STUDIES OF OXYGEN IN THE VENOUS BLOOD.
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INTRODUCTION.

In a previous paper (1) a report was made of a series of determina-
tions of the oxygen content of the venous blood from the vena mediana
cubiti of twelve normal resting individuals. The difference between
the oxygen in thie venous blood and the total oxygen capacity of the
hemoglobin (determined by Van Slyke’s method (2) or Palmer’s
method (3) ) was called the oxygen unsaturation of the venous blood.
In this way the differences in hemoglobin concentration are elimi-
nated.! It was found that the extent of oxygen unsaturation of the
venous blood in normal individuals fell between 2.5 and 9 cc. per
100 cc. of blood. However, values above 8 volume per cent were-only
met with under special conditions; namely, when the blood was drawn
in the morning immediately after the subject had been awakened
from sleep. The blood was drawn from an arm vein without any
stasis whatever, after the subject had rested for a half hour on a couch
orbed. A sharp, not too pointed, needle was connected with a rubber
tube to a glass pipette, 25 to 30 cm. long and § cm. wide, which had
a film of oxalate on the inside.? The blood (about 10 cc.) was sucked

L A determination of the oxygen in the venous blood without a simultaneous de-
termination of the total oxygen capacity is just as incomplete as a determination
of the urea in the blood or the nitrogen in the urine, without considering the
intake.

2 This was obtained by wetting the tube and rubber with a concentrated solu-
tion of oxalate and drying by an air current.
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TABLE III.

A Patient with Incompensated Heart Failure. Oxygen Determined by
Barcroft’s Method.

Experimental.
: §205] &8 L
s -éé Bleeding. O hoad. 222 B 2
AL I EF
3 w3 < ies Sample | Sample |Average] S =@ & RG] @
8 2 E Date. Condition. 1 2 ). HOQVE g‘ = 2
: i 1. 0. ol l.
yrs. . 1916-17 peﬁacmt pe:mcen! peiocent ;oe:'ocmt pe:)fﬂcent
27| 17 { Oct. 25| Inbed.|2.40 2.40 | 15.30] 12.90
28 Nov. 20 “ o« 2.48 2.48 | 17.20| 14.72| 120, 40
16| 29 “ “ o« 3.36 | 1.36 | 2.36 | 17.56] 15.20{ 122| 40
30 “ 22 “ o« 2.40 2.40 | 17.56] 15.16| 124| 44
31 Jan. 12 “ o« 6.86 6.86 | 17.20] 10.34] 120, 30
Clinical.
Deter- :
%t:.e u;];(l)):— ?:{igin(\;nia&)l.- Diagnosis and clinical notes.
No.
vol. per cent
27 12.90 Mitral and aortic insufficiency.
Oct. 25,1916. Moderate cyanosis; few riles at base of
lungs.
28 14.72 Nov. 20. Lungs clear.
16 29 15.20 “ 21, Cyanosis.
30 15.16 “ 22, Enlargement of liver.
31 10.34 Jan. 12, 1917. Less cyanosis; no rales; slight enlarge-
ment of liver.

up in the pipette, from which it was discharged into a cylinder, 2 cm.
in diameter, below a layer (2 cm.) of mineral oil to prevent oxida-
tion. The last (upper) 1 or 2 cc. of blood, a part of which had been
oxidized, were put in a separate dish and used for a Palmer deter-
mination of the hemoglobin. Samples of blood for a Van Slyke
determination were taken from the cylinder after careful stirring.?

Observations on Patients.

This paper is a report of a preliminary investigation on the oxygen
unsaturation in patients with circulatory disturbances. Thirty-

3 For further technical details see Paper I of this series (1).
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one determinations were made on sixteen patients with different
kinds of circulatory disturbances. The procedure in preparing the
patients and the technique in drawing the blood have been exactly as
described in the first paper.. Van Slyke’s method (2) has been used
for the determination of  the oxygen in all but one case (No. 16 in
Table IIT) where Barcroft’s method has been used.

The patients have been divided into two groups according to the
condition of the circulation. Results and clinical notes from patients
with clinically compensated heart lesions have been tabulated in
Table I. The data from the cases with incompensated circulatory
conditions are collected in Tables IT and III. As in Paper I, we have
tabulated both the oxygen content of the venous blood samples and
the extent of the oxygen unsaturation.

One case (No. 4, Table I) is particularly worth mentioning, because
it shows the importance of using the oxygen unsaturation and not
the absolute value of the venous oxygen alone in comparing the re-
sults from different individuals. This patient was brought to the
hospital in a very sick condition. He was suffering from dyspnea and
palpitation and had ascites and severe edema of thelegs. Theoxygen
in his venous blood was 5.43 volume per cent, which was much lower
than any figure obtained on normal individuals, and even lower than
most of the figures obtained from patients with incompensated
heart disturbances. The total oxygen-combining power of his blood
was very low, however, 8.23 volume per cent, instead of the usual
average 18.50 volume per cent. The oxygen unsaturation of his ve-
nous blood is therefore not only within normal limits but even rather
low. The clinical diagnosis was chronic nephritis, chronic uremia,
hypertension, hypertrophy of the heart, anemia, and urea retention.
The edema was considered to be entirely of nephritic origin. There-
fore, in respect to both the clinical picture and the findings in the’
blood, he is to be grouped in Table I, with patients free from incom-
pensated circulatory disturbances. On the other hand, we may find
a high figure for the venous oxygen combined with a high extent of
unsaturation (No. 13, Table II) on account of a high content of
hemoglobin.

Text-fig. 1 is a diagrammatic representation of the figures for the
oxygen unsaturation in normal individualst and in the patients re-

4 Reported in Paper I (1).
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ported in the present paper. It will be seen that the upper limit for
the unsaturation in normal individuals (9 volume per cent) is not
exceeded by any figure obtained from patients belonging to the
clinically compensated group. The figures are all distributed in the
same haphazard manner over the area between 2.5 and 9 volume per
cent.

The figures from the incompensated group show ‘quite another
picture. They are all above the upper normal limit, lying between
9.7 and 15.2 volume per cent.

No attempt has been made to subdivide the cases according to the
anatomical or physiological form of the heart lesion. There may be a
difference, but the cases and the number of determinations in each
case are much too few to allow any such attempt. The only state-
ment which can be made is that the oxygen unsaturation of the
venous blood from patients with clinically compensated heart con-
ditions has been found within the normal limits, whereas the oxygen
unsaturation in some patients with incompensated heart lesions has
been above the upper normal limit. It is probably not even justi-
fiable to make this a general statement. It seems probable that
patients with non-stationary conditions might fall outside this rule.
We might suppose that a patient with an incompensated, but im-
proving heart lesion could show normal figures. On the other hand,
a patient with a heart lesion where incompensation is developing
might possibly show increased oxygen unsaturation before the ordin-
ary clinical symptoms had developed. If that should be true, the
determination of the oxygen unsaturation would be of great clinical
significance. Series of determinations on a single patient might
throw light on this question.

DISCUSSION.

There is extensive clinical and experimental evidence for assuming
that the condition of the heart has a certain influence on the extent
of oxygen unsaturation of the venous blood. A previous investiga-
tion on the blood flow (minute volume) in patients with incompen-
sated heart lesions (4) has shown a considerable decrease in the minute
volume of the heart compared with that found in normal individuals
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(5-14), and in most cases of compensated heart lesions® (4, 6, 11,
15). The figures obtained by Stewart (16) by determining the blood
flow in the hands and feet point in the same direction. A retarded
circulation, the rate of oxygen consumption not being decreased, may
logically be assumed to result in a necessarily increased oxygen un-
saturation of the average venous blood. The question is whether
one is justified in assuming a retarded circulation from an increased
oxygen unsaturation in the blood drawn from the vena mediana
cubiti or from another superficial vein.

We know that other factors than the output from the heart may
influence the extent of unsaturation in the blood from an arm vein.
These factors are® (1) the possible unsaturation of the arterial blood;
(2) variations in the metabolism of the tissues drained by the vein
tapped as compared with the rest of the body; (3) variations in the
rate of blood flow through the tissues drained compared with the
rest of the body.

We are unfortunately, for the time being, only to a limited extent
able to measure, control, or eliminate the influence of these factors.

(1) The dissociation curve for oxyhemoglobin shows that the blood
must become nearly saturated (usually about 96 to 98 per cent) dur-
ing the passage through the lungs, provided that all the blood flowing
through comes into equilibrium with the alveolar air. This has been
proved experimentally on animals by several investigators, and in

5 Plesch (6) and Means and Newburgh (11) found normal figures for the blood
flow in all their patients with compensated heart lesions, whereas Lundsgaard
(4) found diminished minute volume not only in incompensated casesbut in some
patients with compensated heart conditions (mitral stenosis and auricular fibril-
lation), which agrees with Stewart’s (16) observations for the local blood flow.

8 One condition which might theoretically affect the oxygen saturation of the
hemoglobin in arterial blood is incompensated acidosis, defined by Hasselbalch
and Gammeltoft (17) and Van Slyke and Cullen (18), in which increased free
carbonic acid causes an increase in the actual hydrogen ion concentration of the
blood. As shown by Barcroft (19) this increase reduces the percentage oxygen
saturation of hemoglobin under a given oxygen tension. Since, however, the
differences thus caused in oxygen saturation become considerable only under re-
duced oxygen tension, it appears improbable that this factor, even in the infre-
quently occurring incompensated acidosis, exerts a significant effect on the
degree of saturation of the arterial hemolgobin.
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man it has been investigated by Hiirter (20). By drawing blood
from a radial artery and using Barcroft’s method for determination
of the oxygen, he found in four normal individuals a saturation of
94, 92, 99, and 100 per cent. In four patients with compensated
heart lesions the saturation was 90, 100, 90, and 95 per cent. In one
patient with incompensated aortic insufficiency and stasis bronchitis
in the lungs the saturation was 81 per cent. In another patient with
incompensation (Pick’s disease) it was 92 per cent. A patient with
patent ductus Botalli showed 88 per cent saturation. One with dif-
fuse bronchitis showed 94 per cent, and another with phthisis, 88 per
cent. Two patients with lobar pneumonia showed 81 and 79 per
cent saturation. Barcroft’ found a saturation of 94 per cent in a
normal individual.

In several of my patients with compensated heart lesions moist
riles have been heard at the base of the lungs. This circumstance
does not seem to have influenced substantially the amount of oxygen
in the venous blood. These rles are probably to a great extent just
a proof that the air really does go down into the alveoli of the lowest
part of the lungs. The whole problem is not sufficiently investigated
to allow a decision concerning the influence of the involvement of the
lungs in the individual case. We may confine ourselves to making a
careful examination of the lungs in every case, hoping that special
investigation of the unsaturation in patients with lung diseases or
experimental studies will give us sufficient information.

(2) The variations in the metabolism are presumably minimized by
performing the experiments under definite conditions, such as mus-
cular rest and digestive inactivity. The basal metabolism is a rather
constant figure for the normal individual at rest and is, as shown by
Lusk and his associates, chiefly dependent on the surface of the
body. It has been shown by Peabody, Meyer, and Du Bois (21)
that the metabolism in patients with compensated heart and cardio-
vascular lesions is within the normal limits. In patients with incom-
pensated heart lesions, particularly in patients suffering from dyspnea,
however, the metabolism was found materially increased, in some cases
about 50 per cent. An increase in the metabolism necessarily means

7 Barcroft (19), p. 177.
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an increase in the consumption of oxygen. This, however, is not neces-
sarily followed by an increase in the deoxidation of the oxyhemoglobin.
That depends upon the output of the heart, which may or may not
be changed. Lindhard (9), for instance, has shown that the increased
consumption of oxygen during exercise only partially shows itself
in the decreased oxygen in the venous blood; the increased blood flow
compensates for a great part of the increased consumption. Lunds-
gaard (15) has shown that an increased oxygen consumption on ac-
count of exercise in two clinically compensated patients with heart
block only to a very small degree could be compensated for by in-
creasing blood flow. The reason for this was that it was impossible
for the heart to increase the pulse rate and probably very difficult to
increase the volume output per beat, which even in rest was about
150 cc. It is, therefore, probable that an increase in metabolism in a
patient with a weak heart will increase the deoxidation of the venous
blood, particularly in the venous blood coming from the heart muscle
and the respiratory muscles. An increase in temperature may have
a similar effect.

(3) About the only figures available on this point are those of
Stewart (16). He has calculated from measurements of the heat
given off by the hands and feet the rate of local blood flow and found
that the flow in the right hand or foot is approximately equal to that
in the left. Significant differences were encountered only when there
was definite local cause, as aneurysms, diabetic gangrene, local edema,
etc. It will probably be possible to throw light upon this question
by simultaneously drawing blood from different veins and under
different conditions, as tried in a number_of cases by Means and
Newburgh (11). Investigations on the local blood flow by Hewlett
(22), using a modified Brodie method, have shown that there
is a considerable temperature interval where the blood flow re-
mains approximately constant when the surrounding temperature is
changed. ‘

The influence of the hemoglobin percentage, of the output from the
heart, and of a possible unsaturation of the blood in the lungs is
shown in diagram form in Text-fig. 2. The first double column repre-
sents the conditions in a person with normal hemoglobin, normal
blood flow, and total saturation of the arterial blood. The next
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TExXT-F16. 2. Diagrams showing how the hemoglobin percentage, the out-
put from the heart, and the saturation of the arterial blood influence the oxygen in
the venous blood.
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shows the findings in a patient with very low total oxygen capacity?®
but with normal circulation and full saturation in the lungs. A
comparison of these two sets of figures shows the impossibility of
using the zero as the base-line. The differences in hemoglobin must
be accounted for. That is what we have done by using the term
oxygen unsaturation, which is represented by the black area. The
next two pairs of columns show how the extent of oxygen unsatura-
tion can be affected in the same way by different causes. The third
column represents the condition in a heart case (No. 14, Table II)
when the total oxygen capacity was a little above normal; the satura-
tion in the lungs was supposed to be normal. The cause of the in-
creased oxygen unsaturation in this case was a slow circulation. The
fourth column represents a hypothetical case with the same degree of
oxygen unsaturation of the venous blood. However, the cause is
ascribed to a considerable extent of unsaturation of the arterial
blood. These two examples show the possible inaccuracy of using the
word oxygen consumption in the same sense as oxygen unsaturation.

Oxygen Unsaturation Compared with Oxygen Consumption
(Blood Flow).

It is of interest for the interpretation of our results that the minute
volume (output per minute from the heart) was determined 4 years
ago in the Medical Clinic of the University of Copenhagen® on the
same subject (the writer) on whom twenty determinations of the
oxygen unsaturation of the venous blood have been done (Text-figs.
1 and 4).!° From the figures indicating the values for the minute
volume we can calculate the oxygen consumption of the average
venous blood.!!

8 Compare Morawitz and Réhmer’s observations (23).

% Lundsgaard (14), p. 397.

10 See Table I, Paper I (1).

1L The details of Krogh and Lindhard’s methed can be seen in the papers
quoted in the bibliography, particularly in 8, 10, 13, and 14. The principles are
the following: The subject is connected with an easily movable spirometer which
contains a mixture of air and nitrous oxide. He mixes his lung air with the air
in the spirometer during three to five respirations. He then stops breathing for
a few seconds. Before and after the apneic period a sample of alveolar air is
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Tex1-Fic. 3. Diagram showing the oxygen consumption of a normal man cal-
culated from sixteen determinations of the minute volume of the heart by Krogh
and Lindhard’s nitrous oxide method.!?

drawn and analyzed. On account of absorption by the blood flowing through the
lung capillaries the second sample will contain a smaller amount of nitrous oxide
and of oxygen than the first. The percentage in the difference between the two
samples multiplied by the volume of air in the lungs will indicate the amount of
blood flowing through the lungs during the period between the two samples.
The output of blood per minute from the heart (the mihute volume) can then be
calculated. Knowing the quantity of oxygen taken up by the blood during the
same period we can calculate the amount of oxygen taken up by the body per
100 cc. of blood. When a correction is introduced for a possible abnormality in
the percentage of hemoglobin this amount will indicate the oxygen consumption
by the average blood. An extensive critical study of Krogh and Lindhard’s
method is published by Sonne (24). He expresses doubt about the reliability of
the method on account of possible imperfect mixture of the lung air, not only in
patients but in normal individuals as well. Krogh and Lindhard (25) have later
on admitted that the difficulties shown by Sonne may exist.

12 See Lundsgaard (14), p. 397, where the data for the blood flow can be
obtained.
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Sixteen determinations of the blood flow were made at that time.
The calculated figures for the oxygen consumption in these sixteen
experiments are given in Text-fig. 3. The average oxygen consump-
tion for a considerable number of blood flow experiments on normal
people (5.4 volume per cent) is indicated.

In Text-fig. 4 are given the figures for the oxygen unsaturation of
the venous arm blood of the same subject (the writer) as reported in
the first paper of this series.’® The average line in this diagram (5.5
volume per cent) is from thirty-eight determinations of the oxygen
unsaturation on eleven normal people reported in Paper I and shown
in Text-fig. 1 in this paper. It will be seen how closely the values for
the oxygen unsaturation determined by Van Slyke’s method agree
with the values for the oxygen consumption calculated from the de-
terminations of the blood flow with Krogh and Lindhard’s method.
The average figures for normal individuals are the same (5.5 and 5.4
volume per cent). The varjations for the two series on the same per-
son agree rather closely. The variations in the oxygen unsaturation
are more extensive than the variations in the values for the average
consumption; z.e., for the blood flow. This is probably due to varia-
tions in the local blood flow in the arm from which the blood is drawn.
It is worth mentioning that the subject on whom the determinations
were done has a very labile circulatory system (respiratory arrhyth-
mia, changeable pulse, dermographia).® The significance of this
agreement is that the amount of oxygen lost by 100 cc. of blood in
passing through the forearm is approximately the same as the average
loss in passing through the other body tissues. In view, nevertheless,
of the undoubted possibility that the disturbing factors discussed
may influence the unsaturation, we are not justified at present in in-
terpreting unsaturation figures in terms of minute volume of the heart.
What we believe we can do, is to fix the limits of the oxygen unsatura-

13 The conception that the extensive variations in the oxygen unsaturation in
this particular case are principally due to vasomotor changes, is supported by an
observation (Cobn and Lundsgaard, personal communication) on the relation
between the brachial blood pressure and the blood pressure in the arteries of
the finger. The tension in the digital arteries was found more variable than
in other normal subjects and more variable than the blood pressure nearer the
center.
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tion in subjects with normal circulation and normal lungs and study
the variations observed in carefully controlled patients with symp-
toms of abnormal circulation and in patients with respiratory abnor-
malities. From the data thus obtained we may empirically standard-
ize the figures for the oxygen unsaturation, learn the pathological
conditions that affect it, and thus add it to the armamentarium that
assists the clinician in accurate diagnosis. The empirical evolution
of blood pressure measurement, made possible by accumulation of
many determinations on clinically controlled patients, has shown how
a quantitatively measurable factor, even though imperfectly ex-
plained physiologically, may prove to be of value in clinical medicine.

SUMMARY.

1. Thirty-one determinations of the total oxygen-combining power
and the oxygen in the venous blood from vena mediana cubiti of
sixteen resting patients are reported.

2. The difference between the total oxygen capacity of the hemo-
globin and the oxygen in the venous blood, the oxygen unsaturation,
is calculated.

3. In twelve patients with compensated heart lesions the unsatura-
tion was found within normal limits, between 2.5 and 8 volume per
cent.

4. In four patients with incompensated heart disease the values
for the unsaturation were all above the normal limit, from 9.7 to
15.2 volume per cent.

5. A general discussion of the problem of interpreting the results is
given.

6. A comparison is drawn between the oxygen consumption cal-
culated from direct determination of the blood flow on a normal sub-
ject (the writer) and the oxygen unsaturation determined 4 years
later on the same subject. A close agreement between the two series
of values exists.

BIBLIOGRAPHY.

1. Lundsgaard, C., J. Biol. Chem., 1918, xxxiii, 133.
2. Van Slyke, D. D., J. Biol. Chem., 1918, xxxiii, 127.
3. Palmer, W. W., J. Biol. Chem., 1918, xxxiii, 119.



- O\

o]

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.

25.

CHRISTEN LUNDSGAARD 197

. Lundsgaard, Deutsch. Arch. klin. Med., 1916, cxviii, 513.

. Loewy, A., and von Schrotter, H., Z. exp. Path. u. Therap., 1905, i, 195.

. Plesch, J., Z. exp. Path. u. Therap., 1909, vi, 380.

. Markoff, L., Miiller, F., and Zuntz, N., Z. Balneol., 1911, iv, 373, 409, 441,

see also Miiller, F., Berl. klin. Wock., 1913, 1, 2402.

. Krogh, A., and Lindhard, J., quoted by Krogh, in Abderhalden, E., Hand-

buch der biochemische Arbeitsmethoden, Berlin, 1915, viii, 529.

. Lindhard, J., Arch. ges. Physiol., 1915, clxi, 233.
10.
11.

Boothby, W. M., Am. J. Physiol., 1915, xxxvii, 383.

Means, J. H., and Newburgh, L. H., T7r. Assn. Am. Phys., 1915, xxx, 51; J.
Pharm. and Exp. Therap., 1915, vii, 449.

Christiansen, J., Douglas, C. G., and Haldane, J. S., J. Physiol., 1914, xlviii,
244.

Fridericia, L. S., Danske Vidensk. Selskabs Oversigt., 1916, 113.

Lundsgaard, Deutsck. Arch. klin. Med., 1916, cxviii, 361,

Lundsgaard, Deutsch. Arch. klin. Med., 1916, cxx, 481.

Stewart, G. N., The Harvey Lectures, 191213, 86.

Hasselbalch, K. A., and Gammeltoft, S. A., Biockem. Z., 1915, 1xviii, 206.

Van Slyke, D. D., and Cullen, G. E., J. Biol. Ckem., 1917, xxx, 289.

Barcroft, J., The respiratory function of the blood, Cambridge, 1914.

Hiirter, Deutsch. Arck. klin. Med., 1912, cviii, 1.

Peabody, F. W., Meyer, A. L., and Du Bois, E. F., Arch. Int. Med., 1916,
xvii, 980.

Hewlett, A. W., Am. J. Physiol., 1910, xxv, 18.

Morawitz, P., and Réhmer, W., Deutsch. Arck. klin. Med., 1908, xciv, 529.

Sonne, C., Arck. ges. Physiol., 1915-16, Ixiii, 75; Hospitalstid., 1915, Nos. 36,
37, and 43.

Krogh, A., and Lindhard, J., J. Physiol., 1917, 1i, 59.



