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The conception that, under resting conditions, blood lactic acid
varies directly with pH is now current in the literature. According to
this view, in states of alkalosis, lactic acid increases in the blood while
during acidosis the opposite effect is produced. The origin of this con-
ception is chiefly attributable to the work of Macleod (1), Anrep and
Cannan (2), Long (3), and Eggleton and Evans (4). A further commonly
accepted view concerning lactic acid in the blood of resting man is that
this substance originates chiefly from muscle metabolism. The gradual
accumulation of data in our hands from various sources during the past
few years with respect to lactic acid has led to the formulation of the
following inquiry: To what extent are the generally accepted mechanisms
mentioned above concerning lactic acid operable in man? An investiga-
tion of these questions is desirable because much of the existing informa-
tion has accrued from experimental work on cats and dogs. The present
data have been obtained in a study of normal man unless otherwise stated.
The methods used for preventing in vitro changes in the blood and for
its analysis have been described before (5). Following the procedure we
have adopted, the amount of lactic acid found in the blood of resting
man has a range of 6 to 14 mgm. per 100 cc., the average value being
about 10 mgm. Alkalosis has been produced by ingestion of sodium
bicarbonate or by voluntary over-ventilation. Acidosis has been pro-
duced by ammonium chloride administration. In addition, observations
have been made in anoxemia, in moderate work, and on a dog during
alkalosis.

ALKALOSIS

After a rest of 30 minutes in a reclining position, venous blood was
secured from four normal men, and alveolar air samples were taken.
The subjects then ingested 20 gram doses of sodium bicarbonate at 9
A.M., at 11A.M. and at 2 P.M. During the day the alkaline reserve ! of
venous blood was determined from time to time with results as indicated
in Figure 1. On the first and last samples of blood, analyses were per-

1 Alkaline reserve is defined as the carbon dioxide content of oxygenated
whole blood when the partial pressure of carbon dioxide is 40 mm. Hg.
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formed the results of which are indicated in Table I. Corresponding
data on the subject H. D. from the paper of Dennig, Talbott, Edwards
and Dill (6) are included in the table, as well as similar data from a case
of nephrosis in a girl, age 15, treated at the Massachusetts General Hos-
pital for 10 days with large doses of alkali. The CO, content of arterial
blood in the latter case was 70.0 volumes per cent, of true plasma, 84.4
volumes per cent and the pCO,; was 44 mm. of Hg.
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It is obvious from these data that compensated alkalosis in man is
not necessarily accompanied by an increase in blood lactic acid. The
CO; content of blood may be increased by 50 per cent without change
beyond the normal range in lactic acid concentration. In brief animal
experiments, the use of anesthetics, artificial respiration, and operative
procedures have all been followed by very high lactic acid values during
alkalosis, apparently demonstrating, in the production of lactic acid, a
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TABLE I
Sodium bicarbonate experiments

Date Subj Ti AIIZ:' Alkaline | Lactic
ubject me I?COz reserve*| acid pH#

mm. | volu mem.

Hg | per cont Iopoﬂcc.

1928
June22........ H. D. Normal 39.6 | 45.9 8.1 [7.39
June6......... H. D. After alkali 42.6 | 57.2 72 | 746
September 27. .. H. D. After alkali 38.3 | 46.7 | 11.7 | 741
October 1...... H. D. After alkali 40.3 | 56.1 | 12.6 | 7.47
November 13. .. 1. G. Nephrotic 67.2 85 |7.53
1931

September 30. .. D. B. D. Normal 9AM. | 380 | 5045 | 13.6 |7.44
September 30.. . D. B. D. After alkali 5SP.M. | 46.7 | 64.3 | 10.5 | 7.50
October 2. ..... A. V. B. Normal 9AM. | 380 | 4765 | 8.2 |743
October 2. ... ... A. V. B. After alkali 4 PM. | 451 | 61.0 76 | 749
October 2. .. ... S. A. O. Normal 10 AM. | 390 | 47.8 9.2 | 742
October 2. . .... S. A. O. After alkali 4 PM. | 450 | 6345 | 103 [ 7.52
October 2.... . ... A.J. D. Normal 9 A.M. | 38.0 | 47.8 11.3 | 743
October 2. . .... A. J. D. After alkali 4 PM. | 434 | 64.2 14.6 | 7.51

* See footnote 1 of text.
t Calculated in this and following tables from the known properties of blood
and to correspond to the observed pCO; in alveolar air.

reserve force to combat alkalosis. But even in the absence of alkalosis
such experimental procedures are frequently followed by large increases
in blood lactic acid. There is no substantial evidence suggesting that a
similar mechanism is operative in man under any commonly found set of
circumstances.?

ACIDOSIS \

In a period of 48 hours two subjects ingested 35 grams of ammonium
chloride. After a rest period of 30 minutes samples of alveolar air and
blood were taken. The data obtained are given in Table II, together
with similar data from the subject H. D. taken from Dennig’'s paper
mentioned above. The values found for lactic acid again fall in the nor-
mal range even though the alkaline reserve may be reduced by more than
50 per cent with the pH, reduced to 7.21. The data are few but the ex-
perimental conditions are simple, the technique for the various determina-
tions is thoroughly standardized and the results leave little question that
additional observations would give similar results. It is perhaps worth

2 In the paper of Himwich, Koskoff and Nahum (7) in which high lactic
acid values were found in anesthetized and decerebrated animals the authors
make the following statement: ‘ The experiments on the resting unnarcotized
dog and those on the human beings have not been tabulated since they did
not indicate significant changes in the lactic acid and glucose content of the
blood.”
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TABLE II
Ammonium chloride experiments

NH(C! . .
Date Subject ; niq&e]s:toe:r . A:;gg}:"' l:zlal;zllvnee Iﬁgc pH,
grams mm. Hg ;‘g,“::‘”‘“ 1’;;5%‘:
1928
May28.......ccvvvinnnnnn. H. D. 28 28.8 34.7 8.1 |7.38
September 29............... H. D. 30 26.5 214 6.3 |7.21
1931
October 7.................. A.V.B. 35 31.6 314 7.6 |7.26
October 7. ................. S.A.O. 35 314 334 10.3 | 7.29

pointing out that the lactic acid concentration in the blood of normal
resting men and dogs is only one per cent of all acid radicals, expressed in
equivalents. Even though all this acid disappeared, the carbon dioxide
dissociation curve would be raised only 2 volumes per cent.

OVER-VENTILATION

1. 60 per ceni Oz + CO;2. Long (3) found that breathing pure oxygen
had no effect upon the lactic acid in the blood of man at rest. When,
however, a mixture of 8 to 11 per cent of carbon dioxide and oxygen was
breathed for 30 minutes lactic acid was completely removed from the
blood as shown by qualitative tests with thiophene. The author records
no estimations of the increased ventilation during the tests and only one
pH determination is given showing a change from pH 7.50 to pH 7.40
after the subject had breathed 8 per cent CO; + 92 per cent O, for 30
minutes. Long concluded that the disappearance of lactic acid from the
blood was a function of the change in hydrogen ion concentration.

In our experiments the subject rested on a bed for 30 minutes, his
ventilation was determined and a sample of venous blood drawn to es-
tablish the bicarbonate content and amount of lactic acid. The subject
was then enclosed in a Barach oxygen tent, the CO, scrubber was re-
moved, and the oxygen in the tent quickly run up to 60 per cent and
maintained at this level. Ventilation could be measured at will by lead-
ing the expired air through a dry meter and again back into the tent.
The values for total ventilation obtained in this way are but a rough
measure of the respiratory exchange owing to the constantly changing
amount of CO; in the tent air, but they indicate well enough the general
respiratory effort. The data of five experiments are included in Table
III. Owing to the accumulation of CO, in the tent, ventilation may be
increased toward the end of the experiment up to 30 or 40 liters per
minute. The presence of CO, in the inspired air prevents blowing off
of this gas from the body, and the change in pH incident to retention of
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carbon dioxide is probably of .ae order found by Long. Since, under
these conditions, we could demonstrate little if any change in blood lactic
acid, the question was not pursued further. Our data do not lend sup-
port to Long’s hypothesis.

2. Voluntary over-vemtilation. After the usual initial period of rest
on a bed the subject began voluntarily to increase his breathing. The
expired air was collected in a 600-liter spirometer, an observer announced
the approximate volume expired each minute and the subject attempted
to maintain his volume of breathing at about 30 liters per minute. Near
the end of the experiment, alveolar air samples were collected and blood
drawn from both the radial artery and antecubital vein. Evidences of a
state of tetany were present in every case but one when the blood was
taken. The data are given in Table IV. They show that the arterial
COq pressure ranges between 12 and 16 mm., the arterial CO; content is
below 35 volumes per cent, the pH, ranges from 7.60 to 7.73 and the lactic
acid rises to two or three times the normal value. The duration of the
experiments was too short to produce any appreciable change in alkaline
reserve.

In these experiments the increase of lactic acid is associated with a
high grade of alkalosis concerning which there can be no doubt, but it is
to be noted that the experimental conditions are such as to interfere with
the function of the greatest regulatory mechanism of the body, that of
spontaneous breathing. Not only is the pH of the blood altered, but
presumably many other variables are also grossly shifted. In the blood
the primary shift occurs in the excessive elimination of carbon dioxide
by the lungs and since the body is provided with protective devices of
~ various sorts, it has been held that an increase in lactic acid during
hyperventilation is a means of offsetting alkalosis. It seems clear that
the increase in lactic acid is related to a complex physicochemical change
which cannot be resolved with present knowledge and that therefore the
explanation of the increase of lactic acid must remain uncertain. The
results are quite different from those found when similar volumes of
breathing per minute were induced by the simple expedient of permitting
carbon dioxide to accumulate in the inspired air. In three out of five
experiments in which lactic acid was determined in both arterial and
venous blood there is evidence that the formation of lactic acid occurs in
the muscles, but this bore no proportionate relation to the tetanic spasms
and paresthesia noted by the various subjects. Such a suggestion was
made by Peters, Bulger, Eisenman and Lee (8) to account for the in-
creased organic acid found in the blood after hyperventilation.

ANOXEMIA

In addition to conditions influencing primarily the acid-base equilib-
rium, lack of oxygen is usually considered as the principal cause of an
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increase in blood lactic acid. The highest values for lactic acid in blood
have been those found during or after severe physical exercise, in which
either the supply of oxygen is inadequate or the rate of formation of this
acid exceeds the speed of its resynthesis or removal independent of the
oxygen supply. Notwithstanding the fact that anoxemia is constantly
mentioned as a cause of increased amounts of lactic acid in the blood, there
is little evidence to show at what level of anoxemia this occurs in resting
man. Koehler, Behneman, Benell, and Loevenhart (9) have shown that
acidosis is the terminal condition in pigs, when these animals are sub-
jected for a sufficient period to atmospheres of oxygen as low as 4 or 5
per cent. Macleod (10) found an increase in lactic acid in animals sub-
jected to severe anoxemia and shock, but the operative conditions were
probably of vital importance in his results. Meakins and Long (11),
Jervell (12) and Groag and Schwarz (13) have reported increases in lactic
acid in the blood of patients suffering from congestive heart failure more
or less proportionate to the degree of circulatory failure. Weiss (14)
has been unable to confirm the latter results. His data indicate that
lactic acid seldom exceeds 20 mgm. in patients suffering from congestive
failure. Many other conditions such as anesthesia, hemorrhage, diseases
of the liver, etc., are associated with abnormal amounts of lactic acid in
the blood, all presumably related in one way or another to oxygen defi-
ciency.

TABLE V
Anoxemia experiments
onteat | La
Date Subject Inspired gas Dura- :;‘);?jd‘";‘ atci;c: PH,
1951 min. | ey cont | TP
utes %:::; 130

May 1 D. B. D. | 9percentO;+ N, 52 | 56.2 |12.0{ 7.49
May 22| D.B.D. |9percentO;+ 2.47 percent CO; + Np | 67 | 69.8 | 9.7| 7.42
May 27| A.V.B. |9.1percentO;+ N, 72 | 64.3 | 12.8| 745
June 2 A.V.B. |9.2percentQO;+ 2.5 percent CO;+ N2| 58 | 75.0 | 10.4| 7.41
June10| H.T.E. |9.2percentO;+ 2.7 percent CO;+ N3| 43 | 76.9 | 12.0] 7.45
June 16 | H. T.E. {9.2percentO;+ N, 68 | 51.1 | 15.5(7.45

In connection with another research not yet published we have ob-
tained the data shown in Table V. The subjects, while sitting in a chair,
breathed in one case an atmosphere of 9 per cent oxygen + 91 per cent
nitrogen and in another case a gas mixture consisting of 9 per cent oxygen
-+ 2.5 per cent carbon dioxide + 88.5 per cent nitrogen. Nine per cent
oxygen at sea level is equivalent to the partial pressure of this gas at an
altitude of 22,000 feet. The degree of anoxemia reached in these experi-
ments, as shown by the per cent saturation of arterial blood with oxygen,
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equals or exceeds that found in most cases of lobar pneumonia or of cir-
culatory failure. The lactic acid values found are on the average about
2 mgm. higher than the average normal value. Such results suggest that
anoxemia per se in man must be of a very high order of magnitude if it is
to cause a substantial increase in lactic acid. Lactic acid formation is
shown to be little affected when the partial pressure of oxygen in arterial
blood drops to half normal. Of course it is possible that in some patho-
logical conditions there may be not only decreased saturation of arterial
blood but also a slower rate of movement of blood through the capillary
bed. When this occurs the mean pressure of oxygen will be further re-
duced.
MODERATE PHYSICAL EXERCISE

Although the response of the body during physical exercise is not of
primary interest in this paper, the data of experiments tabulated in Table
VI are included to demonstrate the stability of lactic acid concentration

TABLE VI
Exercise experiments of 30 minutes’ duration
Lactic acid in venous blood
Date Subject Rate |OxvEen

Resting After work

miles | liters m per mam. per
1981 P A O B A 100 2.
October 21................ W.E.C* 3.5 | 094 9.0 9.8
October 26................ W.E.C. 46 | 1.49 16.0 11.7
November 2............... W.E.C. 70 | 2.30 13.3 13.3
November 4............... W. E. C. 58 | 1.84 15.2 121
November 9............... W.E.C. 8.6 | 2.70 12.1 25.4
October 23................ A.].D. 2.3 | 0.99 11.3 12.1
October 26................ A.]J.D. 3.5 | 1.09 9.0 9.8
November 2............... A.].D. 4.6 | 1.69 11.3 15.6
November 24.............. A.V.B. 35 | 118 13.7 9.8
November24.............. Miss D. C. 35 | 1.01 9.2 9.9
November 24.............. S. A.O. 3.5 | 1.27 9.0 8.6

* Trained runner.

even during exercise requiring a metabolic rate several times that of the
resting state. The subjects walked or ran for 30 minutes on an electrically
driven treadmill at the speeds indicated in the table. The only subject
in physical training was W. E. C. The results are significant, especially
when account is taken of the conception that the lactic acid present in the
blood during rest has its origin in the muscles. These experiments ap-
pear by contrast to exclude such possible sources for lactic acid during
the resting state as the activity of the accessory muscles of respiration,
sporadic movements of the body commonly observed in subjects lying
at rest, tetanic spasms, etc. An untrained subject may by exercise in-
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crease his metabolic rate four or five times without altering his blood
lactic acid. The duration of the walking tests was adequate to permit an
even distribution of lactic acid throughout the body and thus raise the
level of lactic acid in the blood if an overflow had occurred from the ex-
ercised muscles. The evidence suggests that resynthesis or removal of
lactic acid had kept pace with its production.

DISCUSSION

From the data given above it is clear that lactic acid concentration
in resting man is, relatively speaking, stable, and is not greatly influenced
by mechanisms formerly considered operative. The only circumstance
found in this study in which the normal resting level of lactic acid is
disturbed is that of voluntary over-breathing. This fact gains in signifi-
cance because the experimental conditions involved were the only
ones in which there was any voluntary interference with normal regula-
tory mechanisms of the body. Eggleton and Evans (4) stress the impor-
tance of avoiding over-ventilation in experiments in which variations in
the lactic acid content of the blood are being studied. In man thereis
evidence on every hand that spontaneous breathing is capable of reacting
to changes occurring in the internal environment in a manner to prevent
shifts of state inimical to the organism until extreme conditions are met.

Early experiments of Macleod and Hoover (15) showed that lactic
acid was increased in the blood when alkaline-dextrose solutions were
given intravenously. No increase in lactic acid occurred when dextrose
was injected in acid solution. The animals were anesthetized and had
the vena cava and portal vein exposed. In view of these results Macleod
and Knapp (1b) suggested that lactic acid may act as an acid reserve use-
ful in counteracting alkalosis. They found that intravenous injections of
solutions of sodium carbonate and sodium bicarbonate in rabbits and
dogs caused an increased output of lactic acid in the urine, and that
this might occur without change in the pH of the blood. The same result
was obtained when alkali was fed to two cats and three normal men.
Jervell (12) found that ingestion of bicarbonate by seven patients was
followed by a decrease in concentration of lactic acid in the blood of five
of the subjects. In another series of observations made on the urine of
other subjects he found increased excretion of lactic acid following bi-
carbonate ingestion.

In order to determine the extent of variations in lactic acid concen-
tration that may be induced in a normal dog after bicarbonate adminis-
tration the following experiment was done. A mongrel dog weighing
13 kilograms was given sodium bicarbonate in 10 per cent solution, by
means of a stomach tube as indicated in Table VII. In all, 848 cc. of
bicarbonate solution were given in the course of three and one-half hours.
During this time approximately 300 cc. were vomited and two fluid
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TABLE VII

Response of a dog to alkali administration
(NaHCO; given in 10 per cent solution by stomach tube. Weight of dog, 13 kgm.)

Observations on venous blood

Time Remarks E::lsptilr- pCOs of | pH, of | pH, of |LAStic
ature | HDO: | COy | Alla- | oo | Bicod | plood at | Acid,
\pac- | - con- ine as as pCOs,
ity tent |reserve drawn | drawn | 40 mm. d x::vn
vol- | vol- | wob- | . mem.
°F. umes | umes | umes Hg. per
per cent| per cend| per cent 100 cc.
12:00 M. 101.8| 215|438 |39.2 | 502 |725]| 731 |174
12:05 P.M. | 100 cc. alkali
12:18 P.M. | 125 cc. alkali
12:20 P.M. | 60 cc. vomitus
12:23 P.M. 101.9| 22.0 | 48.6 | 452 | 47.1 | 7.33 | 7.38 | 24.5
12:45 P.M. 102.5| 225 | 539 | 504 | 47.6 | 7.38 | 7.44 | 20.5

1:01 P.M. | 125 cc. alkali
1:10 P.M.| 50 cc. vomitus

1:23 P.M. 102.2 | 22.8 | 63.7 | 56.9 | 54.0 [ 740 7.50 | 225
1:37 P.M. | 125 cc. alkali

1:43 P.M.| 25 cc. vomitus

1:54 P.M. | Fluid stool

2:10 P.M. | 125 cc. alkali

2:15 P.M.| 25 cc. vomitus

2:20 P.M. 1019 26.1 | 68.2 | 584 | 57.0 | 742 | 7.52 | 33.6
2:58 P.M.| 128 cc. alkali

3:02 P.M. | 125 cc. vomitus

3:14 P.M. 101.7] 264 | 69.4 | 63.0 | 51.5 | 7.48 | 7.56 | 43.1
3:35 P.M. | 120 cc. alkali

3:48 P.M. | Fluid stool

3:55 P.M. 100.8 ( 28.2 | 69.8 | 57.8 | 61.0 | 740 | 7.53 | 47.4

stools were passed. For the last hour the animal appeared sick and was
unwilling to stand. By the following morning he was apparently in
normal condition. The initial resting value for lactic acid, 17.4 mgm., was
somewhat high and showed comparatively little tendency to change
after the animal had had 35 grams of bicarbonate, equivalent to three
times the dose given to normal men as noted in Table I. The shift in
pH, toward the alkaline side during this time was about 0.2. Subse-
quently, as more alkali was given, lactic acid contentration increased
rapidly. There was little further change in pH, or in CO; content of the
blood. The condition of the animal was no longer good. The data
indicate that this dog could be subjected to a dose of alkali three times
greater than that given to a normal man without exhibiting any great
change in lactic acid concentration, notwithstanding a change in pH, of
approximately 0.2,

Our data as a whole indicate that the lactate content of the blood is
not readily altered during alkalosis, and we conclude that any mechanism
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by means of which such an event might be brought about is of little signifi-
cance in man, normally or pathologically.

Moderate acidosis produced by the use of ammonium chloride has
no effect on blood lactic acid. In extreme states of acidosis following
anoxemia, such as those produced in pigs by Koehler, et al. (9), great
increases in lactic acid may occur, but are of little significance in the
present discussion since they represent but one measurable aspect of the
dissolution of the whole body.

In anoxemia Macleod (10) found an increase in lactate concentration
when the respiratory mixture breathed by his anesthetized animals con-
tained 4 to 8 per cent of oxygen, the oxygen pressures being similar to
those used by Koehler, et al. Macleod suggested that the excess of
lactic acid may be formed to neutralize the excess base resulting from
blowing off of carbon dioxide from the blood. We find difficulty in ac-
cepting such an hypothesis without qualification in view of our results
under conditions of anoxemia representing the limit to which normal
men can be subjected for a period of one hour. In these experiments no
compensatory mechanism involving lactic acid is evident. The data
suggest that anoxemia in various clinical conditions must reach a grave
state to disturb lactic acid concentration in the body. In corroboration,
Jervell found in short experiments on men, while breathing low oxygen
mixtures, no increase in lactic acid until the oxygen breathed was re-
duced to 7.5 per cent. A further consideration of this question will be
published later.

There appears to be little doubt that lactic acid, in the form of a
salt, is a normal constituent of blood. Some question may be raised as
to the exact amount of it in a given blood sample, since the method used
for its measurement may include sulphite-binding products which result
from the oxidation of substances other than lactic acid. Long (3)
roughly estimated the amount of lactic acid in blood by the thiophene
test and compared the values obtained with those given by Clausen’s
method (16). He concluded that one-half to three-quarters of the
yield given by the latter method was due to lactic acid itself. However,
the modification of the Clausen method, since introduced by Friedemann,
Cotonio and Shaffer (17), has reduced the number of interfering sub-
stances, and according to these authors has made the method more nearly
specific for lactic acid. As a result, the value now obtained for lactic
acid in blood during rest is approximately one-half that given by the
Clausen technique. Until further work is done we may assume that the
concentration found for lactic acid by the present method represents this
substance.

Owing to the importance of the réle of lactic acid in muscular contrac-
tion, as indicated in the work of Meyerhof and Hill (now modified (18)),
activity of muscle, whether under working or resting conditions, is com-
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monly regarded as the source of lactic acid in the blood. Severe physical
exercise in untrained men is accompanied by a large increase in lactic
acid concentration, but in the case of trained individuals the same grade
of exercise may produce no appreciable change in lactic acid. Moderate
exercise, as our experiments and those of Owles (19) show, may be carried
on with little or no alteration in blood lactic acid. Whether or not lactic
acid concentration in blood increases under given conditions of exercise
depends not only upon an adequate oxygen supply but presumably also
upon the speed of its production.

If moderate muscular exercise in untrained men can be executed
without appreciable change in the level of blood lactic acid, it appears
improbable that the lactic acid formed during resting states has its
origin only in muscle metabolism. The r6le now assigned to lactic acid in
muscle activity (18) has no bearing on the subject. Taking into account
the relative stability of lactic acid concentration during rest, it seems
better not to attempt a specific explanation but to go no further than to
regard this phenomenon as a part of the general process of metabolism as a
whole. We suggest, for example, that it may be a split product in the
oxidation of carbohydrate, mobilized for the maintenance of general
body needs. Much work with reference to glucose oxidation must be
done before the question can be settled. Of the lactic acid present in the
blood of a resting subject a small portion may come from muscle activity,
the rest presumably from the activity of the central nervous system,
various glandular activities, etc. It seems logical to suppose that the
ability to reconvert lactic acid to its precursor may vary greatly at the
seat of its formation, just as the rate of utilization of oxygen may vary
from organ to organ in the body. The problem remains for study along
lines differing from those suggested in the past. An excellent review of
the literature concerning lactic acid has been published recently by
Himwich (20)

SUMMARY

It has been shown that lactic acid concentration in the blood of a rest-
ing man is not related simply to shifts in hydrogen ion concentration.
Anoxemia is not accompanied by increasing amounts of lactic acid until
extreme conditions are met. Evidence is given indicating that of the
total lactic acid found in the blood under resting conditions, only a part
may originate from muscle activity. No definite evidence is at hand
to indicate the source of the remainder, but it is suggested that it may be
a split product of carbohydrate mobilized for the maintenance of the
general metabolism of the body.
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