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A study of the distribution of the red cells in
the circulating blood is of both theoretical and
practical importance. In spite of the fact that
blood taken from artery, vein or finger has the
same cell plasma ratio (1, 2), certain investigators
(2, 3, 5) believe that the red cells are not uni-
formly distributed throughout the vascular bed
but that the blood from the large vessels has a
higher cell plasma ratio than the blood contained
in the minute vessels. Direct observation of the
minute blood vessels (6) has shown that the red
cells flow in the rapidly moving central portion of
the stream and that there is a slow moving clear
layer of plasma adjacent to the wall of the vessel.
Because of the size of this peripheral layer of clear
plasma in the minute blood vessels, it has been
suggested that the cell plasma ratio of blood con-
tained in the minute vessels is lower than that of
blood from the large vessels.

The cell plasma ratio of the blood contained in
the minute vessels has not been determined be-
cause of the difficulty in obtaining a sample of
this blood. Blood collected from a vein or from
the cut ends of minute vessels is representative
of the blood flowing from the minute vessels but
it is not necessarily representative of the blood
contained within the minute vessels. The blood
contained within the minute vessels consists not
only of the central core of red cells and plasma
which is flowing rapidly into the veins, but also
of the slower moving peripheral layer of plasma.

In this study a technique for obtaining a por-
tion of the blood actually contained within the
minute vessels is described. To obtain this blood
it is necessary (1) to obstruct the arterial inflow
to the part, (2) to empty the blood out of the large
vessels, and (3) to force the blood from the mi-
nute vessels into the veins where it can be col-
lected. The hemoglobin concentration and pro-
tein concentration of the venous blood and of the

blood contained within the minute vessels were
compared.

METHOD

Fifteen experiments were performed on six normal
male subjects. All determinations were made on fasting
subjects who had rested in the horizontal position for 30
minutes. A blood pressure cuff was placed loosely on
the arm, care being taken not to cause venous distention.
A needle, with the point toward the wrist, was introduced
into the antecubital vein distal to the cuff. In most of
the experiments the vein was entered without a tourni-
quet. When a tourniquet was used, blood was allowed
to drip from the needle for 3 minutes before proceeding.
A sample of venous blood was then taken. Immediately
thereafter the arterial inflow to the arm was stopped by
suddenly inflating the cuff on the arm to a pressure of
300 mm. of Hg. The forearm and hand were then ele-
vated and the bl6od (usually 40 to 60 cc.) was removed
by a syringe. When no more blood could be obtained,
an Esmarch's bandage was applied to the forearm, be-
ginning at the wrist, and the remaining blood was milked
toward the needle. About 3 to 6 cc. of blood were ob-
tained during the application of the bandage. The protein
concentration and hemoglobin concentration of the venous
blood and of the blood milked from the forearm were
determined. The hematocrit reading of the venous blood
and that of the blood squeezed from the forearm were
compared in four experiments.

The hemoglobin concentration of the blood was meas-
ured by the method of Evelyn (7). With this technique
changes in hemoglobin concentration of more than 0.2
gram are significant. The protein was calculated from
the specific gravity of the serum by the method of Kagan
(8). In three experiments the total nitrogen was deter-
mined by the micro-Kjeldahl method, using Nessler's
reagent and the Klett photoelectric colorimeter.

RESULTS

Similar results were obtained in every experi-
ment (Table I). The hemoglobin concentration
of blood milked from the minute vessels was from
0.8 to 1.8 grams lower than the hemoglobin con-
centration of venous blood. In four of the ex-
periments the protein concentration remained un-
changed, and in the remainder it decreased slightly.
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TABLE I

The hemoglobin concentration and protein concentration of
venous blood and of blood contained within

minute vessels

Venous blood Blood in small Differencevessels
Exper-
iment _ _

Hemo- Protein Hemo- Protei Hemo-Prtiglobin globin in globin Protein

grams per grams per grams per grams per grams per grams per
100 cc. 100 cc. 100 cc. 100 cc. 100 cc. lOO,cc.

1 14.5 6.7 13.5 6.7 1.0 0
2 14.5 7.0 13.6 6.9 0.9 0.1
3 14.7 7.0 13.4 6.8 1.3 0.2
4 14.4 7.2 13.2 6.8 1.2 0.4
5 15.4 6.9 14.2 6.7 1.2 0.2
6 15.0 7.1 13.9 6.9 1.1 0.2
7 14.3 6.8 13.5 6.7 0.8 0.1
8 14.4 7.0 12.6 6.6 1.8 0.4
9 13.3 6.8 12.3 6.6 1.0 0.2

10 14.7 6.8 13.6 6.6 1.1 0.2
11 13.4 6.8 12.5 6.8 0.9 0
12 14.0 7.0 13.2 6.9 0.8 0.1
13 14.3 6.9* 13.1 6.8* 1.2 0

6.9 6.9 0
14 13.8 6.6* 13.0 6.5* 0.8

6.7 6.7 0.1
15 14.0 6.7* 12.9 6.4* 1.1

6.8 6.7
Average 1.1 0.15

* Done by Kjeldahl method.

This slight fall in protein concentration indicates
that fluid was entering the plasma from either the
extracellular tissues or from the red cells. As the
ratio of the hematocrit reading to the hemoglobin
concentration remained the same in the four ex-
periments in which it was determined, the fluid
probably came from the extracellular tissues. In
no experiment did sufficient fluid enter the plasma
to account for more than a small portion of the
decrease in hemoglobin concentration. The aver-
age decrease in protein would have had to have
been approximately six times greater than actually
occurred to account for the fall in hemoglobin
concentration on the basis of simple dilution with
protein-free fluid.

After the arterial inflow to the forearm was oc-
cluded, the blood from the forearm was removed
with syringes of 10 cc. capacity. In three experi-
ments the hemoglobin concentration and protein
concentration of the blood contained in each sy-
ringe were determined. In each experiment the
hemoglobin concentration of. the first 20 to 30 cc.
of blood removed after the application of the
tourniquet was the same or slightly less than that
of the control sample of venous blood. There-

after the hemoglobin concentration showed a pro-
gressive fall in successive samples of blood. The
protein concentration either remained unchanged
or showed an insignificant decrease.

DISCUSSION

The fact that blood from an artery, vein or
finger has, in general, the same cell plasma ratio,
has caused many investigators to assume that the
hematocrit reading of blood removed from the
body is representative of the cell plasma ratio of
the entire circulating blood. If this were true,
the red cell volume could be calculated from the
plasma volume and hematocrit reading. This is
not true, for when the red cell volume is calcu-
lated from the plasma volume and hematocrit
reading, the value obtained for the red cell vol-
ume is falsely high (2, 5). It has been shown
that the error in the calculation of the red cell
volume occurs because the hematocrit reading of
the blood removed from the body is not repre-
sentative of the cell plasma ratio of the total
quantity of blood in the vascular bed. Smith,
Arnold and Whipple (2) compared the value for
the red cell volume obtained from the plasma
volume and hematocrit reading with that obtained
by the carbon monoxide and Welcker methods,
and concluded that the value for the red cell vol-
ume calculated from the plasma volume and
hematocrit reading was approximately 20 per cent
higher than the actual red cell volume. Hahn
et al. (4) determined the red cell volume of dogs
by a method using radio iron. They concluded
that the red cell mass in circulation determined by
this method averaged about 75 per cent of the
value as computed by the jugular hematocrit read-
ing from the plasma volume (dye method). From
the plasma volume and hematocrit reading, Stead
and Ebert (5) calculated the red cell volume of
splenectomized dogs before and after hemorrhage.
The pre-hemorrhage red cell volume was from 21
to 34 per cent greater than that obtained from the
sum of the post-hemorrhage red cell volume
(plasma volume and hematocrit reading) and the
volume of red cells removed. The latter deter-
mination was believed to approximate the value
for the true red cell volume, because 75 per cent
of the value for the red cell volume was deter-
mined by accurate measurement outside of the
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body, and only 25 per cent was dependent upon
the indirect measurement involving the assumption
that the hematocrit determines the cell plasma ratio
of all the blood in the body. They concluded that
with an hematocrit reading of 50, the value for the
red cell volume, as calculated from the plasma
volume and hematocrit reading, was approxi-
mately 25 per cent higher than the true red cell
volume. This study also showed that the value
for total circulating hemoglobin obtained from the
total blood volume (plasma volume and hematocrit
reading) and hemoglobin concentration of blood
removed from the body was approximately 25 per
cent higher than the true total circulating hemo-
globin. Studies in man have likewise shown that
the red cell volume calculated from the plasma
volume and hematocrit reading is fasely high (9).

Thus blood volume studies offer indirect evi-
dence that the cell plasma ratio of blood removed
from the body does not represent the actual cell
plasma ratio of the entire blood. Smith, Arnold
and Whipple (2) demonstrated in dogs that this
discrepancy is not due to a difference between the
hematocrit reading of blood from the extremities
and that of blood from the viscera. This must
also be true in man because the hematocrit reading
of blood from the visceral organs would have to
be considerably lower than that in the peripheral
blood to account for the discrepancy in red cell
volume. If this were true, there would be a sud-
den fall in the hematocrit reading of blood taken
from the extremities when blood is shifted from
the viscera by exercise or hemorrhage. This does
not occur.

It was suggested by Smith, Arnold and Whipple
(2) that the blood flowing in the minute vessels of
the body might contain fewer red cells than the
blood flowing in the large blood vessels. This
idea was supported by the behavior of blood
streaming in small vessels. In living tissue under
the microscope the red cells are seen to occupy the
center of the moving stream and to be surrounded
by a clear area of plasma (6). This phenomenon
is best seen in vessels of approximately 0.02 mm.
in diameter. It can be seen in vessels as large as
0.1 mm. In the minute vessels the clear area of
plasma is larger in comparison to total area of
the vessel. Fahraeus (3) showed that, when
blood is streaming in small tubes, it is impossible
to obtain the true cell plasma ratio of the blood

contained in the small tube from the cell plasma
ratio of the blood which flows from the cut end
of the tube. The axial portion of the stream,
which is rich in red cells, flows out of the cut end,
while the slower moving peripheral layer of
plasma remains in the tube. In his experiments,
the hematocrit reading of blood contained in the
tube was obtained by sealing the ends of the capil-
lary tube and centrifuging it.

Direct proof that the blood within the minute
vessels of the body is poorer in red cells than the
blood flowing out of the minute vessels has been
lacking. It is possible that there were unknown
errors in the methods used to determine the plasma
volume and that no thin blood was present in the
body. The experiments reported here demon-
strate that a portion of the blood usually contained
in the minute vessels, in contrast to that normally
flowing from these vessels, can be removed from
the body and studied. This blood is richer in
plasma and poorer in red cells than the blood nor-
mally flowing from these vessels. From work on
splenectomized dogs, Stead and Ebert (5) con-
cluded that the hemoglobin concentration of blood
removed from the body is about 13 per cent higher
than the hemoglobin concentration of the entire
blood. The hemoglobin concentration of blood in
the minute vessels must be considerably lower than
that of the entire blood. In the experiments re-
ported here, the hemoglobin concentration of the
venous blood was 8 per cent greater than that of
the blood from the small vessels. One would not
expect the blood obtained by milking the forearm
to have as low a cell plasma ratio as actually exists
in the small vessels because it is mixed with some
blood from the large vessels.

The fact that the cell plasma ratio of the blood
in the minute vessels is lower than that of blood
in the large vessels makes it impossible to deter-
mine accurately the red cell volume, the total cir-
culating hemoglobin, or the total blood volume
from the plasma volume, hematocrit reading, and
hemoglobin concentration. The calculation of the
total blood volume from the plasma volume and
hematocrit reading has led to certain erroneous
conclusions, particularly in the comparison of the
total blood volume of anemic and normal subjects.
In pernicious anemia, before liver therapy, the
total blood volume, as measured from the plasma
volume and hematocrit reading, is on the average
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15 per cent lower than the total blood volume
after the hematocrit reading has been restored to
normal by the use of liver (10). It appears
probable that a large part of this reduction of total
volume is apparent rather than real, because after
recovery the method gives a falsely high red cell
volume, and hence a falsely high total volume.
An hematocrit reading, nevertheless, is useful
when taken in conjunction with the plasma volume
determination because it is known that the plasma
volume of otherwise normal individuals varies with
the level of the hematocrit reading. It is probable
that at rest the distribution of cells and plasma in
the large and small vessels is relatively constant.
This may account for the observation that the
amount of blood removed from the body may be
accurately quantitated by determining the plasma
volume and hematocrit reading before and after
the removal of a known quantity of blood, pro-
vided the post-hemorrhage determination is made
before the hematocrit reading has fallen apprecia-
bly. If the post-hemorrhage determination is
made after the hematocrit reading has decreased
considerably, it is no longer possible to estimate
accurately the amount of blood removed (9, 11).

It is not possible to measure accurately changes
in plasma volume from changes in hematocrit
reading or hemoglobin concentration, as this
method is based on the assumption that there is
an even distribution of red cells and plasma
throughout the body. However, the direction of
the change in plasma volume can be determined
from the change in the hematocrit reading or
hemoglobin concentration. Changes in hematocrit
reading or hemoglobin concentration, which are
not exactly proportionate to changes in plasma
volume or protein concentration, do not mean that
red cells have been added or removed from the
general circulation. A shift in the proportion of
blood present in the large and small vessels can
produce changes of this nature. For example,
calculation of the red cell volume from the plasma
volume and hematocrit reading before and after
strenuous exercise shows an apparent increase in
the number of red cells in the circulation (12, 13).
It seems probable that this increase is due to a
difference in the distribution of red cells in the
circulation because it occurs in splenectomized as
well as in normal subjects (13).

SUMMARYANDCONCLUSIONS

1. A method for obtaining the blood contained
in the minute vessels of the forearm is described.
A distinction is drawn between blood flowing from
the minute vessels and the blood contained within
the minute vessels.

2. The venous blood is richer in cells and poorer
in plasma than the blood contained within the
minute vessels. Therefore, the cell plasma ratio
of blood drawn from artery, vein, or finger is not
representative of the cell plasma ratio of the entire
circulating blood.

3. The value for the red cell volume, as calcu-
lated from the plasma volume and hematocrit
reading, is falsely high because of the uneven dis-
tribution of cells. The value for the total circu-
lating hemoglobin, as calculated on the basis of
the plasma volume, hematocrit reading and hemo-
globin concentration, is also falsely high.

4. It is not possible to quantitate accurately
changes in plasma volume from the changes in
hematocrit reading or hemoglobin concentration.

This investigation was carried out with the technical
assistance of Miss Rosamond Piotti, S. B.
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