
propranolol and all nitrates were withheld at least 8
hours before the study. The results in the patients who
took propranolol and nitrates did not differ from those
obtained in patients who received only nitrates.
Therefore, we do not believe that propranolol or its
metabolites affected the chemical or isotopic results.

All the patients in this study received heparin.
Heparin raises free fatty acids by activating lipopro-
tein lipase.23 To evaluate the effects of heparin or high
free fatty acids on our findings, three patients under-
went the protocol with blood samples obtained before
and after heparin. The difference between the isotope
and chemical extraction ratios was present before the
heparin and appeared unaltered after the heparin
bolus. Although few patients were studied, making
statistical comparison difficult, the lactate extraction
ratios decreased as the arterial level of free fatty acids
increased. This is in agreement with our previous
report, which demonstrated that lactate extraction
decreases with elevation of arterial free fatty acids.24

In addition to demonstrating that lactate metab-
olism is heterogeneous in patients at rest, the 14CO2
data show that the amount of lactate undergoing oxi-
dative decarboxylation is greater than that measured
by the traditional chemical arterial-coronary sinus
difference (fig. 4). This implies that the contribution of
lactate to myocardial oxidative metabolism may be
underestimated by the chemical arterial-coronary
sinus differences. Using a tracer technique in ex-
periments of acute ischemia in dogs, Griggs and
colleagues25 reported that lactate continues to undergo
oxidative decarboxylation at a time when the net arte-
rial-coronary sinus differences shows myocardial lac-
tate production.
The amount of lactate undergoing oxidative decar-

boxylation is approximately 85% of the uptake deter-
mined by isotopic analysis (fig. 4). These data substan-
tiate the premise that the lactate uptake measured by
the isotope extraction ratio is the actual or "true"
myocardial uptake. The deficit of 15% may be a result
of the manner in which "4CO2 is collected. Analysis in
our laboratory has shown a 99.5% recovery of the
NaH"C08 added to blood. However, small amounts
of "4CO2 may be lost during the collection of the blood
sample and its placement in the air tight flask. In addi-
tion, the arterial-coronary sinus 14CO2 difference was
corrected for extraction of other labeled substrates.
These substrates may not have undergone oxidative
metabolism (i.e., the glucose may have been stored as
glycogen). Rovetto and associates26 have shown an in-
crease in the intracellular lactate pool in isolated rat
hearts during acute ischemia. If such a pool is present
in patients with coronary disease, the isotopic lactate
determinations might reflect lactate that is being ex-
changed within this pool.
The source of the unlabeled lactate may be

glycogen, glucose, pyruvate or amino acids. Dual
isotope experiments would help to assess the contribu-
tion of exogenous glucose or pyruvate as the source of
the lactate released or produced by the myocardium.

Our study demonstrates heterogeneity of myocar-
dial lactate metabolism at rest in patients with
ischemic heart disease. Lactate is released or produced
by the myocardium when there is no clinical evidence
of ischemia and the chemical arterial-coronary sinus
lactate difference shows net global lactate extraction.
The degree of heterogeneity appears to be related to
the severity of the coronary artery disease.
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Myocardial Metabolic and Hemodynamic
Effects of Dobutamine in Heart Failure
Complicating Coronary Artery Disease

RICHARD G. POZEN, M.D., ROBERT DIBIANCO, M.D., RICHARD J. KATZ, M.D.,

REBECCA BORTZ, B.S., ROBERT J. MYERBURG, M.D., AND Ross D. FLETCHER, M.D.

SUMMARY Eighteen patients with congestive heart failure (CHF) complicating coronary artery disease
(CAD) and seven patients with CHF due to primary cardiomyopathy (CM) were studied during infusions of
dobutamine in doses of 2.5-15.0 ,g/kg/min. There were statistically significant (p < 0.05) improvements in
cardiac index, stroke volume index, left ventricular stroke work index and nuclear ejection fraction in both
groups. Significant decreases (p < 0.05) in pulmonary capillary wedge pressure, right atrial pressure, and
systemic and pulmonary vascular resistances were also observed in both groups. However, five patients in-
creased an already elevated pulmonary capillary wedge pressure during dobutamine infusion, which was

associated with either the development of angina pectoris or with a significant elevation of the mean arterial
pressure. In the CAD patients, gated cardiac scans analyzed for segmental wall motion showed improvement in
27% of the abnormally contracting segments during dobutamine infusion. Finally, the effects of dobutamine on

myocardial metabolism were assessed with arterial and coronary sinus lactate analysis. Fourteen of the 18
CAD patients (78%) showed no metabolic abnormality during dobutamine infusion; four CAD patients (22%),
three of whom developed typical angina pectoris, displayed abnormal lactate metabolism. None of the CM
patients developed angina pectoris or displayed abnormal lactate metabolism. Of the seven patients with an

adverse hemodynamic or metabolic response, four had recently been withdrawn from propranolol therapy. In
conclusion, dobutamine produced favorable effects on hemodynamics, left ventricular ejection fraction, and
segmental wall motion abnormalities in most patients with CHF without a deleterious effect on myocardial
metabolism.

DOBUTAMINE is a new inotropic agent, struc-
turally related to other catecholamines, that is used to
treat patients with congestive heart failure (CHF) of
diverse etiologies. Although studies have shown
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significant hemodynamic improvements in groups of
patients with CHF treated with dobutamine, there has
been little effort to discriminate the characteristics of
patients who have an adverse hemodynamic
response.'1-3 Moreover, few studies have sys-
tematically examined whether these hemodynamic
changes are at the expense of altering the balance of
myocardial oxygen supply and demand. This study
was designed to relate the hemodynamic effects of
dobutamine to its myocardial metabolic effects in
patients with CHF complicating coronary artery dis-
ease (CAD), using a group of patients with primary
cardiomyopathy (CM) for comparison. In addition,
gated cardiac nuclear scans were performed to assess
changes in left ventricular ejection fraction (LVEF)
and regional wall motion in response to dobutamine.
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in man.

Myocardial lactate metabolism: evidence of lactate release during net chemical extraction
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