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During World War I a recently developed dye
method of measuring plasma volume (1) was em-
ployed, to a limited extent, in the investigation of
hemorrhagic and traumatic shock in wounded
soldiers. Those studies (2 to 4) showed that
shock was associated with varying degrees of re-
duction in the measurable total blood volume. It
was assumed that this reduction resulted in a de-
creased venous return to the heart, which ac-
counted for diminished blood flow and death in
vascular collapse. It was also felt that severity
of shock as judged clinically was proportional to
the degree of blood volume reduction. Cannon
(5) summarized the results of these investigations
in 1923. There was little change in this concep-
tion of the fundamentals of shock for several years,
and, as might be expected, little improvement in
the therapy of shock.

Blalock(6) concluded that the decrease in blood
pressure in experimental traumatic shock was
due to loss of blood into damaged areas, or to
hemorrhage into the intestinal tract (7). Moon
(8) on the basis of pathological observations on
dogs dying in prolonged shock (peritonitis) con-
cluded that increase in capillary permeability per-
mitting the leakage of plasma from the vascular
bed was chiefly responsible for loss in blood vol-
ume.

IThe work described in this paper was done under
contracts recommended by the Committee on Medical
Research, between the Office of Scientific Research and
Development and the Massachusetts Institute of Tech-
nology, in collaboration with the Peter Bent Brigham
Hospital, Harvard University, the Beth Israel Hospital,
the Massachusetts General Hospital, and the Huntington
Memorial Hospital.

As improvements in the original dye method of
measuring plasma volume became available, (9 to
11), attention was again concentrated on blood
volume in shock. It was shown (12) that surgical
operations may be accompanied by a loss of plasma
and red cells greater than can be accounted for by
measured blood loss. A reduction in blood volume
severe enough to produce severe peripheral vas-
cular collapse was found to be brought about by
the excessive sweating accompanying artificially
induced fever (13). It was observed for the first
time that shock produced in dogs by thermal burns
was preceded by great reductions in circulating
plasma volume (14, 15).

Hemoconcentration of blood in large vessels has
been associated with shock, and was thought to
be characteristic. Scudder (16) suggested that
the determination of the specific gravity of whole
blood and plasma might be useful as a guide to
therapy.

Interest in the hemodynamics of shock came into
a renewed focus during the early years of World
War II. An extensive historical review of our
knowledge of shock was published by Harkins in
1941 (17) and a briefer summary of the known
physiology of shock by Wiggers in 1942 (18).

The many blood volume studies in experimental
shock in animals (19) and of traumatic shock in
man (20 to 22) carried out during the war have
amply confirmed the early conception that severe
oligemia is a constant characteristic of the con-
dition.

That significant leakage of plasma from capil-
laries whose permeability is increased in shock
does not occur, has been clearly demonstrated by
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Fine and Seligman (23 to 25). The opinion has
been expressed by Noble and Gregersen that the
reduction in blood volume is due to loss of whole
blood at the site of injury (22). Since their sub-
jects were accident cases, and the extent of blood
loss suffered could be calculated only on the basis
of blood volume measured after recovery, these
observations do not indicate whether or not the
entire reduction of blood volume as measured in
shock could be accounted for by loss of blood into
the various sites of injury.

Early in the course of our work we noted that
the circulating red cell volume, as measured by
the specific method of injecting red cells tagged
with radioactive iron, was always some 15 per
cent less than when measured by the dye plasma
hematocrit method (26). This led us to ques-
tion to some extent the reported changes in cir-
culating red cell volume obtained by the latter
method. Furthermore, our early studies in hemor-
rhagic shock in dogs, in which there was no evi-
dence at autopsy of internal bleeding, consistently
showed a reduction in circulating red cell vol-
ume greater than the cell volume removed, where-
as dogs bled only moderately, and in whom shock
symptoms did not occur, did not exhibit such a
deficit in circulating red cells. This deficit was
termed "trapping."

Root (27) and Chambers (28) made micro-
scopic observations of capillary circulation in the
mesentery of rats and dogs. Both observers noted
that after severe hemorrhage,intestinal manipula-
tion, and occlusion of blood flow in the leg, numer-
ous plexi of capillaries contained closely packed
erythrocytes at a complete standstill, the cells in
circulation flowing through the larger arterio-
venous shunts. This suggested that some portion
of the red cells found to be "trapped" in our hemor-
rhaged dogs might still be within the vascular bed,
and yet be temporarily isolated from the main
course of the circulating blood. It was of interest
to know where in the capillaries of the various or-
gans such "trapping" might occur, and to what ex-
tent it might progress in relation to the clinical
signs of impending, early or late shock.

Methods previously described (29) had en-
abled us to measure the quantity of red cells and
plasma within the minute vessels of the organs in
relation to the total circulating red cell and plasma
volume. We concluded from these studies that

(1) all erythrocytes were in active circulation at
all times; (2) 17 per cent of the total blood volume
was within the capillaries; (3) there are pro-
nounced gradients in the hematocrit of whole blood
as it flows from larger to smaller vessels; and (4)
that there are no significant reserves of red cells
in the body of the normal dog.

The purpose of the experiments herein re-
ported was to (1) measure reductions in red cells
and plasma volume in a variety of experimental
shock conditions, (2) determine the degree of
"trapping" of red cells in shock, (3) locate if pos-
sible the site of red cell trapping, and (4) deter-
mine the extent of disturbance in normal capillary
flow in early, reversible and irreversible shock.

METHODS

Plasma volume was determined by the method of Gib-
son and Evelyn (30), red cell volume by the method of
Gibson and Peacock (31). Intravascular measurements
of hemoglobin (25) and of radioactive iodine (25) were
made as described by Fine and Seligman.

MATERIAL STUDIED

Shock was experimentally induced in normal healthy
(stray) dogs by hemorrhage, muscle trauma with and
without hemorrhage (Blalock crusher) (32), muscle
ligation (33), occlusion of blood flow in extremities
(tourniquets) (34), burns (flame (14) and hot water)
and toxins (Shiga (35) and Clostridium (36)). Mor-
phine narcosis and, in a few cases, nembutal anesthesia
were used. Clinical condition of animals was followed by
changes in mean arterial pressure, obtained by cannula-
tion of a femoral or carotid artery, registered with mer-
cury manometer.

Four groups of experiments were completed, here clas-
sified by the type of blood volume measurements carried
out.

Series I. Total plasma (dye) and circulating red cell
volumes (radio-iron) in the normal state, and during
periods of lowered arterial pressure (shock), were deter-
mined. Some of these animals received plasma or albu-
min therapeutically.

Series II. In addition to the observations made in
Series I, the quantity of total (by hemoglobin or Fe"
measurements) and circulating (by Fe") red cells within
the minute vessels of several organs was determined.

Series III. In addition to the observations made in
Series I and II, the quantity of circulating plasma (by
radio-iodo-protein) within the minute vessels was deter-
mined.

Series IV. Initial circulating cell and plasma volume
was determined when the animals were in shock induced
by tourniquets applied to both hind legs for 9 hours.
These animals were treated with varying quantities of
bovine albumin in 5 per cent and 25 per cent solution. A
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repeat cell and a plasma volume were determined at vary-
ing intervals after the albumin infusion.

Series I. Gross volume studies.
Determinations were carried out in dogs in whom

shock was experimentally induced as follows:

Hemorrhage:
Controls-Bled for samples only-2 dogs.
Moderate bleeding but not to shock level-1 dog.
Severe bleeding to shock levels-10 dogs.
Severely bled, treated with dog plasma-2 dogs.
Severely bled, treated with bovine albumin-1 dog.
Severely bled, treated with whole dog blood trans-

fusion-i dog.
Muscle trauma:

Blalock crusher-3 dogs.
Ligation of both gastrocnemii-1 dog.
Bilateral occlusion tourniquets-1 dog.

Burns:
Flame, treated with bovine albumin-3 dogs.
Water (98° F.)-1 dog.

Bacterial toxins: 2
Shiga toxin-2 dogs.
Clostridium toxin-1 dog.

In all of these experiments, the plasma and red cell
volumes were determined prior to the experimental pro-
cedure. The total quantity of blood withdrawn, in both
sampling and intentional and accidental hemorrhage, and
the hematocrit of that blood were measured. The* net
loss of plasma and cells was taken as the quantities of
plasma and cells removed minus the quantities of plasma
and tagged red cells given (as whole blood) for radio-
iron cell volume measurements. The difference between
initial and net loss of plasma and cells was termed the
"expected volume." Repeat volume measurements, termed
"found," were made in shock. If the found cell or plasma
volume was less than the expected values, these discrep-
ancies were termed "trapped"; if greater than the expected
values, they were termed "mobilized." The quantity of
trapped cells of plasma was expressed as a percentage of
the expected volumes. Auricular, arterial, or venous
hematocrits were measured directly. The average body
hematocrit was calculated from total circulating plasma
volume and red cell volume as measured by radio-iron.

Series II.
In 5 dogs the total and circulating red cells (but not

plasma) within the minute vessels were measured, as
described above. In addition, circulating red cell volume
was measured in the normal and later in the shocked state.

Two animals were bled about %and M of their blood
volume, and died in shock. One dog had both gastro-
cnemii ligated, was also bled and died in shock. Two
dogs received Shiga toxin, and had moderate hemor-
rhages. Both were sacrificed, one before the onset of
peripheral collapse and the other in deep shock.

2 Experiments in collaboration with Freedberg, Haimo-
vici and Blumgart (35).

Series III.
In 5 morphinized dogs, the total and circulating red

cells, and the circulating plasma (by radio-iodo-protein)
were measured, as described above, in addition to meas-
urements of total circulating red cells and plasma in the
normal and later in the shocked state.

Two animals were bled, one (25-128) moderately, and
one (25-116) severely. Both were sacrificed before the
onset of extreme peripheral collapse. Dog 25-129 was
bled as previously described (37), a mean arterial pres-
sure of below 30 mm. Hg being maintained for 3 hours;
all of his own blood was then returned, and a large trans-
fusion was given (800 ml.). The initial red cell and
plasma volumes were determined after the transfusion.
The blood transfusion was of no benefit, and the animal
was sacrificed terminally. Dog 25-130 had both hind
legs burned with water at 980 F. and was sacrificed
in extremis. Occlusion tourniquets were applied to both
hind legs of dog 25-132 for 9 hours, and the animal was
in deep shock when sacrificed.

Series IV.
A series of 16 morphinized dogs, in whom deep shock

was produced by the application of tourniquets to both
legs for 9 hours, was treated with intravenous bovine
albumin solutions (34). All of these animals had marked
hemoconcentration, the hematocrits all being above 60,
and mean arterial pressure fell to below 70 mm. Hg
shortly after the release of the tourniquets. The auricu-
lar hematocrit was greatly lowered by the albumin,
whether given in 5 per cent solution or 25 per cent solu-
tion, with or without additional fluid or salt. Circulating
red cell volume was determined before and after the
administration of albumin.

RESULTS
Series I.

The extent of trapping or mobilization of red
cells or plasma, expressed as percentages of the
expected final volume, found in all, animals in this
series is summarized in Table I.

In the control dogs, bled less than 10 per cent
of total blood volume for sampling only, no trap-
ping of cells or plasma was observed.

Of 11 dogs in hemorrhagic shock, bled a net of
from 27 to 50 per cent of initial total blood volume,
10 showed trapping of red cells of from 4 to 48
per cent of the expected volume; 9 dogs showed
trapping of plasma of from 8 to 43 per cent. One
dog, excessively hydrated, showed mobilization
of both red cells and plasma, and 1 animal treated
with bovine albumin solution showed mobilization
of plasma. The dog treated with a large whole
blood transfusion (25-129) showed trapping of
both red cells and plasma.
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TABLE I

Trapping of red ceUs (by radio-iron and dye methods) and of
plasma (dye method) in experimental shock in dogs

Percentage Percentage
pen- Procedure trapped mobilized

ment Procedrre
Vrr* jVpd*j Vrrj Vpd

135-9
25-42 {

25-128
25-41 {

25-45 {

135-7
135-8
25-104
25-105
2S-118
25-120
25-129
25-119
135-11
135-15
13S-16
135-90
25-132
131-39
131-40
131-41
25-130
SA-2**
SA-3**
135-136

Control
Control
After plasma
Hemorrhage
Hemorrhage
After plasma
Hemorrhage
After plasma
Hemorrhage
Hemorrhage
Hemorrhage dehydrated
Hemorrhaghydrated
Hemorrhage
Hemorrhage
Hemorrhage-whole blood
Hemorrhage-aibumin
Blalock crusher
Blalock crusher
Blalock crusher
Ligation of muscles
Tourniquets
Burn-albumin
Burn-albumin
Burn-albumin
Burn
Shiga toxin
Shiga toxin
Clostridium toxin

12
10
4

37
11
18
22

8
15
17

48
11
4

23
9

21

12
10
32
15
19
16

3
44
20

11I 1

* Vrr = Red cell volume by radio-iron method.
Vpd = Plasma volume by dye method.

** Experiments in collaboration with Freedberg et al (35).

Two animals injured with the Blalock crusher
showed trapping, and 1 showed mobilization of
cells and plasma. Trapping of both cells and
plasma also was found in a dog both of whose
gastrocnemii were ligated, and in a dog in whom
the blood flow to both hind legs had been occluded
by tourniquets. All 4 burned dogs had extensive
trapping of red cells, and 2 had trapping of plasma.
Three of these, burned by flame, received bovine
albumin, and 2 of these mobilized plasma.

Minimal trapping of red cells with mobilization
of plasma was observed in 1 dog (SA-2) re-

ceiving Shiga toxin (not in shock) but another
dog in severe shock showed extensive trapping of
whole blood. The animal receiving Clostridium
toxin trapped cells, but mobilized plasma.

Series II.

The unit quantities (ml. per gram) of total and
circulating red cells in the minute vessels of the

organs, and the ratio of circulating to total cells,
are shown in Table II . Also shown are the per-
centages of expected total red cell volume repre-
sented by total and circulating red cells in the
minute vessels of the entire organ masses analyzed.
In addition, the quantity of trapped red cells found
by gross volume measurements and the quantities
found trapped in the minute vessels of the organ
samples analyzed are shown.

With certain minor exceptions, the findings in
the animal sacrificed while not in shock (SA-2)
were at the lower limit of the normal range. The
quantity of total and circulating red cells in the
spleen was about %the normal average, but within
the normal range; and in the kidneys, about %of
normal. The percentage of expected red cell vol-
ume found as total and circulating cells in all the
minute vessels was about normal. Trapping of
cells by gross volume measurements was within
the accepted limit of error, and no trapping was
found in the minute vessels, the ratio f2 being 1.00.

In all 4 dogs in shock, the red cell content of the
spleen, both total and circulating, was below nor-
mal, and only about %to %of this reduced con-
tent of cells was in active circulation. The spleen
had been emptied of about %of its normal red cell
content.

Total red cell values were higher than normal in
dog SA-3 (Shiga toxin), lower than normal in
dog 25-120 (severe hemorrhage), but showed no
marked deviation from normal in the other 2 dogs.
The values for circulating red cells were definitely
below normal (except in SA-3, in which they
were high), and in virtually all instances were
lower than the total cell values.

In all 4 dogs, the ratio of red cells actively cir-
culating to those conta-ined in the entire minute
vessel bed was less than 1, ranging from 0.76 to
0.83, averaging 0.80. In only one instance out
of 26 was the f2 value for an individual organ
greater than one (1.03). Thus about % of the
total cells in the minute vesels were not in meas-
urable circulation.

Series III.

The total and circulating red cell content, and
circulating plasma and whole blood content of all
the organs are given in Table III. The ratio (f2)
of rapidly circulating to total red cells for indi-
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vidual organs, and for the entire organ masses matocrits of whole blood in minute and large ves-
analyzed; the percentage of -expected as contrasted sels and auricle are also shown.
to circulating total red cell, plasma and whole blood Changes in total red cell and whole blood con-
volume found in the minute vessels; and the he- tent of the spleens of the 4 animals in whom oh-

TABLE III

Total and circulating red cell content, and circulating plasma and whole blood content of minute vessels in 5 dogs in
experiment shock, in relation to expected and found total circulating red cell, plasma and whok blood volumes,

and the ratios of actively circulting to total red ceUs in the minute vessels

25-128
Average normal values Hemorrhage--

sacrificed not in shock

Organ Red cells
Red circ. Circ. Hct. ofPlasma whole Hct. Plama whole circ. f2

blood Ttl Cr.blood blood
Total circ

Spleen .367 .065 .420 82 .149 .099 .068 .167 59 0.66
Liver .048 .1 15 .200 41 .029 .028 .101 .129 21 0.94
Lungs .003 .115 .195 33 .052 .051 .104 .151 33 0.96
Kidneys .037 .174 .205 15 .017 .016 .084 .104 17 1.04
Heart .022 .049 .066 22 .005 .005 .041 .046 11 1.00
Bowel .006 .050 .060 17 .004 .005 .019 .024 18 1.09
Muscle .004 .014 .018 21 .003 .003 .008 .011 26 1.12
Brdn .006 .010 .013 18 .003 .004 .006 .010 40 1.20
Injured muscles
Average 32 25.6 1.00
Excluding splenic blood 23* 21.1 1.05
Prcetage of volume removed 34 23 30
Total content in small vesseds in ml. 29.9 30.8 87.9 118.6 25.2 1.03
Percentage of expected volume in small vessels 17 20 17 14.3 14.7 16.8 16.2
Percentage of circulating volume in small vessels 17 20 17 15.4 17.2 16.7

Red~~ ~~i{By gross volumes 0 0 0 9Red cels trapped By tvoae analyak 0 0 0 +1
Percentage of expected cll volume trapped In small

vessels 43
Auricular hematocrittlintlal 39.2

* Excluding splenic blood.

TABLE iII-Continued

25-116 25-129
Hemorrhage- Hemorrhage-blood returned-

sacrificed early in shock Large transfusion-
sacrifced in shock*

Organ
Red cells Circ Hct. Red cells Circ. Hct.

Plasma whole ? f2 Plasma whole . f2
blood c%i Tta crc blood m

Total Circ. blood Total Circ. blood

Spleen .047 .054 .101 .155 35 0.15 .140 .105 .108 .213 48 0.75
Liver .027 .019 .133 .152 12 0.71 .180 .158 .146 .304 52 0.88
Lungs .040 .045 .136 .181 25 1.12 .089 .105 .124 .229 46 1.18
Kidneys .029 .024 .138 .162 16 0.83 .048 .034 .167 .201 17 0.71
Heart .004 .007 .038 .045 16 1.74 .028 .024 .039 .063 38 0.86
Bowel .002 .003 .036 .039 8 1.44 .033 .030 .033 .063 30 0.91
Muscle .003 .002 .010 .012 16 0.61 .011 .005 .008 .013 38 0.45
Brain .009 .005 .005 .010 52 0.57
Injured musces
Average 16.0 1.08 40.1 0.78
Excluding splenic blood 15.2 0.92 44.5 0.80
Percentage of volume removed 49 37 44 0 0 0
Total content in small vessels in ml. 39.4 32.1 172.1 204.1 15.7 0.82 133.2 98.4 122.0 220.4 44.6 0.74
Perentage of expected volume in small vessls 11.6t 9.5 32.5 23.4 21.6 15.9 21.4 18.6
Percntage of circulating volume in small

vessels 13.9 11.3 26.1 21.3 22.6 16.7 23.0 19.7
Red cells traPPed{ Bytisue anyis 27 35
Percentage of expected cel volume trapped in

small vessls 2.0 5.7
Auricular h t Inittia 43.1 60.2

" I"Final 33.4 62.6

* Initial Vrr and Vpd determined aftr transfusion.
t Initial Vrr estimated from Vrpd X 0.85.
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TABLE iii-Continued

25-130
Burn both hind legs Tourniquets both hind legs-sacrificed in deep shock sacrificed in deep shock(spleen not analyzed)

Organ
Red cells Circ. Hct. Red cells Circ. Hct.

Plasma whole of f2 Plasma whole i f2
blood cr-blood blood

Total Circ. blood Total Circ. blood

Spleen .083 .039 .073 .112 34 0.47
Slver .048 .017 .112 .129 13 0.35 .046 .032 .081 .113 28 0.67
Lungs .069 .052 .127 .179 29 0.75 .084 .081 .118 .199 41 0.99
Kidneys .025 .144 .169 14 .058 .053 .157 .210 25 0.91
Heart .021 .014 .045 .059 23 0.67 .029 .027 .035 .062 44 0.93
Bowel .009 .010 .018 .028 35 1.05
Muscle .009 .005 .010 .015 32 0.52 .008 .008 .007 .015 55 1.13
Brain .006 .005 .010 .015 26 0.78 .009 .007 .005 .012 54 0.81
Injured muscles .018 .005 .013 .018 26 0.26 .032 .011 .013 .024 50 0.34
Average 23 0.60 42 0.87
Excluding splc blood 43 0.92
Percentage of volume removed +3* +2* +2* 2 2 2
Total content in small vessels in ml. 73.1 30.0 99.9t 129.9t 23.2 0.41 105.6 82.8 112.8 195.6 42.3 0.79
Percentage of expected volume in small vessels 16.4 6.7 15.2 11.8 16.6 13.1 12.5 12.5
Percentage of circulating volume in small

vessels 19.5 8.1 18.1 13.3 18.2 14.3 29.6 20.4
Red ceb tpe By gross volumes 72 23(e By tissue analysis 43 23
Percentage of expected cell volume trapped in

small vessels 9.7 8.7
Auricular hematocrit Inial 48.6 49.1

em(ciFinal 48.4 69.3

* Quantity of blood given for volume determination exceeded amount lost in sampling.
t Excluding spleen and boweL

servations were made were striking. The total
cell content was reduced by from 60 to 80 per
cent, the plasma content remaining unchanged.
Here again, as in Series II, the spleen had em-
ptied about 20 per cent of the normal total minute
vessel red cell content into the blood stream.

In both the untreated bled dogs, the total red cell
content of minute vessels of all organs was well
below normal. The lowest values were observed
in the most severely bled animal, in whomcirculat-
ing red cell contents were still lower.

Plasma content values were consistently about
%of normal in all organs of the dog not in shock,
but in the dog in early shock values for lung, liver
and kidney were higher than normal, being else-
where about normal. Whole blood values for all
organs were below normal in both animals.

The animal receiving the large transfusion had
higher than average normal total cell values in all
organs, and higher than normal circvlating cell
values in liver, lungs and kidneys. Plasma values
were at essentially normal levels. Whole blood
values were above normal in liver and lungs, but
otherwise were about normal.

The burned animal showed practically no de-
viation from average normal total cell content in
the organs analyzed, but all values for circulating
cells were low (no data were obtained on spleen,

kidneys and bowel). Plasma values were on the
low side, and whole blood values reflected the
diminution in circulating cells and plasma.

In the animal with shock produced by tourni-
quets, total cell content values of all organs were
consistently high, the circulating cell values ap-
proximating the normal range. Plasma values
were low, to such an extent that the whole blood
values were slightly below normal in spite of the
high cell contents.

In this series, in 7 out of 28 instances f2 ratios
greater than 1.0 were obtained. The weighted f2
value was 1.03 in the dog not in circulatory col-
lapse, but in the 4 shocked animals values ranged
from 0.60 to 0.82, averaging 0.74. In this series,
as in Series II, about 20 per cent of the total cells
within the minute vessels were not in active cir-
culation.

Series IV.
In this series less than 10 per cent of the cir-

culating red cell volume found in shock was re-
moved in net sampling. In every case, the au-
ricular hematocrit, markedly elevated after removal
of tourniquets, was considerably lowered following
the administration of albuniin. The circulating
red cell volume after albumin was higher than the
expected volume (volume in shock less net loss in
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sampling) in 10 dogs, showed no change in 4 dogs,
and was lower in 2 dogs. Of the 10 showing an

increase, the change was less than 10 per cent in 4,
between 5 and 10 in 4, and over 10 per cent in 2
dogs.

Eight dogs survived more than 24 hours, after
the removal of tourniquets (later to die of infec-
tion or be sacrificed), and 8 died within 24 hours.
All of the 8 survivors showed increases over ex-

pected cell volume, but 2 that showed increases
died. None of the animals that died showed an

increase over expected volume, and 2 had de-
creases after therapy. Changes in circulating red
cell volume, auricular hematocrit and mean ar-

terial pressure are given in Table IV.

DISCUSSION

Virtually all of the animals in Series I, in which
only gross red cell and plasma volume measure-

ments were made, had reductions in total blood
volume. In addition, they showed varying degrees
of trapping of both red cells and plasma.

Considered by etiology of shock, the animals
given bacterial toxins showed approximately 50
per cent trapping of red cells; those burned, 20
per cent; those whose muscles were injured, 15

per cent; those with severe or fatal hemorrhage,
25 per cent; and those whose blood loss was treated
(without avail) with whole blood or protein solu-
tions, 15 per cent. The majority of these animals
underwent severe reductions in mean arterial and
pulse pressure, and blood flow was markedly
slowed, but, as far as the clinical condition of the
animal could be judged by these observations,
there was no obvious relationship between the de-
gree of trapping and mean arterial pressure levels.

Some bled animals underwent hemodilution, as

evidenced by a fall in auricular hematocrit, and
some hemoconcentration, with a rise in auricular
hematocrit. The burned animals (treated with
albumin, and untreated) showed no marked change
in hematocrit; those whose muscles were damaged
showed considerable hemoconcentration, while
those receiving toxins showed variable changes in
hematocrit. There was no consistent relationship
between the direction of, or degree of, change in
hematocrit and the percentage of total red cell
volume found to be trapped.

All of these animals underwent varying de-
grees of net loss of whole blood due to intentional
bleeding or sampling. The findings cited above,
however, indicate that characteristically, in shock,

BLE IV

Changes in auricular hematocrit, mean arterial pressure and circulating red cell volume after treatment
of shock induced by bilateral tourniquets with albumin solutions

Hematocrit Red cell volume Change in cell volume
Exp. Wght. Albumin _ Change in Result
no. LV. m.a.p.

Before After Before Expected After + _

kgm. mi. per cent per cent ml. mi. mi. per cent per cent mm. Hg
2 12.7 500 77 45 530 480 510 5.7 +60 S
4 6.4 400 62 57 380 355 395 11.2 0 S

12 11.3 500 64 43 500 455 540 18.7 +10 S
13 18.2 615 69 39 760 700 760 8.6 +50 S
17 12.7 1,600 70 32 505 485 500 3.1 +50 D
19 13.2 1,000 67 32 550 485 495 2.1 +50 D
21 10.0 600 82 62 485 435 435 0 -40 D

6 7.8 80 85 57 445 450 450 0 -20 D
8 11.4 110 55 40 515 475 475 0 +50 D

27 7.7 75 77 56 370 340 335 1.3 -10 D
38 12.3 240 77 55 505 480 480 0 +20 D
41 9.1 75 67 48 315 295 220 25.4 -10 D
31 13.2 260 67 31 460 415 430 3.2 +40 S
33 7.7 155 65 34 250 220 230 4.5 +40 S
45 13.2 265 71 52 605 595 640 7.5 +45 S
47 26.4 500 62 40 1,080 1,060 1,105 5.2 +30 S

Dogs 2 to 21 inclusive received 5 per cent albumin in 0.85 per cent NaCi.
Dogs 6, 8, 27, 38 and 41 received 25 per cent albumin with no additional fluid.
Dogs 31 and 33 received 25 per cent albumin plus saline by stomach tube.
Dogs 45 and 47 received 25 per cent albumin plus 0.5 gram NaCl per 100 ml. plus water by stomach tube.
S = Survived 24 hours or more after release of tourniquets.
D = Died within 24 hours of release of tourniquets.
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there is a greater reduction in circulating cells and

plasma than can be accounted for by knoun ex-

ternal blood loss.
This discrepancy may be accounted for in 2

ways: (1) loss of cells and plasma from the vas-

cular tree through internal bleeding into damaged
areas, serous cavities or hollow viscera, and (2)
isolation from the moving blood stream of cells
and plasma that remain within some portion of the
vascular tree. Evidence of the former phenome-
non should be obtained at necropsy. Evidence of
the latter phenomenon was found in the experi-
ments in Series II and III.

There were 2 dogs in these series not in shock
(SA-2 and 25-128), and they served as controls
for the shocked animals. Other than reductions in
blood volume due to known blood loss, neither dog
showed any significant deviation from the normal.
The percentage of total red cell, plasma and whole
blood volume found within the minute vessels of
individual organs, the ratio of rapidly circulating
to total red cells in minute vessels, and the ratio
of the hematocrit of blood in minute and large ves-

sels to the auricular hematocrit were all within
normal limits.

The shocked animals in these 2 series represent 1

case of early shock (25-116), 1 fatal hemorrhage
(25-118), 2 cases of severe hemorrhage in which
volume replacement with bovine serum albumin
(25-120) and whole blood (25-129) was inef-
fective, 1 case of severe muscle trauma (135-90),
and 1 case of arterial and venous occlusion (25-
132), both untreated and fatal in degree, 1 fatal
burn (25-130), and 1 case in which death was due
to an overwhelming toxin (SA-3).

Certain findings were common to all of these
animals, although varying in degree, regardless of
the etiology of their peripheral vascular collapse.
Without exception, the unit values (ml. per gram)
for total red cells in the spleen were well below
normal values. In the other organs, values were

above normal in the transfused dog (25-129) and
the animal dying of Shiga toxin (SA-3). High
values were chiefly in lungs and liver and kidneys.
Low values were consistently found in all 3 ani-
mals that were bled. No significant change from
normal was found in the other animals.

Unit values for plasma were below normal in
the tourniquet dog (25-132), about normal in the
bled dog not in shock, but above norml in the

TABLE V

Percentages (net) of cells, plasma and whole blood removed by hemorrhage; the expected and found red cell, plasma and whok
blood volumes; and the quantities of total and circulating red cells within the minute vessels

Series II

25-118 25-120 135-90 SA-2* SA-3*

Hemorrhage- Hemorrhage Ligation of Sh toin- Shiga toxin-
death in shock death in shoc toc not in shock shofc

C P W C P W C P W C P W C P W
Percentage of initial volume bled (net) 37 41 39 49 42 44 22 22 22 +2* -1 -1 5 +1 +2
Percentage of initial volume expected 63 59 61 51 58 56 78 78 78 102 99 99 95 101 102
Percentage of initial volume found 42 55 44 46 54 51 68 59 63 102 116 110 54 75 64
Percentage of Initial volumejTotal 6.6 4.2* 8.5 16.1 13.8

found in minute vessls Cirulating 5.3 3.4* 7.0 15.8 10.7
Percentage of expected volume 'Total 10.4 8.1 12.5 16.1 14.5

found in minute vesels Cirulating 8.1 6.7 10.3 15.8 11.3
Percentage of normal minute Total 61 48 74 93 8S

vessel volume* Circulatig 52 39 61 92 66
Pctage of intial Volum Whole body 21 4 17 5 4 s 10 19 15 +2 +16 +10 11 26 18

trapped Minute vsels 1.3 0.6 0.9 0 0.3
Percentage of initial volume unaccounted for 19.7 4 17 4.4 4 5 9.1 19 15 +2 +16 +10 10.7 26 18

*Normal pertage of total volume in minute Final Vrr in dy. *Red cell content Evidence of large *Red cels given 110 ml. of bloody
vesws: red cels 17, plasma 20, whole blood ing a l. of minute vessels loss of cels and for Vrr exceeded fluid found in gut
17. (See Table I) Demined value did not include plasma into mus- net loss of cels at necropsy (19

may be falsly muscle. des at necropsy. in sampHng. per cent of initial
high due to in- whole blood vol-
Complete mixing ume).
of tagged red
cell|

*Experiments in collaboration with
Freedberg et al. (35)
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TABLE V-Continued

Series III

25-116 25-128 25-129 25-130 25-132

Hemorrhage- ~~Hemorrhage- Burn TourniquetsaHemorrhagie Hemorrhage large transfusion- both hind legs- both hind legs--
sarificdkin not in shock sacrificed in sacrificed in sacrificed inearlY ShOck deep shock deep shock deep shock

c P W c P ,W C P W C P Wc P W

Percentage of initial volume bled (net) 41* 41 41 34 28 30 0* 0* 0* +3* +2* +2* -2 -2 -2
Percentage of initial volume expected 59 59 59 66 72 70 100 100 100 103 102 102 98 98 98
Percentage of initial volume found 49 78 66 66 71 68 96 93 95 86 86 86 89 42 60
Percentage of initial volume Total 6.8 9.4 21.6 16.8 16.3

found in minute vessls Circulating 5.5 19.1 13.8 9.7 12.1 11.4 15.9 21.2 18.6 6.9 15.5 11.0 5.4 12.3 12.3
Percentage of expected volume Total 11.5 14.2 21.6 16.3 16.8

found in minute vesels Circulating 9.3 24.5 20.9 14.7 17.1 16.3 1S.9 21.2 18.6 6.7 15.2 10.8 5.5 17.5 12.6
Percentage of normal minute Total 68 84 127 96 99

vesel volume* Circulating 54 122 123 87 86 96 94 106 109 39 76 64 32 63 74
Percentage of inital volumeJ ok body 10 +19 +7 4.3 1 2 4 7 5 17 16 16 9 56 38

trapped IMinute vessls 1.2 0 5 10 4
Percentage of initial volume unaccounted for 8.8 0 1 2 7 6 7 16 16 5 56 38

*Normal percentage of total volume in minute *Initial red cel vol- *Initial Vrr and *Radioactive blood Extreme swelling
vesses: red cells 17, plasma 20, whole blood ume estimated at Vpd determined given for volume both hind legs;
17. (See Table I) Vrpd X 0.85 after transfusion. determinations could account for

Hemodilution: Radioactive blood exceeded amount enormous loss of
Hau fell from 43 given equalled lost in sampling. plasma and prob-
to 33 amount bled in Extensive edema ably of red cells.

sampling. both legs-blood
tinged-could
account for dUs-
crepancy.-

burned dog (24-130), and in both the dog in early
hemorrhagic shock (25-116) and the transfused
dog (25-129). In all animals in shock, the unit
value of circulating red cells tended to be less
than that of total red cells. In both series, a total
of 69 organ samples were analyzed for total and
circulating red cells. In only 10 instances was the
ratio (f2) of rapidly circulating to total red cells
greater than unity. The weighted f2 for all or-
gans was less than 1 in all 8 animals dying or
sacrificed in shock. These values ranged from
0.60 to 0.83, averaging 0.76. The lowest ratio oc-
curred in the burned dog, the highest in the bled
dog in early shock and the bled dog treated with
bovine albumin. The values for the other 5 dogs
were from 0.73 to 0.79.

Thus from %to %of the red cells contained in
the minute vessels throughout the body were not in
active measurable circulation. This phenomenon
was widespread, occurred in all the organs ana-
lyzed, and was not confined to sites of traumatic
injury. The lowest f2 ratios were found in the
muscles of the burned dog and the animal subject
to occlusion tourniquets.

Since the techniques employed measure only
red cells and plasma in active circulation, the

findings reflect the state of blood flow through the
minute vessel beds of the organs. It is apparent
that in these shocked animals, the blood flow
through all of the organs was reduced by from
20 to 40 per cent.

Thus another characteristic of shock is that,
regardless of etiology, there is a widespread stag-
nation of red cells within the minute vessels of all
of the organs in the body. The degree of this
stagnation may be such as to indicate a reduction
in blood flow through minute vessels to from 60
to 80 per cent of norma.

In Table V are listed for Series II and III (as
percentages of initial volumes), the net amount of
cells, plasma and whole blood removed by hemor-
rhage and sampling; the expected and found vol-
umes; and the quantity of red cells, both total and
actively circulating, measured as being within the
vessels of the organs analyzed. These minute
vessel red cell quantities are also expressed as per-
centages of the expected cell volume, and these in
turn, as percentages of the fraction of total red cell
volume normally found in circulation in the mi-
nute vessels. (See Table I for average normal
values.) The percentage of expected cells, plasma
and whole blood volume found trapped in the
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vascular bed (by gross volume measurements) and
in the minute vessels (by tissue analyses) are also
shown. Finally, the red cells, plasma and whole
blood not accounted for by measured trapping with-
in minute vessels, are expressed as percentages of
both initial and expected volumes.

The plasma content of minute vessels was not
determined in Series II.

Dog SA-2 experienced a negligible net loss of
whole blood (a slight net gain in red cells), and
the fraction of total red cells found in the minute
vessels was almost normal, 93 per cent. Only 2
per cent of gross trapping of red cells was found,
and all of the cells in the minute vessels were in
active circulation.

In both the dogs that were severely bled (25-
118 and 120), the found volume of cells and plasma
was less than expected. The fraction of the ex-
pected total red cell volume, found as total cells
in the minute vessels, was below normal to a de-
gree about equal to the net red cell loss, but the
fraction found in active circulation was far lower
than the percentage of ciells lost. In both animals
the gross volume trapping was far greater than
that measured by organ analysis.

Dog SA-3 succumbed to the toxin and was in
deep shock. Net blood loss was little, but the
found cell and plasma volume was much less than
expected. The minute vessels contained only
85 and 66 per cent of the expected total and cir-
culating cell volume. Only a fraction of the total
trapping was found in the minute vessels. The gut
contained a large quantity of bloody fluid at ne-
cropsy.

Dog 135-90 experienced moderate blood loss in
addition to trauma, and again the found red cell
and plasma volume was considerably lower than
the expected. The reduction from normal in frac-
tion of expected total cells in the minute vessels
was greater than the percentage of initial red cell
volume removed, and the reduction of circulating
cells was even greater. Again, gross trapping far
exceeded that measured by organ analysis. There
was evidence of a large loss of red cells and plasma
into the the ligated muscles at necropsy.

Thus, all 4 dogs in shock experienced a greater
reduction in total circulating cell volume than
could be accounted for by net blood loss. In ad-
dition the proportion of total cells, both expected
and found, in the minute vessels was less than nor-

mal, and the proportion in active circulation con-
siderably less than normal.

In dog 25-118, 21.0 per cent of the initial cell
volume was unaccounted for, but only 1.3 per cent
was accounted for by measured trapping in mi-
nute vessels. Since the tagged cells for final red
cell volume were given with the animal in a dying
state, they may not have become completely mixed,
and the final total red cell volume calculation may
therefore have been falsely low.

In Series III (Table III), dog 25-128, not in
shock, showed no gross or minute vessel trapping
of either cells or plasma, and the found volumes
equalled the expected volumes, but the percentages
of total and circulating cells and circulating plasma
in the minute vessels were about 15 per cent be-
low normal. There was slight gross trapping
but none by organ analysis.

Dog 25-116, in early shock, showed reduction
in red cell volume greater than accounted for by
hemorrhage; and reductions in the normal frac-
tion of total and circulating cells in minute vessels.
Considerable plasma had been mobilized so that,
although total whole blood volume was reduced,
the fraction of whole blood in minute vessels was
higher than normal. There was evidence of
slight trapping in the minute vessels, and of 10
per cent gross trapping.

None of the other 3 dogs experienced any net
blood loss. In the animal transfused, 25-129, the
found blood volume was about equal to the ex-
pected; the quantity of total cells and of plasma in
the minute vessels was above normal, and the quan-
tity of circulating cells in minute vessels only
slightly below normal. Five per cent of the ini-
tial cell volume was found trapped in the minute
vessels, by tissue analysis, and 4 per cent by gross
volume measurements. The quantity of trapped
cells was 27 per cent of the total cells in the mi-
nute vessels. About 7 per cent of the expected
plasma volume was unaccounted for.

Similar but more severe changes were found in
the tourniquet dog (25-132). Found circulating
cell volume was 90 per cent of expected; plasma
volunme, 42 per cent; and whole blood volume, 60
per cent of expected. The portion of total cells
in the minute vessels was normal, but only 32
per cent of the normal fraction was in active cir-
culation. The minute vessels contained only 63
per cent of the normal complement of circulating
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plasma, and as a result only 74 per cent of the nor-

mal quantity of whole blood was flowing through
the minute vessels. Five per cent of the initial cell
volume and 56 and 38 per cent of the initial plasma
and whole blood volume were unaccounted for.

Thus in only 2 of the above experiments (25-
118 and 120) was the amount of trapped cells un-

accounted for by organ analysis greater than could
be explained by whole blood loss into damaged
areas or intestinal hemorrhage.

The actual quantities of red cells trapped
within the minute vessels is a very small fraction
of both the expected and found red cell volumes.
These quantities of trapped red cells, hawever,
represent a very large percentage of the total
cells within the minute vessels.

The quantity of all the cells and plasma in the
body, as determined by gross plasma (dye) and
circulating red cell (radio-iron) measurements;
and of the cells and plasma in the minute vessels
(by analyses of tissue samples for radioactive iron
and radioactive iodine) were measured for dogs
in Series III. The arithmetic difference between
whole body and minute vessel blood may be
termed "large vessel blood." These radioactivity
data permit of calculating the hematocrits of (1)
the blood in minute vessels of individual organs,

and hence the average weighted hematocrit of all
the blood in the minute vessels of the organ

analyzed, (2) the hematocrit of all the blood in
the body, and (3) the hematocrit of that portion
of blood contained only in the large vessels.
These values are shown in Table VI, in compari-
son with corresponding values found in 5 normal
dogs. They serve to bring out another charac-
teristic disturbance in the circulation in shock,
illustrated in Figure 1. The upper left-hand fig-
ure represents the normal percentage, in terms of
degrees, of total blood volume contained within
the large and minute vessels, the hematocrit of
the blood being indicated by the cross-hatched
inner circles. The other figures represent the de-
gree of change from the normal relationship in
the 5 dogs in Series III. In each case the entire
circle represents the final found total blood vol-
ume; the larger angular section, the percentage of
whole blood in the larger vessels; and the smaller
section, the percentage of whole blood in the minute
vessels. The cross-hatched sections again repre-
sent the hematocrit of the blood in the 2 compart-
ments. The black sections in the centers of the
circles represent the percentage of total minute
vessel cells trapped out of circulation. Thus the
graphs portray changes in distribution of cells and
plasma within the vascular bed.

Dog 25-128 was not in shock; the percentage
of final total blood volume in the minute vessels
was normal, and the hematocrit of that blood was

TABLE VI

Hematocrits of blood in right auricle, large vessels, the whole body, and minute vessels;
and the ratio of these hematocrits to the auricular hematocrit

Normal dogs

25-131 25-127 25-114 25-113 25-111 Average

per cet R per cent R per cent R per cen R per cet R per cent R
Auricular hematocrit 42.3 1.00 33.8 1.00 50.0 1.00 46.7 1.00 44.6 1.00 43.5 1.00
Large vessel hematocrit 40.7 0.96 31.3 0.93 47.3 0.95 45.2 0.97 32.3 0.73 39.4 0.90
Whole body hematocrit 40.0 0.95 32.9 0.97 44.3 0.88 45.3 0.97 31.9 0.71 38.9 0.90
Minute vessel hematocrit 37.6 0.89 35.8 0.77 24.2 0.54 32.5 0.75
Minute vessel hematocrit 26.3 0.62 25.9 0.77 16.5 0.33 24.6 0.53 22.8 0.51 23.4 0.54

(excluding spleen)

Dogs in experimental shock

25-128 25-116 25-129 25-130 25-132

Auricular hematocrit 35.1 1.00 43.1 1.00 62.5 1.00 48.4 1.00 67.5 1.00 51.3 1.00
Large vessel hematocrit 28.5 0.81 32.2 0.75 54.0 0.86 38.1 0.79 65.0 0.96 43.6 0.85
Whole body hematocrit 28.1 0.80 28.8 0.67 52.3 0.84 36.1 0.75 60.5 0.89 41.2 0.80
Minute vessel hematocrit 25.9 0.74 15.8 0.37 44.4 0.71 43.2 0.64 32.3 0.63
Minute vessel hematocrit 25.0 0.71 15.2 0.35 44.4 0.71 23.1 0.48 43.2 0.64 30.2 0.59

(excluding spleen)
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only slightly elevated. The hematocrit of large
vessel blood was definitely below normal. There
was no trapping. Arterial hematocrit was 35.1.

Dog 25-116 was in early shock. The percent-
age of whole blood in the minute vessels was in-

NO".AL

HEMORRHAGE-EARLY SHOCK

25- 116

SURN-FATAL SHOCK
i5-130

creased, -the hematocrit of that blood was below
normal, and there was slight trapping. The hema-
tocrit of large vessel blood was subnormal, and
the arterial hematocrit was 43.1.

Dog 25-129 died in shock after a large trans-

JHEMORRHAGE-NOT IN SHOCK

25 - 128

HEMORRAGE-TRANSFUSEP
FATAL 25-129 SHOCK

TOURNIQUET7 FATAL SHOCK
25-132

FIG. 1. REDISTRBUTION OF CELLS ANDPLASMABETWEENLARGEAND
MINUTE VESSELS IN SHOCK

The whole circles represent the total whole blood volume as finally
determined by dye plasma, radio-iodo-plasma, and radio-iron red cell
volume measurements. The larger segments represent whole blood in
all the large vessels; the smaller, whole blood in all the minute vessels.
In both segments, the cross-hatched areas represent the red cell frac-
tion of whole blood. The inner black segments represent the fraction
of total cells trapped in all the minute vessels. For discussion of
changes in the several types of shock, see text.
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FIG. 2. REDISTRIBUTION OF BLOOD iN LARGE AND MINUTE VESSELS IN

RELATION TO ARTERiAL HEMATOCRITLEVEL IN SHOCK
The change from the normal proportion of whole blood in all the large and

minute vessels in shock bears no relation to hemodilution or hemoconcentration.
The change from the normal hematocrit of blood in both the large and minute
vessels is related to arterial hematocrit level, the hematocrits being low in
hemodilution (due here to hemorrhage) and rising progressively with increasing
hemoconcentration (here due to plasma loss).

fusion. The percentage of total final blood vol-
ume in the minute vessels was well above normal,
as was also the hematocrit, and extensive trap-
ping occurred. The hematocrit of large vessel
blood was considerably higher than normal. The
arterial hematocrit was 62.5.

Dog 25-130 died in shock of severe burns.
The minute vessel whole blood percentage was

reduced, the hematocrit was normal, but 40 per

cent of the cells were trapped. The large vessel

hematocrit was normal and the arterial hemato-
crit was 48.4.

Finally, Dog 25-132 succumbed to tourniquet
shock. The minute vessel whole blood percentage
was reduced, the hematocrit of this blood was
high, and there was considerable trapping. The
large vessel hematocrit was extremely high, and
the arterial hematocrit was 67.5.

Thus in the 4 animals in recognizable clinical
shock there was not only a reduction in total vol-
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ume, with varying degrees of trapping, but an
abnormal distribution of whole blood between
large and small vessels, and a resulting distortion
of the hematocrit of large and minute vessel blood.

The graphs also emphasize the extremely small
fraction of total red cell volume that need be
trapped in minute vessels to bring about the re-
duction in capillary flow associated with irreversi-
ble shock.

The degree of abnormal distribution of blood
and the distortion in large and minute vessel hema-
tocrit are shown in relation to the level of arterial
hematocrit in Figure 2, expressed as percentage
deviation from average normal values. Fluctua-
tions in either large or minute vessel whole blood
content bore no relationship to arterial hematocrit
level. There was, however, a definite direct linear
relationship between arterial hematocrit and both
large and small vessel hematocrits.

The degree of trapping found in the minute
vessels of the organs analyzed did not appear to
be related to the amount of external blood loss,
as shown in Figure 3. The lowest ratio of circu-
lating to total red cells was found in the burned
dog which was bled only 14 per cent of its total
volume; the highest, in an animal bled 48 per
cent of its volume. The phenomenon is, however,
apparently related to the fall in mean arterial
pressure, as is also shown in Figure 3. Four dogs

with ratios higher than 0.80 had a decline in mean
arterial pressure of less than 30 mm. Hg. The
remaining 6 dogs, with ratios lower than 0.80,
experienced declines of greater than 65 mm. Hg
in mean arterial pressure. It has been pointed
out (38) that the blood pressure may be a mis-
leading guide to the state of the animal when the
blood viscosity is abnormally high due to a high
hematocrit. In such event, the blood flow, as
indicated by cardiac output, is very poor in spite
of nearly normal blood pressure.

Thus, 2 observations appear to be of value in
the clinical diagnosis of the presence of, and ap-
praisal of, the severity of capillary trapping in
shock: hemoconcentration and arterial hypoten-
sion.

It appears probable that while reduction in
total volume may be the precipitating cause of
peripheral vascular collapse, this simple oligemia
alone does not bring about the changes usually
classified as "irreversible." It seems far more
probable that the reduced flow of whole blood
through the nutrient capillaries of all the organs
results in anoxia, and starvation of parenchymal
cells. If sufficient in degree and duration, im-
pairment of cellular function and eventually death
are inevitable sequelae.

If this conception be true, then effective therapy
should be directed not only at restoration of re-
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FIG. 3. THE RATIO OF CIRCULATING TO TOTAL RED CELLS IN MINUTE VESSELS IN RELATION TO REDUCTION IN

TOTAL BLOODVOLUMEAND FALL IN MEANARTERIAL PRESSURE
Reduction in total blood volume alone does not appear to be a causative factor in bringing about trapping of

red cells in minute vessels. The degree of trapping does, however, become increasingly severe with progressive fall
in mean arterial pressure.
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FIG. 4. CHANGEIN TOTAL CIRCULATING RED CELL VOLUMEIN RELATION TO
CHANGEIN MEANARTERIAL PREssuRE IN TOURNIQUETSHOCKAFTER ALBUMIN
THERAPY

All of the 8 surviving dogs mobilized red cells, as evidenced by increases in cir-
culating red cell volume, and 7 had sustained rises in mean arterial pressure.

Slight increases in red cell volume occurred in only 2 of the 8 dogs that succumbed,
although 4 had sustained rises in pressure.

duced total cell and plasma volume, but in restora-
tion of normal flow through the entire vascular
bed. Following the treatment of shock with pro-
tein solutions, there should be an increase, over

shock levels, not only in plasma volume but in
circulating red cell volume if therapy were to be
considered successful.

Data obtained in Series IV are of interest.
Most of the animals showed increases in mean

arterial pressure immediately after the administra-
tion of albumin. These pressure rises were fairly
well maintained in the survivors but were tran-
sient in those that died. There was no relation-
ship between degree of fall in auricular hematocrit
and the percentage change from expected circu-
lating red cell volume. The fall in hematocrit in
the dogs that died was as great as in the dogs
that survived. The improvement in circulating
red cell volume was however related to the
change in mean arterial pressure. Ali of the 8

surviving dogs had increases in red cell volume.
In 1 the pressure was unchanged but in the other
7, a rise of from 10 to 60 mm. Hg was sustained.
Of the 8 dogs that died, 4 had increases in pres-
sure of from 20 to 50 mm. Hg, and 4 had de-
creases of from 10 to 40 mm. Hg. Three dogs
had elevations in pressure of 50 mm. Hg, ac-

.companied by slight increases in red cell volume,
but died.

Most of the survivors showed percentage in-
creases in red cell volume that were within the
limit of error of the technique of cell volume
measurement used. However, the percentage in-
creases are of the same order of magnitude as the
percentages of red cells found trapped in minute
vessels in Series II and III. The consistent find-
ing of an augmented circulating cell volume after
therapy in. all the surviving animals is in keeping
with the possibility that one effect of successful
treatment was to restore the circulation through
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the minute vessels to normal, with the resultant
flushing back into circulation of trapped cells.
Failure of this in the animals that died is of
almost equal significance.

In a previous communication (26) it was noted
that in the normal dog, the hematocrits of the
blotod in large vessels and in all the body are ap-
proximately equal, but less than the auricular and
greater than the minute vessel hematocrits. It
was stated above that the ratios of these hema-
tocrits to the auricular hematocrit explained satis-
factorily why the dye plasma hematocrit techni-
que always gives a value of the red cell volume
some 20 per cent higher than does the radio-iron
technique.

In the shocked dogs, the ratios of the large and
minute vessel hematocrit to the auricular hemato-
crit were changed, that of the large vessel hemato-
crit being 0.83, and that of the minute vessel hema-
tocrit being 0.61.

In the 5 dogs in Series III, the percentage of
total circulating whole blood in the minute vessels
averaged 16 per cent. Then

0.84 X 0.83 = 0.697
0.16 X 0.61 = 0.097

Vrr Vrpd_0.794 = Vrpd or - 1.26.

Since here again Vrpd is based on the plasma
volume and auricular hematocrit, it follows that
Vrr will be about 20 per cent lower than Vrpd.
In other words, the red cell volume as measured
by the dye technique will be about 26 per cent
higher than by the radio-iron technique.

In a series of 28 simultaneous measurements
of cell volume by both techniques in dogs in vary-
ing degrees of shock, in which auricular hema-
ocrits ranged from 19 to 69, averaging 43.7, the
average ratio of Vrpd was found to be 1.32.

Vrr*
Thus, the former technique not only over-esti-

mates circulating red cell volume in the normal
state, but gives an even higher degree of error in
peripheral vascular collapse, regardless of the
presence of hemodilution or hemoconcentration.

COMMENT

These studies are in keeping with the findings
of several authors on the circulatory changes in

shock. The gross volume studies confirm the con-
clusions of Noble and Gregersen (22) that re-
duction in blood volume is due to loss of both
cells and plasma: whole blood. In these controlled
experiments the loss of whole blood was always
more than the measured external blood loss. In
certain types of insult (burns, tourniquet and
toxins), some of this whole blood was undoubtedly
lost in damaged areas or in the intestinal tract.
The other site of whole blood "loss" lies within
the capillary bed. Chambers et al (39) found
cessation of blood flow in the capillaries in the
mesentery of dogs in shock. The studies herein
reported indicate that this phenomenon is not con-
fined to sites of injury, or to abdominal viscera,
but that it is a widespread phenomenon occurring
in all organs throughout the body.

Since the methods of volume measurement used
are dynamic, they reveal changes in total blood
flow through capillary beds of all the organs.
The net effect of trapping is a reduction of flow
through vital areas. The resulting anoxia, fail-
ure in nutrition and waste disposal, if continued
for long periods, is not compatible with the con-
tinued existence of certain parenchymal cells.
For instance, it has been shown (37) that liver
cells in dogs in hemorrhagic shock may be the
earliest to show the effects of the reduced blood
flow characteristic of peripheral vascular collapse.

Since the capillaries of organs normally con-
tain less than % of all the total circulating cells
and plasma, the trapping of only Y20 of the total
blood volume may bring about a reduction in flow
to ¼or %of normal. Extensive trapping may be
present in the absence of measurable hemoconcen-
tration or hemodilution, or with a normal hemato-
crit.

Effective therapy should be directed not only
towards restoration of total blood volume, but to
the resumption of normal capillary flow. Objec-
tive evidence of effective therapy lies in the restora-
tion and maintenance of normal hematocrit and
normal arterial pressure.

CONCLUSIONS

1. Measurements of the total circulating red cell
and plasma volume, and of the distribution ol
blood in large and minute vessels were made in
dogs in experimental shock, by means of tech-
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niques employing Evans blue, 2 isotopes of radio-
active iron, and radioactive iodine. The following
characteristics of the circulation in shock have been
demonstrated.

2. There is always a greater reduction in circulat-
ing red cells and plasma than can be accounted
for by measured external blood loss.

3. A part of this discrepancy in blood volume
may be lost into damaged areas or by intestinal
bleeding in certain types of shock.

4. Regardless of etiology, there is a widespread
trapping of red cells within the minute vessels
of all the organs in the body.

5. The effect of this trapping is a reduction in
capillary blood flow through all organs.

6. Since the normal capillary blood content is
less than 20 per cent of the total volume, the trap-
ping of even a small portion thereof may result
in a fatal reduction in capillary flow.

7. There is an abnormal distribution of whole
blood between large and minute vessels which is
not reflected by changes in the arterial hematocrit.

8. There are marked deviations from normal in
the hematocrit of large and small vessel blood, and
these are directly related to changes in the arterial
hematocrit.

9. The degree of red cell trapping present does
not parallel the reduction in total blood volume,
but is related to the reduction in mean arterial
pressure. However, this correlation between
trapping and arterial pressure may not apply when
the hematocrit is abnormally high.

10. The findings indicate that the therapy of
shock should be directed not only towards res-

toration of total blood volume, but also towards
the resumption and maintenance of normal capil-
lary flow.
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