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In their studies on wounded soldiers in World
War I, Keith (1) and Robertson and Bock (2, 3)
found evidence of a direct relation between the
severity of shock and the extent of the reduction
in blood volume. This has been clearly demon-
strated in recent experimental studies on trau-
matic and hemorrhagic shock in dogs (4, 5) in
which blood volume was determined with more
dependable methods. Within the past two years,
there have also been reports of similar observa-
tions on cases of shock among civilians (6, 7, 8,
and others).

The aim of the present investigation was: (1)
to determine more precisely the relation between
the loss in blood volume and the severity of shock
in man, in order to provide a sound basis for
estimating the amount of blood needed for re-
placement after various types and degrees of
injury; (2) to determine the cause of blood vol-
ume reduction in traumatic shock; and, (3) to
test the view, held until recently by some investi-
gators, that hemoconcentration is a criterion of
shock.

MATERIAL AND METHODS

The plasma volume was measured with T-1824 by
extrapolation of a corrected time log-concentration curve
as described in the preceding report (9) ; the total blood
volume was calculated from the plasma volume and the
arterial hematocrit. The serum protein concentration was
determined by the falling drop (10) and refractometric.

1 This investigation was carried out at Bellevue Hos-
pital under a contract, recommended by the Committee on
Medical Research, between the Office of Scientific Re-
search and Development and Columbia University with
the collaboration of New York University.

2Generous support for these studies of blood volume in
shock was provided also by the Josiah Macy, Jr. Founda-
tion.

(11) techniques. The preceding report gives complete
details (9).

The clinical material included a group of 51 normal
students and laboratory workers and 109 patients ad-
mitted to the emergency service at Bellevue Hospital,
New York City. Of the various types of cases studied
38 were predominantly traumatic, 24 were cases of hem-
orrhage, 21 were burns, and the remainder suffered from
various other injuries, as shown in Table I in the pre-
ceding report (9). Varying degrees of shock were en-
countered. Additional information regarding the criteria
used in evaluating the degree of shock, the general pro-
cedures followed, and other results have been reported by
Cournand et al. (8, 12), by Lauson et al. (13), and by
Richards (14).

RESULTS

The attempt to establish a correlation between
blood volume reduction and shock in human
cases is complicated by the fact that control de-
terminations of plasma and blood volumes before
injury are not available. Hence, for the estimate
of the loss in volume one must rely on a com-
parison of the measured volume with an average
normal value. The average values determined by
various investigators agree moderately well (15
to 20). However, in using the average normal
value one must not overlook the fact that the
range is wide and that the normal blood volume
may occasionally deviate considerably from the
assumed average value.

From the distribution curves in Figure 1 it may
be seen that the plasma volumes in 51 normal male
subjects (20) ranged from 34 to 58 ml. per kgm.
body weight. Expressed in terms of mnl. per
sq.M., the range was from 1200 to 2200 ml. The
average plasma volume for the group was 44.7 ml.
per kgm. body weight with a standard deviation
of 4.9 ml. per kgm., or 1670 ml. per sq.M. of body
surface area with a standard deviation of 161
ml/per sq.M.
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in shock are so large in comparison with the nor-
mal variations that the error in estimating the
amount of blood or plasma needed by the patient
will seldom be serious. In the present study the
reduction was apparently underestimated in only
two cases. In both instances the estimate was still
sufficiently accurate for purposes of determining
the amount of transfusion needed to bring the pa-
tients out of danger.
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The average normal plasma volume, derived from these
results was found to be 1670 ml. per sq. M. (S.D. 161
ml.) or 44.7 ml. per kgm. (S.D. 4.9 ml.).

In 37 determinations on 18 subjects the total
blood volume ranged from 65 to 100 ml. per
kgm. or 2400 to 3700 ml. per sq.M. The average
of these is 85.1 ml. per kgm. (S.D. 8.9 ml per
kgm.) or 3200 ml. per sqM. (S.D. 315 ml. per
sq.M.). The results are summarized in Table I
for comparison with the average normal values
taken from the literature. It is apparent from
these observations that the majority of blood vol-
umes on normal subjects will fall within 8 to 10
per cent of the average value. As will be seen
below, the reductions in plasma and blood volume

' 2000
Q

J
g
5m-

c)

0

0

0

I--

801

601

401

20

0
0

0

0

0 0

(D8 (

,8 e*o
0

0
DO

4 8 12 56 20 24

HOURS AFTER INJURY
FIG. 2. BLOODVOLUMEDETERMINATIONS ON PATIENTS

WITH EITHER SKELETAL TRAUMAOR HEMORRHAGE
The observations were made at the time of admission
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was at or below 2000 ml. per sq.M. or 55 ml. per kgm.
This represents a reduction of approximately 35 per cent
from the average normal value.

20 _

10-

Cf)

C/)

0
.

0

w
M

TRAUMAma.OC 0

SO 0
HEMORRHAGEle MM 0D

0 00 0
*0

S

4 8 12 16
HOURSAFTER INJURY

20 24

r---, | | | | § r

173



ROBERTP. NOBLEANDMAGNUSI. GREGERSEN

TABLE I

Average plasma volume and total blood volume in normal men

Plasma volume Total blood vol.
No. of Age aver. __________Hemato -_________

Author Dye cases (range) crit
ml. per ml, per ml. per ml. per

kgm. sq.M. kgm. sq.M.

Keith, Rowntree and Geraghty brilliant 42 32.6 49.0 1764 42.4* 85.8*
(15)-1915 vital red (20 to 53)

Rowntree and Brown (16)-1929 congo red 49 33.7 51.0 1938 42.0 88.6 3365
(17 to 62)

Gibson and Evans (17)-1937 T-1824 49 35.5 43.8 1624 44.7 77.7 2908
(19 to 89)

Stewart and Rourke (18)-1941 T-1824 12 34.0 45.5 1680 45.0 85.3 3150
(16 to 62)

Davis (19)-1942 T-1824 11 40.0 40.5 1538 47.2 76.7 2897
(17 to 68)

Gregersen (20) T-1824 51 23.6 44.7 1670 45.0 85.1t 3200
l (21 to 37) 1 1 I

* 18 cases. t 18 cases.

BLOODVOLUMEIN SHOCK

The blood volumes determined at the time of
admission on patients with hemorrhage or skele-
tal trauma are shown in Figure 2. In chart A
the results are plotted in ml. per sq.M., and in
chart B they are shown in ml. per kgm. The
solid circles (trauma) and the half-solid circles
(hemorrhage) denote patients who, on the basis
of clinical findings and from the laboratory data
accumulated later, were classified as cases of se-

vere shock. With few exceptions the total blood
volume in these patients fell at or below 2000 ml.
per sq.M. or 55 ml. per kgm. Compared with the
average normal value, this represents a reduction
of about 35 to 40 per cent. One may conclude
from these observations that a patient in severe

shock from either hemorrhage or trauma has lost
approximately 2 liters of blood. The cases show-
ing only mild or moderate degrees of shock have
been grouped here with the "no shock" cases. The
blood volumes in these borderline cases ranged
from 2000 to 2500 ml. per sq.M.-a reduction of
20 to 30 per cent (see Figure 6).

A factor to be considered in evaluating the de-
terminations of total blood volume is the distribu-
tion of the erythrocytes in the circulation. Sev-
eral investigators have reported unequal distribu-
tion of red cells in man and in normal animals and
have concluded that blood drawn from large ves-

sels gives hematocrit values approximately 25 per
cent higher than the average body hematocrit (21
to 26). However, in order to account for a dis-
crepancy of this magnitude, the volume of blood
contained in the capillaries would have to be
much greater than the estimates derived from ana-
tomical data and from the relation between linear
velocity and total cross section area in different
parts of the vascular bed. Bazett (27) concluded
that the capillaries and venules together contain
only 13 per cent of all the blood. Furthermore,
the results of recent studies on humans and on
dogs (28 to 31), especially those of Root, Rough-
ton, and Gregersen (32), in which the blood vol-
ume was determined simultaneously with the dye
method (T-1824) and with an improved carbon
monoxide method, show little difference between
the central arterial hematocrit and the body hema-
tocrit. In other words, these tests indicate that
the total blood volume measured by the dye
method agrees satisfactorily with the true total
blood volume (total plasma volume determined
with' dye plus total red cell volume determined
with carbon monoxide).

Further evidence that the determinations of
total blood volume in shock are essentially correct
is obtained from a comparison between the volume
of red cells given by transfusion and the observed
increase in circulating red cell volume. The five
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cases shown in Table II were patients who were

in shock from hemorrhage at the time the first
volume measurements were made. In three in-
stances a measured amount of red cells and
plasma proteins was given by transfusion. The
patients recovered rapidly from circulatory failure,
and the determinations were then repeated. It
will be seen from Table II that the measured in-
creases (R.B.C. recovered) in the total erythro-
cyte volume and the total circulating proteins
agree well with the quantity of cells and proteins
given.

The last two patients listed in Table II were

treated with concentrated human serum albumin,
prepared from pooled normal human plasma by
Cohn and co-workers (33). This caused a large
drop in the hematocrit value. Although these pa-
tients were known to have had no further blood loss,
the measurements indicate a reduction, in one

case 4 per cent in the other 8 per cent, of the red
cells in circulation. This finding appears similar
to observations on hemorrhage reported by Stead
and Ebert (25) and by others (34 to 36).

A. The cause of the blood volume reduction in
trauma. The observed reduction in the blood
volume is readily explained in cases of hemor-
rhage, but in skeletal trauma there may be little
evidence of gross external bleeding. Nevertheless,
various lines of evidence indicate that the decrease
in blood volume in skeletal trauma is caused by
bleeding and by extensive hematomas that are

usually found about the fractures. The total
amount of blood lost in the formation of these will,
in general, depend upon the extent of muscle
contusion, upon the number of fractures, and upon

their relation to blood vessels. This is brought out

in Figure 3 in which the first three columns show
the relation between the blood volume on admis-
sion and the number of fractures of the extremities
irrespective of the type (i.e. simple, comminuted,
or compounded). Three or more such fractures
are evidently sufficient to reduce the blood volume
to shock level, whereas a comparable reduction in
volume is often brought about by fracture of the
pelvis alone. The greatest volume reduction was

found in patients suffering fractures of the pelvis
together with fractures of the extremities.8

In cases where enlargement of a hematoma was

noted, a second determination of the blood volume
invariably revealed a further loss of whole blood.
This is to be seen in Table III which gives the
measured volumes of plasma, red cells, and total
protein on two successive determinations. In each
instance the volume of the constituent lost from
the circulation was obtained as the difference be-
tween the first and second measured volumes.
This includes the volume of blood removed as
samples. The first six observations are on pa-
tients in whomthe hemorrhage continued between
successive determinations. The first two patients
were bleeding from peptic ulcers. Between the

3 The quantity of blood required for replacement in
patients of average size is shown by the scale on the right
in Figure 3. The unit of body surface area, 1.73 sq.M.,
is the average of the areas of adult men and women (37).
The average size of the patients on whom the present
studies were obtained was 1.72 sq.M. or 61.9 kgm. of
body weight. As may be seen in Figure 2, if the calcula-
tions for the volume of transfusion were made on the basis
of body weight, there would be little difference in these
values. In larger patients correspondingly larger trans-
fusions should be given, although in this study transfusions
smaller than the amounts indicated were usually sufficient
to promote recovery from shock.

LE II

Total plasma volume Total erythrocyte volume Total circulating protein

Patient interval First Second Plasma Plasma First Second R.B.C. R.B.C. First Second Protein Protein
deter- deter- given recov- deter- deter- given recov- deter- deter- given recov-
mined mined _ ered mined mined ered mined mined ered

hrs. min. ml. ml. ml. ml. ml. ml. ml. ml. grams grams grams grams
A. H. 3 30 1950 2290 440 340 490 850 375 350 82 108 26 30
A. S. 4 30 1079 2450 390 660 480 890 380 410 85 115 26 30
M. B. 2 00 2200 2660 200 460 1680 1810 100 130 128 141 12 13
F. C. 3 45 1960 3000 conc. albumin 1100 1060 0 -40 100 162 70 62
B. S. 4 40 2160 3110 conc. albumin 1320 1270 50 -100 147 190 47 43

+ 75 ml. plasma

* The values for the various constituents given or recovered have been corrected for the volume of that constituent
removed as samples.
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time of the second and third measurements on the
third patient, W. K., it was noted that the bandage
over a large gash in the forearm was soaked with
blood, some of which had dripped on the floor.
The fourth patient, T. L., suffered a ruptured
spleen and at operation was found to have several
liters of bloody fluid in the peritoneal cavity. In
this instance it can be seen from the erythrocyte
volume measurements (column A)' that 460 ml.
of red cells were lost in the first four hours after
admission. Since hemorrhage involved the escape

of whole blood, red cells were accompanied by a

proportional complement of plasma proteins. The
volume of plasma lost in hemorrhage can be esti-
mated from the average hematocrit value existing
during the bleeding period. The decrease in the
amount of total circulating protein is then ob-
tained from the prevailing plasma protein level.
In the patient just mentioned the amount of
plasma lost was calculated at 1020 ml. Since the
protein concentration was 5.9 grams per 100 ml.,
60 grams of plasma proteins were lost (column

B). During the same time the total measured
decrease in total circulating protein was 63 grams

(column C). During the next 3Y hours the pa-

tient received a transfusion of whole blood, and
the third blood volume determination showed that
he had bled an additional 210 ml. of cells (column
A). The observed decrease in total circulating
protein was 37 grams (column C). Column B
shows that the derived value for the protein loss
was 33 grams. In these cases the values for pro-
tein lost, measured directly and calculated in-
directly, warrant the conclusion that further
hemorrhage occurred between determinations. In
each instance this conclusion was borne out by the
clinical observation of the hemorrhage.

When this same analysis is applied to the cases

of skeletal trauma, it becomes apparent that the re-

duction in the blood volume in trauma is also
caused by whole blood loss. For example, the
last four patients listed under trauma in Table
III suffered multiple fractures and contusions,
except for J. S. who received an extensive crush-
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TABLE III*

||1g. | t.|l i 'l~~~~~~~~~~~~~~~~~~~~~~Toa circulating
Total plasma volume Total erythrocyte volume T rotalcrueing

hr. min. _ (A) lp (C) (A) (B) (C)

R. W. 1.91 G. I. hemorrhage 8-20 2250 2800 560 620 1110 1260 440 290 75 125 151. 38 12 290 34 12
E. C. 1.69 G. I. hemorrhage 7-30 2740 2850 0 900 870 630 0 240 45 144 127 0 17 240 44 17
W. Ki. 1.84 Lacer. Rad. Art. O-50 2750 3010 155 1620 1700 90 +10 70 149 160 9 2 +10 +1 +2
0 ~~~~~~~~~~~~~~1-303010 3440 alb. 270 1700 1550 0 150 25 160 196 50 14 150 15 14

T. L. 1.80 Rupt. spleen- 4-00 1700 1960 alb. 1020 1180 720 0 460 70 102 114 75 63 460 00 63
Fract. pelvis 3-25 1960 2040 630 570 720 830 320 210 20 114 114 37 37 210 33 37

T. D. 1.04 Fract. humerus, r. and u. 4-00 2630 2950 300 400 2060 1970 200 290 95 180 194 19 5 290 27 5
E. B. 1.92 Fract. tib. and fib. 3-15 3870 3790 0 450 2270 2020 0 250 50 238 231 0 8 250 28 8
J. M. 1.66 Fract. femur 2-30 2580 2810 0 370 1390 1210 0 180 40 152 146 0 6 180 20 6

.5-30 2810 2780 0 50 1210 1 190 0 20 10 146 147 0 +1 20 3 +1
J. L. 1.77 Fract. pelvis 4-50 3230 3660 O 180 1980 1880 O 100 70 181 176 O 5 100 4 5

7-10 3660 3330 0 310 1880 1720 0 160 20 176 167 0 9 160 16 4
S. H. 1.70 BUat. tib. and fib. 2-45 2210 2570 alb. 640 1300 1000 O 300 50 139 158 42 33 300 40 33

2-30 2570 2620 0 50 1000 1020 0 +20 10 158 160 0 +2 +20 +3 +2
H. S. 1.63 Fract. pelvis, sacrum, 2-30 1390 1940 alb. 480 660 490 O 170 30 69 103 55 21 170 25 21

| ~~~~Bilat. Pott's and oe calci 3-00 1940 2280 alb. 230 490 440 0 50 15 103 130 50 23 50 13 23
N. S. 1.65 Fract. pelvis 3-00 1930 2030 alb. 440 680 540 0 140 35 73 98 50 25 140 19 25M ~~~~~Bilat. Pott's 2-30 2030 2380 350 70 540 670 150 20 15 98 112 18 8 20 3 8
W. C. 1.75 Fract. pelvis, humnerus, 2-40 2070 2470 bl. and 620 1070 960 170 280 40 93 128 67 32 280 30 32

. ~~~~~~~~~~~~~~~~~~~~alb.
Ei ~~~~~Tib. and fib., ribs, pnx. 3-30 2470 2690 bl. and 230 960 1050 180 90 30 128 145 31 14 90 12 14

a~~~~~~~~~~~~~~~~ab

J. S. 1.77 Fract. ankle, crushed muscle 2-20 3070 2940 alb 700 2120 1670 O 450 70 194 159 O 35 450 40 35
M. M. 1.47 Fract. pelvi, sacrum, 245 1510 1540 O 370 930 730 O 200 60 77 68 O 9 200 17 4

Ribs 3-30 1540 2140 930 290 730 1150 570 150 75 68 109 49 8 1,50 13 8
P. Y. 1.79 Bilat. tib. and fib. 4--5 2240 2590 930 1020 1430 1400 570 600 70 121 134 54 41 600 54 41

Lumb. vert. 3-00 2590 2730 O 65 1400 1410 O +35 25 134 139 O +6 +35 +3 +5
B. R. 1.75 Bilat. tib. and fib. femur, 5-30 1630 1880 1290 1070 1280 1250 710 740 95 95 116 82 61 740 62 61

Humerus, rad. ana ulna 8-30 1880 2160 280 250 1250 1270 170 150 40 116 129 24 11 150 14 11

*In the above cal'culations the effect of changes in hematocrit on successive measurement of the red cell volume tends
to exaggerate the loss of red cells and therefore g'ives unduly large calculated values for loss of plasma volume and plasma
protein. Other errors include the estimates of the volume of blood transfused and the volume of samples removed from
the inlying arterial needle. The fragility of the red cells may also be involved. In view of these several errors only the
trend is considered significant. No effort has been made to elucidate upon the relation of shock to protein and fluid
replacement, the rate of hemodilution, etc.

ing injury and fracture of one leg. In each of
these cases progressively enlarging hematomas
were observed at the fracture sites. S. Ru. was
the most striking example; he received one or
more fractures in each extremity and fractures of
the pelvis, having fallen three stories down an
elevator shaft. Massive hematomas were observed
to be increasing in size along one flank and about
a badly comminuted fracture of the mid-humerus
with the hematoma extending up into the shoulder
and pectoral regions. The protein and red cell
values in Table III show that of the two liters of
blood transfused more than one-half was lost,
presumably into the enlarging hematomas. In
each of the other cases protein and red cells were
lost in such proportions as to be best explained by
the loss of whole blood, and this loss was observed
to coincide with the formation or enlargement of

hematomas. This indicates that the progressive
reduction in the blood volume after a skeletal
trauma may be accounted for by the loss of whole
blood into the soft tissues in the region of injury.

This conclusion is further substantiated if the
reduction in the blood volume in cases of hemor-
rhage and trauma is expressed in terms of the
reduction of the total plasma proteins and erythro-
cyte volume. For, if the reduction in blood vol-
ume is caused by hemorrhage in both types of in-
jury, there should be a proportionate reduction in
both total circulating protein and total erythrocyte
volumes at the time of the patient's admission.
That this is correct is shown in Figure 4 in which
the total circulating protein in grams per sq. M. is
plotted against the total red cell volume in ml. per
sq. M. The values for total protein and red cells
in cases of both hemorrhage and trauma show the
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same trend along the diagonal, the diagonal indi-
cating a proportional loss of both plasma and
erythrocytes.

The cause of blood volume reduction in burns
is generally acknowledged to be plasma leakage
in the region of injury. The data in Figure 5
are in accord with the generally accepted facts
that the amount of plasma exudation depends in
part upon the area of body surface burned. It
has been noted that second degree burns involving
a larger portion of the body surface area show a
greater reduction in plasma volume and higher

me
0

I -.

0

/

x

* * x
*X *0 0

X x

*.*0*x 0
Ot D*

0

TRAUMA 0

HEMORRHAGEX

I A I,

no 420 560 700 640 NO 1250 1WU0
TOTAL RED CELL VOLUMECC/sQ.M.

FIG. 4. SHOWINGTHE RELATION BETWEENTHE TOTAL
CIRCULATING PLASMA PROTEINS AND THE TOTAL RED
CELL VOLUMEIN PATIENTS WITH TRAUMAAND HEMOR-
RHAGEAS MEASUREDAT THE TIME OF ADMISSION

The total circulating plasma proteins are plotted on the
ordinate as grams per sq. M. and the total red cell vol-
ume along the abscissa as ml. per sq. M. The scale divi-
sions from the average normal values (dotted lines) rep-
resent equal reduction in both constituents. The ap-
proximate range of average normal values are indicated
by the striped columns on the vertical and on the hori-
zontal axis. Patients assumed to have been anemic prior
to admission, of which there were nine, are indicated by
arrows (see Figure 6).

It will be seen that in cases of trauma and hemorrhage
alike, there was a proportional reduction in protein and
red cells. Since the blood volume reduction in hemor-
rhage is caused by the loss of whole blood and since the
data in cases of trauma appear indistinguishable from
those of hemorrhage, it becomes apparent that the cause
for the reduction in blood volume in cases of traumatic
shock is bleeding into the tissues at the site of injury
(Figure 3).
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Two patients with burns predominantly of the head
and neck are shown by open circles.

hematocrit values (38). Burns of the head and
neck are recognized as resulting in the loss of
plasma out of proportion to the area involved.
Two patients in the series, burned in this region
predominantly, confirm this observation. This
should not be taken as evidence that plasma is
lost from generalized capillary leakage remote
from the area of injury, as recent investigators
(39 to 41) have demonstrated that, in burn shock,
plasma and fluid loss occur solely in the region
of the burn.

HEMOCONCENTRATIONAS A CRITERION
OF SHOCK

The emphasis in recent years upon hemocon-
centration as a criterion of shock (42, 43) led us
to examine the relations between serum protein
concentration, hematocrit values, and the blood
volume reduction in the various types of injuries
presented by these patients. The results are shown
in Figure 6. In each case, the columns repre-

senting the blood volumes are divided into the
plasma and red cell (stippled) compartments.
Under the columns representing blood volumes are
noted the value for cardiac output (Fick method)
expressed as liters per square meter of body
surface (cardiac index), and the systolic and

3 9,
Ho

U

%. *

z

0

-I

.)55

U.

0

3-3

I

L

178



BLOODVOLUMEIN CLINICAL SHOCK

HCT% SKELETAL TRAUMA60
30

0- 7 45 NOSHCKMOO.SHOCK SEEESHOCKO 04 & 5

3000flfl
* 1 I -

82ooo~LRf777

ES SRWHST JC SR. AJ TDisFS i Ve @MMPYAACCHWLJDJVSRP
C.l 2.9 4.8 3.4 4.1 3.8 2.9 3.4 2.9 2.7 3.0 2.9 2.4 2.2 2.6 3.8 22 2.0 3.0 1.8 2.1 1.3 1.7 1.3 1.3

1441(OI I IM L 106 62 II 0 46 4 54 57 if

PROTHvT.%
0 10

50> - 4450
A. O-7- -45

z - 3-40

s t0 . 30

HEAD INJURIES

OQ-
HEMORRHAGE A

A A*A
~ A

A ABDOMINAL

INJURIES BURNS

AAJ

2000

1000 .7-

HF sM JH CLSB IJD cc MSSM JE EC RWHMWOAR AH AS CF TS IW SG PP JD LP WD JR YT VH RG L

CL 3.4 4 3.0 3.9 4.0 3.1 4.4 54 564 3.0 2.4 2.7 2.0 1.8 175 1.5 16 1L4 2.2 4.1 2.9 2.3 45 2.3 1.6 2.3 1.1 165
2.2 7 70 3# 8?Wp

60
10

7 45
40

5

3125

'Rot HCT

1-50
145
. 40

* 5

30

3125

FIG. 6. SHOWINGTHE SERUMPROTEIN (OPEN CIRCLES) ANDHEMATOCRITREADINGS (SOLID TRIANGLES), CARDIAC
OUTPUT, BLOODPRESSUREAND BLOODVOLUMEVALUES ON PATIENTS AT TIME OF ADMISSION

The stippled portion of the blood volume columns represents the red cell volume, and the open portion, the
plasma volume. It is clear that there was no hemoconcentration in skeletal -trauma and hemorrhage. On the
contrary, the blood volume reduction was accompanied by hemodilution. Only cases of abdominal injury with
peritonitis and cases of burns showed a selective plasma leakage and hemoconcentration. Note the relationship
of the reduction in blood volume and cardiac output to the depth of shock.

Patients showing disproportionately low hematocrit values on admission were considered to have been anemic
prior to injury.

diastolic blood pressure in mm. Hg (Hamilton
manometer). Approximately normal values for
the various items on the chart are shown by pa-
tients with skeletal trauma ("no shock") and those
with head injuries. The patients suffering from
trauma and hemorrhage have been arranged more
or less in the order of decreasing values for blood
volume. In the hemorrhage group, the first two
patients were not considered to be in shock. The
next patients (N. C., R. W., and J. E.) were in
moderate shock, but not as severe as those remain-
ing. The chart points out the correlation between
the blood volume reduction and shock and shows

that with the reduction in blood volume there is a
parallel decline in cardiac output (13). On the
other hand, it is apparent that the isolated meas-
urement of the blood pressure is not a good index
of the degree of shock in the borderline cases.

The manner of plotting the hematocrit and
plasma protein values requires some explanation.
It will be noted first that the abscissae representing
7 grams per cent plasma protein and a hematocrit
value of 45 per cent cells coincide. These are
taken as average normal values. With this as a
starting point, the scales for hematocrit and plasma
protein have been so constructed that any given
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change in the plasma volume (indicated by the
scale to the left) resulting from gain or loss of
protein-free fluid will, on the chart, displace both
the hematocrit and protein to the same extent.
If the two values do not fall together on the chart,
this will be evidence of a change in the ratio of
total circulating protein to total red cell volume.
In other words, divergence of the points will
reveal whether the patient in question has lost
more of one constituent than the other, either fol-
lowing injury or at some time prior to the injury.
In patients with a chronic secondary anemia, the
anemia is revealed by the disproportionately low
hematocrit value. The prevalence of such patients
among the hemorrhage cases is demonstrated.
Each gave a history of previous bleeding. On
the other hand, selective protein leakage is demon-
strated on the chart by the relatively low plasma
protein values among the patients with burns or

with abdominal injuries. In these instances, ele-
vated hematocrit values are found as the result
of plasma leakage from the locally damaged tissue.
When, however, a burn or abdominal injury with
peritonitis is superimposed on anemia, there may

be no evidence of hemoconcentration although the
blood volume is markedly below normal. This
point is well demonstrated by V. H. and the se-

verely burned patient, B. L., who at no time prior
to transfusion showed any evidence of hemocon-
centration. The latter required more than two
liters for replacement.

It is evident that hemoconcentration is by no

means a regular occurrence in the patients in
shock from trauma. Indeed, the normal com-

pensatory mechanism of hemodilution apparently
operates after trauma as well as after a simple
hemorrhage, for both types of injury cause a

similar degree of hemodilution.

DISCUSSION

It will be seen that the magnitude of the reduc-
tion in blood volume in shock found in the present
study (Figure 2) is in essential agreement with
the conclusions reached by Keith (1), and by
Robertson and Bock (2, 3) in their pioneer stud-
ies on wounded soldiers in World War I. The
original dye method (Keith-Rowntree) which
they used for determining blood volume did not,
to be sure, exclude certain possibilities of tech-
nical errors which have been eliminated in the

present technique. Nevertheless, the systematic
investigation of disappearance rate and mixing in
shock cases (9) demonstrates that at least the
fundamental principle was valid. Hence, on the
basis of what is now known about the dye method
and about the state of the circulation in shock, it
is clear that the results obtained by these earlier
investigators were essentially correct. What has
been accomplished in the meantime is to clear up
the misconception that shock is fundamentally a
disturbance in capillary permeability and to show
that the changes in volume and composition of the
blood in shock can be accounted for without re-
course to the theory of generalized capillary leak-
age.

Among the cases included in the present in-
vestigation, either hemorrhage or the local exu-
dation of plasma in the injured region were the
major causes of blood volume -reduction. Only in
a few cases did both mechanisms operate simul-
taneously.

Hemorrhage was observed in two types of in-
jury. In the first group, the hemorrhage was
obvious as in the cases of intestinal bleeding or in
laceration of superficial vessels. In about one-
half of these, shock was caused by gastro-intestinal
bleeding; a considerable number had chronic ane-
mia from previous hemorrhages. In the re-
mainder, acute blood loss was caused by self-in-
flicted wounds.

The second group was made up of cases of
skeletal trauma, in which the fracture site, the
relation of the movable fragments to blood vessels
and muscle contusion appeared to be the major
causes of blood loss. The type of skeletal trauma
encountered varied from simple fracture with
little bruising, to multiple fractures with large
areas of muscle contusion. In a few cases, trauma
was complicated by hemorrhage from ruptured
abdominal viscera or chest injuries. Bullet
wounds and uncomplicated muscle crushing were
rarely seen. There were no cases comparable to
the crush or tourniquet type of injury, and no
cases of the "crush syndrome." The proportional
loss of plasma proteins and erythrocytes indicates
that in these cases, hemorrhage into the tissue
spaces in the region of injury was responsible for
the loss of whole blood, the external sign of which
was the localized formation of progressively en-
larging hematomas (Figures 3 and 4; Table III).
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These hematomas often escape notice, for it is not
generally appreciated that the accumulation of one
liter of blood in the thigh results in an increase of
only one centimeter in the diameter of the region.4

The second major cause of blood volume re-
duction was the localized escape of plasma into
the region of injury, seen in cases of burns and
peritonitis. In burns there is weeping of plasma
from the denuded areas and leakage of plasma
into the tissues locally, giving rise in part to the
tense edematous swelling underlying and sur-
rounding the burned region. In the majority of
the burns in this series, the area involved was be-
tween 20 and 40 per cent of the body surface area.
Burns were occasionally associated with pulmon-
ary complications. Gross intravascular hemolysis
and hematuria appeared in a few cases.

The patients with abdominal injuries suffered
from peritonitis either as the result of rupture of
hollow organs or from the presence of blood in the
peritoneal cavity. The nature of the destructive
injury causes the selective loss of plasma into the
peritoneal cavity which, in the absence of anemia,
results in hemoconcentration (Figure 6). Owing
to the loss of plasma proteins, the value for pro-
tein concentration is low and therefore distin-
guishes this condition from dehydration.

Hemodilution is a normal compensatory mech-
anism following blood loss. It is apparent from
the results presented in Figure 6 that hemodilu-
tion followed blood volume reduction whether the
blood loss was occasioned by uncomplicated hem-
orrhage or by trauma. In both types of injury
the serum protein and hematocrit values before
treatment showed a downward trend roughly pro-
portional to the degree of blood volume reduction.
This is despite the fact that in this analysis the
time factor is not considered. These findings are
in accord with other studies on injured civilians
reported by Evans (6), Weil (44), and by Mc-
Michael (45). Hemoconcentration, therefore, can-
not be considered a criterion of shock in these
types of injury, rather it may be taken as a clue
to the nature of the injury. When hemocon-
centration occurs in traumatic shock in the ab-

4The volume of a truncated cone increases as the square
of its circular measurements (r and r'). For example,
the volume of the frustrum increases 31 per cent when r
and r' are increased by 12.5 per cent. If r is increased to
kr, and r' to kr', then V' = k2 h (r2 + r r + r'2).

sence of dehydration and exposure, it should indi-
cate the presence of some injury in addition to
traumatic hemorrhage, the presence possibly of
intra-abdominal injury.

SUMMARYANDCONCLUSIONS

Blood volume measurements on patients soon
after injury reveal that in cases with clinical mani-
festations of shock following skeletal trauma and/
or hemorrhage, the blood volume is 30 to 40 per
cent below normal. On the average, 1.5 to 2
liters of blood are required for replacement.

In cases of skeletal trauma, the reduction in
blood volume is caused by the -loss of whole
blood at the site of the fractures and bruises. The
extent of the reduction can be roughly estimated
from the number and type of fractures and the
extent of the tissue damage. In skeletal trauma,
as in simple hemorrhage, the loss of blood is at-
tended by hemodilution.

In burns and abdominal injuries with peritoni-
its, selective loss of plasma occurs at the site of
injury. In burns, the loss is roughly proportional
to the area of tissue damaged. The ensuing re-
duction in the plasma volume is attended by
hemoconcentration.

The authors wish to thank Dr. Dickinson Richards and
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