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Claude Bernard (1) stated that " . . . . the various systems of
the body have protective functions to place in reserve the substances
essential to life and to maintain uninterruptedly the humidity, warmth
and other conditions indispensable to vital activity." The purpose of
the present investigation is to study the protective function of the
velocity of blood flow in compensating for deficient oxygen carrying
capacity of the blood. When the oxygen carrying capacity of the
blood is diminished two mechanisms are available to maintain an
adequate supply of oxygen to the tissues (22). These mechanisms
may act singly or together. The first of these mechanisms consists in
relatively more complete abstraction of oxygen from the .blood as it
passes through the capillaries (16). Normally, 100 cc. of arterial
blood contain approximately 18 cc. of oxygen. Under normal basal
conditions, only about 5.5 cc. are removed from the blood as it passes
through the capillaries. The remaining 12.5 cc. may be regarded as
reserve oxygen which can be called upon during exercise or other
unusual states to prevent asphyxia of the tissues. The anemic patient
in relying on this mechanism of more complete oxygen abstraction,
diminishes his reserve oxygen and sacrifices this factor of safety, the
degree of sacrifice depending upon the severity of the anemia.

The second mechanism which may compensate for a deficient con-
centration of hemoglobin consists of an increase in blood flow. If

' This investigation was aided by a grant from the DeLamar Mobile Research
Fund of Harvard University.
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the concentration of hemoglobin is 50 per cent of normal, the blood
flow may be doubled. Under such circumstances, the amount of
oxygen withdrawn from each cubic centimeter of blood would be one
half the normal, but the total amount of oxygen given off to the tis-
sues would be unchanged and the total reserve oxygen would be un-
diminished. The heart, however, would be required to expend an
abnormal amount of energy, and the circulatory reserve would be
encroached upon. The extent to which the pulmonary blood flow is
accelerated in the presence of anemia has not previously been studied;
the following investigation was therefore undertaken in order to gain
further knowledge regarding the degree to which increased rate of
blood flow compensates for deficient concentration of hemoglobin.

MNETHODSUSED

Preceding studies (2, 3, 4, 5) have shown the feasibility of intra-
venous injection of radium C for measurement of the velocity of blood
flow from the arm to the heart (arm to heart time) and of the velocity
of pulmonary blood flow (pulmonary circulation time). The method
appeared particularly suited to the study of the circulatory adjustment
to anemia because, in contrast to circulatory minute volume estima-
tions, the measurements are more direct and do not involve elaborate
estimations of the CO2dissociation curves in each patient as is neces-
sary in the carbon dioxide methods. In this research, all measure-
ments were obtained under basal metabolic conditions. The pulse
rate was counted several times before and after each test. The ven-
ous pressure was estimated according to the direct venipuncture
method of Moritz and Tabora. The vital capacity of all patients
was measured by means of a Collins spirometer. The hemoglobin
concentration of the peripheral blood was measured by the New-
comer method. The blood plasma volume was estimated by the
brilliantvitalred method used byThompson (30). In several patients
with pernicious anemia observations were made when the hemoglobin
concentration of the blood was low and later when, after treatment
with liver extract (23), the blood more nearly approached normal.
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RESULTS AND DISCUSSION

Thirty-two complete series of measurements were made in twenty-
nine subjects with pernicious anemia, with secondary anemia and
carcinoma, and with secondary anemia due to causes other than car-
cinoma (table 1). All patients were free from evidence of congestive
heart failure. The patients have been divided into several groups
according to the etiology of the anemia in order to learn whether the
circulatory adjustment differs according to the underlying pathologi-
cal condition.

The circulatory adjustment in patients with "primary" anemia and
anemia secondary to diseases other than carcinoma

To clarify the relation between certain important findings, the
relation between the hemoglobin and the pulse rate (fig. 1), between
the pulse rate and the velocity of pulmonary blood flow (fig. 2), and
the relation between the velocity of pulmonary blood flow and the
hemoglobin concentration of the blood (fig. 3) were plotted in patients
with primary anemia and in patients with secondary anemia not due
to carcinoma. The results show that, while there are considerable
variations, the velocity of blood flow through the lungs in these pa-
tients generally tends to increase in proportion to the degree of anemia.
The variations may well be due to small differences in the basal met-
abolic rate, some investigators having found normal values, others
an increase (15). Previous studies have indeed shown that the pul-
monary circulation time may be affected by the metabolic rate (6, 7).
The variations may also be due in part to the fact that different
individuals with anemia probably rely in varying degree on the ab-
straction of a greater percentage of oxygen from the capillary blood.

These alterations in the velocity of blood flow are in accord with
observations on the minute volume output of the heart in anemia.
Plesch (26), by an indirect method, found that the total volume output
was always increased roughly in proportion to the severity of the
anemia. Liljestrand and Stenstrom (20) likewise observed a rise in
the minute volume output of the heart but believed that the oxygen
unsaturation of the venous blood in anemia was greater and that the
increase in the minute volume output was less than that found by
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684 VELOCITY OF BLOODFLOW

Plesch. The observations of Richards and Strauss (27) were in entire
agreement with the findings of Liljestrand and Stenstrom (20).

Certain investigators have inferred the general state of the circu-
lation in anemia by studying the difference in oxygen content of the
arterial and venous bloods of the arm. Morawitz and R6hmer (24)
observed a relatively greater loss of oxygen during anemia than nor-
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FIG. 1. RELATION BETWEENHEMOGLOBIN CONCENTRATION (PERCENTAGE OF
NORMAL)ANDPULSERATEIN PATIENTS WITH "PRimARY" ANEMIAAND

ANEMIA SECONDARYTO DISEASES OTHERTHAN CARCINOMA

The solid dots refer to measurements in patients with "primary" anemia, the
circles, to measurements in patients with anemia secondary to diseases other than
carcinoma.

mal indicating that a certain degree of compensation in anemia is
attained by increased oxygen unsaturation. They considered, that an
increase in blood flow was, however, of still greater importance.
Lundsgaard (21), as a result of his studies of the peripheral blood,
concluded, "The results seem to show that the resting organism does
not increase its circulation until all the reserve oxygen is used. This

130
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means that the resting anemic organism does not need or use any
compensation for its anemia until the hemoglobin has sunk below 30
per cent. Below that value the organism increases the blood flow in
order to secure to the tissues the normal amount of oxygen."

It is questionable, however, whether results gained by the study of
the blood flow through the arm can rightly be used as an index of the
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TO DISEASES OTHERTHAN CARCINOMA
The solid dots refer to measurements in patients with "primary" anemia, the

circles, to measurements in patients with anemia secondary to diseases other than
carcinoma.

general circulatory adjustment of the body. G. N. Stewart (29)
was evidently of similar opinion. He found that the volume of blood
flow in the arms was diminished in anemic patients but stated that
this might be due to peripheral vasoconstriction allowing the volume
flowing thfough other parts of the body to be markedly increased.

It should be noted that the vital capacity of the lungs in our pa-

tients was moderately reduced in the absence of any signs of congestive
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686 VELOCITY OF BLOODFLOW

heart failure. Some patients complained of weakness and fatigue
but these factors, according to Peabody and Sturgis (25), are not im-
portant in causing a reduction of the vital capacity of the lungs. We
are unable to explain this lowering in the vital capacity, though it may
well be related to the presence of an increased amount of blood in the
lungs (14, 6), coincident with an increased rate of blood flow.
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The mean plasma volume per kilogram of body weight was within
the range of normal, again indicating the constancy of this characteris-
tic of the circulation (8). The mean blood volume per kilogram was

moderately decreased.
In previous communications the response of the circulation to wide
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variations in basal metabolic rate in myxedema and thyrotoxicosis
was studied (6, 7). The pulse rate was related more closely to changes
in pulmonary blood velocity than to changes in the basal metabolic
rate. Similarly, in the present study the pulse rate is more closely
related to changes in velocity of the pulmonary circulation than to
variations in the degree of anemia. This result is in accord with
expectation for the pulse rate and velocity of blood flow are both
characteristics of the general circulatory adjustment and as such are
more closely related physiologically to each other than to change in
the oxygen carrying capacity of the blood.

During muscular exercise in normal individuals the minute volume
output of the heart rises as a linear function of the oxygen absorption,
but at the same time the oxygen abstraction is on the whole more
complete, though the type of work may to some extent affect the rela-
tive degrees to which these two mechanisms are employed (11, 12). In
thyrotoxicosis, on the other hand, the compensation is almost entirely
circulatory for the increased oxygen demands of the body are usually
supplied without diminishing the oxygen tension of the mixed venous
blood (19, 28). In anemia the greater the diminution in hemoglobin,
the greater the extent, even at rest, to which the blood supply must be
increased to supply adequate amounts of oxygen to the tissues. Under
such circumstances, any muscular exercise places a relatively great bur-
den on the cardiovascular system. This doubtless is an important fac-
tor in the frequent presence of dyspnea in patients with severe anemia,
such as pernicious anemia. The clinical observations of Herrick (17),
Bullrich (9), and Coombs (13) that anemic patients with angina
pectoris may be relieved of the attacks of pain by improving the condi-
tion of the blood is readily understood on the basis of these considera-
tions. The heart in such patients may be damaged to so slight an
extent that it is able to maintain an adequate blood flow provided that
the oxygen carrying capacity of the blood is normal. In the presence
of anemia, however, the increased amount of work necessary to com-
pensate for this condition cannot readily be accomplished, particularly
since the blood supply to the heart is affected in commonwith that of
the rest of the body.
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The circulatory adjustment to secondary anemia in patients with
carcinoma

Patients with anemia secondary to carcinoma were studied as a
separate group because clinical experience suggests that the circula-
tion is frequently affected adversely in this condition. Symptoms such
as dyspnea, signs of congestive failure, peripheral edema, weakness and
cyanosis are frequently more pronounced than one would expect on
the basis of the degree of the anemia, malnutrition or toxicity (10).
The findings in the group of patients studied are in accord with clini-
cal experience. The average concentration of hemoglobin was prac-
tically the same in patients with carcinoma and with pernicious ane-
mia, but the average velocity of pulmonary blood flow was reduced
to 89 per cent of normal when carcinoma was present but was raised
to 113 per cent in patients with pernicious anemia.

The pulmonary circulation time and related functions of the circulation
in two patients with polycythemia vera

Since the velocity of blood flow is increased in patients with a
diminished concentration of hemoglobin, it was thought to be of in-
terest to learn whether the circulation is slow in patients with abnor-
mally great concentrations of hemoglobin. In contrast to the un-
usually rapid blood flow found in the former group, two patients
with polycythemia vera showed definite retardation of the blood flow
below the average of normal. In one patient the extent to which
slowing was related to the increased amount of hemoglobin cannot be
accurately stated, for, although the patient showed no signs of con-
gestive failure at the time of the test, fibrillation of the auricles was
present. Wehave observed, however, that in the absence of signs of
circulatory failure the blood velocity (4) may be normal, even in the
presence of this abnormal mechanism. This slowing of the blood flow
in polycythemia vera corresponds in degree to the diminished minute
volume output of the heart observed by Liljestrand and Stenstrom
(20). The increase in blood volume is due to the increased number of
red blood cells, the plasma volume per kilogram of body weight being
greatly diminished below the average of normal (18). The charac-
teristics of the blood are the reverse of those present in anemia and the
circulatory adjustment is correspondingly altered.
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These findings illustrate anew the close interrelationships among
apparently diverse functions of the body; in this case, among the res-
piratory, circulatory and metabolic systems. In a former study of
the velocity of blood flow and related functions of the circulation in
pulmonary emphysema evidence was presented which suggested that
the circulation was accelerated to compensate for the defect in "ex-
ternal respiration" (31). In this communication evidence is presented
which indicates that, similarly, in patients with anemia, the circulation
is accelerated to compensate for failure of the "internal respiration."

SUMMARYAND CONCLUSIONS

1. The degree to which increased blood flow compensates for a de-
ficient concentration of hemoglobin was studied in patients with
pernicious anemia, with secondary anemia and carcinoma, and with
secondary anemia due to causes other than carcinoma.

2. Thirty-two complete series of measurements of the vital capac-
ity of the lungs, the blood plasma volume, the pulse rate, the arterial
and venous blood pressures, and the velocity of blood flow through
the lungs and from the arm to the heart were made in twenty-nine
subjects.

3. In patients with "primary" anemia or with secondary anemia not
due to carcinoma, the velocity of blood flow through the lungs tended
to increase in proportion to the degree of anemia.

4. The increased burden on the cardiovascular system is accentuated
by exertion and serves to explain the frequent presence of dyspnea in
severely anemic patients and also the alleviation of angina pectoris
in such patients after improvement in the condition of the blood.

5. The averag e concentration of hemoglobin was practically the
same in patients with anemia due to carcinoma as in patients with
pernicious anemia but the velocity of pulmonary blood flow in the
former group was relatively slower. This serves to explain why
symptoms such as dyspnea, signs of congestive failure, peripheral
edema, weakness and cyanosis are frequently more pronounced in
patients with carcinoma than one would expect on the basis simply of
anemia, malnutrition or toxicity.

6. In contrast to the unusually rapid blood flow in patients with
anemia, two subjects with polycythemia vera showed definite retarda-
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tion of the blood flow below the average normal; the characteristics
of the blood in this condition are the reverse of those present in anemia
and the circulatory adjustment is correspondingly altered.

7. In a previous study of the velocity of blood flow and related
functions of the circulation in pulmonary emphysema evidence was
presented which suggested that the circulation was accelerated to
compensate for the defect in "external respiration." In this communi-
cation evidence is presented which indicates that, similarly, in patients
with anemia, the circulation is accelerated to compensate for failure
of the "internal respiration."
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