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It is now generally agreed that the oxygen
saturation of the arterial blood in normal man in
rest at low altitudes is remarkably constant.
Until recently, subnormal arterial saturations
could almost invariably be traced to obvious pul-
monary or cardiac disorders. Recently, however,
it was noted that relative arterial unsaturation is
common among patients with cirrhosis of the
liver and other conditions involving severe pa-
renchymatous hepatic damage (Snell (1)). In
such cases, circulatory disturbances, ascites and
edema did not appear to account for the unsatura-
tion, and it was pointed out that the anoxemia in
these cases must have resulted either from some
interference with gas exchange in the lungs or
from an abnormality of the blood itself. In the
cases which came to necropsy, however, patho-
logical changes in the lungs sufficient to account
for the phenomenon were not seen, though minor
alterations, for example, edema of the alveolar
walls, could not be absolutely excluded.

By the process of elimination an alteration of
the blood itself was suggested, and one of us
(Snell (2)) produced evidence to indicate that
the oxygen dissociation curve of the blood was
abnormal in these cases of hepatic disease. Two
major objections could be raised against the ac-
ceptance of this conclusion. In the first place, the
dissociation curves had all been studied at constant
partial pressure of carbon dioxide rather than at
constant pH ; even in normal man this procedure
may erroneously indicate alterations in the posi-
tion of the oxygen dissociation curve and, in
pathological conditions, such a method of com-
parison may lead to gross errors. In the second
place, normal standards for the position of the
oxygen dissociation curve, based on modern tech-
nic, had not yet been definitely established.

The present study is a reéxamination of the
problem, with special emphasis on the question of
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the position of the oxygen dissociation curve.
This point is particularly important because the
fundamental constancy of the position of the
oxygen dissociation curve of human blood at con-
stant pH has been demonstrated in a wide variety
of pathological conditions: in nephritis (3), per-
nicious anemia (4), diabetic coma (5), and in
men acclimatized to chronic anoxemia (6).

METHODS OF STUDY

Blood sampling. All blood samples were
drawn under oil from the brachial artery and
were immediately heparinized under oil and
stored at 0° C. until analysis. At the time of
blood sampling all patients were fasting and as
nearly as possible in a state of basal rest.

Blood analysis. All analyses were done in
duplicate by two independent analysts. Blood
gases were determined by the standard Van Slyke
methods within one hour after the blood was
drawn. Barcroft tonometers of 300 cc. capacity
were used for tonometry, equilibration being car-
ried out for 20 minutes at 37.5° C. The pH of
the equilibrated blood was determined both by
calculation and by the glass electrode.! The
method of Keys, Hall and Barron (6) was used
for calculation of pH, (pH of the plasma and
whole blood) and pH, (pH of the inside of the
red cells). The glass electrode arrangement of
Dill, Daly and Forbes (7) was used at 37.5° C.
with standard buffer calibrations before and after
each day’s experiments. Arterial plasma was
separated by centrifugation under oil at 0° C.
Plasma chloride was estimated by the method of

1 We are greatly indebted to Dr. Marschelle H. Power
for pH, measurements with the glass electrode. The
following technicians participated in the analytical work
reported in this paper: Miss Lucile Mahan (Van Slyke
machines and general supervision of the analytical
routine) and Misses Lyla Zick, Elizabeth McClay,
Lenore Rivers, Catharine Ryan, and Charlotte Bradshaw.
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Keys (8) and total base by the electrodialysis
method (9).

Oxygen saturation of the arterial blood

In normal man in rest at altitudes less than
1000 meters, the oxygen saturation of the arterial
blood is generally reported by competent investi-
gators to be within the range 93 to 97 per cent
(10 to 17 inc.). With the most careful technic
even these limits seem to be too wide, and the
great majority of results fall within the range 94
to 96 per cent saturation. In Figure 1 is given
the frequency distribution of oxygen saturation
in the arterial blood of 87 normal subjects stud-
ied during the past three years at The Mayo Clinic
and at the Fatigue Laboratory, Harvard Univer-
sity. Most of these normal subjects were men
between the ages of 20 and 40 years, but both
women and men outside this age range did not
differ significantly from the main group in the
degree of arterial saturation.

The oxygen saturation of the arterial blood of

61 patients with liver disease is also summarized
in Figure 1. These cases include the 38 cases re-
ported by one of us in 1935 (1). The great ma-
jority of these cases show very definite arterial
unsaturation of a degree which must be presumed
to have at least some influence on the general
course of the patients’ welfare.

The composition of the arterial blood of patients
~ with liver disease

The data on some of the more significant prop-
erties of arterial blood of 14 patients with liver
disease are summarized in Table I. With 3 ex-
ceptions (Cases 1, 2, and 10), anemia was well
marked, and the average oxygen capacity of the
blood for the entire group was only about 80 per
cent of normal. In 8 of the cases the arterial
oxygen saturation was subnormal and, in 6 of
these (Cases 4, 5, 8, 9, 11, and 13), this deficiency
was superimposed on an anemia.

The carbon dioxide relations throw some light
on the respiratory function in these patients. The
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TABLE I
Comgposition of the arterial blood in cases of liver disease
(Blood drawn in basal rest from the brachial artery. T = CO; content of oxygenated blood

at pCO; = 40 mm. and 37.5° C.)
HbOS o co Arterial plasma
Case capacity eatun:tion conte'nt Tao
Cl1 Total base
volumes per volumes | volumes m. eq. m. eg.
per cent cent per cent | per cent | per liter per liter
1 19.6, 92.3 98.0 138.6 | Terminal acute portal cirrhosis with hepatic in-
sufficiency.
2 20.7, 92.3 48.3 474 96.3 146.7 | Cirrhosis secondary to cardiac decompensation.
3 17.5, 95.6 49.8 49.0 105.0 146.0 | Hepatic cirrhosis (alcoholic history).
4 16.7¢ 91.6 50.3 51.0 100.2 142.4 | Hepatic cirrhosis (alcoholic history).
5 11.5, 89.6 45.9 50.5 Terminal cirrhosis with hepatic insufficiency. Mili-
ary tuberculosis.
6 12.2, 95.6 50.5 49.7 102.3 144.8 | Cholangeitis, no serious liver damage.
7 17.3, 97.0 474 48.5 142.4 | Advanced hepatic cirrhosis.
8 16.95 93.7 48.1 49.0 98.7 154.5 He:patisi's of unknown etiology, with ascites and
. aundice.
9 12.9, 91.3 36.6 38.6 101.3 143.3 | Advanced hepatic cirrhosis, with jaundice, ascites
and edema (alcoholic history). .
10 21.5¢ 98.5 36.7 36.0 150.9 | Terminal hepatic cirrhosis, with extreme ascites.
11 12.7y 94.1 39.3 40.0 107.6 Cirrhosis with marked hepatic insufficiency and
ascites.
12 9.0, 95.7 48.1 49.1 107.8 Hepatic cirrhosis with ascites.
13 16.6. 91.5 51.7 49.2 104.2 Hepatic cirrhosis with marked ascites.
14 14.6, 95.0 42.1 41.8 Cholecystitis and secondary hepatic cirrhosis.
Mean | 15.73 93.2 45.7 46.1 102.1 145.5
CO, capacity of the whole blood was, on the aver- perventilation. This in turn would also account

age, slightly subnormal. The average of 46.1
volumes per cent at pCO,=40 mm. may be com-
pared with an average of 48.8 obtained with 38
normal subjects in this laboratory and the average
of 48.2 for repeated studies on 9 normals reported
elsewhere (6). The deficiency of alkali reserve
is more marked when the CO, capacity of the
plasma is studied. The average CO, capacity of
the plasma of patients with liver disease was 53.6
volumes per cent, as compared with 59.6 for the
38 normal subjects and 58.6 for the series of
Keys and others (18).

The origin of this relative acidosis is not en-
tirely clear. In a few cases, notably Cases 1,
5, and 10, there was a moderate acidemia (pH,
0.03 to 0.05 more acid than normal), but in gen-
eral the blood acidity was not far from normal.
It will be noted that the average arterial CO, con-
tent is also definitely subnormal. The pCO, in
the arterial blood averaged about 39.5 mm. as
compared with a normal average of about 41 to
42 mm. If reliance can be placed on this small
abnormality, it could be taken to indicate that, on
the average, these patients were in a state of hy-

for the observed moderate reduction in the alkali
reserve. When the relative arterial unsaturation
is also taken into account, the presumptive evi-
dence in favor of hyperventilation is strong.

As might be expected, the mineral constituents
of the plasma showed more than the usual amount
of variation. The average chloride concentration
is nearly normal. The average total base con-
centration may be approximately 5 m.eq. below
normal, but this may be accounted for by the
hypoproteinemia that characterized the majority
of these cases.

Position of the oxygen dissociation curve of
normal human blood

The position of the oxygen dissociation curve
of blood may be defined, with a precision sufficient
for most purposes, by the partial pressure of
oxygen required to produce half saturation
(where Hb=HbO,) at constant pH and tem-
perature. It should be noted that, in whole blood,
the effective pH is the pH of the interior of the
red cells (pH,). The pH, cannot be measured
directly, but it may be calculated with little error,
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provided there is no abnormality in the ion bal-
ance between cells and plasma (6).

A more precise and detailed description of the
position of the oxygen dissociation curve, includ-
ing the effect of variation in pH,, emerges from
the graphic treatment of the data, provided at
least 5 tonometric equilibrations are done. An
example of a useful graphic method is given in
Figure 2. The plot of log pO, against per cent
saturation has the advantage that, except at the
upper and lower ends of the curve (above 80 per

In the present series of normals from The
Mayo Clinic, there are sufficient data to define the
position of the dissociation curve over the range
40 to 70 per cent in 8 cases and to 80 per cent in
6 of these; in addition, there are a few acceptable
figures for 30 and 90 per cent saturation. Those
values are summarized in Table III.

TABLE III

Partial pressure of oxygen (p0,) required to give 30, 40, 50,
60, 70, 80, and 90 per cent saturation of human
blood at pH. = 7.10, T. = 37.5° C.

cent and below 20 per cent saturation), the curva- o 0 0 <0 oer | 70 oer | 20 "
ture is slight and the iso-pH lines are closely Subiect | “CBE | “CR™ | "ot | cent | cent | cent | cent
parallel; over the range pH, 6.90 to 7.30, the plot . | o | mm. | mm | mm. | mm. | mm
of log pO, against pH, for constant saturation, He | He | He | He | He | He | He
is a straight line. NORMALS
Table II summarizes all the acceptable data
available at present on the pO, to give Hb gw 238 | 264 1297 |34.3 |a1s
=HbO, (pH, 7.10, T 37.5° C.) in the blood of \IQII?B gﬁ 31; gg.fs) gg.g 23'8
normal man. Each of the values liSted in Table WM 252 28.0 31:6 36.0 41:2
TABLE 11 : EJ 202 | 240 |28.7 350 440 | 585
. . L. TB 173 1209 |24.8 |28.8 {34.5 |43.0 | 60.0
Position of the oxygen dissociation curve of PB- 222 1268 132.6 |40.0
blood of normal man MA 220 |25.5 |30.2 |364
(Partial pressure of oxygen (3703), in mm. Hg required = Mean | (17.3) | 22.42 | 25.99 | 30.39 | 36.14 | 42.95 | (59.3)
to give 50 per cent saturation (Hb = HbO,) at pH. 7.10
and 37.5° C. Data from Dill, and others (19); Keys,
and others (6), and present results.) LIVER DISEASE
Keys and others (6) 1 20.4 | 24.0 | 28.0 |33.1 [40.0
Dill and others - 2 [ 203 [256 |294 [358 |420 [5L5
A7) mxpetition | Chleameae | TS 25 309 (356 |38 (363 | &5
members 5340 m. 5 256 |291 |334 |386 | '
6 244 |278 |319 |37.2 |44.8
Subject| pO: | Subject [ pO: | Subject | pOs |Subject| pOs 7 264 |29.8 |34.0 |39.6 |46.5
8 242 |26.8 |31.8
'mm. Hg mm, Hg| mm. Hg| mm. Hg 10 24.0 28.8 |35.5
P 27.2 |[ESGB |25.1 [CARR (264 |FW |[26.4 12 220 |25.0 |29.0
F 28.2 [EHC |26.6 |ALCA |27.4 |WAB |27.7 13 260 |29.0 |35.0
(0] 27.0 |IDBD (269 [ALCI |27.3 [BH |[24.7 14 235 |27.5 |31.5
T |55 [WHF |21 |CAMP|36e BT |540
- . 3 . M 20.4 | 24.81 | 28. .20 { 39.56 [ 47.90 | 61.0
E_ |256 [FGH |27.1 |[FRIT |27.6 |TB |248 ean 812834133
BR 25.7 |AK 27.2 |HERE|[27.8 |[MA |255
BO 26.6 |RAMC]|26.3 (MART]|27.1 |PB 26.8 .. . . . . .
JHT |25.3 [IRON |27.7 Position of the oxygen dissociation curve in liver
Mean | 26.92 [Mean |26.26 [Mean |26.88 | Mean | 25.99 disease

IT is the resultant of at least 3 tonometric equili-
brations by the standard analytical method of Van
Slyke. In the series from Dill and others (19),
pH was calculated and checked by the glass elec-
trode. The means for the 4 series are in excellent
agreement, especially when the difficulty of the
estimation is considered. In the combined series
the extremes are 24.0 and 28.2, with a grand
average of 26.52.

Figure 3 shows the logarithmic plots of pO,
against per cent saturation and against pH for
constant saturations in a typical case of advanced
cirrhosis in the liver. The data for 12 cases of
liver disease are summarized in Table III. There
can be no doubt that, other things being equal, the
position of the oxygen dissociation curve in severe
hepatic disease is definitely displaced to the right,
that is, the oxygen affinity of the blood is reduced.
This is true not only of the half saturation level,
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but also over the whole of the curve which has
been explored so far (Figure 4).

There are four possible explanations of the ab-
normality of the oxygen dissociation curve noted
in these cases. These may be listed briefly: (1)
excessive instability of the hemoglobin, (2) a
greatly reduced rate of reaction of the hemoglobin
with oxygen, (3) an abnormal ion distribution
between cells and plasma, and (4) an alteration
of the fundamental affinity between the hemo-
globin and oxygen. We have not been able to
rule out any of these possibilities with absolute
certainty, but experimental evidence is opposed
to the first three possibilities.

oxygen saturation and against pH,.

Excessive instability of the hemoglobin might
conceivably result in a differential effect, so that
more hemoglobin would be decomposed in the
tonometry at 37.5° C. than in the determination
of oxygen capacity at room temperature. How-
ever, the values for oxygen capacity obtained
from equilibration at 37.5° C. checked those ob-
tained at room temperature. When hemoglobin
is inactivated spontaneously, methemoglobin is
formed; we found no appreciable formation of
methemoglobin in these bloods, even when de-
terminations were made at the end of the day’s
tonometry. Moreover, the oxygen capacity
values in all cases agreed within the limits of error
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with the estimation of total hemoglobin by the
photelometer method of Sanford, Sheard and
Osterberg (20).

So far, it would seem that a difference in the
stability of the blood from the patients with liver
disease could be ruled out. Such blood does,
however, exhibit one peculiarity worthy of men-
tion; it has a considerably increased metabolism,
as measured by the rate of oxygen uptake of the
blood when allowed to stand at room temperature.
This was consistently demonstrated also with
blood from dogs whose livers had been damaged
by repeated administration of toluendiamine. It
is probable that the increased number of leuko-
cytes in these bloods is responsible.

An alteration in the rate of reaction of the
hemoglobin with oxygen might mean that the
ordinary time allowed for tonometric equilibra-
tion would be insufficient. In more than 20
tonometers we increased the time for equilibra-
tion from 20 to about 30 minutes but did not
find that any additional oxygen was absorbed by
the blood.

An abnormal distribution of ions between cells
and plasma would be apt to lead to an error in
the calculations of the pH., even if the pH,
(plasma or whole blood pH) were directly de-
termined. In a number of cases we have an-
alyzed cells and plasma, separated under oil at
0° C., after tonometric equilibration. No gross
abnormalities in the distribution of either chloride
or bicarbonate were revealed.

Theoretically, at least, it might be preferable
to eliminate all calculation of pH, by working with
laked blood. This we have done in 7 experi-
ments. The blood was laked by freezing and
thawing several times without allowing its tem-
perature to rise above 25° C. at any time before
tonometry. The pH of the laked blood (equiva-
lent to pH, in whole blood) was measured by the
glass electrode. This method has the disadvan-
tage that we were never able to prevent a slight
loss of oxygen capacity during laking, but in no
case did we find any certain difference in the
position of the dissociation curve of the laked
blood as compared with the whole blood at the
calculated pH, In two cases the curves on the
laked blood were to the left of those obtained on
the same blood before laking, but the difference

was scarcely beyond the experimental error, and
even the dissociation curves on the laked blood
were to the right of the average for normal blood.
It is possible that this work should be extended
if the present technical difficulties can be over-
come, but the results so far do not lend much
promise to the prospect of finding the solution to
the peculiarities of these bloods in this way.

At the present time we are forced to the tenta-
tive conclusion that either the fundamental af-
finity of the hemoglobin for oxygen is reduced in
these cases of liver disease, or that several of the
other possibilities are operating together, so that
their combined effect exceeds the limits of error
that we have established for them separately. It
should be noted that, in spite of the uncertainty
as to ultimate site of the peculiarity of the blood in
liver disease, the fact is firmly established that the
physiological oxygen dissociation curve is ab-
normal and that the affinity of the blood for oxy-
gen is reduced even at constant pH,.

SUMMARY

The present study confirms the presence of
oxygen unsaturation of the arterial blood in
advanced cirrhosis. A study of the oxygen-
hemoglobin combination in such cases, with meas-
urement of pH, and pH, of the arterial blood as
drawn and as equilibrated, shows an apparent de-
creased affinity of hemoglobin for oxygen. This
decreased affinity persists over a range of from
30 to 80 per cent saturation and is sufficient to
account for the observed anoxemia.
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