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The following investigation was undertaken in an attempt to
ascertain some of the chemical changes in the functioning tissues
which might develop from circulatory failure especially those which
concern oxygen and lactic acid. The disturbances of cellular metab-
olism which occur in circulatory failure have occupied a consider-
able amount of attention in recent years. This subject has been
chiefly studied in regard to the changes in the carbon dioxide content
and combining power of the blood or to the changes in oxygen con-
tent of the arterial or venous blood. These observations have con-
tributed to our knowledge of some of the results and compensations
which are consequent upon failing circulation but have not explained
many of the phenomena which occur in this condition. Since the
principle symptoms in early disturbances of the circulation are pro-
duced by muscular effort, it seems reasonable to associate certain of
them with related functions in the muscles themselves, more es-
pecially because investigations performed heretofore did not explain
the cause of these symptoms. The investigations of Hill and Meyer-
hof and their co-workers into the physiology of muscular work indi-
cated that similar observations in persons with disturbed circulation
might help to elucidate this problem. We have therefore repeated
phases of their work in cases with disturbed circulation and have
compared them with normal individuals under similar circumstances

Circulatory failure may be defihed as a state in which the volume
of blood circulated per unit of time is not adequate for the physical
needs of the moment. These needs may vary over a considerable

1 Read before the Annual.Meeting of the Association of American Physicians,
at Atlantic City, May 4, 1926.
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range of activities from that of complete rest up to considerable
physical and mental activity. The point at which physical effort
becomes embarrassed differs in different individuals. The question
of a normal point or degree is impossible of an answer. The work
accomplished with ease by a youth of twenty could not be done by
a man of sixty except with considerable effort and distress. A con-
spicuous difference would, furthermore, be found in men of twenty
in their capacity to do heavy physical work. This would be dependent
upon their "training," or in great part upon the functional efficiency
of their circulation. We consider that the normal capacity for
physical effort should be taken to be the amount of work which can
be accomplished by the average individual, taking into considera-
tion his age, sex, and previous training. It will be found that all
so-called healthy individuals may be grouped between the trained
athlete on the one extreme and the untrained sedentary worker on
the other. But there would be no reason to believe that the one
could not be made into the other provided there were no patho-
logical condition which would interfere. If one were present, the
individual could not be classified as healthy.
When one comes to consider the capacity for physical exertion in

conditions of circulatory disease, a still further graded result is ob-
tained. There are those cases which are little, if at all, different
from the normal, but from this point cases may show all degrees of
impaired circulatory function down to those where life is main-
tained with difficulty, and eventually death ensues from an inade-
quate volume of blood circulated. Cases in all degrees of circulatory
failure were investigated during the course of the work to be re-
ported It was natural that only those with a comparatively moderate
degree of circulatory deficiency were found to be capable of carrying
out the exercise experiments. The quantitative results obtained
clearly indicated, however, the progressive character of the process.
Only cases with an uncomplicated rheumatic cardiac lesion were used
for the exercise experiments, as it was considered essential that as
far as possible cases in which there were lesions in other organs
should be excluded in order not to complicate the observations.
Among the cases in which lactic acid determinations only were done
the circulatory failure was due to a variety of lesions.
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METHODS

The principles of the methods employed in this work have already been
elaborated in published experiments of a similar type on normal individuals (1),
(2) and (3). The Douglas Bag method was employed throughout and deter-
minations of oxygen consumption, debt and requirement were made in exactly
the same manner as was employed in these previous experiments.
Two forms of exercise were used, namely, walking and standing-running. It

is well known that individuals with cardiac disease of any severity are unable to
exert themselves to the same extent that normal persons can and the degree of
these two exercises is consequently mild when judged by normal standards. As
will be seen later, as far as the patients themselves were concerned, even the
"mild" exercises produced the same effects as are observed in and after severe
exercise in healthy people. Consequently the rate of walking was in most cases
reduced to about 3j miles per hour, and standing-running was done at 184 steps
per minute.

Another precaution to which special attention had to be paid in these cases
was that no exercise of any kind should be undertaken before the preliminary
resting oxygen consumption was determined. We were much puzzled at first
by the differences in our initial and final resting oxygen consumption values, in
spite of the fact that we had allowed what in normal individuals was an adequate
preliminary resting period. It eventually transpired that where these differences
occurred the patients lived outside the hospital and had walked up the short hill
from the street to the laboratory before the determination was made. This
apparently mild exercise was quite sufficient to cause these variations. Follow-
ing this experience we chose as our subjects hospital patients who had been lying
in bed twelve or more hours before the experiment was performed and who were
brought in a wheel chair from their ward to the laboratory when required.
The gas samples were analyzed in Henderson's modification of the Haldane

apparatus, while the lactic acid in the blood was estimated by Clausen's method
(4), using the modifications described by one of us (1).

OXYGEN INTAKE AND REQUIREMENT

As soon as an individual starts to take exercise of any kind the
02 intake per minute rises. The rise to the level required for the
exercise is not instantaneous and is reached only after some two
minutes have elapsed. Each different degree of exercise requires,
furthermore, a definite amount of 02 intake which increases with the
severity of the exercise, until a point is reached at which the heart
and lungs are unable to meet the oxygen demand required for the
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exercise. In short, the 02 demand or requirement2 of the exercise
is met until the 02 intake is at a maximum. Beyond this point the
individual must go into 02 debt3 if the exercise is to be performed.
As a result of the accumulation of lactic acid during exe-rcise extra
oxygen is used during the recovery period to remove it. This extra
oxygen is of course the oxygen debt and the time taken to return to
a normal 02 intake is spoken of as the recovery period.

In the patient with cardiac disease we would expect two variations
to occur in the above scheme. (a) In the first place, owing to the
diminished output of the heart (5) (6) and (7) the amount of oxygen
reaching the muscles per minute is diminished and therefore the 02
intake will be at a maximum at a lower level than it is in the normal
person. (b) Secondly, again owing to this diminished output, the
time required for the 02 intake to reach the level for the exercise
will be longer. This will be most noticeable in exercises demanding a
high level of 02 intake.
As regards this response to exercise, there is no essential difference

between the cardiac patient and the normal individual: it is one of
degree only. The cardiac patient is working on a lower revel and
this level will be lower and lower as the severity of the disease in-
creases, until at length, as we shall see later, in entirely decompen-
sated patients even at rest in bed the requirement may be more than
the heart is able to cope with. It is simply a question of the rela-
tionship between the 02 intake and the amount of exercise that has
to be done for, very probably, there is no difference between the proc-
esses required to run a mile in four minutes and to keep a normal
tonicity in the muscles when at rest in bed. Both require a certain
amount of oxygen per minute and if this is not available the indi-
vidual is bound to go into oxygen debt and show all the symptoms
associated with this condition.

2The oxygen requirement of a given effort is defined as the total oxygen used
during the exercise and in complete recovery from it, reckoned from the resting
level of oxygen consumption.

The oxygen debt is determined by measuring the total oxygen used in the
recovery period, starting from the end of exercise and subtracting the oxygen
which would have been used in the same period had the body remained at rest
throughout.
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TABLE 1

A. Walking experiments

Excess ~02
Subject - Date Exercise and duration 02 in- require- debt

take' ment db

kilos cc. per cc. pe .milsue minute

L. Normal 70 March 16, Walking at 1.42 metres per 636 (750) 177
male 1926 second for 7 minutes 20

seconds
March 17, Walking at 1.7 metres per 1,189 (1,000) 1,140

1926 second for 5 minutes 10
seconds

March 19, Walking at 2.02 metres per 1,408 (1,400) 909
1926 second for 4 minutes 16

seconds

R. Chronic 74 February 16, Walking at 1.42 metres per 735 (750) 627
mitral endo- 1926 second for 7 minutes 24
carditis with seconds
stenosis and February 17, Walking at 1.7 metres per 1,142 (1,000) 1,828
insufficiency 1926 second for 5 minutes 18
(rheumatic) seconds

February 18, Walking at 1.7 metres per 1,142 (1,000) 2,271
1926 second for 3 minutes 12

seconds
February 19, Walking at 2.02 metres per 1,380 (1,400) 3,415

1926 second for 4 minutes 16
seconds

Miss H. Normal November 27, Walking at 1.04 metres per 670 580
female 1925 second for 7 minutes

December 3, Walking at 1.25 metres per 476 620
1925 second for 7 minutes 30 (600)

seconds
December 1, Walking at 1.36 metres per 566 1,194

1925. second for 7 minutes .

Miss Ld. December 31, Walking at 0.96 metres per 500 1,440
Chronic mitral 1925 second for 7 minutes
endocarditis December 31, Walking at 0.96 metres per 486 751 1,600
with stenosis 1925 second for 6 minutes
and insuffi- December 29, Walking at 0.96 metres per 600 1,400
ciency (rheu- 1925 second for 6 minutes
matic)

The excess oxygen intake is the extra oxygen used per minute over and above the
resting oxygen intake.
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TABLE 1-Continued
B. Standing-running at 184 steps per minute

Excess 0,
Subject Date Exercise and duration 02 in- require- b

take* ment duebt
kilos ~~~~~~~~~~~~cc.per cc. per

c
kilos ~~~~~~~~~~~mingle mninute C.

L. Normal male 70 March 5, Standing-running at 184 2,549 3,286 3,540
1926 steps per minute for 3

minutes
March 9, Standing-running at 184 2,354 2,145 1,528

1926 steps per minute for 3
minutes

March 12, Standing-running at 184 2,061 2,295 2,210
1926 steps per minute for 3

minutes

R. Chronic 74 February 22, Standing-running at 184 1,851 4,073 8,270
mitral endo- 1926 steps per minute for 3
carditis with minutes
stenosis and February 24, Standing-running at 184 1,622 3,267 5,417
insufficiency 1926 steps per minute for 3
(rheumatic) minutes

February 26, Standing-running at 184 1,716
1926 steps per minute for 3

minutes
March 2, Standing-running at 184 1,876

1926 steps per minute for 3
minutes

We have studied this relationship between 02 intake and 02 require-
ment in patients4 with moderately severe cardiac lesions and com-
pared the findings with those obtained on normal individuals. Both
males and females were used as subjects. The results of our experi-
ments are seen in table 1. Some of the data (in parentheses) are
taken from earlier experiments on H. L. (3, p. 168, fig. 2) and repre-
sent figures for a normal individual of about 70 kilos weight. These
approximate estimations are indicated by being in parentheses.
Let us consider first the results of the walking experiments on L

and R. At all the observed speeds L is obviously not distressed.

4 Observations were carried out on a large series of cases but only a few com-
plete results are recorded here in detail. All of the experiments revealed the
same general results but varied in degree in different cases.
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His oxygen intake is well below its maximum value, that is to say
about 4.0 liters per minute (3, p. 156, table 1) and the requirement
(3, p. 168, fig. 2) of the exercise is met with ease so that the 02 debt
acquired is small and his recovery rapid. R presents a very different
picture. In his case, although his 02 intake for the different speeds
is approximately the same as L's, yet his 02 debt is much larger, and
at the highest rates of walking is very large when it is considered
that the maximum speed studied is only 2.02 meters per second,
i.e., about 4' miles per hour. If we assume, as we have, that the 02
requirement of the exercises is the same in his case as in L's, then the
only explanation for these large debts is that his circulation responds
much more slowly to the demands of the exercise than it does in the
normal individual. This means that although he finally comes into
equilibrium he takes so long to do it, compared with a normal man,
that a considerable oxygen debt has time to accumulate. This, as
we shall see, does occur (cf. fig. 1). In the case of the females, H and
Ld, an exactly similar result was obtained.

In the standing-running experiments in addition to this second
factor, the first factor which was predicted seems to come into opera-
tion, that is to say, the lower limit of the maximum oxygen intake
in cardiac disease. These experiments are possibly not as accurate
as the walking ones since in the latter uniformity of exertion is more
easily obtained. Every endeavor was made, however, in the stand-
ing-running experiments to secure this by warning and instructing
the subjects to lift their knees to the same height at each step. This
was arbitrarily set at a point where the thigh was flexed to a right
angle with the body. The objective symptoms on exercise were in
themselves significant. L did exercise at the set rate, that is to say
184 steps per minute, with practically no discomfort, and soon re-
covered afterwards. R, on the other hand, was always greatly dis-
tressed and usually had to be more or less driven to complete it.
In addition his recovery was long and was initially marked by ex-
haustion and dyspnea. These signs are reflected in the results for R.
L's oxygen intake averaged around 2.3 liters a minute and his oxygen
debt around 2.4 liters (table 1 B), while the respective values for R
were 1.8 and 6.8 liters respectively (table 1 B). In view of the large
02 debt we can assume that about 1.8 liters a minute is R's maximum
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oxygen intake and since the oxygen requirement is around 3.0 to 3.5
liters a minute this in itself would account for all or a large part of
the observed debt, and when considered along with the increased debt
due to the circulatory lag is about the expected value.

TABLE 2

Subject L. Normal. Aged 25. Weight 70 kilos. Post-absorptive*
Exercise: Standing-running 184 steps a minute for 3 minutes

Initial respiratory exchange C2= 2 = 0.85
02 281

Mid point of sample Excess 02 intake

seconds cc. per minute

7.5 869
22.5 1,549
37.5 2,079
52.5 2,139
75 2,629

105 2,144 (?)
135 2,890
165 2,629

*Subject R. Chronic endocarditis tith mitral stenosis and insufficiency (rheumatic).
Aged 34. Weight 74 kilos. Post-absorptive

Exercise: Standing-running 184 steps a minute for 3 minutes
C02 208

Initial respiratory exchange - = - =0.78
02 266

Mid point of sample Excess 02 intake

seconds c'c. per minute

7.5 472
22.5 784
37.5 1,028
52.5 1,183
75 1,419
105 1,608
135 1,719
165 1,796

* The term post-absorptive implies that the subject had been without food for at least
twelve hours before the experiment.

Hill, Long and Lupton in their papers (1), (2) and (3) class exer-
cise at this speed as a moderate one which should have an oxygen
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debt of 2 to 3 liters and a recovery period of 30 minutes. As seen
above, L fulfills this but R presents quite definitely the picture of an
individual who has undertaken severe exercise comparable in the
normal individual to standing-running at a much higher speed than
has been carried out in the experiments reported here, that is to say,
237 steps per minute for about the same time. It is interesting to
note that R was tried at this rate and found quite incapable of per-
forming it for more than a few seconds.

In order to test the second postulate that one of the causes for the

s5eONDs FROM START OF EXER-C1is

FG. 1. CHART OF DATA IN TABiE 2

increased oxygen debt in the cardiac cases was the circulatory lag in
the response to exercise, we have determined the rise in oxygen in-
take on exercise in such cases and also in normal individuals. The
results are in table 2 and figure 1.
These show quite clearly the greater initial lag in the cardiac

patient's response to exercise. The curve in these cases lacks the
smart initial response that is seen in the normal and is altogether a
much slower and gradual rise to a maximum. Naturally, the greater
level of 02 intake reached by the normal rather exaggerates the dif-
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ference between the curves; nevertheless, allowing for this, the
difference in the shape of the curves is obvious.

OXYGEN DEBT IN CIRCULATORY DISEASE

This has already been considered to some extent in the preceding
section, and we have seen that for a given exercise this quantity is
greater in individuals with circulatory disease than it is in normal
persons, owing to the slower circulation rate in the former. If the
maximum oxygen debts are considered, we find that the above order
of magnitude is reversed. The maximum 02 debt of an individual
represents the greatest extent to which he can drive his musculature

TABLE 3

Maximum oxygen debts

(a) Normal individuals (b? Cardiac cases

Subject Exercise 02 debt Subject Exercise 02 debt

liters liters

A. V. H. Running fast for 8 10.9 R Standing-running 184 5.4
minutes steps per minute "all

C. N. H. L. Stool jumping for 2 10.5 out" for 3' minutes
minutes B Standing-running 184 6.0

D. T. Running l mile very fast 13.2 steps per minute "all
T. A. L. Standing-running "all 10.1 out" for 3' minutes

out" for 32 minutes R Standing-running 184 8.4
steps per minute "all
out" for 31 minutes

before total exhaustion occurs. In other words it is the greatest
accumulation of lactic acid the body will tolerate. This definition
would imply that this quantity was independent of the circulation
and, theoretically, it is. In addition, by actual experiment, it has
been shown that when exhaustionAis reached the muscles contain
about as much lactic acid as does an isolated muscle when stimulated
until it will no longer respond. Theoretically then, we should ex-
pect to find that by long continued exercise the cardiac patient would
develop a maximum oxygen debt equal to that of a normal individual,
the only difference being the rate at which it was accumulated owing,
of course, to the slower circulation rate. Practically, our cardiac
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cases have never shown values for a maximum 02 debt anywhere
approaching those that have been recorded for normal individuals.
Table 3 shows maximum values in the two cases.

TABLE 4

Subject L. Norman. Aged 25. Weight 70 kilos

Exercise: Standing-running at 184 steps a minute for 3 minutes

Resting respiratory exchange
C

-= 2 = 0.89

Mid point of interval Excess 02 intake

cc. per minute

0 2,321
15' 1,690

1' 737
2' 30' 77
5' 30' 54
8' 45

15' 30' Nil
26' 30' 13

Subect R. Chronic mitral endocarditis uith stenosis and insufficiency (rhematic).
Aged 34. Weight 74 kilos

Exercise: Standing-running at 184 steps a minute for 3 minutes
CO, 265

Resting respiratory exchange""r = - = 0.87
300

Mid point of interval Excess 02 intake

cc. per minute

0 1,622
16' 1,330

1' 1,033
2' 30' 351
5' 30' 321
8' 141

15' 30' 63
35' 30' 34
55' 30' 2

Quite probably the reason for these differences is a psychological
one. The cardiac patient is aware of his infirmity and dreads to
drive himself too far for fear of the consequences.
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THE RECOVERY PROCESS IN CIRCULATORY DISEASE

The foregoing considerations enable us to predict the difference in
the recovery process to be found here between normal and diseased
individuals. The larger oxygen debts imply a longer recovery period
as also does the slower circulation rate. These theoretical con-
siderations are well substantiated by our results, as table 4 and figure
2 show.

12 O 18 24
TIME Or RECOVERY (MINUTES)

30 X6

FIG. 2. CHART OF DATA IN TABLE 4

The recovery period in L is strikingly shorter and more rapid than
in R in spite of its higher initial level. It is easy to see that with the
increasing circulatory failure recovery from even mild exercise becomes
slower. and more prolonged until, as we shall see in completely de-
cQmpensated cases, this is so lasting as to constitute an almost
"chronic" condition of oxygen debt.

0

F!RECOVERY AFTER
EXERCISE

I NORMAL
* CIRCULATORY

FAlLURE

0.5 I\

3

X r.

154

0 6
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LACTIC ACID IN THE BLOOD IN CIRCULATORY DISEASE

Although this subject is considered after the respiratory phe-
nomena, its logical position should perhaps be first, for it is the ap-
pearance and disappearance of this substance in the body during
exercise that is responsible for most, if not for all, of the phenomena.

TABLE 5

Lactic acid in the blood after exercise in norml individuals and in patients with
cardiac disease

Lactic
Number Condition Exercise Time of observation acid in

blood
mgm. per

100cc.

1 Normal Standing-running 156 Rest 20
steps per minute for 55 After 18 minutes exercise 58.1
minutes After 37 minutes exercise 52.5

2 Normal Running at 9 miles per Rest 232..
hour 1 minute after exercise 54.6

3 Normal Standing-running 237 Rest 21. 0
steps per minute for 10 1 minute after exercise 95.0
minutes 48 minutes after exercise 41.0O

4 Normal Walking at 4.1 miles per Rest 21.4
hour for 33 minutes 1 minute after exercise 58.9

5 Cardiac Walking at 3.81 miles per Rest 25.2z
disease hour for 3 minutes 12 1 minute after exercise 59.1

seconds
6 Cardiac Standing-running at 189 Rest 40.6.

disease steps per minute for 3 1 minute after exercise 167.2:
minutes 1 second

7 Cardiac Standing-running at 189 Rest 43.6
disease steps per minute for 3 1 minute after exercise 93.0

minutes
8 Cardiac Walking at 3.4 miles per Rest 25.3

disease hour for 7 minutes 1 minute after exercise 61.8

connected with that act. The capacity for its accumulation in the
muscles, and hence in the blood, enables the individual to perform
exercise far beyond his contemporary oxygen supply: its removal is
the essential feature of the recovery process. Whilst it is not possible
to study the changes of this substance in the muscles themselves,
alterations of its concentration in the blood can give us considerable
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information as to an individual's response to exercise. As a general
rule, a rise of lactic acid in the blood to more than 60 mgm. per 100
cc. on exercise signifies that this exercise is causing an increasing
oxygen debt, or, in others words, that it is beyond the power of the
individual to perform for any appreciable length of time.

It was quite easy in our patients to take blood samples immediately
at the end of exercise and to see how the lactic acid content com-
pared with that of normal individuals under the same conditions.
The results are given in table 5.

It is apparent from this table that for a given exercise the cardiac
patient has a higher level of lactic acid in his blood than has the
normal person. The normal values are taken from the paper by Hill,
Long and Lupton (1). This higher level necessarily implies a longer
time to return to the resting value, and while this has not been
actually measured our observations on the recovery time for oxygen
tell us that this is actually so.

OXYGEN CONSUMPTION AT REST IN CASES WITH SEVERE

CIRCULATORY FAILURE

It has been pointed out above that the recovery period from exer-
cise may be greatly prolonged. If recovery were not complete after
a night's rest in bed then it would be expected that a cumulative
condition of oxygen debt would be produced. This could only be
removed by continuous rest in bed and days might be required to
complete the recovery period. A further and aggravated state would
be that which might occur when even on prolonged rest an oxygen
debt continued to develop. It might be considered possible to detect
this decrease in oxygen consumption as compared to the oxvgen
requirement by repeated determinations of the oxygen consumption
under basal conditions. But we are confronted in these abnormal
states with the difficulty of determining the basal oxygen require-
ment. The rapid and fictitious physiological changes in weight make
a theoretical standard according to surface area almost an impos-
sibility. It therefore remains to carry out a series of almost daily
estimations of the oxygen consumption irrespective of the theoretical
surface area as an experiment unto itself. But this has been fraught
with difficulties which are inherent in the condition. It has been
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adequately demonstrated by Peabody, Meyer and Dubois (8) that
patients with advanced circulatory failure have an increased oxygen
consumption under basal conditions which they attribute to the in-
creased physical effort resulting from dyspnoea which occurs even
when at complete rest. This has been confirmed by other workers.
Under these circumstances it would appear to be difficult to deter-
mine a comparative oxygen requirement during the various stages
of circulatory failure, as a comparative study is so far possible only
in regard to the oxygen consumption. If we take as proven, there-
fore, that with the increased respiratory effort consequent upon a
failing circulation the oxygen consumption should be increased to
meet the increased oxygen requirement, we would expect a pro-

TABLE 6

Basal oxygen consumption in a case of chronic mitral endocarditis uith stenosis and in-
szfficiency with circidatory failure

Date Oxygen consumption Condition

liters per hour

February 13, 1926 14.12 Moderate decompensation
February 17, 1926 13.68 Improving
February 18, 1926 11.69 Improving
February 25, 1926 12.68 Stationary
March 5, 1926 13.25 Stationary
March 17, 1926 12.41 Much weaker, steady decline

gressive increase in the basal oxygen consumption. If there is no
increase, we arrive at the logical conclusion that the oxygen con-
sumption is falling behind the oxygen requirement and results, con-
sequently, in a progressive oxygen debt. A number of attempts
were made in properly selected progressive cases to learn whether
these are the facts. A typical example is shown in table 6.
During a period of apparent improvement of the circulation, the

basal oxygen consumption declined to 11.69 liters per hour. But
subsequently there was a slight but consistent increase in the basal
oxygen consumption to 13.25 liters. Symptoms of circulatory dis-
tress then increased and, eventually, reached a climax and serious signs
of circulatory failure developed. Synchronously the oxygen con-
sumption declined to 12.41 but other signs of oxygen debt developed.
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We are dealing here apparently with a condition where the margin
of safety is very narrow and the comparatively gross methods of
determination of oxygen consumption as compared with oxygen
requirement are not sufficiently delicate to warrant definite conclu-
sions. The premises upon which we would base our conclusions in
regard to these findings are, furthermore, not sufficiently consistent
in their interpretation to be of value. These results may be used to
support an argument in two opposite directions as follows. (1) If
the oxygen consumption increases, it might indicate greater defi-
ciency in the circulation with its resultant dyspnea and accompanying
increase of physical exertion. (2) On the other hand, a decrease in
the oxygen consumption might indicate either a decreased need for
oxygen due to improved circulation or else a complete breakdown of
the crculation. It is impossible to determine therefore whether
decrease in the oxygen consumption indicates a decrease in the power
of the circulation to provide the tissues with a sufficient amount of
oxygen to meet the average requirement, or decrease in the require-
ment owing to improvement in the circulation relieving the dyspnea.

LACTIC ACID IN THE BLOOD IN CIRCULATORY FAILURE AT REST

It seemed advisable therefore to seek some other index of failing
circulation independent of such paradoxical interpretations as those
resting upon the oxygen consumption. To obtain such we have
resorted to an index of oxygen consumption in the muscle mass. It
has been demonstrated by Meyerhoff (9) and Hill (10) that the
oxidation of lactic acid resulting from muscular activity is dependent
upon the oxygen supply to the tissues. If this be deficient and an
oxygen debt occurs then there is an increase in the lactic acid in the
muscles, which is eventually reflected by an increase in the lactic
content of the blood.
As we have pointed out above, the state of persons with circulatory

failure would seem to be equivalent to a continuation, with an accu-
mulative effect, of the ordinary recovery processes from exercise.
This could be determined either through demonstrating that the
oxygen consumption is greater than the oxygen requirement or that
there is a lactic acid accumulation in the blood. The former we
found impossible of demonstration on account of the absence of a
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OXYGEN DEBT IN CIRCULATORY FAILURE

base line. The latter we could determine with accuracy. In table 7
is tabulated the lactic acid content of the blood in cases of circulatory
failure of different degrees of severity.

It will be noted that the more severe the symptoms of failing
circulation the higher the lactic acid percentage. With improvement
in the condition of the circulation the lactic acid content of the blood
appeared to return to normal level. This is well illustrated in table 8.

This patient had severe circulatory failure, due to a rheumatic

TABLE 8

Lactic acid in the blood in a case of progressive circudatory failure with exacerbations and
remissions in a case of chronic rheumatic mitral endocarditis with stenosis and insujficiency

Date Lactic acid Conditionin blood

mgm. per
100 cc.

January 7, 1926 35.8 Symptoms of decompensation moderate
January 11, 1926 51.8 Symptoms more severe
January 15, 1926 29.8 General condition much improved
January 27, 1926 30.5 Pronounced dyspnea and orthopnea
January 28, 1926 110.0 Condition much worse almost moribund
January 29, 1926 38.7 Great improvement in condition
February 17, 1926 35.3 Condition has remained unchanged
February 24, 1926 30.3 Condition unchanged
March 13, 1926 27.7 Condition weaker more dyspnea and edema
March 18, 1926 105.1 Condition gradually became worse, now in ex-

tremis
March 25, 1926 49.8 Condition somewhat improved but very weak
March 26, 1926 40.3 Condition unchanged
March 27, 1926 108.5 CDndition very bad, unconscious, died 12 hours

later

carditis with mitral stenosis and insufficiency. There was a suc-
cession of exacerbations of the circulatory symptoms with tricuspid
insufficiency, increase of the dependent anasarca and jaundice. With
each increase of the circulatory failure there was a pronounced in-
crease of the lactic acid in the blood. This is well demonstrated in
figure 3.
The increase in severity of the symptoms on each occasion was

more gradual than the rapid change in the concentration of lactic
acid would indicate, while the remissions were equally gradual and
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always followed treatment directed to relieve some cause of circulatory
embarrassment, such as paracentesis of the peritoneum or pleura,
phlebotomy or an increase in the amount of digitalis administered.
The almost explosive character of the lactic acid fluctuations seems

to indicate that points were reached in the degree of circulatory
failure where the margin of safety had practically disappeared. For
analogy they may be compared to the course of events in a healthy
man during running. In such a person the lactic acid content of the
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FIG. 3. LAcnc AcID IN THE BLOOD IN THE CASE OF CHRONIC RHEUMATIC
ENDocAIRDITIs, THE DATA ON.WHOM ARE GIVEN IN TABLE 8

blood may remain constant, but at a higher level than normal pro-

vided he be in a steady state. If now the exercise be increased so

that the steady state is not maintained then a rapid lactic acid
accumulation occurs. The situation would appear to be simila-r in
patients with severe circulatory failure. A steady state is main-
tained at rest, but with a higher level of lactic acid than the resting
healthy person. If instead of increasing the exercise the circulation
be reduced, then the steady state is no longer maintained and a rapid
lactic acid accumulation occurs. It is shown in figure 3 how the
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OXYGEN DEBT IN CIRCULATORY FAILURE

recovery period after each exacerbation of circulatory failure becomes
longer and less complete than after the previous one.

It is suggested that the ultimate cause in circulatory failure may
be due to lactic acid accumulation in the mnyocardium. The experi-
ments of Katz, Kerridge and Long (11) demonstrate that the muscle
of the heart is less capable of acting as a buffer than is the skeletal
muscle. Lactic acid accumulation leads to decreased power of con-
centration which in the case of the myocardium produces a decreased
blood supply which in turn leads to further lactic acid accumulation.
Thus a vicious circle ensues which tends to perpetuate itself but
which promptly ceases once it has been cut by allowing the circula-
tion to improve in spite of the increase of lactic acid. The manner in
which this may be brought about varies in different cases.

THE INFLUENCE OF LACTIC ACD ACCUMULATION IN DYSPNEA

From time to time there has been controversy as to whether in
circulatory failure the dyspnea so commonly found is due to an in-
crease of the H-ion concentration of the blood. Lewis, Ryffel,
Cotton and Barcroft (12) came to the conclusion through observing
a shift in oxyhemoglobin curves to the right that an increase in H-ion
concentration did occur. They were unable however to demonstrate
the presence of lactic, i3-oxy-butyric or other acid in the blood. This
was probably due to the technical difficulties encountered at that
time. But even the pronounced increase of lactic acid found in the
cases here reported would not be sufficient except in the most severe
instances to produce a conspicuous shift in either the carbon dioxide
or oxy-hemoglobin dissociation curves. It must be appreciated, how-
ever, that the concentration of lactic acid in the blood is but a re-
flection of the accumulation of lactic acid in the tissues from which it
has escaped. The processes which are occurring in the tissues pro-
duce the signs and symptoms of circulatory failure and these develop
in large part from a defective blood supply.

CONCLUSIONS

1. The response of an individual with circulatory failure is the
same as that of a normal individual except in the following details:

a. There is a lag in the rise of oxygen intake to the level required
for the exercise.
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b. The maximum oxygen intake is set at a lower level than in a
normal person for the same exercise.

c. The recovery period from exercise is more prolonged.
d. The rise in the lactic acid level of the blood is greater on a given

exercise than in normal individuals.
2. It was found impracticable to use basal oxygen consumption to

determine a relation between oxygen intake and oxygen requirement.
3. Severe circulatory failure is accompanied by an increased rise

in the level of the resting lactic acid in the blood.
4. This accumulation of lactic acid in the blood is in proportion to

the severity of the circulatory failure.
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