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THE OXYGEN TENSION OF ARTERIAL BLOOD. By
JOHN HALDANE, M A, M.D., Lecturer in Physiology, Uni-
versity of Ozford, Grocers Company Research Scholar; AND
J. LORRAIN SMITH, M.A, M.D., Lecturer wn Pathology,
Queen’s College, Belfast. (One Figure in Text.)

(From the Pathological Laboratory, Queen’s College, Belfast, and
the Physiological Laboratory, Oxford.)

THE chief interest of the present investigation centres round the question
whether diffusion alone explains the transference of oxygen from the air
of the pulmonary alveoli into the blood, or whether other important
factors are concerned in this process. If the oxygen tension of the blood
leaving the alveolar capillaries is always, or even occasionally, higher
than that of the alveolar air, diffusion alone evidently cannot explain the
transference. ’

The analogy presented by other organs of absorption or excretion
would perhaps lead us to believe that absorption of oxygen by the lungs
is probably not due to any simple physical process such as diffusion.
On the other hand it does not seem at all clear that any physiological
advantage would accrue from an active absorption of oxygen by the
lungs. The red corpuscles of blood, saturated with air of alveolar
oxygen tension (about 14°/, of an atmosphere in man), would contain
very nearly as much oxygen as the ha@moglobin is capable of absorbing,
so that any further increase in the oxygen tension of arterial blood
would imply only a very trifling increase in the quantity of oxygen
taken up by the blood. If, therefore, the exposure of the blood to the
alveolar air is sufficiently prolonged under all ordinary circumstances for
saturation to occur by diffusion alone, no appreciable advantage would
apparently result from an active absorption of oxygen. On this point
however we have no experimental data, so that there is thus not much

1 999/, of the total quantity capable of being taken up from air, according to Hiifner’s
determinations.
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to be said on a priori grounds as to the probabilities in favour of the
one or the other view as to the cause of absorption.

Before proceeding to give an account of our own experiments we
must first refer to the chief investigations already made on the same
subject.

Previous Investigations.

In 1868 Pfliiger carried out by means of the blood pump careful
determinations of the oxygen contained in arterial blood, and in
a sample the same blood saturated with air. He found that the
blood direct from the artery contained 247 °/, of oxygen (at 760 mm.
and 0°C.), and that the same blood saturated with air contained 262/,
If we accept this result, and interpret it in the light of Hiifner’s more
recent researches on the dissociation of oxyh@moglobin? we are led to
the conclusion that the oxygen tension of arterial blood is very low—
about 5°/, of an atmosphere. Pfliiger’s conclusion that the arterial
blood is not normally saturated with air seemed to receive confirmation
from further experiments by himself? and by Ewald4 who found that
in apneea the percentage of oxygen in arterial blood was distinctly
increased.

A further well-known series of experiments carried out in Pfliiger’s
laboratory by Wolfberg® Strassburg® and Nussbaum’ gave for
result that the tension of carbonic acid and oxygen in venous blood as
determined by the aerotonometer is on an average about the same as
that of the air in a portion of the lung which has been blocked off by
obstruction of its bronchus. From these experiments the conclusion was
drawn that the passage of gas from the alveolar air to the blood and vice
versa is due to diffusion alone. The oxygen tension of venous blood was
found by this method to be about 35 %/, of an atmosphere. Such a
result seems most difficult to understand in the light of Hiifner’s work
on the dissociation of oxyhsemoglobin. Venous blood is not more than
about two-thirds saturated with oxygen; but with hamoglobin two-
thirds saturated the oxygen tension is only about 0-7 ¢/, of an atmosphere.
This consideration seems to suggest the possibility of experimental
errors or fallacies in connection with the aerotonometer and lung-

1 Pfliiger’s Archiv, 1. p. 70. 1868.

2 Arehiv f. (Anat. u.) Physiologie, 1890, p. 1.

3 Loc. cit. pp. 71-73. 4 Pfliiger’s Archiv, vir. p. 575. 1873.
5 Pfliiger's Archiv, 1v. p. 465. 1871. 6 Ibid. v p. 65. 1872.
7 Ibid. vi1. p. 23.
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catheter experiments. Such a possibility seems also to be suggested by
some of the results obtained by Strassburg with lymph from the
thoracic duct. Thus in one experiment' the quantity of lymph which
passed through the aerotonometer was 29 c.c. The volume of oxygen
contained in the aerotonometer at the beginning of the experiment was
apparently about 054 c.c., and at the end 074cc. Thus 29 c.c. of
lymph had apparently given off "20 c.c. of oxygen to the apparatus. As
the coefficient of absorption of lymph for oxygen cannot well be higher
than that of water (‘024 at 37°) this experiment would seem to indicate
that the oxygen tension of the lymph was at least 30°/, of an atmo-
sphere. Such a high oxygen teusion for lymph seems scarcely probable.
Without entering into further criticisms we would venture to point out
the need for further experimental control of these important investi-
gations. :

Direct determinations of the arterial oxygen tension were first made
by Herter® with the aerotonometer. He obtained only minimal values,
the highest being 1044 °/, of an atmosphere.

The subject was again taken up some years ago by Bohr? who
devised for the purpose a much more perfect apparatus (the “heemat-
aerometer ”) through which he was able to maintain during each
experiment a constant and rapid stream of blood. He came to the
unexpected conclusion that the oxygen tension may sometimes be
slightly higher, and that the carbonic acid tension is often much lower
in the arterial blood than in the alveolar air. From this he inferred
that both absorption of oxygen and excretion of carbonic acid by the
lungs are to a large extent active processes, and not due merely to
diffusion.

In a still more recent series of experiments Fredericq*¢ used an
aerotonometer similar to Pfliiger’s original one, but so arranged that a
continuous stream of blood trickled through the apparatus and back to
the animal, as in Bohr’s experiments. Fredericq found that the
oxygen tension of arterial blood is about 12 to 149, of an atmosphere,
and is always a little lower in the arterial blood than in the alveolar air.
He criticises Bohr’s results on the ground that the latter did not
present sufficient evidence that the gas tension in the blood and the air
of thé hemataerometer had equalised themselves. This criticism does

1 Pfliiger's Archiv, viL p. 88.

2 Zeitschrift fiir physiologische Chemie, 111. p. 98. 1879.
8 Skand. Archiv fiir Physiologie, 1891, p. 236.

4 Centralblatt fiir Physiologie, 1893, p. 33.
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not explain away Bohr’s main conclusions, since in several of his
experiments the latter found that the carbonic acid tension in the air of
the aerotonometer sank from a point higher than, to a point lower than,
that of the expired air. In two experiments a corresponding, though
slight, rise in the oxygen tension in the hzmataerometer over that in
the expired air was also observed.

It appears to us that there are serious reasons for doubting the
correctness of the values for oxygen tension obtained either directly by
the aerotonometer, or indirectly by means of the blood-pump. In 1867
Pfliiger published® a number of experiments in which he showed that
arterial blood, especially if kept warm, immediately on leaving the body
uses up part of its own oxygen. He observed that there is always a
distinct darkening in the colour of arterial blood within a few seconds
of its being shed. He also found that when blood was received straight
from an artery into hot water in a very large vacuum (of 8 litres)
instead of being pumped out in the ordinary way with a blood-pump
possessing a 3 litre vacuum, the percentage by volume of oxygen
obtained from the arterial blood was higher by from 029/, to 10°/,—on
an average 1'98°/,. Hence on an average 9°, at least of the whole
oxygen contained in arterial blood would seem to disappear very quickly
after the blood leaves the body. This disappearance would account for
a lowering in the oxygen tension of the shed blood from 21 ¢/, to about
3'5°%, of an atmosphere, according to Hiifner’s dissociation curve.
Even if only 0'5 °/, by volume of oxygen (z.e. 2°/, of the total quantity)
had time to disappear before the blood passed through the aerotono-
meter, the oxygen tension would be lowered from 21 ¢/, to about 11 °/,.

Some of Fredericq’s later experiments® seem to afford strong
confirmation to these suspicions. He found (experiment no. VIL.) that
when the animal was breathing a mixture containing 846 °/, of oxygen,
the oxygen tension of the arterial blood, as determined by the aerotono-
meter, was nevertheless only 56-2°, of an atmosphere. This is just
such a result as might be expected on the supposition that the oxygen
tension falls considerably between the artery and the aerotonometer.
On the diffusion theory supported by Fredericq, one would expect the
oxygen tension of the aerotonometer, if the latter indicated correctly, to
be about equal to the alveolar oxygen tension. With the high per-
centage of oxygen used by Fredericq oxygen would diffuse into the
blood about 5 times as rapidly as usual, although the blood could only

L Centralb. fiir die med. Wissensch., 1867, pp. 321, 722,
2 Centralb. fiir Physiologie, 1894, p. 34.
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take up a very little more of the gas. Hence, if the oxygen tension of
the blood is only a little below that of the alveolar air under ordinary
conditions, the difference ought to be still less, on the diffusion theory,
when a mixture rich in oxygen is breathed. The difference actually
found by Fredericq was, however, much greater.

These considerations tend to throw grave doubts on the results
obtained by the aerotonometer; and, unless it can be shown that there
is no loss of oxygen by the arterial blood in reaching or passing through
the aerotonometer, it would seem that no stress can be laid on the low
oxygen tensions inferred from blood-gas analyses, or from the experi-
ments of Herter, Fredericq and others with the aerotonometer!. With
Bohr’s hemataerometer, through which there is a very rapid flow of
blood, the danger of a too low result would seem to be less.

Description of the New Method employed.

The method we have employed avoids the probable sources of fallacy
of the aerotonometer, and at the same time presents the further
advantage of being applicable under normal conditions to the animal or
man experimented on. The experiments described in the present paper
were all made on man.

The principle of the method has already been indicated in a recent
paper by one of us® and is briefly as follows. The subject of the
experiment continues to breathe air containing an exactly known very
small percentage of carbonic oxide until a point is reached at which the
percentage saturation of his heemoglobin with carbonic oxide becomes
constant. Now the final saturation with carbonic oxide of hamoglobin
solution brought into contact with gas containing carbonic oxide and
oxygen depends on the relative tensions of the carbonic oxide and oxygen
in the liquid, so that if the tension of carbonic oxide, and the final satura-
tion of the hemoglobin be known, the oxygen tension can be inferred?.
Hence if in the living subject both the carbonic oxide tension in the
blood leaving the lungs, and the final saturation of the heemoglobin with
carbonic oxide, are known, the oxygen tension of the blood leaving the
lungs can be calculated. But the carbonic oxide tension of the blood

1 The carbonic acid tensions indicated by the aerotonometer may be considerably too
high, since blood on being shed rapidly becomes less alkaline, so that its carbonic acid
tension must rise.

2 This Journal, xviin. p. 455. 1895.

3 JIbid., p. 450, See also the experiments given below.
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leaving the lungs will (after absorption has ceased) be that of the inspired
air, after allowance has been made for dilution of the latter by aqueous
vapour. Therefore from a knowledge of the percentage of carbonic oxide
breathed by the subject of the experiment, and of the final saturation of
his blood with carbonic oxide, the oxygen tension of his arterial blood
may be calculated.

The apparatus for continuously administering a given percentage of
carbonic oxide to the subject of the experiment was exactly the same
(including the mixing bottle and a spring clamp for the nose) as that
described and figured in the previous paper. As regards regularity of
working and complete comfort to the subject this apparatus left nothing
to be desired. In the present experiments we took the additional
precaution of analysing each time the gas left in the large measuring
cylinder (C. Fig. 1, previous paper) at the end of an experiment, and
allowing for the impurities found to be present. As these impurities
could only consist of air or traces of carbonic acid we usually contented
ourselves with determinations of the carbonic acid and oxygen or
nitrogen. The latter gas was determined by absorbing the whole of the
carbonic oxide and oxygen by means of ammoniacal cuprous chloride
solution, and measuring the residue, which consisted of nitrogen. The
amount of air could be calculated from the nitrogen or oxygen, as we
found from several analyses in which the various gases were separately
determined. «

The method of determining the percentage saturation of the hemo-
globin with carbonic oxide was shortly described in the previous paper;
but on account of the importance of these determinations a more full
description seems desirable. A number of narrow test-tubes of exactly
equal diameter (about } inch) and each holding about 6 c.c. were taken,
and 20 c.c. of water (saturated with air) were measured off from a narrow
burette into each. At the beginning of an experiment 2 cubic millimetres
of the blood of the subject were measured off in the ordinary way by
means of a Gowers’ heemoglobinometer pipette into each of about six of
the tubes, and the solutions well mixed. Each tube thus contained
20 c.c. of a 1°/, solution of the blood of the subject. 4c.c. of the same
solution were also thoroughly saturated with.coal-gas and placed in
another shorter tube (of the same diameter), which was filled full and
corked up. In this tube the hmmoglobin was of course completely
saturated with carbonic oxide. After the subject had breathed the
carbonic oxide for a sufficient time 2 cubic millimetres of his blood were
again measured off, and diluted with water in one of the tubes as before.
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The solution in this tube was pinker than that in the tubes previously
prepared. The relative degree of pinkness was determined as follows.
A standard solution of carmine® was added from a narrow burette to one
of the tubes of normal blood solution until its tint was the same as that
of the blood under examination. Not more than ‘05 to ‘1 c.c. of carmine
was added at a time, and the mean value was taken between what was
just too little and just too much carmine. Addition of the carmine
was then continued until the tint was equal to that of the blood solution
saturated with carbonic oxide. Supposing that ‘45 c.c. of carmine was
required to produce equality of tint with that of the blood taken during
the experiment, and 2'5 c.c. to produce equality of tint with that of the
saturated blood, then, as 25 c.c. of carmine in 4'5c.c. of liquid were
required to produce saturation tint, and only ‘45c.c. of carmine in
245 c.c. of liquid to produce the tint of the blood under examination,
the percentage saturation of the latter could be calculated by the
following sum :

v
=8

45
35 945 100 : =,
sox=331.

A slight correction is required on account of the fact that carboxy-
hamoglobin is partly dissociated when diluted to a hundredth with
water saturated with air. In a solution saturated with air and contain-
ing hemoglobin 33 °/, saturated with carbonic oxide the tension of the
latter gas would, as shown below, amount to ‘05, of an atmosphere.
Accordingly, since the coefficient of absorption of carbonic oxide at 15°
is ‘025, water saturated with carbonic oxide at ‘05°/, tension would
contain in solution 25 x ‘0005 = ‘00125 °/, by volume of carbonic oxide.
But as blood saturated with carbonic oxide contains in combination
about 20°/, by volume of the gas, the same blood diluted to a hundredth
would contain '2°/,; and as ‘00125 =6 9/, of ‘2 we must add 6/, to 33:1
in order to obtain the true result (33:7°/,) in the above calculation.
The similar allowances necessary with different saturations of the blood
are as follows®

109 29 407/ 89/ 70° 267
20 3 50 11’ 80 lo 44"
30 5 60 16 90 100

1 For details as to the mode of preparation of this solution see this Journal, xvi.
p. 465. 1895,

2 This table of corrections is correct, as shown below, only when the titrations are
made in winter daylight such as prevailed when our experiments were made. In the much

PH. XX. 33
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To determine the oxygen tension of the arterial blood of the subject
from the percentage saturation of the hamoglobin with carbonic oxide
it is necessary to know accurately the percentage saturation of blood, or
blood solution, which has been thoroughly shaken outside the body with
air containing known percentages of carbonic oxide. A number of data
on this point were given in the paper already referred to. As however
great accuracy was now necessary, and the precaution had not been
taken of analysing each time the residue of carbonic oxide contained in
the burette used in making the mixtures?, we began an entirely new
set of determinations, in which the residue was always analysed, and the
impurities (usually about 3 to 5°/,) allowed for.

The result showed that the saturations previously obtained were
markedly lower, so that we at first thought that the carbonic oxide
formerly used had in spite of every care contained a considerable
percentage of air. The new determinations were made about Christmas,
whereas the old ones had been made in summer. On continuing the
new series in April we were however much astonished to find that the
results were mostly again about the same as the old ones, although
there could now be no doubt as to the correctness of the percentages of
carbonic oxide. After noticing that the high results were only obtained
towards evening we at last found that bright daylight has a most
marked action in diminishing the stability of carboxyhemoglobin, and
that the varying intensities of the light explained the irregularity of
the results. When air containing even as much as 19/, of carbonic
oxide was shaken with blood solution in bright sunlight no pink colour
at all could be observed in the solution; yet when the bottle was taken
into the dark, or covered with a cloth, the ordinary-marked pink colour
at once appeared on shaking. The experiment could be repeated again
and again, the colour alternately appearing and disappearing, so that it
was evident that the carbonic oxide was not oxidised or otherwise
destroyed, but remained in the air of the bottle. Its affinity for the
hzmoglobin must have been diminished by the sunlight to at least a

brighter daylight available in spring and summer the corrections would be larger unless
special means were taken to partially darken the room. The following table gives the
corrections necessary in a well-lighted room in summer. The data on which the table is
based are given in a former paper (this Journal, xvur. p. 451).

10°/, 2%, 409/, 1-5%, 700/, 40%,
20 5 50 2:0 80 76
30 10 60 2-8 87'5 12-5

1 See this Journal, xviir. p. 463.
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twentieth. On performing a corresponding experiment with hydrogen
containing a trace of oxygen we could not observe any distinct action of
the light on the stability of the oxyh®moglobin, so that only the affinity
of carbonic oxide, and not that of oxygen, would seem to be affected by
the light. The Routgen rays had no appreciable action on the stability
of the carboxyhamoglobin. The results given at p. 518 were obtained
by shaking in bottles protected from the daylight by means of a cloth.
The method employed was exactly the same in other respects as before,
but with the greater precautions used, and the avoidance of light, the
results were very concordant. A small correction was introduced for
the very slight reduction in the percentage of carbonic oxide in the air
of the saturating bottle produced by the absorption of carbonic oxide
by the blood solution introduced. Experiments were made

(1) with 19, solution of human blood at about 15°C.

@ ., . .»  » ox-blood and sheep’s blood at about 15°C.
@3 , . " ,, human blood at 87°C.
@® . »  » 0x-blood at 87°C.

- The results, as might be expected, were practically the same whether
human blood, ox-blood, or sheep’s blood was taken, and whether the
determinations were at 15° or at 37°C. For this reason we have made
one common curve from the whole of the data (Fig. 1). The individual
results from which the curve is constructed are given at the end of the
paper, together with an example of a single determination.

If the oxygen tension of arterial blood (the blood leaving the lungs)
were the same as that of air we should expect that with a given
percentage of carbonic oxide in the air breathed, the final saturation of
the blood within the body would be the same as the saturation of blood
when shaken outside the body with air containing the same percentage
of carbonic oxide as in the air breathed. If the oxygen tension of
arterial blood were lower or higher than that of air we should expect
the final saturation within the body to be correspondingly higher or
lower than in the blood outside the body. To calculate the exact
arterial oxygen tension it is necessary to bear in mind that the percentage
saturation of the blood depends practically on the relative tensions of
the oxygen and carbonic oxide. The carbonic oxide tension, after
absorption has ceased, will be that of the dry inspired air, after allow-
ance has been made for the dilution of the latter with the aqueous
vapour (about 6°,) required to produce saturation at 37°C. The

33—2
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method of making the calculation will be evident from the following
example.
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F1e. 1. The crosses indicate the results of the experiments on the oxygen tension of
the human arterial blood.

Let us suppose that the percentage of carbonic oxide breathed was
‘060, so that after absorption had ceased the alveolar carbonic oxide
tension was ‘0564 °/, of an atmosphere: also that the blood was found
to have become 47°/, saturated when absorption had ceased. With
‘0564 °/, of carbonic oxide in presence of air (20°98°/, of oxygen), the
blood outside the body would have become 35°/, saturated, and the
relative mass influences on the hemoglobin of the carbonic oxide and
oxygen would have been as 35 to 100 —35, or as 35 to 65. But the
saturation actually found in the blood of the body was 47 °/,; hence the
relative mass influences of the two gases were as 47 to 100 — 47, or as
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47 to 53, or as 35 to 39'5. Hence as the mass influence of the carbonic
oxide was the same in both cases, the tension of the oxygen in the blood
of the living body must have been reduced in the proportion of 65 : 395,
or from 209 to 12°7.

To practically test this mode of calculation we made experiments in
which blood solutions were shaken with gas-mixtures containing
besides nitrogen various percentages of oxygen and carbonic oxide.
The results were as follows:

Percentage saturation of
hemoglobin with carbonic oxide

Calculated Found
(1) 96-8°/, of oxygen (a. 0-376°/,0f car- .
and 3-2 o0/‘, of nitro- ; bonic oxide 48 472
gen b. 0:11°/, ditto 22-2 23
(2) 14-2°/, of oxygen , .
and 85'8%/0 of nitro. {07032 of carbonic 32 35
gen oxide
(3) Expired air . . .
15-99°/, of oxygen, Z‘ 8%3 average i;g average igg average
and 4'06 of car- ) 056 . 41 46 425
bonic acid c¢. ‘060 424 4
0036 carbonic
(4) Pure hydrogen { oxide 100 97

These experiments show that the method of calculation employed is
perfectly correct.

In making the experiment on man we found that the best per-
centages to employ were from about ‘045 to ‘06 °/, of carbonic oxide.
With lower percentages the change in tint of the blood was less
marked, so that errors of titration told more seriously. With higher
percentages, on the other hand, the condition of the subject evidently
became abnormal, and the experiments, if of sufficiently long duration,
were followed by severe headache and lassitude, lasting for many
hours.

The following is a record of the results of the experiments.

Exp. 1. Subject A, 23/12/95. Corrected percentage of CO =049 for
first 13 hours: afterwards -043.

After 1 hr. 22 mins. saturation of blood =191/, .. oxygen tension= —

» 2hrs. 0 ”» 9 =241,, 1 » =268 o/o
” 2 9 33 9 ”» ” =248 ) 9 ) =258 12}
» 3 ”» 25 ”» »» ” =253 9 ” ” =247 IE)

Average 2479, 25-8 9/,
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Exp. 2. Subject B, 25/12/95. Corrected percentage of CO for first
40 minutes = ‘086, for next 45 minutes = ‘073, for next 20 minutes =087,
for next 85 minutes = -078.

After 1 hr. 14 mins. saturation of blood =331 ¢/, .. oxygen tension = —

»w 1, b6 ” 9 =366 ,, 9 ’ =285 o/o

» 2hrs.29 3 ) =422 ,, ”» I =225 ,,*
3] 2 ” 50 ” ) ) =420 2] ) ”» =229 n“s
9 3 9 10 ” E) ”» =471 ”» 9 ” =168 ”*

* Minimum values only.

During this experiment the working of the apparatus was irregular,
owing to temporary slowing two or three times of the ventilation
current, particularly after the second determination. The subject felt
abnormal, and was giddy on standing up at the end. The experiment
was followed by severe headache, lasting for about 12 hours. For further
remarks see below, page 512.

Exp. 3. Subject A, 26/12/95. Corrected percentage of CO=-061
throughout.

After 1 hr. 20 mins. saturation of blood = 241/, .. oxygen tension = —

» 1, 50 » » =291, » »y =275,
» 2hrs. 12 ” ’ =291, » »w =275,
w 3., 37T ’ ’ =291,, » s =275,
2] 3 ) 3 9 ”» ” =291 99 I 3] =275 )
Average 2919/, 27-59/,

Exp. 4. Subject B. 27/12/95. Corrected percentage of CO for first
70 minutes = "082, thereafter = ‘067.

After 1 hr. 33 mins. saturation of blood = 32-4 9/, .. oxygen tension = 267 ¢/,

» 2hrs. 5 ”» ”» =331, 9 ”» =25,

w 2, 34, ” ’ =378 ,, I » =210,,

w 2, 54, ” 9 =331, 2 ” =25%,,
Average 341/, 24°79/,

Exp. 5. Subject A, 28/12/95. Percentage of CO = ‘067 throughout.

After 1 hr. 15 mins. saturation of blood =266/, .. oxygen tension= —

» 1, 45 » 3 =295 ,, ” ) =306 o/o
» 2hrs.11 s s =305 ,, ’ . =292 ,,
”» 2 ”» 36 ”» 1T} 9 =305 1 9 ,, =292 9
» 3, 10 ’ %) =305 ,, ’ 9 =292 ,,

Average 30-25°/, 295/,
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Exp. 6. Subject C, 31/12/95. For 40 minutes percentage of CO =-068¢/,.
Thereafter = ‘059 ¢/,.

After 1 hr. 24 mins. saturation of blood =279/, .. oxygen tension= —

» 2hrs. 0 ,, ”» »» =300,, I7) » =264 0/0

I 2 ” 24 9 ” ” =317 ” ) ”” =239 ”

9 2 ”» 38 ” ”» ”» =331 2} ”” ” =223 ”»
Average 31°19, 2399/,

Exp. 7. Subject A, 5/1/96. Percentage of CO = -078°/, for first 2§ hours,
Thereafter reduced to =055 ¢/,.

After :
1 hr. 20 mins. sat. of blood =234/, .. oxygen tension = —
1, 40 ., » » =305 ,, ”» ” = -
2hrs. 4 ,, » =349 ,, ” ,y =306,
2 3] 23 ” 9 9 =355 9 » ” =298 ”
3, 12 ” ’ =356 ,, 9 2 =>[19'2 to 29-8 o/o]
4, 0 5 sy =356 ,, ” s =[19'2 to 298 ,, ]

Average 3529/, 30-2¢/,

In this experiment we intended to ascertain whether a reduction by
0239/, of the percentage of CO breathed would be followed by a
corresponding reduction in the saturation of the blood. No appreciable
reduction was, however, observed within 1} hours (see p. 514).

Exp. 8. Subject B, 6/1/96. Percentage of CO =-0476 throughout.

After 1 hr. 37 mins. saturation of blood = 28:8 9/, .*. oxygen tension =23-8°/,

» 2hrs. 8 ,, ) 3 =278, ’”» 9 =238,
»w 2, 38 »» ”» =,27'8 ”» ” 3 =238,
9 3 9 8 ”» ”» ”» =278 ” ” ” =238 ”
) 3 5 38 ” ’ ”» =269 » ”‘ ” =249 ”
2 3 ” 58 ”» D 1) =264 ,, ) I} =255 99

Average 2749, 2439/,

To the above we add the results of two experiments (Nos. 9 and 10)
given in the former paper. The stock of gas used for filling the
cylinder for these experiments was analysed and found to contain
9339/, of carbonic oxide. The gas in the cylinder must therefore,
judging from the other experiments, have contained about 10 °/, of air,
and the percentage of carbonic oxide in the air breathed has been
corrected on this basis. We have not added the results of experi-

1 This Journal, xviiL. p. 44. 1895.
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ment 11 of the former paper, as the gas used was not analysed. The
results however agree closely with those of the experiments given in the
present paper.

Exp. 9. Subject B, 10/7/95. Percentage of CO = 025 /,.

After 1 hr. 0 mins. saturation of blood= 79/, .*. oxygen tension = —
» 2hrs. 0 ’ ” = 11, " ’ = —
w 2, 30 , ” ” = 15, 3 ” =26-99/,
w 35, 0 9 ” = 15, ” ” =269,
” 3 2] 30 ” ” ” = 14 ” %) 9 =291 9
Average 14-7°, 27-6 °/,

Exp. 10. Subject B, 12/7/95. Percentage of CO=-019.

After 1 hr. saturation of blood = 89/, .-. oxygen tension= —

” 2 hrs. ” 12 =13 ” ) 13} =227 o/o
n 3 ” ) =13, -, » =227,
”» 4 2 » ” =& 9 ” =227 i)

Average 13°/, 22-79/,

The results of the experiments are shown graphically in Fig. 1.
The crosses represent the average results of each experiment. In
representing the percentages of carbonic oxide breathed allowance
is made for dilation of the air with aqueous vapour within the lungs.
The curves represent the results obtained outside the body with
carbonic oxide and air, and other gas mixtures. The data from which
the curve for air is constructed are given at page 518.

Taking all the determinations in which a steady result was obtained
the average oxygen tensions found were as follows.

Experiment 1 258 ¢/, of an atmosphere.
3 275 ,, ”
4 247 ” ”»
» 5 29.5 » ”
6 239 ,, ”
7 302 ,, »
8 243 ,, »
” 9 276,,
» 10 227 ,,

Average 2629/,

b2

”

The alveolar oxygen tension for man has recently been carefully
calculated by Loewy. He bases his calculations (1) on the composition
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of expired air, (2) on the assumption, which can hardly be avoided, that
the expired air is mixed with a quantity of air occupying the “dead
space” between the opening of the nose or mouth and the alveoli,
(8) on the fact  that the air in the alveoli is saturated at 87° with
moisture, and therefore diluted with about 6°/, of aqueous vapour. As
the result of measurements of the volume occupied by plaster casts of
the air-passages he estimates the dead space at about 140 c.c., and he
confirms this estimate by the results of careful experiments which
enabled him to assign maximum and minimum values to the extent of
the dead space’. In this way he estimated the alveolar oxygen tension
as about 12:6 to 13'5°/, of an atmosphere. The mean of four experi-
ments during rest was 1315 /2

If we accept this value it follows from the results of our experiments
that the oxygen tension of human arterial blood is normally about
twice as high as that of the air in the pulmonary alveoli. This being
so it follows that diffusion alone does not explain the absorption
of oxygen through the lungs.

This conclusion is of such high importance that it is necessary
to test it in every way possible.

Several possible sources of fallacy will at once suggest themselves.

1. Sources of error in the titrations.

To- test the degree of accuracy of the blood titrations we made
a number of known mixtures of defibrinated blood saturated with coal
gas with the same blood shaken with air. In each case a drop of the
known mixture was placed upon a finger, and 2 cm. of it measured off
with the pipette, and the-saturation with carbonic oxide estimated with
carmine, just as in the determinations during an experiment on blood
from a living subject. As the Belfast coal gas was found to contain on
an average about 20 ¢/, of carbonic oxide a slight correction was made
for the carbonic oxide (about 05 ¢/,) present in simple solution in the
saturated blood. The results were as follows.

Caloulated Found Error

, a 4869 ~269

r 5127 {6. 50-9 —03 "
, @ 502 -10

o 512 b 517 +05

1 Pfliiger’s Archiv, Lvi. p. 416. 1894,
? Loewy, Untersuchungen iiber die Respiration und Circulation &c., 1895, p. 26,
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Calculated Found Error

, a 509 ~03

mr 512 {b. 514 +12
, 4. 690 £09

v 68l {b. 69-0 +0:9
V68l 688 +07
VI 512 540 +2:8

Average error +0-3

These results show that the limit of error in the estimations of the
saturation of the blood with carbonic oxide is within 3°/,, and that
there is practically no tendency to a constant error in one direction or
the other. Errors from mistakes in titration thus cannot appreciably
affect the average results, and errors in the oxygen tensions obtained in
individual experiments cannot well exceed about 3°/, of an atmosphere.

2. Effects of dilution of the hamoglobin.

The dissociation curve (Fig. 1) for hamoglobin outside the body was
obtained with dilute blood solutions, and it might seem possible, though
not probable, that a different curve might be obtained with undiluted
blood in which the red corpuscles were intact. We tested this possibility
as follows. About ‘8 c.c. of blood, taken quite fresh from one of
ourselves, was defibrinated, and placed, by means of a pipette inserted
air-tight through the cork, in a flask of about 600 c.c. capacity, which had
been filled with the mixture of air and carbonic oxide. The blood was
spread in a thin layer over the bottom of the flask, which was then
completely immersed in a water-bath at 37°C., and kept in gentle
motion for at least an hour, so as to insure saturation of the haemoglobin
to the maximum extent. We found half-an-hour insufficient, and if the
blood was left standing quietly, even an hour did not produce more than
half the final saturation.

The results were as follows:

9o CO in air 9/, saturation of hsemoglobin
057 354
058 343
‘038 319
Average ‘051 339

The average result with dilute solutions of blood was 332, so that
undiluted blood gives practically the same result as diluted blood.
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3. Effects of carbonic acid.

It might be suspected that the presence of carbonic acid in the
venous blood and pulmonary alveoli might in some way alter the
relative affinities of carbonic oxide and oxygen for heemoglobin. That
this is not the case, however, is shown by the three experiments with
expired air (containing 4°06 °/, of carbonic acid) quoted on page 507.

4. Had absorption of carbonic oxide completely ceased when
the determinations of oxzygen tenston were made ?

As regards the answer to this question we believe that the ex-
periments leave no room for reasonable doubt. During the first
14 hours the saturation of the blood increased rapidly. The deter-
minations show that at the end of about 14 hours this rapid absorption
suddenly ceased. There might be a slight apparent increase or
diminution afterwards, but except in experiment 2 we believe that
these slight changes were only apparent. They are within the limits of
error in titration, and reference to the notes shows the apparent
difference to have been brought about by slight changes in the quantity
of carmine necessary to reproduce the tint of complete saturation. In
many cases the light was failing and at the same time changing in
quality towards the end of the experiment, and when this was the case
less carmine was needed to reproduce the saturation tint. Experiment
VIIIL, which was the longest of the series, was purposely begun very
early, so as to avoid the failing light, and in this case there was not the
slightest apparent increase in the saturation during the 2 hours
21 minutes succeeding the first 14 hours. We were thus quite con-
vinced that there was no fallacy due to incomplete cessation of absorption.
In experiment II there was an apparent increase, after the first two
hours, of the saturation of the hemoglobin ; in this experiment, however,
owing to irregularity in the water pressure employed for aspiration, the
air current two or three times slowed down, particularly after the second
determination, so that the percentage of carbonic oxide breathed became
temporarily much higher than stated. During these periods the satura-
tion of the blood must have rapidly increased’. To get rid of this
increase several hours would probably have been required, since the
conditions for the giving-off of carbonic oxide were enormously less

1 See this Journal, xviii. p. 456. 1895,
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favourable than the conditions for increased absorption during the
periods when the percentage of carbonic oxide in the air was increased.
The same considerations completely explain the fact that in experiment
No. VIIL, in which the percentage of carbonic oxide breathed was
purposely reduced from *078 to 055 there was no appreciable diminution
in the saturation of the blood after 1} hours. It was shown in a former
paper that, even after breathing fresh air for three hours, about a third
of the carbonic oxide which had been previously absorbed still remained
in the blood*.

5. Is carbonic oxide oxidised within the body ?

It is an old opinion, due originally, we believe, to Bernard, that
carbonic oxide is oxidised within the body, and thus got rid of. This
theory seems to have been put forward to explain the disappearance of
carbonic oxide from the blood consistently with the erroneous belief that
carboxyhemoglobin is not dissociated in presence of air.

Were it the case that carbonic oxide is oxidised to any appreciable
extent within the living body the method we have employed would give
erroneous results. It was thus necessary to examine this question with
great care. Careful investigations as to whether carbonic oxide is
oxidised in the living body were made by Gaglio®

He placed an animal with a known volume of carbonic oxide in a
Regnault and Reiset’s respiration apparatus for some hours, at the end
of which time he carefully determined by combustion the residual
carbonic oxide, air being led through the apparatus so as to wash
out all the carbonic oxide, and enable the animal to get rid of all the
carbonic oxide present in its blood. The percentage loss of carbonic
oxide in the body of the animal and in the apparatus was as follows in
these experiments:

0/, of loss out of
total CO used

31
22
41
2-2
2-8

Average 2-9

SU M W N

1 This Jowrnal, xvir. p. 488. 2 Archiv fiir exper, Pathol. xx11., p, 236, 1887.
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In a control experiment, with no animal in the apparatus, the
percentage loss was found to be exactly the same (2'8 9/,) as the average
loss when an animal was present. Hence no carbonic oxide was
oxidised in the body of the animal.

The question has also been investigated by Martin', whose experi-
ments do not seem, however, to have been carried out by such an
accurate method. He found that (in two experiments) there was a loss
of 11 and 7'5°, of the carbonic oxide employed. This small loss may,
however, have easily been due to an experimental error.

To obtain independent evidence we made the following experiment.
Carbonic oxide was breathed until the blood was 88°, saturated.
The subject was then made to breathe through a tin vessel containing
potash lime into and out of a bladder, oxygen being at the same time
supplied through a side tube in sufficient amount to prevent the bladder
from collapsing. The saturation of the blood with carbonic oxide was
now determined, and the determination repeated at intervals. As no
appreciable quantity of carbonic oxide could escape through the lungs
with this arrangement, any diminution in the saturation of the blood
with carbonic oxide would indicate the occurrence of oxidation of
carbonic oxide within the body. The results of the experiment were as
follows :

3 minutes after beginning to breathe into bag. Saturation of blood 33:3°/,

10 I ” ’” 2] ”» ” 333 EH)
50 ”» ” il ” 2] 3 333 ”
1 hour ” ” ”» ” ” 333 12}

A sample of blood taken 35 minutes after the experiment ceased
was 25°/, saturated.

This experiment shows that within an hour there was no appreci-
able disappearance of carbonic oxide from the body when escape
through the lungs was prevented. Another similar experiment, in
which, however, the blood was only 185 °/, saturated, gave exactly
the same result. Oxidation, or disappearance in any other way, of the
carbonic oxide present in the body, cannot therefore affect the accuracy
of our method of determining the oxygen tension.

1 Comptes Rendus, cxv. 835. 1892,
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6. Does carbonic oxide pass freely through the pulmonary epithelium?

It might be imagined that the pulmonary epithelium actively
resists the passage inwards of carbonic oxide, and that for this reason the
carbonic oxide tension in the blood can never become as high as in
the alveoli. If it be once admitted that in the taking up or giving off
of gases through the pulmonary epithelium the latter may play an
active part, there seems no inherent improbability in the view that the
epithelium may actively oppose the passage of carbonic oxide inwards
by diffusion. There are, however, many facts which render this view
exceedingly improbable. In the first place it is evident from our own
experiments, and those in the previous paper’ that when a given per-
centage of carbonic oxide is breathed the gas is absorbed with great
ease and rapidity up to a certain point of saturation, at which absorption
suddenly ceases (after about 1} hours in the experiments recorded
above). This point varies with the percentage of gas breathed. The
sudden cessation of the absorption can hardly be otherwise explained
than on the assumption that a point is reached at which the carbonic
oxide absorbed in the first part of the alveolar capillaries begins to be
driven out again in the succeeding part, where the oxygen tension is
high (see the previous paper, p. 456). Were the cessation of absorption
due to active resistance on the part of the alveolar epithelium, one
would not expect the absorption to be so very rapid and complete
(allowance being made for the dead space), nor the cessation of absorp-
tion to occur so sharply, nor the point of cessation to vary so definitely
with the percentage of carbonic oxide breathed.

Finally we must refer to the evidence presented in another previous
paper by one of us’, that carbonic oxide is in its action on living
protoplasm simply an indifferent gas, like mitrogen or hydrogen, which
appear to diffuse freely through all the tissues. It was shown in the
paper referred to that a tension of a whole atmosphere of carbonic oxide
is not poisonous to a mouse, provided that oxygen at two atmospheres’
pressure is also present, so that a sufficient amount of oxygen in simple
solution in the blood is supplied to the animal; also that cockroaches,
which are exceedingly sensitive to the action of gases, will live quite

1 This Journal, xviir. p. 430. In the previous paper it was estimated (p. 446) that
usually about; half the carbonic oxide inhaled is absorbed up to the point where absorption
suddenly ceases. From the more accurate data obtained in the present paper it would
seem, from a similar caloulation, that in reality about 709/, is absorbed,

2 This Journal, xvir. p. 201.
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well for a fortnight in an atmosphere containing 80 °/, of carbonic oxide.
The same animals are almost instantly rendered insensible by a corre-
sponding percentage of carbonic acid.

Our investigations as to possible sources of fallacy in the method
employed have thus led to purely negative results; and, as there appear
to be sources of very serious error in the aerotonometer method of
Pfliiger we can at present see no reason to doubt the accuracy of the
very high values which we have obtained for the oxygen tension of
arterial blood. Our experiments thus strongly support the conclusion
originally arrived at by Bohr, that diffusion alone does not explain the
interchange of gases between the blood and the air of the pulmonary
alveoli.

A considerable part of our work was carried out in the Chemical
Laboratory of Queen’s College, Belfast, and we beg to express to
Professor Letts our thanks for his kindness in placing the resources
of the laboratory at our disposal.

SUuMMARY OF CHIEF CONCLUSIONS.

1. The oxygen tension of human arterial blood as it
leaves the lungs is about 26'2°/, of an atmosphere, or 200
millimetres of mercury.

2. Diffusion alone does not explain the passage of oxygen
from the air of the pulmonary alveoli to the blood.
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APPENDIX.

J. HALDANE AND J. L. SMITH.

I. Results of experiments in which 1°/, blood solutions were shaken in the dark to
saturation with miztures of carbonic oxide and air.

T e ted
051
0585
‘060
076
078
090
090
109
115
159
183
298
430

Human blood
at about <
15°C.

Percentage saturation
of hagmoslobin
with CO
343
350
368
452
465
47-25
51-1
567
59-1
656
669
69-4
850

Protocol of a

Readings of burette
delivering carbonic oxide

625 p.M. 140
626 12-8
627 116
6-28 1045
6-29 93
630 81
5)59_

Percentage of CO

in the air used
Ox blood (025
at about 4102
15°C. 140
Sheep’s blood (,
at about (l)ﬁ
15°C.
‘035
Human blood 822
at 37°C. 075
117
Oxblood (043
at 37°C. 206

single experiment.

Percentage saturation

of haamo%lobin
with CO

19-0
39:1
569
60-4

375
550

259
269
359
45'7
586
30°5
28-2
69°0

Readings of meter (correct)
measuring air current in
litres per minute

047
047
0-47

188 c.c. per minute, ... percentage of GO: 251
Corrected for CO absorbed by hssmoglobin = ‘244
Further corrected for impurity of CO

=-2289),

Titration with carmine up to tint of solution taken from saturating bottle

2:4 c.c. not enough 34 c.c. right
28 ,, 'y 36, right
30 ,, not quite enough 38 ,,
32 ,, right
Mean =34,
Titration up to saturation tint
60 c.c. not enough 72 c.c. right
64 ,, not quite enough 76,
68 ,, right
Mean="7-0.
. percentage saturation:%i b3 % x100=69-49/,.

slightly too much.

slightly too much
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Analysis of residual gas from burette.

Nitrogen in gas burette = 504

+gas taken for analysis =15'76

.. gas taken =10-72

After absorption of CO, =1576

o 002 = —Oﬁ

After absorption of CO and O,= 559 - )

~. Ny in gas taken = 0'65="696 of air=6-50°/,
. CO in gas taken =10'024=93-507/,.

II. Protocol of an experiment (No. 3) on the o.tygén tension of arterial blood.
Subject A. Breathing began at 11.13.

Readings of large meter (correct) Readings of measuring cylinder.
11.8 a.m. 659 litres 80 cc. (20 drops of water per 10 seconds)
11.23 793 140 (21 " » » )
11.48 971 255 (17 " ” » )*
11.58 1105 340 (17 s » »” )
12,18 p.Mm. 1240 425 (17 ’ » ” )
12,28 1371 510 17 » » »» )
12.58 1636 680 (17 - » » )
1.13 1768 770 (17 » » » )
1.28 1901 855 (17 ” » »” )
1.43 2033 940 (17 n I s )
1.58 2166 © 1025 (17 ” " » )
2.13 2298 1110 (17 » ’ ,, )

* At 11.31 the rate of delivery of water into the measuring cylinder was altered to
17 drops per 10 seconds.
The percentage (uncorrected) of CO breathed was thus perfectly constant throughout
1-110 - 255 -

the experiment after 11.31, and= 3398 =971 * 100="0644.

Analysis of residual gas from cylinder.
Volume taken =20-165.
After absorption of CO,=20155
s COp=" 01 =005,
After absorption of 0,=19-955
© Op= 20 =0'99°/,=474%, of air.
.. the CO contained 4799/, of impurity.
.. the true percentage of CO breathed was -061.

Determination of the saturation of the blood with CO.
1) at 12.33p.n.
A. For tint of sample.

*2¢.c. of carmine, not quite enough.
© 3, » right.
4, . slightly too much.

PH. XX. : 34
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B. For tint of full saturation.
2-2 c.c. of carmine, not quite enough.

24 ' right.
26 . right.
2:8 ’ slightly too much.
. saturation of sample= 3 X &5 x 100 =23-5%/,,.
23" 25 0
Corrected for dissociation=23-9 9/,.

(2) at 1.3p.M.
A. For tint of sample.
‘3c.c. of carmine, not quite enough.
4, ” right.
5, ” slightly too much.

B. For tint of full saturation.
2-6 c.c. of carmine, not quite enough.
28 ,»  right.
30 . slightly too much.
. 4 48
.*. saturation of saa,mple_.2f4 X35
Corrected for dissociation=29-19/.

x 100=28-6Y/,.

(3) at 1.25p.m., (4) at 1.50p.M., and (5) at 2.16 p.uM., gave exactly the same results

as (2).
Calculation of oxygen tension.

CO tension in the (dried) air breathed was ‘061 9/, of an atmosphere.

. CO tension in the (moist) air of the pulmonary alveoli was ‘057°/, of an atmo-
sphere. Now with the same CO tension in pure air outside the body hsemoglobin would
become 35 °/, saturated, whereas the arterial blood only became 2919/, saturated. Hence
in the arterial blood the oxygen tension must have been increased above atmospheric

oxygen tension (20°9 9/, of an atmosphere) in the proportion of

29-1 35
00 —291 ¥ ioo_g5* O from 209 to 27°5.




