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Very little investigative work has been published concerning the
relationship of the spleen to blood volume. Barcroft, Harris, Ora-
hovats, and Weiss allot to the spleen a function that correlates well
with its anatomic structure. They demonstrated that the spleen
acts as a reservoir in the normal resting animal, and that blood is
expressed into the general circulation as a result of stimulation to a
need for oxygen. The presence of a storage function is further demon-
strated by the observation that carboxyhemoglobin disappears less
rapidly from the spleen than from the general circulation, indicating that
hemoglobin is, under normal conditions, stored in the spleen. These
workers demonstrated the greater susceptibility of the splenectomized
animal to carbon monoxide intoxication. Cruickshank's experiments
on the cat indicate that the capacity of the spleen is from 2 to 5 per
cent of the blood volume when calculated by fluctuations in hemo-
globin and in changes in the volume of the spleen.

Observations concerning the spleen and splenectomy in relation to
blood volume in man have not been found in the literature. The
studies carried out previously have dealt largely with variations in
the concentration of the erythrocytes and the hemoglobin, the mor-
phology, and the chemistry of the blood. Weknow that splenectomy
is curative in certain diseases and markedly beneficial in others, and
definitely untoward effects attributable to splenectomy have not been
observed in man, although there has been some question as to whether
a factor of safety is removed by this operation.

'Read by title at the meeting of the American Society for Clinical Investiga-
tion, Washington, D. C., April 28, 1928.
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Our study was undertaken to determine: (1) the blood volume and
plasma volume in patients suffering from certain diseases associated
with splenomegaly, (2) the effects of splenectomy on the blood and
plasma volume, and (3) whether in certain forms of splenomegaly
the anemia is apparent rather than actual. The cases selected for
this study fall into four groups:

number of cases
1. Normal subjects ................................... 74
2. Primary splenomegaly without anemia:

Preceding splenectomy ................................... 5
Following splenectomy ................................... 4

3. Hemolytic icterus:
Pteceding splenectomy ................................... 11
Following splenectomy ................................... 9

4. Splenic anemia:
Preceding splenectomy ................................... 18
Following splenectomy ................................... 7

The dye method was used to determine the blood volume and plasma
volume. Congo-red was employed and three to four minutes allowed
for the mixing time. Determinations were made under resting condi-
tions without breakfast (8).

It has been shown in anemia that with a decrease in the hemoglobin
and cell volume there is usually an increase in plasma volume. This
is doubtless a compensatory phenomenon designed to maintain an
adequate volume of circulating blood. The increase of plasma varies
in different forms of anemia; according to Rowntree and Brown, it is
absent or slight in the anemia of glomerulonephritis with edema and
in the anemia associated with myxedema and Addison's disease.
In this connection we have employed the term "replacement index"
to represent the ratio of the percentage increase in plasma to the
percentage decrease in cell volume.

For example, if the plasma volume is 61 cc. for each kilogram
(normal 51.2 cc.) there would be an increase of 9.8 cc. (19 per cent).
If the cell volume is 21 cc. for each kilogram (normal 36.5 cc.) there
would be a decrease of 15.5 cc. (42 per cent). The ratio is ii = 0.45;
the replacement index is 45. This indicates roughly that for every
100 cc. loss in cell volume there is approximately an increase of 45
cc. in plasma.
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NORMALSUBJECTS

Dreyer and Ray have maintained that blood volume is a function
of surface area rather than of body weight. Wehave, therefore,
expressed our data according to both surface area and body weight
and the statistical treatment of these data has shown a slightly
higher correlation of volume to surface area then to body weight in
normally built subjects.

The results obtained in seventy-four normal adult subjects (forty-
nine males and twenty-five females) have been reported by Rowntree
and Brown. The ages varied from, seventeen to sixty-three years.
The mean weight was 65.9 kgm. The mean value for the blood volume
for each kilogram of body weight was 87.7 cc. (with a range of from
70 to 100 cc. in 98 per cent of the cases). The mean value for the
plasma volume was 51.2 cc. (with a range of from 42 to 60 cc.). The
mean value for the cell volume was 36.5 cc. for each kilogram. The
mean value for the blood volume for each square meter of surface
area was 3278 cc. For the plasma volume it was 1920 cc. for each
square meter of surface area. The mean value for circulating hemo-
globin was 13.8 grams for each kilogram of body weight, or 508 grams
for each square meter of surface area. The cells by hematocrit were
41 per cent2 by the dry oxalate method, and the hemoglobin for each
100 cc. was 15.7 grams. These values closely approximate those
obtained by Keith, Rowntree and Geraghty in their original report
based on eighteen subjects. Many of the normal subjects varied
considerably from the accepted average weight for height and age,
but could not be classified as underweight or obese. When a classi-
fication of this group was made on the basis of a 10 per cent variation
above or below the average standard for height and age, the mean
values for the blood volume and plasma volume were only slightly
different.

PRIMARY SPLENOMEGALYWITHOUTANEMIA

Cases of primary splenomegaly without anemia, when all etiologic
factors have been excluded, such as syphilis, malaria, hemolytic icterus,

2 In subsequent work it has been found that hematocrit values obtained by the
dry oxalate method should be corrected by the addition of 3.4 per cent. There-
fore, 41 per cent, as used here, should read 44.4 per cent.
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chronic infectious splenomegaly and various blood dyscrasias, have
ordinarily been regarded as potential splenic anemia in the pre-anemic
stage, and the splenic enlargement has been the outstanding clinical
feature.

There were six cases in this group. Three were studied both before
and after splenectomy. Two cases were studied preceding splenec-
tomy and one case only after the operation. The results of these
studies are shown in table 1.

Comment. The blood volume preceding splenectomy was 101 cc. and
the plasma volume was 59.6 cc. These values are high. While the
ratio of cell to plasma volume, as denoted by the hematocrit value of
41 per cent, was normal. This state has also been disclosed in cases of
chronic passive congestion and in arteriovenous fistula, conditions in
which a compensatory increase in the volume of circulating blood
seems to be necessary for circulatory efficiency. This leads to the
possibility that in primary splenomegaly without anemia, the increased.
circulatory bed due to the splenomegaly and enlarged blood vessels
necessitates a larger blood volume for circulatory needs.

The comparison of the average values of the two groups of cases
before splenectomy and after splenectomy does not show significant
change in blood volume, plasma volume or in the percentage.of cells
by hematocrit. In case 5, with an interval of nine days, there was a
decrease of 20 per cent in total blood volume and of 3 per cent in
plasma volume. Since the weight decreased 5 kgm., the changes in
volume for each kilogram were not so marked. This could be ascribed
to operation and loss of blood. The large blood volumes in the cases
with long intervals, one year and one and a half years after splenec-
tomy, are probably more significant; these patients have a large
volume of normal blood, an unusual condition in subjects of normal
build.

HEMOLYTIC ICTERUS

The clinical features of hemolytic icterus are well known. The
fundamental process is abnormally active hemolysis and the patho-
logic basis is probably chiefly concerned with increased fragility of the
erythrocytes and microcytosis (Giffin). In the diagnosis of hemolytic
icterus care must be taken to exclude cirrhosis of the liver with
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BLOODVOLUMEFOLLOWINGSPLENECTOMY

secondary hemolytic characteristics. Splenectomy is a curative
measure. Following operation the jaundice disappears, the excessive
hemolysis ceases and, in some instances at least, the erythrocytes
become less fragile. As Moynihan stated: "The spleen, if not the
exclusive cause or seat of the disease, exerts the profoundest in-
fluence on its pathogeny."

Preceding splenectomy. Eleven cases of hemolytic icterus were
studied (table 2). The body build in this group was subject to wide
variation; none of the patients were overweight, but the younger
patients were underweight. Studies of the blood volume were made
one or two days preceding operation, and from nine to seventeen
days following operation. Anemia was present in all of the cases.
The patient with a blood volume of 153 cc. was the only one with a
volume above the upper range of normal; she was an emaciated girl
aged six and a half years, and according to surface area the blood
volume was less than the normal mean. According to surface area
the mean plasma volume for the entire group was 2200 cc. for each
square meter, about 15 per cent higher than the normal mean.

That anemia was actually present is shown by the amount of
circulating hemoglobin. The mean value for hemoglobin was 8.1
grams for each kilogram of body weight (normal 13.8 grams). The
mean value for the cell volume was 21.7 cc. for each kilogram (normal
36.5 cc.), a decrease of 14.8 cc. (45 per cent). The mean value for
the plasma volume was 73.1 cc. (normal 51.2 cc.), an increase of 21.9
cc. (43 per cent). The ratio was, therefore, - = 0.95. This replace-
ment index of 95 is high, almost twice that seen in primary and simple
secondary anemia.

The hemoglobin in grams and the blood volume when separately
plotted against the weight of the spleen did not correlate. The cell
volume calculated for each kilogram of body weight plotted against the
weight of the spleen did not show definite correlation. There was a
fairly high correlation of 0.87 between plasma volume and weight of
the spleen.

Following splenectomy. Estimations were made from nine to seven-
teen days following splenectomy in nine of the eleven cases (table 2).
The plasma volume according to body weight and surface area
showed a smaller percentage variation since the body weight decreased
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after operation. The total hemoglobin volume increased in all but
one case, the range of increase being from 57 to 327 grams, averaging
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Days after operatio

FIG. 1. CEANGESIN TH CIRCULATING HEMOGLOBININ CASES FOLLOWING
SPLENECTOMYFORHEMOLYTICJAUNDICE

183 grams (fig. 1). The percentage of cells by hematocrit and the
number of erythrocytes increased in every case, and the hemoglobin in
grams for each 100 cc. showed a significant increase in all but two cases.
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Comment. The status of the blood volume in hemolytic icterus,
according to mean values, is that of decreased cell volume with
normal blood volume. The cell volumes and the hemoglobin volumies
according to body weight and surface area were decreased, which is
indicative of the existence of an actual rather than an apparent anemia.
With the exception of one case, that of a child, the blood volume
conformed closely to the normal range, which is 70 to 100 cc. for each
kilogram. The plasma volume, however, was greatly increased, the
increase amounting to a mean of 21.9 cc., 43 per cent for each kilo-
gram above the normal mean. The replacement index was high, 95;
in other words, when compared to normal values the increase of plasma
to replace the decrease in cells was almost complete. This indicates
that in hemolytic icterus the replacement of the diminished cell volume
by plasma is effective and adequate, much more so, in fact, than in
primary anemia and simple secondary anemia without splenomegaly.

The increase in the blood volume and cell volume following splenec-
tomy in cases of hemolytic icterus is most striking and correlates well
with the clinical improvement following operation. In every case but
one the cell volume increased significantly within three weeks and the
actual volume of hemoglobin showed comparable changes, the increase
averaging 183 grams. In case 2 (table 2) the increase in the blood
volume was more than a third of the preoperative value, and the actual
increase of hemoglobin was 327 grams in ten days, or over 30 grams a
day. This increase of hemoglobin represents only the demonstrable
increase of pigment and does not include the amount necessary to
compensate for that which is normally destroyed. Figures for the
normal amount of hemoglobin formed daily in man are not available.
Whipple, Robscheit and Hooper have shown that in the dog after
unit hemorrhages, the amount of hemoglobin regenerated depends
largely on the type of diet. In one experiment with beef heart
diet, 43 grams of hemoglobin were formed daily over a seven-day
period.

The rate of recovery from anemia after splenectomy is not correctly
shown in the concentration values for hemoglobin and erythrocytes.
For example, in case 2 (table 2) following operation there was an
increase of about 9 per cent in the grams of hemoglobin in each 100 cc.
and a questionable increase in the number of erythrocytes. The
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increase in the blood volume, however, was 1970 cc. (40 per cent)
half of which was cells. The increase in the actual volume of hemo-
globin was 327 grams, or about 50 per cent. The plasma volume
increased 940 cc. while the cell volume increased 1030 cc., that is, cells
increased in greater proportion than plasma, thus affecting the ratio
of cells to plasma.

Hooper, Robscheit and Whipple have shown that in the recovery
from experimental anemia, the increased plasma volume caused by the
anemia gradually disappears with the regeneration of cells. In the
recovery fromll anemia in hemolytic icterus, the plasma volume
decreased in five cases with the increase of cells, and increased in four
cases.

The status of the blood volume as indicated by the mean value in a
series of eleven cases of hemolytic icterus preceding splenectomy is
that of decreased cells with normal volume. The anemia of hemolytic
icterus is an actual rather than an apparent anemia and as the plasma
volume increases to cause a slightly high blood volume a small amount
of dilution occurs. The blood volume is maintained within a normal
range since the replacement of cell volume by plasma is almost com-
plete, as shown by a replacement index of 95. Following splenec-
tomy there is an immediate rapid increase in the cell volume and
hemoglobin volume which is not adequately demonstrated by the
ordinary clinical estimations for determining the concentration of
hemoglobin and erythrocytes.

SPLENIC ANEMIA

Splenic anemia is a useful term to indicate a poorly defined clinical
syndrome rather than a disease entity, and the diagnosis is chieflv
made by exclusion. Cases included in this group have two features in
common: primary splenomegaly, and a secondary type of anemia.
Cases of questionable diagnosis are always present in a group of cases
classified as splenic anemia, and the difficulties of arriving at conclu-
sions concerning observations on the blood volume are correspondingly
increased, especially in those cases in which secondary hepatic cirrhosis
is present.

Preceding splenectomy. Estimations of blood volume were made
preceding splenectomy in eighteen cases classified as splenic anemia,
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BLOODVOLUMEFOLLOWINGSPLENECTOMY

seven of the Banti type (table 3). It will be noted in table 3 that in
the seven cases of the Banti type there was approximately the same
high blood volume as that in the cases without advanced hepatic
cirrhosis.

The body build of this group of patients was fairly uniform. None
was obese or emaciated. The mean figure for body weight was
64.2 kgm.

Following splenectomy. In seven of the cases observations were
made both before and after splenectomy. Estimations of blood
volume were made from two to three weeks after operation (table 3).

Comment. The mean value for the blood volume according to the
body weight and surface area is increased in splenic anemia approxi-
mately 10 per cent above the normal. This increase is largely due to
plasma volume since the cell volume is reduced 18 per cent. The mean
value for the plasma volume according to weight and area is approxi-
mately 30 per cent above normal. The plasma volume is much
higher in splenic anemia than in the chronic secondary types of anemia
and in pernicious anemia with comparable hemoglobin and cell values.
This fact suggests the question whether the anemia is actual or whether
dilution factors play a r6le causing apparent anemia. The circulating
hemoglobin in grams for each kilogram preceding splenectomy was
9.7 grams, or for each square meter of surface area 355.6 grams com-
pared with a normal of 13.8 grams and 508 grams, respectively. This
would indicate that actual anemia exists which is diluted by the
abnormally high plasma volume. The anemia is due both to dilution
and to actual loss of hemoglobin. The plasma not only replaces the
lost cell volume but increases to a point beyond the original blood
volume. The replacement index is very high, as is demonstrated by
the following calculation: A mean cell volume of 30 cc. for each
kilogram, compared with a normal of 36.5 cc., is 6.5 cc., 17.8 per cent,
less than normal; the mean value for the plasma volume of 68.6 cc.
(normal 51.2 cc.) is 17.4 cc., 34 per cent, above normal. The replace-
ment index would then be 191 (1348 = 1.91). The replacement index
as demonstrated in sixteen cases of secondary anemia was 42 and in
ten cases of pernicious anemia was 30.

The reason for the increase in plasma volume in cases of splenic
anemia is not clear although there is a close correlation between the
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plasma volume and the weight of the spleen. It has been suggested
that in the cases of enlarged spleen and a presumably active reticulo-
endothelial system the dye is removed from the blood with abnormal
rapidity. Information on this point has been obtained by the following
experiments:

1. In two cases of hemolytic icterus volume determinations were
made 'on the operating table just prior to removal of the spleen.
Twenty to thirty-minutes after the injection of the dye, samples of
blood were taken from the splenic artery, splenic vein and spleen
pulp. It was found that the concentration of the dye in the three
samples was exactly the same. These experiments seem to demon-

TABLE 4

Percentage of variation in the plasma volume within six minutes after injection of the dye

Time after injection
Case

2 minutes 3 minutes 4 minutes 6 minutes

1 100 100 100 100
2 100 101 107
3 100 100 101 102
4 100 100 100 104
5 100 99 100 96
6 100 97 100 100

* The two-minute determination is taken as 100 per cent.

strate that the dye is not abnormally removed by the cells of the
spleen in hemolytic icterus.

2. The rate of disappearance of the dye from the blood was ascer-
tained by determining the plasma volume at periods of two, three,
four and six minutes in a large series of normal subjects and in six
cases of splenic anemia (table 4), demonstrates that an increased or
abnormal rate of disappearance of the dye was not present in the cases
of splenic anemia. Moreover, dye was not excreted in the urine
within one hour after injection, as has been demonstrated in certain
cases of nephrosis.

The effect of anemia on the increase in plasma volume was con-
sidered. Only rarely in cases of secondary anemia were high plasma
volumes found. In thirty cases of primary and secondary anemia there
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was a moderate increase in the relative volume of plasma with mean
values of 60 and 58 cc., respectively. This would indicate that the
anemia is probably not the sole factor in the production of the high
plasma volume in splenic anemia. It was demonstrated in the series
of cases reported in the first portion of this paper that cases of spleno-
megaly without anemia also show a high plasma volume. It is
possible, then, that a high plasma volume may be one of the funda-
rmental changes in cases of splenic anemia, and that it may precede
the development of anemia.
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FIG. 2. PLASMAVOLUMEANDWEIGHTOF SPLEENIN SPLENIc ANEMIA
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Following splenectomy a decrease in the total volume of the circu-
lating blood occurred in every case. This decrease was slight in one
instance but definite in all the others. The maximal decrease was
1230 cc. and the average was 656 cc. The decrease in the total blood
volume was more constant and marked than that occurring in the
relative blood volume for each kilogram because of variations in body
weight. On the basis of surface area a decrease occurred in all but
one case. The plasma volume likewise decreased in every instance,
with a range of decrease from 145 to 910 cc., the average decrease being
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442 cc. Slight increases and decreases occurred according to body
weight. The cell volume decreased in five of the seven cases, but was
significant in only three cases. In only two cases did the cell volume
show an increase. The total amount of circulating hemoglobin in
grams showed a decrease in five of the seven cases, averaging 50 grams.

The total blood volume for each kilogram of body weight was
charted against the weight of the removed spleen. The curve shows a
rough correlation between these factors. It is apparent that larger
volumes of blood occurred in the cases in which the spleen was largest.
A closer correlation is brought out when the plasma volume for each
kilogram is plotted against the weight of the spleen. The curve
approximates a straight line (fig. 2). Between the cell volume and the
weight of the spleen definite correlation could not be demonstrated.

The moderate reduction in the blood volume after splenectomy in
cases of splenic anemia would, at first thought, be attributed to loss
of blood. The studies in these cases were made two and three weeks
following operation; this interval would ordinarily be regarded as
sufficient for adequate blood regeneration. There is great variation in
the amount of blood lost at operation; in some cases it is negligible
and in others large. There does not seem to be any correlation be-
tween the amount lost at operation and the decrease in blood volume.
Likewise, the drop in the volume of blood after operation consists
largely of plasma, indicating a readjustment following splenectomy.
A relationship could not be established between the reduction in blood
volume and plasma volume and the weight of the spleen; in fact, the
patient (case 5, table 3) with the smallest spleen, showed the greatest
decrease in blood volume. Surprisingly small amounts of blood were
recovered from the enlarged spleens; the amount ranged from 100 to
500 cc. Either the contraction of the spleen eliminates much of the
blood before it is removed, or its actual capacity is reduced, possibly
because of fibrosis. One would infer from these observations that
loss of blood due to removal of the spleen, although it may affect the
results to a certain degree, does not account for all of the reduction in
volume of blood, nor could it account for the disproportionate loss in
the plasma volume and the relatively high plasma volumes remaining
after splenectomy.

Summarizing these results in connection with splenic anemia, it has
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apparently been shown: (1) the plasma volume, and therefore the total
blood volume, is high according to body weight in spite of a decreased
volume of cells; (2) the increased plasma volume estimation is not
due to an abnormal affinity of the cells of the spleen for the dye, to loss
of the dye in the urine, or to an abnormally rapid rate of disappear-
ance from the blood; (3) while the existence of anemia is usually a
significant factor in the production of the high plasma volume, it is
not the important or sole factor as it seems to be in cases of secondary
anemia and pernicious anemia; (4) the enlarged spleen is probably an
additional factor in the increase of plasma volume and total bldod
volume; even in splenomegaly without anemia the plasma volume is
slightly increased, and (5) a fairly high correlation exists between the
weight of the spleen and the plasma volume for each kilogram.

SUMMARY

The figures obtained in blood volume studies in seventy-four
normal adult subjects reported elsewhere by Rowntree and Brown are
approximately as follows: for both sexes, mean value for the blood
volume for each kilogram of body weight, 87.7 cc.; plasma volume for
each kilogram, 51.2 cc.; cell volume, 36.5 cc.; circulating hemoglobin
for each kilogram of body weight, 13.8 grams, and for each square
meter of surface area, 508 grams; hemoglobin for each 100 cc., 15.7
grams, and cells by hematocrit, 41 per cent. On the basis of each
square meter of surface area the values are approximately as follows:
volume of blood, 3278 cc.; volume of plasma, 1920 cc., and volume of
cells, 1358 cc.

In cases of primary splenomegaly without anemia the mean value for
the blood volume was increased to 101 cc, for each kilogram, the plasma
volume was increased to 59.6 cc., and the ratio of the cells to plasma
was normal. After splenectomy there was no significant change in the
blood volume or in plasma volume, the values still remaining above
normal.

In hemolytic icterus the blood volume was normal and the cell
volume decreased; the replacement of the diminished cell volume by
plasma was complete. After splenectomy there was an increase in
blood volume and a very striking increase in the volume of cells and
hemoglobin. These increases were much greater than were indicated
by the ordinary estimations of hemoglobin and erythrocytes.
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In splenic anemia blood volume was increased and cell volume
decreased. An increase in the plasma volume was found which could
not be accounted for solely on the basis of anemia. The anemia was
due both to dilution and actual loss of hemoglobin. Following
splenectomy a moderate decrease, which was largely in the plasma
volume, occurred in the total blood volume, yet the increased plasma
volume persisted. A high correlation has been demonstrated for the
relative plasma volume and the weight of the removed spleen.

Most of these observations were made within three weeks of the
time of operation. The number of observations made at longer
intervals subsequent to splenectomy have been too few to warrant
discussion.
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