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A B S T R A C T Experiments were performed with
trained conscious dogs with permanently implanted
intravascular catheters. With the dogs in a basal resting
state, the concentrations of lactate (L) and pyruvate
(P) in arterial blood fluctuated widely from day to
day, whereas their concentration ratio (L/P) remained
relatively constant. By contrast, decrease in tissue 02
supply induced by severe chronic anemia increased the
arterial blood L/P, specifically, with only random ac-
companying changes in the lactate or pyruvate concen-
trations themselves.

When systemic 02 consumption was increased acutely
by muscular exercise, cardiac output increased, and the
changes in blood L/P were small and not consistent be-
tween different dogs. But when 02 supply to the tissues
was simultaneously limited by anemia, L/P increased
during exercise, and the magnitude of the increase was
proportional to the severity of the anemia. These results
suggest that changes in blood L/P during exercise are
related specifically to tissue 02 supply.

INTRODUCTION
Although 02 transport via blood can be readily measured
in a living body, there is no equally satisfactory method
to determine changes in the availability of 02 for me-
tabolism within the body tissue. Since the ratio between
lactate and pyruvate concentrations (L/P) is linked to
the oxidation-reduction balance of the respiratory en-
zyme system, it might be possible to detect decreased 02
availability for metabolism or tissue hypoxia by an
increase in blood L/P. Several investigators have shown
that when 02 supply is decreased acutely by ischemia,
hypoxemia, or anemia, the blood L/P promptly increases
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(1-5). Since the supply of 02 to the tissue via the blood
clearly was decreased in these experiments, here tissue
hypoxia stands as a reasonable explanation for the
increased blood L/P.

Other authors, however, have emphasized the com-
plicated nature of the relationship between blood L/P
and the oxidation-reduction balance of the tissue respira-
tory enzyme system, and they have questioned whether
an increase in blood L/P can, as a rule, be regarded as
evidence of tissue hypoxia (6, 7). Moreover, in some
conditions where tissue hypoxia might be expected,
especially chronic tissue hypoxia, changes reported in
blood L/P have been inconsistent (8-13).

Our objective is to determine whether the relationship
between tissue hypoxia and increased blood L/P extends
beyond the limited experimental conditions in which it
already has been demonstrated. Initially, we investigated
the effect of factors other than tissue hypoxia by deter-
mining the extent of variability in blood L/P when
these factors were allowed to vary spontaneously from
one day to the next. Subsequently, we determined the
changes in blood L/P during two different conditions in
which tissue hypoxia could be expected: (a) severe
chronic anemia, and (b) restricted 02 supply via the
blood while tissue 02 consumption was acutely increased
by muscular exercise. To secure information under
physiologic conditions that should be broadly applicable,
we carried out these experiments in trained dogs with-
out anesthesia.

METHODS
Preparation of animals
12 male dogs, each weighing 22-24 kg, were trained to

lie still for an hour or more without restraint. Four of them
were trained also to run on a treadmill. Subsequently, they
were anesthetized with pentobarbital, and silastic catheters
(0.04 inch I.D., Dow Corning Corp., Midland, Mich.) were
positioned in the pulmonary artery and the thoracic aorta
via neck vessels. The proximal ends of the catheters
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emerged at the back, where they were secured to the
Plastic stub needles with rubber stoppers glued into
large ends were fixed to the proximal ends of the cath
We sampled blood by puncturing the rubber stopper.
use of this arrangement without disturbing the dog
been described (14).

Experimental protocol
Chronic anemia. In dog Nos. 1-8, initial control obs

tions were repeated on from 6 to 25 days during 2-E
Seven of these dogs were made anemic during a 30 hr p
by repeated removal of 300-ml increments of blood tht
the aortic catheter, with reinfusion of the separated pl
at each step. The hemoglobin concentration was reduc
7.1 g in dog No. 1 and to levels ranging from 2.7 to 4.8 1
ml in dog Nos. 2-7. Subsequently, the hemoglobin was
at a constant depressed level for 5 wk by bleeding 8
ml/day. Observations were made at least twice weekly
ing the 5 anemia wk. Dog No. 8 was studied for a com
ble period without anemia. In dog Nos. 4-7, at the end
wk of anemia, 250 mg of iron (Imferon, Lakeside La
tories, Inc., Milwaukee, Wis.) and 400-600 ml of ma
blood were given, and recovery control observations:

We studied the dogs while they lay at rest in the
absorptive state. Immediately after his daily 5 min me
walk, the dog entered a quiet room where he lay, i
the wall, on his side on a low bench. Sampling tubes
connected to his catheter adapters and the dog relaxe
10-15 min before observations began. The dog was ig
throughout. No restraint, sedative, or reassurance wa!
ployed, and the dog seldom moved.

Exercise experiments were performed in dog Nos.
first on 2-4 days with the dogs not anemic and th
increasingly severe levels of anemia, induced in four
of 1 day each. After observations were made as above
the dog lying at rest, the dog entered another room an(
harnessed to a motor-driven treadmill. A second s

TABLE I
LIP of Red Cell and Plasma Components of Whole Bli

Lactate Pyruvate

mmole/liter
RBC
Plasma
WB

RBC
Plasma
WB

RBC
Plasma
WB

RBC
Plasma
WB

RBC
Plasma
WB

0.318
0.381
0.360

1.046
1.479
1.268

0.713
1.065
0.915

0.679
1.173
0.867

1.281
2.166
1.721

0.052
0.076
0.067
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0.204
0.172
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0.079
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0.075

0.084
0.156
0.120
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TABLE I I
Hemodynamic Data in Chronic Anemia Experiments

Control Anemia

Heart rate per minute 71 (66-82) 111 (100-124)
P < 0.01

Cardiac output, 136 (112-167) 231 (203-265)
ml/kg per min P < 0.01

Stroke volume, 1.94 (1.77-2.16) 2.08 (2.02-2.14)
ml/kg per beat NS

Mixed venous blood 02, 70 (67-73) 38 (35-40)
%saturation P < 0.01

Systemic02consumption, 5.6 (4.9-6.1) 6.0 (5.8-6.2)
ml/kg per min. NS

bora- Observations were made with the dogs lying at rest. Initial
tched number is the average of four dogs (Nos. 4-7). Numbers in

made. parentheses represent the range of mean values for separate
postg dogs. P values indicate significance of difference from controlirning v

facing (paired t test). NS = not significantly different.
were

d for observations was made before exercise with the dog standing
nored at rest on the treadmill. Finally, exercise, performed for
s em- periods of 8 min with intervening rest periods of 5 min,

consisted of running up a 100 grade at treadmill speeds
9-12, ranging from 2 to 5 miles/hr. Aortic blood samples for

en at lactate and pyruvate analyses were obtained at 4 min, cardiac
steps output determined at 5 min, and blood samples for systemic
with (a-v)O2 difference were obtained from 6 to 7 min of exer-

d was cise.
;et of

Techniques
Simultaneous aortic and mixed venous blood samples for

ood 02 determinations were obtained from the catheters over
60- to 90-sec periods. The hemoglobin concentration was

L/P determined spectrophotometrically. In the chronic anemia
experiments blood 02 concentration was determined by
the manometric method (15) and 02 saturation was calcu-

6.11 lated. In the exercise experiments 02 concentration was
5.01 calculated from: blood Po2 and pH (Radiometer Co., Copen-
5.37 hagen, Denmark), hemoglobin concentration, and an 02

dissociation curve. Cardiac output was estimated by the dye
7.92 dilution method by injecting 1 mg Indocyanine green into
7.25 the pulmonary artery catheter and withdrawing blood from
7.37 the aortic catheter through a GMEdensitometer. Systemic

02 consumption rate was calculated from the product of
16.2 cardiac output and systemic blood (a-v) 02 difference.
11.0 Blood samples for lactate and pyruvate were rapidly with-
11.6 drawn from the aortic catheter into disposable syringes in

a standardized manner, injected immediately into trichlor-
11.7 acetic acid at 0C, and analyzed by modifications of the
11.3 methods of Barker and Summerson and Friedemann and
11.6 Haugen (16). Duplicate determinations checked within 2%.

If the LIP were higher in the plasma than in the red
15.3 blood cells, the greater proportion of plasma in anemic blood
13.9 would be expected to increase the LIP of whole blood, even
14.3 if the plasma and red cell LIP each remained constant. To

investigate this possible explanation for a rise in blood LIP
during anemia, on five occasions freshly shed whole blood

Tissue Hypoxia and the Blood Lactate: Pyruvate Ratio

RBC = red blood cell component; WB= whole blood.
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TABLE III
Arterial Blood Lactate, Pyruvate, and LIP: Variation

during Control and the Effect of Anemia

Dog Condition Lactate Pyruvate L/P

mmole/liter
1 Control, n =6 0.946 40.611 0.169 40.100 5.44 40.69

Anemia, n-21 0.919 ±0.277 0.151 40.054 6.22 ±0.68
NS NS P < 0.05

2 Control, n -7 0.393 ±0.130 0.073 :±:0.024 S.14 40.49
Anemia, n -14 0.765 410.244 0.130 40.046 5.95 ±0.66

P < 0.02 P < 0.02 P < 0.02

3 Control, n =7 0.590 ±0.308 0.107 ±0.049 5.39 40.53
Anemia, n = 18 0.706 40.187 0.123 ±0.036 5.80 ±0.68

NS NS NS

4 Control, n =39 1.415 40.487 0.195 40.039 7.10 ±-1.47
Anemia, n =25 1.394 ±0.497 0.181 40.051 7.50 41.09

NS NS NS

5 Control, n =32 0.785 ±0.276 0.130 40.033 5.96 ±0.89
Anemia, n =25 1.592 ±1.072 0.181 ±0.064 7.99 ±2.54

P < 0.001 P <0.001 P <0.001

6 Control, n =34 1.025 40.237 0.171 ±0.050 5.88 40.82
Anemia, n=30 1.158 40.496 0.160 ±0.041 6.98 41.14

NS NS P < 0.001

7 Control, n -19 0.785 ±-0.223 0.140 ±0.034 5.59 40.81
Anemia, n =25 0.692 40.237 0.104 ±0.025 6.58 ±0.84

NS P <0.001 P <0.001

8 Control, n -7 0.903 ±0.439 0.164 ±0.072 5.42 40.41
*Control, n = 15 1.087 ±0.230 0.200 40.036 5.54 ±0.54

NS NS NS

n - number of observations. Values represent mean ±SD. Control data
include observations before anemia and after recovery from anemia.
Statistics calculated by nonpaired I test.
* Serial observations in dog No. 8 carried out over a period of time equal to
that of the anemia period in the other dogs (5 wk).

was separated as rapidly as possible by centrifugation into
two components: one containing mainly plasma and the other
mainly red blood cells. An aliquot of the same blood sample
was set aside for an equal time (4 min) without centrifuga-
tion. The results appear in Table I. The L/P was lowest in
the plasma component, highest in the red cell component,
and intermediate in whole blood, indicating that the higher
proportion of plasma in anemic blood should slightly de-
crease, but not increase, the L/P of whole blood. These re-
sults confirm similar reported data (16).

RESULTS
Chronic anemia. All observations were made with

the dogs lying at rest. Control and anemia hemodynamic
data were obtained in four dogs (Table II). Heart rate
and cardiac output increased, and mixed venous blood
0 saturation decreased during anemia. The slight in-
creases in stroke volume and systemic O2 consumption
were not statistically significant. These variables re-
turned to the initial control levels after the dogs recov-
ered from the anemia.

Arterial blood lactate and pyruvate data for all eight
dogs are presented in Table III. Control lactate and
pyruvate concentrations in each dog varied greatly from
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FIGURE 1 The variability of blood lactate and L/P in dog
No. 6 during 5 months. Dots represent values on separate
days, and the horizontal lines represent means for each
period indicated. Blood lactate concentration fluctuated
widely but was not significantly affected by anemia (shaded
area). Blood L/P varied less and increased during anemia
(P < 0.001).

day to day, and the mean control values differed from
dog to dog. Blood L/P was more constant, mean values
in all but one dog falling between 5.14 and 5.96. The
coefficients of variation (sD/mean) for control values
for all dogs were: lactate 40%, pyruvate 35%, and
L/P 13%.

There were significant (P < 0.05) increases in arterial
blood L/P during anemia in five of seven dogs. In the
other two, smaller increases in L/P were not significant.
Although significant changes in blood lactate and pyru-
vate concentrations occurred during anemia in a few
instances, the directions of these changes were incon-
sistent between different dogs. Therefore, the increase
in L/P did not depend upon any specific changes in
either lactate or pyruvate concentration. There were no
significant changes in lactate, pyruvate, or L/P in dog
No. 8, which was not made anemic.

The comparison between changes in arterial blood
lactate and L/P is illustrated in Fig. 1 for dog No. 6,
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TABLE IV
Hemodynamic Data in Exercise Experiments

Control (rest, lying) Standing rest Maximumexercise

Heart rate per minute 60 (52-70) 88 (74-103) 176 (155-208)
P <0.01 P <0.01

Cardiac output, ml/kg per min 115 (96-138) 147 (122-169) 356 (294-450)
P<0.02 P<0.01

Stroke volume, ml/kg per beat 1.91 (1.66-2.38) 1.70 (1.43-2.25) 2.01 (1.88-2.16)
P < 0.05 NS

Mixed venous blood 02, %saturation 69 (62-78) 60 (48-71) 37 (30(49)
P < 0.02 P < 0.01

Systemic 02 consumption, ml/kg per min 6.1 (5.6-7.0) 10.3 (9.0-11.5) 45.8 (28.3-66.5)
P < 0.01 P < 0.01

Initial number is the average of four dogs. Numbers in parentheses represent the range of separate mean values for the different
dogs, except for "maximum exercise," where numbers represent observations during maximum level of exercise for each dog.
Statistics as in Table II.

in which observations extended for 5 months. The daily
variability in lactate concentration was relatively great,
and the differences between the values during the initial
two control periods, the anemia period, and the final
recovery control period, were not significant. For L/P,
the daily variability was less. Moreover, the L/P values
for the initial two control and recovery periods were
comparable, and they differed significantly from the
anemia values (P < 0.001).

While anemic, the dogs were less eager to run but
otherwise remained healthy. While resting observations

were being made, their behavior was the same as that
during the control period. After the dogs recovered from
the anemia, their original vigor returned.

Exercise. Rest and exercise hemodynamic data for
dog Nos. 9-12 when they were not anemic are given in
Table IV. Fig. 2 shows the relationship between cardiac
output and systemic 02 consumption by the tissues. This
relationship did not appear to be entirely uniform in
the different dogs, i.e., cardiac output was relatively
high in dog No. 10 (square symbols) and low in dog
No. 9 (circle symbols). Mean arterial blood pH was
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FIGURE 2 The relationship between cardiac output and systemic 02 consumption
when the dogs were not anemic. Resting observations are to the left and exercise
observations extend to the right. (O = dog No. 9, = dog No. 10, A = dog No. 11,
V-dog No. 12.)
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7.40 lying at rest, 7.43 standing at rest, and during
exercise reached maximum values ranging from 7.44 to
7.51 in the four dogs.

Changes in arterial blood L/P during exercise are
shown in Fig. 3. Data obtained when dogs were not
anemic, represented by open symbols, differed in sepa-
rate dogs. In two dogs (No. 11 and No. 12, Fig. 3,
lower panels), L/P consistently increased during exer-
cise which was strenuous enough to increase systemic
0 consumption by four to five times the resting level.
In-dog No. 9 (upper left panel), L/P did not increase
until 02 consumption reached 8-10 times the resting
level, and in dog No. 10 (upper right panel), L/P con-
sistently decreased during exercise when he was not
anemic. To determine the effect of restriction in the
supply of 02 to tissues while their 02 consumption was
acutely increased, we repeated the exercise studies at
four levels of anemia, with hemoglobin concentrations
of approximately 8, 6, 4, and 2.5 g/100 ml. The results
during anemia are represented in Fig. 3 by solid sym-
bols (two dogs would not run on the treadmill at the
most severe anemia level). Irrespective of their differ-

I 60r

120f

Dog 9
0

0

4g
t6980-

40-
lb

t) 0

ol -40

\ 160

% 120

0

l~t a I I a I

ences when not anemic, as the dog's ability to augment
acutely tissue Os supply was restricted by increasingly
severe anemia, progressively larger increases in blood
L/P appeared during exercise at progressively lower
rates of Os consumption. Moreover, the dogs whose
L/P increased most readily when they were not anemic
had the most pronounced effect from anemia.

Corresponding changes in mixed venous blood Pos are
shown in Fig. 4. Anemia decreased the venous blood
Po. at all levels of systemic Os consumption during rest
and exercise, and the magnitude of the decrease in Po2
was proportional to the degree of anemia. In the pres-
ence of severe anemia, mixed venous blood Po2 fell dur-
ing exercise to as low as 12 mmHg (11-12% 02 satura-
tion) in three dogs.

DISCUSSION
Huckabee showed that moment-to-moment changes in
blood lactate and pyruvate concentrations occurred for
no apparent reason or could be readily induced by a
variety of factors, many of which were unrelated to O.
supply (17). Blood L/P, however, remained nearly

Dog 10

49 6g

a 5o

0

89

a a

2.5g Dog 12
4g

6g 9

Av~~~v_ _ _7;

6; I I

10 20 30 40 50 60 70 10 20
02 Consumption - ml / kg / min

30 40 50 60 70

FIGURE 3 Per cent changes in arterial blood L/P related to changes in systemic 02 consump-
tion during muscular exercise. Each panel represents a separate dog. Open symbols are obser-
vations made when the dogs were not anemic; solid symbols, observations during anemia.
There were four levels of anemia (Hb = 8, 6, 4, and 2.5 g), and the lines join observations made
at each different level.
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constant as long as O. supply was not changed. In our
experiments, repeated determinations of blood lactate
and pyruvate concentrations during the control period
establish the range of fluctuations in these substrates and
in blood L/P- which normally occur, not acutely as pre-
viously studied, but sporadically from day to day over
an extended period. It is worth emphasizing the basal
state of these dogs. From external appearances they al-
ways appeared relaxed. As evidence, their heart rates
and systemic 02 consumption values (Table II) were
consistent from day to day (mean day-to-day variation
of each, 12%) and lower than most values previously
reported for awake dogs (18-21). Under these condi-
tions, their blood lactate and pyruvate concentrations
varied over a wide range while L/P remained relatively
constant. Thus, variations in unidentified factors which
do not appear to be related to Os supply vigorously
influenced lactate and pyruvate concentrations but had
little effect on blood L/P.

In view of their marked fluctuations even during the
control period when we attempted to keep the condition
of the dogs stable, it is not surprising to find changes in
the blood concentrations of both lactate and pyruvate
when the dogs were made anemic. In some instances
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these changes were statistically significant; their direc-
tion, however, was completely inconsistent in different
dogs. Thus, whatever effect anemia itself may have had
on the blood concentrations of these substrates, it was
largely overshadowed by other unidentified factors, per-
haps by the same ones responsible for the fluctuations
in control lactate and pyruvate concentrations. With
blood L/P, the result differed. Although blood L/P on
some days during anemia equaled the control values,
other anemia values were clearly above the previously
established control range (e.g. Fig. 1), and the direc-
tion of change in mean L/P during anemia was con-
sistently upwards. One possibility is that anemia regu-
larly increased the L/P; another is that anemia made
the animal more susceptible to other factors influencing
L/P which were inconstantly present. The overlap be-
tween control and anemia L/P values provides an
explanation for the previous inconsistent reports of the
effect of chronic hypoxemia or anemia on blood L/P
(8-13). With enough observations, however, the effect of
anemia on blood L/P is specific enough to be detected even
in the presence of variables in addition to 02 supply
which may slightly influence day-to-day blood L/P
values. We have no proof that tissue hypoxia was the
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FIGURE 4 Mixed venous blood Po0 during rest and exercise. Explanation as for Fig. 3.
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specific feature of anemia responsible for the increased
blood L/P, but it seems the most plausible explanation.
These findings coincide with Huckabee's conclusion
from his acute experiments that blood&L/P, rather than
lactate or pyruvate concentration, is regularly affected
by changes in On supply.

Wewould not expect the circulatory adjustments dur-
ing anemia to be uniform throughout the body; there-
fore, neither would we anticipate that hypoxia was
evenly distributed among different tissues. The lactate
and pyruvate concentrations in arterial blood represent
a mixture of the concentrations in venous blood draining
the different body tissues. Thus, from the increase in
arterial blood L/P, we have no information regarding
the distribution of tissue hypoxia in anemia, nor can we
distinguish diffuse from focal tissue hypoxia.

Normally, an acute increase in the rate of 02 con-
sumption by tissue is compensated, at least partly, by a
simultaneous increase in 02 delivery via increased blood
flow to the tissue. Since 02 delivery is augmented, the
increase in 02 consumption might not result in tissue
hypoxia. Nevertheless, arterial blood L/P increases
during mild muscular exercise in normal but sedentary
humans (22-24), which suggests that O0 availability for
metabolism in the tissues is not maintained at a con-
stant level in these subjects even when O2 consumption
is only modestly increased. Among subjects who regu-
larly engage in vigorous physical activity, the increase
in arterial blood L/P is considerably less (25, 26). In
certain pathologic conditions, the capacity for acute
increase in tissue On delivery is impaired by limited
blood flow. In some patients, heart disease limits the
capacity for increased systemic blood flow; in others,
narrowed arteries interfere with blood flow locally.
Under these conditions, acute increase in O2 consump-
tion by the potentially ischemic tissue is accompanied
by an exceptionally large increase in blood L/P:
either the local venous blood in local ischemia, e.g.,
myocardium (27) or leg (28, 29); or the arterial blood
in systemic ischemia, e.g., cardiac failure (22. 30). The
explanation which has been given for the exceptional
increases in blood L/P is that when the increase in
blood flow in response to increased 02 consumption is
less than normal, the fall in On availability for metabo-
lism is greater, i.e., more marked tissue hypoxia occurs.

The purpose of the exercise experiments in the dogs
is to examine the significance of blood L/P changes
which accompany increased 02 consumption in tissue
under somewhat different experimental conditions. In
each of the dogs we studied, when he was not anemic,
the increase in arterial blood L/P during exercise was
substantially less than that reported for sedentary hu-
mans, even though the degree of exercise as judged
by increase in O0 consumption rate was greater in the

dogs. In fact, in two dogs the L/P did not regularly
increase even when systemic O consumption reached
seven times the resting level. These results suggest that
tissue O supply is better maintained during exercise in
dogs than in most humans, perhaps due to species dif-
ferences or to differences in physical activity. Cardiac
output is one factor governing tissue O supply, and
there is evidence that cardiac output relative to 02 con-
sumption is higher during exercise in dogs (Fig. 2 and
references 18 and 19) than in humans (31-34). Thus,
the more stable blood L/P in the dog can be explained
partly by superior tissue 0 supply due to higher
cardiac output.

Anemia in the dogs limited the extent to which they
could augment O2 delivery to their tissues during exer-
cise. In these experiments, On delivery was limited not
by ischemia but by low blood 0 concentration. The
presence of anemia enhanced the increase in blood L/P
during exercise, and this effect of anemia was propor-
tional to its severity. The more that augmented 02 de-
livery was inhibited, the greater the increase in blood
L/P for any level of systemic O2 consumption (Fig. 3).
These experiments show that exercise changes in blood
L/P are responsive in a predictable manner to concur-
rent alterations in tissue O. supply; therefore, the changes
in blood L/P appear to be related to changes in the
availability of 02 to the respiratory enzyme system in the
tissue rather than to some other effect of exercise. The
results of these experiments also substantiate the inter-
pretation presented in the previous studies of patients
with ischemic disease that their exceptionally large in-
creases in blood L/P were due to tissue hypoxia.

ACKNOWLEDGMENTS
John Oxendine, Stephen Moore, Sandra Hora, and Marilyn
Paul provided vital technical help. The blood O2 dissociation
curves were determined by members of Dr. James Met-
calfe's laboratory. The authors are grateful to Dr. Richard
L. Dobson, who critically reviewed the manuscript.

This work was supported by Public Health Service Grant
HE 10433.

REFERENCES
1. Friedemann, T. E., G. E. Haugen, and T. C. Kmieciak.

1945. Pyruvic acid. III. The level of pyruvic and lactic
acids, and the lactic-pyruvic ratio, in the blood of human
subjects. The effect of food, light muscular activity, and
anoxia at high altitude. J. Biol. Chem. 157: 673.

2. Huckabee, W. E. 1958. Relationships of pyruvate and
lactate during anaerobic metabolism. III. Effects of
breathing low-oxygen gases. J. Clin. Invest. 37: -264.

3. Gudbjarnason, S., and R. J. Bing. 1962. The redox-
potential of the lactate-pyruvate system in blood as an
indicator of the functional state of cellular oxidation.
Biochim. Biophys. Acta. 60: 158.

4. Cain, S. M. 1965. Appearance of excess lactate in anes-
thetized dogs during anemic and hypoxic hypoxia.
Amer. J. Physiol. 209: 604.

1868 W. A. Neill, P. E. Jensen, G. B. Rich, and l. D. Werschkul



5. Neill, W. A., and W. E. Huckabee. 1966. Anaerobic
heat production by the heart. J. CGin. Invest. 45: 1412.

6. Olson, R E. 1963. "Excess lactate" and anaerobiosis.
Ann. Intern. Med. 59: 960.

7. Alpert, N. R. 1965. Lactate production and removal and
the regulation of metabolism. Ann. N. Y. Acad. Sci.
119: 995.

8. Havel, R. J., and E. Watkins, Jr. 1950. The metabolism
of lactate and pyruvate in children with congenital heart
disease. Circulation. 2: 536.

9. Greene, N. M., and N. S. Talner. 1964. Blood lactate,
pyruvate and lactate-pyruvate ratios in congential heart
disease. N. Engl. J. Med. 270: 1331.

10. Huckabee, W. E. 1965. Metabolic consequences of
chronic hypoxia. Ann. N. Y. Acad. Sci. 121: 723.

11. Lowenstein, E., and L. I. Zaroff. 1966. Lactate-pyruvate
ratio in surgically produced chronic hypoxemia in dogs.
Amer. J. Physiol. 210: 69.

12. Eldridge, F. 1966. Blood lactate and pyruvate in pul-
monary insufficiency. N. Engl. J. Med. 274: 878.

13. Seibert, D. J., and F. G. Ebaugh, Jr. 1967. Assessment
of tissue anoxemia in chronic anemia by the arterial
lactate/pyruvate ratio and excess lactate formation.
J. Lab. Clin. Med. 69: 177.

14. Neill, W. A., J. M. Oxendine, and S. C. Moore. Acute
and chronic cardiovascular adjustments to induced ane-
mia in dogs. Amer. J. Physiol. In press.

15. Van Slyke, D. D., and J. M. Neill. 1924. Determination
of gases in blood and other solutions by vacuum extrac-
tion and manometric measurement. J. Biol. Chem. 61:
523.

16. Huckabee, W. E. 1956. Control of concentration gradi-
ents of pyruvate and lactate across cell membranes in
blood. J. Appl. Physiol. 9: 163.

17. Huckabee, W. E. 1958. Relationships of pyruvate and
lactate during anaerobic metabolism. I. Effect of infu-
sion of pyruvate or glucose and of hyperventilation. J.
Clin. Invest. 37: 244.

18. Barger, A. C., V. Richards, J. Metcalfe, and B. Gunther.
1956. Regulation of the circulation during exercise.
Cardiac output (Direct Fick) and metabolic adjust-
ments in the normal dog. Amer. J. Physiol. 184: 613.

19. Bailie, M. D., S. Robinson, H. H. Rostorfer, and J. L.
Newton. 1961. Effects of exercise on heart output of
the dog. J. Appl. Physiol. 16: 107.

20. Glick, G., W. H. Plauth, Jr., and EB Braunwald. 1964.
Role of the autonomic nervous system in the circulatory
response to acutely induced anemia in unanesthetized
dogs. J. Clin. Invest. 43: 2112.

21. Barlow, G., and D. H. Knott. 1964. Hemodynamic al-
teration after 30 minutes of pentobarbital sodium anes-
thesia in dogs. Amer. J. Physiol. 207: 764.

22. Huckabee, W. E., and W. E. Judson. 1958. The role of
anaerobic metabolism in the performance of mild muscu-
lar work. I. Relationship to oxygen consumption and
cardiac output, and the effect of congestive heart fail-
ure. J. Clin. Invest. 37: 1577.

23. Carlson, L. A., and B. Pernow. 1961. Studies on the
peripheral circulation and metabolism in man. I. Oxy-
gen utilization and lactate-pyruvate formation in the
legs at rest and during exercise in healthy subjects.
Acta Physiol. Scand. 52: 328.

24. Harris, P., M. Bateman, and J. Gloster. 1962. Relations
between the cardio-respiratory effects of exercise and the
arterial concentration of lactate and pyruvate in patients
with rheumatic heart disease. Clin. Sci. 23: 531.

25. Cobb, L. A., and W. P. Johnson. 1963. Hemodynamic
relationships of anaerobic metabolism and plasma free
fatty acids during prolonged, strenuous exercise in
trained and untrained subjects. J. Clin. Invest. 42: 800.

26. Knuttgen, H. G. 1962. Oxygen debt, lactate, pyruvate,
and excess lactate after muscular work. J. AppI. Physiol.
17: 639.

27. Neill, W. A. 1968. Myocardial hypoxia and anaerobic
metabolism in coronary heart disease. Amer. J. Cardiol.
22: 507.

28. Carlson, L. A., and B. Pernow. 1962. Studies on the
peripheral circulation and metabolism in man. II. 02 utili-
zation and lactate-pyruvate formation in the legs at rest
and during exercise in patients with arteriosclerosis
obliterans. Acta Med. Scand. 171: 311.

29. Hlavova, A., J. Linhart, I. Prerovsk-k, and V. Ganz.
1968. Lactate and pyruvate changes in the leg during
and after exercise in normal subjects and in patients
with femoral artery occlusion. Clin. Sci. 34: 397.

30. Edhag, O., and S. Zetterquist. 1968. Peripheral circu-
latory adaptation to exercise in restricted cardiac out-
put. A hemodynamic and metabolic study in patients
with complete heart block and artificial pacemaker.
Scand. J. Clin. Lab. Invest. 21: 123.

31. Asmussen, E., and M. Nielsen. 1953. The cardiac output
in rest and work determined simultaneously by the
acetylene and the dye injection methods. Acta Physiol.
Scand. 27: 217.

32. Chapman, C. B., J. N. Fisher, and B. J. Sproule. 1960.
Behavior of stroke volume at rest and during exercise
in human beings. J. Clin. Invest. 39: 1208.

33. Astrand, P., T. E. Cuddy, B. Saltin, and J. Stenberg.
1964. Cardiac output during submaximal and maximal
work. J. AppL. Physiol. 19: 268.

34. Saltin, B. 1964. Circulatory response to submaximal
and maximal exercise after thermal dehydration. J.
Appl. Physiol. 19: 1125.

Tissue Hypoxia and the Blood Lactate: Pyruvate Ratio 1869


