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INTRODUCTION

In anemia the oxygen-carrying capacity of the
blood is reduced but it is generally believed that
the resting arterial oxygen saturation is normal
(1-5). Because of the characteristics of the
oxyhemoglobin dissociation curve, an appreciable
degree of reduction in arterial oxygen tension be-
low the normal level might be present and not be
detected by measuring the per cent of arterial
oxygen saturation from oxygen contents of ar-
terial and saturated bloods. Within recent years
more sensitive techniques have been developed
for measuring arterial PO2. It is possible to
measure the arterial oxygen tension directly and
to estimate the difference between this and the
alveolar oxygen tension, the so-called alveolar-
arterial oxygen tension gradient (6, 7). The
demonstration that breathing under certain con-
ditions is significantly influenced by changes in
oxygen tension which are difficult to estimate by
the older methods of measuring per cent arterial
oxygen saturation has stimulated our interest in
the influence of arterial oxygenation on respira-
tion in disease. The present report deals with the
application of these more sensitive techniques to
the problem of arterial oxygenation in anemia.

METHODS

Observations were made on 10 anemic (Hgb. 2.0 - 8.9
grams So) and 11 control subjects (Hgb. 10.5 - 14.9
grams %). There was no evidence of pulmonary disease
or congestive heart failure in any subject, as judged by
history and by physical and roentgen examination. Five
of the control subjects (K. W., V. P., S. V., G. S., and
W. A.) were medical students; the remainder were hos-
pital patients.

Expired air was collected in Douglas bags. Several
minutes were allowed to accustom the subject to the
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respiratory apparatus, after which two collections of
approximately three minutes each were made. The first
of these served as a check to insure that minute volume
and respiratory quotient were not fluctuating widely.
During the second collection, arterial blood was slowly
drawn over a one to two minute period through an inly-
ing needle previously placed in the brachial artery.
Where a reduced oxygen mixture was inspired (14.7%
02, 85.3% N2), the subject breathed this mixture for at
least 15 minutes before the final air collection was begun.
Procedures were carried out at an ambient temperature
of 23 ± 1.50 C. and a barometric pressure of 748 + 5 mm.
Hg.

"Direct" blood 02 and C02 tensions were measured by
the method of Riley, Proemmel, and Franke (6), using
some of the modifications suggested by Lambertsen and
Bunce (8). The accuracy of this method in our hands
was checked against blood which had been brought to
known gas tensions by equilibration in a tonometer at
370 C. There were 10 such samples, with hemoglobin
contents ranging from 2.0 to 15.0 grams %, C02 ten-
sions from 34 to 82 mm. Hg, and 02 tensions from 55 to
106 mm. Hg. The mean deviations of measured tensions
from actual tensions were, for C02, - 1.8 ± 0.9 mm. Hg
(S.D. + 2.8 mm. Hg); and, for 02, 0.2 ± 0.7 mm. Hg
(S.D. + 2.3 mm. Hg). "Indirect" C02 tensions were
also measured in all subjects by methods previously de-
scribed (9). The mean "indirect" C02 tension exceeded
the "direct" tension by 1.3 + 0.9 mm. Hg. (S.D. + 4.5
mm. Hg). The blood C02 tensions reported in Tables I
and II represent an average between "direct" and "indirect"
determinations. Arterial blood oxygen saturation was
determined by a spectrophotometric method (10). "In-
direct" 02 tensions, obtained by referring per cent satura-
tion values to standard oxyhemoglobin dissociation curves,
agreed quite satisfactorily with "direct" 02 tensions in
subjects breathing low oxygen mixtures (mean algebraic
difference, "direct" minus "indirect" p02: - 1.0 mm.
Hg; mean absolute difference: 5 mm. Hg).

"Ideal" alveolar air was determined by the graphic
method of Riley and Cournand (7). Alveolar 02 tensions
by this method agreed quite closely with tensions calcu-
lated by the "alveolar" equation (11) during the breath-
ing of both air and the reduced oxygen mixture in all
cases, and no substantial difference would result, in these
subjects, from the use of the latter expression instead of
the former.

RESULTS

The pertinent data from the control group are
presented in Table I and that from the group of
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TABLE I

Alveolar and arterial gas tensions in control subjects

"Ideal"' ~~~~Alveolar-aIdeoalr Arterial Arerial arterial
Sbet Hgb. C2), cog, C)Subject ,\te(Gni%) on tension tension tension

(mm.sHg) (mm. Hg) (mm. Hg) gradientmm._____ (mm. Hg)

K. W.. 23 M 13.6 98.2 104.0 38.9 -5.8
V. P., 27 M 13.7 98.6 98.0 39.0 0.6
D. C.. 47 M 13.8 89.2 95.0 43.6 -5.8
S. H.. 57 F 11.4 104.1 95.1 32.4 9.0
S. V., 23 M 13.7 99.6 98.7 41.1 0.9
G. S., 23 M 12.8 100.1 96.3 42.9 3.8
W. A., 25 M 12.6 104.8 97.5 35.0 7.3
P. D., 42 F 13.9 100.0 98.0 39.4 2.0
J. H.. 39 M 13.9 104.0 94.7 35.2 9.3
W. P., 53 M 11.7 92.0 76.7 38.8 15.3
L. G., 62 F 10.5 90.3 81.0 48.2 9.3

Mean 12.9 4 0.4 98.3 i: 1.7 94.1 E 2.4 39.5 4 1.3 4.2 4 2.0

anemic subjects in Table II. The mean difference
between alveolar and arterial oxygen tensions
(A-A gradient) is 4.2 2.0 mm. Hg for the
control group and 20.5 + 4.6 mm. Hg for the
anemic group. The difference is quite significant
(p < .01). The alveolar oxygen tension is
slightly higher and the CO2 tension slightly lower
in the anemic than in the control group, but the
differences are not significant. A significant dif-
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FIG. 1. RELATION BETWEENHEMOGLOBINAND A-A PO2
GRADIENT IN 21 SUBJECTS

A negative correlation exists (r = - .728).

ference (p < .01) does exist, however, between
the arterial oxygen tension of 94.1 + 2.4 mm. Hg
in the control group and that of 82.1 + 2.6 mm.

Hg in the anemic group.

TABLE II

Alveolar and arterial gas tensions in anemic subjects

~ ~ Idalelar Arterial Arterial Alveolar-

(gin. %)lv ensona C02 tension CC), tension arterial 02SubjectCo(Gms. %) alvensiolar (mm. ) tensionn gradient

Subject Comment (mm. m.Hg) (mm. Hg)

Air 14.7 Air 14.7 Air 14.7 Air 14.7 Air 14.7

R. A., 37 F Pernicious
anemia 8.8 110.5 86.4 33.2 24.1

J. C., 52 M Chronic
blood loss 3.0 2.8 87.2 51.6 79.7 53.9 42.9 39.3 7.5 -2.3

J. C., 38 M Pernicious
anemia 5.3 5.2 108.5 77.0 84.7 50.8 29.4 28.5 23.8 26.2

E. H., 57 F Chronic
blood loss 2.0 117.7 73.5 24.5 44.2

S. P., 17 F Chronic
blood loss 8.9 8.9 97.7 52.8 93.7 55.9 40.0 37.7 4.0 -3.1

W. P.,* 53 M Chronic
blood loss 4.4 4.4 94.8 47.7 77.2 48.2 42.7 42.5 17.6 -0.5

A. P., 48 M Multiple
myeloma 5.0 95.6 82.1 45.4 13.5

E. R., 62 F Chronic
blood loss 7.0 7.4 110.5 59.8 78.0 58.8 30.1 31.0 32.5 1.0

L. R., 38 F Macrocytic
anemia 8.5 8.7 96.4 54.5 95.3 58.5 44.0 41.8 1.1 -4.0

S. T., 50 F Chronic
blood loss 4.4 4.2 106.5 54.7 70.1 49.2 40.8 39.9 36.4 5.5

Mean 5.7 102.5 56.9 82.1 53.6 37.3 37.2 20.5 3.3
4- X + + 4- -4 -I =1 4

0.8 3.0 3.6 2.6 1.6 2.3 2.0 4.6 4.0

* Same patient as W. P. in Table I.
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In Figure 1 the relation between A-A gradi-
ent and hemoglobin concentration is plotted for
all subjects of both groups. There is an apparent
negative correlation between the two measure-

ments which proves to be significant (r = - .728,
p < .01). The figure indicates a fairly marked
tendency for the gradient to scatter more as the
hemoglobin concentration is reduced.

In seven anemic subjects the A-A gradient was

measured during the inhalation of 14.7%o 02 In
all cases but one there was a reduction of the
gradient. The mean gradient on the low 02 mix-
ture was 3.3 + 4.0 mm. Hg. This is a significant
decrease (p approximately .02).

The occurrence of small negative gradients on

the low 02 mixture and in the control group on

air is evidently owing to experimental error.

Judged by the validation procedure described in
the preceding section, the error is small, and it
should apply equally to both anemic and control
groups.

DISCUSSION

Despite equivalent alveolar ventilation, the ar-

terial blood 02 tension is significantly lower in the
anemic than in the control groups, and the A-A
gradient is significantly greater in the anemic
group. There is some evidence which bears on

the cause of this. Calculations based on princi-
ples outlined by Bohr (12) indicate that anemia
per se should not adversely affect the attainment
of equilibrium between the oxygen tensions of
alveolar air and pulmonary capillary blood. Lili-
enthal, Riley, Proemmel, and Franke (13) have
pointed out that inhalation of a low oxygen mix-
ture will increase a gradient which depends
upon impairment to oxygen diffusion across the
alveolar-capillary "membrane," and will decrease
a gradient which depends upon admixture of
venous blood with oxygenated blood. The effect
of a low oxygen mixture in the anemic group sug-
gests that the increased gradient in this case

results from venous admixture, rather than im-
pairment of alveolar-capillary diffusion, such as

might be caused by pulmonary edema.
Venous admixture to oxygenated blood may oc-

cur through such channels as Thebesian veins and
bronchial veins which connect with pulmonary
veins, or may result from blood flow through
imperfectly aerated regions of the lung (13, 14).

It also seems possible that some oxygen is lost
from blood in the left ventricular cavity by dif-
fusion across the endocardium into the left ven-
tricular muscle. A very large difference in 02
tension normally exists between arterial blood and
heart muscle, and the 02 tension of ventricular
muscle is even lower than normal in anemia (15).

In anemia the per cent oxygen saturation of
mixed venous blood is usually decreased (16).
The effect of venous admixture in lowering ar-
terial oxygen tension becomes greater as the per
cent oxygen saturation of the venous blood is re-
duced. The question arises as to whether the in-
creased A-A gradient of the anemic subject can
be accounted for on the basis of admixture of a
normal proportion of venous blood. Enough in-
formation exists to allow an estimate. The per
cent of venous admixture can be expressed as the

ratio X-A where X is the blood oxygen con-

tent corresponding to the oxygen tension of alveo-
lar air, A is the arterial content, and V is the
venous content (7). In normal subjects V can
be estimated by using an arbitrary A - V 02 dif-
ference of 4.3 vol. %o, without much risk to the
calculation. With the present anemic subjects,
an A - V difference was assigned to each sub-
ject according to hemoglobin concentration, us-
ing a regression line calculated from the data of
Brannon, Merrill, Warren, and Stead (16). For
uniformity, oxygen contents of "pulmonary capil-
lary blood" ("X") and arterial blood were esti-
mated from the corresponding oxygen tensions,
using standard dissociation curves, and taking due
account of the presence of dissolved oxygen. The
result of these calculations in the anemic group is
a mean venous admixture of 6.6 ± 1.4%o of the
total cardiac output. This is in the same order of
magnitude as the value of 4.2%o found by Riley
and Cournand for eight normal subjects, but is
about three times the proportion found in our
control group. The data on which the proportions
of venous admixture are estimated are not suf-
ficiently exact in this case to allow more than the
conclusion that the A-A gradient of anemia can
depend upon "venous admixture" in normal or
near-normal quantities.

If the per cent oxygen saturation of venous
blood were still further reduced, the A-A gradient
would be further increased. Himwich and Loebel
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(2) found a decrease in the arterial blood oxygen

saturation of three anemic subjects during exer-

cise. The methods used were stated to be suscep-

tible to considerable error in anemic subjects, but
the present results provide inferential support for
this finding. Such a fall in arterial oxygen ten-
sion during exercise might contribute signifi-
cantly to the exertional dyspnea which character-
izes anemia (3, 8). It is not easy to account for
this dyspnea on the basis of decrease in maximum
breathing capacity or increase in breathing re-

quirement by demonstrated stimuli acting along
well-recognized pathways. The subject deserves
further attention.

It has been suggested that a deficiency of car-

bonic anhydrase in anemic subjects might inter-
fere with elimination of carbon dioxide in the
lungs (3). In the present subjects, who were at
rest, the arterial carbon dioxide tension was within
the normal range, but the possibility remains that
such an effect might become evident during exer-

cise, when the rate of excretion of carbon dioxide
is increased.

SUMMARYAND CONCLUSIONS

1. The arterial oxygen tension and alveolar-
arterial oxygen tension gradient have been meas-

ured in 10 anemic and 11 normal subjects.
2. The anemic group had a significantly lower

arterial oxygen tension and higher A-A gradient
than the normal group. Taking all subjects to-
gether, there was a significant negative correla-
tion between hemoglobin concentration and A-A
gradient.

3. It appears possible to account for this effect
on the basis of "venous admixture" in normal or

near-normal quantities.
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