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INTRODUCTION

For some time, there have been contradictory
reports in the literature as to the distribution of
body fluids during shock and the extent of change
in the protein balance between the blood and
traumatized area in the case of traumatized
shock. The present study deals with this prob-
lem in the case of traumatic shock produced by
the Blalock press in anesthetized dogs.

Very little actual experimental information as
to what happens to tissue fluids during shock is
available. One author (1) maintained that in
traumatic shock the tissue fluids are increased
due to escape of plasma from the capillary bed.
Others (2) showed (from gross and microscopic
observations) that early in traumatic shock the
tissue fluids are not increased. Blalock (3)
indicated that early in traumatic shock the tissue
fluids are decreased. Two other investigators
(4) claim that their evidence indicates an increase
in interstitial fluid and a decrease in intracellular
fluid during traumatic shock. We have not
conducted our experiments with a view to dis-
tinguishing between interstitial and intracellular
water. Our results, in general, show that there
is a decrease in tissue fluids and various de-
grees of hemoconcentration in dogs which suc-
cumbed to traumatic shock, and that most of the
water loss can be accounted for in the fluid that
has accumulated in the traumatized limb.
These gains and losses or shifts in body fluids
seem to bear no primary relation to the death of
the animal from acute shock resulting from this
type of trauma.

1 The work described in this paper was done under a
contract, recommended by the Committee on Medical
Research, between the Office of Scientific Research and
Development and the University of Rochester School of
Medicine and Dentistry. Part of the work was also
assisted by grants in aid from the Rockefeller Foundation
and the Fluid Research Fund of the University of Rochester.

METHODS

The standardized method of producing shock as a result
*of a crushing injury has been previously described (5).
Briefly, it consists of the confinement of one hind extremity
of a dog in a press for 5 hours. Following the removal of
the press, the animals developed a fatal shock state. For
consistent and reproducible results, the over-all pressure
exerted on the soft tissues of the limb and the environ-
mental temperatures must be controlled (5). In all the
experiments, sodium pentobarbital anesthesia was used
as previously described. A typical experiment has been
described (5), and, in addition, blood samples were taken
for electrolyte analyses, tissue samples were taken at
autopsy for determination of water and electrolyte con-
tent, and leg fluid was obtained from the traumatized limb
for chemical study.

Sections of tissue analyzed for water content were re-
moved at autopsy done immediately after death of the
animal. The tissue sections were weighed in suitable
containers and then dried in an oven. They were then
re-weighed after drying at 1000 C. for 48 hours, and the
water content found by subtracting the latter value from
the first. The dogs from which tissues were taken for
analyses of water content were not given water once the
press was applied on the limb.

Serum and plasma protein concentrations were'done by
the micro-Kjeldahl method. Albumin-globulin ratios
were determined by precipitating the globulin with 22 per
cent sodium sulfate (6), and then determining the albumin
nitrogen in the filtrate by the micro-Kjeldahl method.
NPNwas determined by the method of Koch and Mc-
Meekin (7).

Hematocrits were determined in calibrated centrifuge
tubes, using 12 to 14 ml. of blood. Potassium oxalate,
in a concentration of 2 mgm. per ml. of blood, was em-
ployed as anticoagulant.

To compare the weights of the traumatized extremity
and the normal hind extremity, at autopsy the hind quar-
ters were bisected according to the method described by
Blalock (3).

Circumferences of both the traumatized extremity and
normal hind extremity were measured 3 hours after re-
moval of the press and at autopsy at 3 different positions.

Dogs succumbing within 24 hours after removal of the
press were counted as deaths due to acute shock. Those
surviving after 24 hours were counted as survivals. The
survival groups discussed in this paper include only dogs
done at low room temperatures (5).
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Losses in plasma volume were computed by hematocrit
changes. Weare well aware of the inaccuracies of this
method, but these will not influence our conclusions since
we shall consider only large changes in the neighborhood of
100 per cent.

The concentrations of sodium, potassium, magnesium,
calcium, and total phosphorus were determined by spectro-
chemical methods (8, 9). Fresh tissue samples of about
one gram, upon which the fat content had been roughly
determined, were used in all cases. They were digested in
nitric acid preparation for the analyses.

RESULTS

Shortly after removing the press, the trau-
matized extremity commenced to swell. Usually
within 1 hour the thigh was swollen to the extent
that the depressions left by the press were no
longer visible. However, in some cases the
extremity swelled so little that at death the
depressions were still visible. In general, the
amount of leg swelling gave no indication as to
whether or not the animal would survive. There
were many cases in which the swelling 3 hours
after removal of the press was very great, and
the dogs survived. Also, there were many cases
in which the swelling was slight, and the dogs
succumbed. Table I summarizes the increase in

TABLE I

Increase in leg circumference 3 hours after press removal
Two thousand pounds pressure on one hind limb for 5

hours. Veterinary Nembutal anesthesia. There is no sig-
nificant difference in the amount of leg swelling between
deaths and survivals. The survival group represents dogs
done at low room temperatures.

Averages of increase in
circumferences of traumatized legs

No. of Results
dogsI

Groin 2 inches 2 inches
above knee beow knee

per cext
31 Deaths 19 18 21
25 Survivals 19 21 14

leg circumferences 3 hours after press removal.
It is to be noted that, on the average, the amount
of swelling was the same in the dogs which
survived as in those which succumbed.

Figure 1 is a spot graph of percentage increase
in hematocrit at exitus over the control value
plotted against gain in leg weight expressed as

gain in percentage of body weight. In general,
the hematocrit increase at exitus gives no indica-
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FIG. 1. THEREIS No RELATIONSHIP BETWEENINCREASE
IN HEMATOCRITAT ExITus AND INCREASE IN

WEIGHT OF THE TRAUMATIZEDEXTREMITY

tion as to the volume of fluid accumulated in the
traumatized extremity.

The fluid which extravasated into the trau-
matized area was collected shortly after the
animal either succumbed or was sacrificed, and
was easily squeezed out from the interfascial
planes. It was light pink in color and clotted
very rapidly unless about 12 mgm. of potassium
oxalate per ml. of fluid were used as anticoagu-
lant. The results of the various chemical de-
terminations on the leg fluid are tabulated in
Table II. As can be seen from the Table, the
protein concentration of the leg fluid is roughly
about the same as the serum protein concen-
tration.

The chemical albumin-globulin ratios of the leg
fluid however were increased in every case as
compared to the ratios of the serum at exitus,
this being affected- by either an increase in
albumin or a decrease in globulin concentrations,
or both. In a series of 48 dogs, the chemical A-G
ratios of the exitus serum samples were not
altered significantly as compared to the control
samples. The albumin/globulin ratios as de-
termined, however, did not agree with electro-
phoretic measurements.

The non-protein nitrogen concentration was
greater in the leg fluid than in the exitus blood
sample in all but one case. These values are
also included in Table II.

In a series of 67 dogs, the average gain in
weight of the traumatized extremity was 769
grams with a range from 110 grams to 2050
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TABLE II

Determinations on dogs from which leg fluid was collected
Two thousand pounds over-all pressure on one hind limb for 5 hours

Veterinary Nembutal anesthesia.

0= Exitus serum values Leg fluid values Hematocrit

Sacr,1 hr. 53* .13.4 1.. 4 40 76 3 .7 . 0.96 0..5.6.316.

~~~~~~~~Csad
En0.

Sacr.,10h 6 0207
Sr 0hs6

Died,10rs. 5.4*5.1*2.42.3 0 5 4. 1. 3. 7 3. 7 0

Did rs .4 .8 .82. .1 4 .636 . 1. 40. 60. 267 420 12.32.

0 E E S Es5
Cs ~ ~ ~5.00 5 :0 0 .0 5300 Z bCs~5

ad OCf* Cs G5 :R' Os04o ts Cs .2 e - a 041o C:
X (U-* 0:s 2 Cs C

Sacr., 15 hrs. 5.3* 5.1* 3.4 1.4 2.4 47.6t 3.7 2.7 0.96 2.8 53.0 61.3 116 7.2
Sacr., 12 hrs. 5.9 42.2t 3.8 2.7 1.1 2.5 41.5 27.6 33.7 181
Sacr., 10 hrs. 6.4 6.3 3.8 2.5 1.5 76.3 6.4 4.5 1.9 2.4 142.0 46.3 56.6 189 110 8.9 7.0
Sacr., 10 hrs. 6.3 6.4 3.7 2.7 1.4 28.5 4.1 2.7 1.4 1.9 46.9 34.1 59.8 335 470 20.6 19.3
Sacr., 10 hrs. 6.3 6.4 4.1 2.3 1.8 70.0 5.8 4.1 1.7 2.4 89.8 44.3 70.3 587 1310 36.3 76.0
Died, 1lO hrs. 5*4* 5.1 * 2.4 2.3 1.0 5.3 4.2 1.1 3.8 71.0 39.4 71.0 403 22.9
Died 6 hrs. 5.4* 5.8* 2.8 2.6 1.1 48.0 5.6 3.6 2.0 1.8 40.7 60.5 267 420 12.3 23.5
Died 15 hrs. 5.9* 6.7* 3.8 2.3 1.7 102.Ot 5.6 3.9 1.7 2.3 45.2 64.4 403 1280 17.8 71.7
Died, 71 hrs. 6.9* 6.6* 3.1 3.0 1.0 93.2t 6.1 3.9 2.3 1.8 138.0 62.9
Died, 61 hrs. 7.5* 6.2* 2.3 3.5 0. 66 64.2 6.3 3.3 3.0 1.1 86.4 54.0
Died, 71 hrs. 5.8* 8.0* 6.2 3.7 2.5 1.5 100.1 38.4 65.2 441 870 13.0 53.9
Died, 181 hrs. 5.8* 7.3* 5.0 1.9 2.6 92.0 6.1 4.5 1.6 2.8 46.0 71.6 448 900 18.5 54.9
Died, 11 hrs. 6.3 8.7 5.0 3.7 1.4 59.0 6.3 4.6 1.7 2.7 180.0 39.1 56.6 273 680 0.9 42.8

* Analyses done on plasma.

grams. The average decrease in plasma volume,
calculated from hematocrit changes, was 319 ml.
with a range from 21 ml. to 617 ml. The ac-

cumulation of fluid in the traumatized extremity
was greater than could be accounted for by the
decrease in plasma volume in every animal but
one.

In the experiments included in Table II, the
decrease in plasma volume can be calculated from
the change in hematocrit. From the volume of
lost plasma, the amount of protein lost from the
circulatory system may be computed. From
the gain in weight of the traumatized extremity
and the protein concentration in the leg fluid,
the total amount of protein present in the leg
fluid can be calculated. On comparing these
two sets of values, included in the last two col-
umns of Table II, it can be seen that there is
much more protein in the leg fluid than can be
accounted for by the loss of circulating plasma
protein.

The determinations of water content of various
tissues are included in Table III. The results
show that there is a small loss of water from each
of the non-traumatized tissues with the excep-
tion of the liver and testes which comprise a

very small fraction of the total body volume.

t NPNanalyses on whole blood.

The traumatized muscles show a gain in water
content.

TABLE III

Determinations of water content of various tissues
The figures in the first column are averages of 3 normal

dogs. Those in the second column are averages of 12 dogs
which expired in shock.

Water content

Tissue
Normal Traumatic Difference

shock rnc
per cent

Brain 81.6 78.9 -2.7
Spleen 81.1 78.8 -2.3
Liver 74.9 75.6 +0.7
Pancreas 75.4 73.3 -2.1
Kidney 83.7 79.8 -3.9
Diaphragm 76.9 75.0 -1.9
Lungs 81.1 78.2 -2.9
Heart 79.5 79.3 -,0.2
Duodenum 76.8 76.6 -0.2
Jejunum 78.1 77.8 -0.3
Ileum 78.5 75.2 -3.3
Skin 58.5 50.6 -7.9
Testes 84.9 85.0 +0.1
Chest muscle 75.2 72.6 -2.6
Quadriceps femoris 75.4 73.9$ -1.5
Biceps femoris 78.9 71.3t -7.6
Lateral aspect of thigh 79,1 74.9t -4.2
Quadriceps femoris 81.4* +7.5
Biceps femoris 79.8* +8.5
Lateral aspect of thigh 81.9* +7.0

$ Samples taken from untraumatized leg.
* Samples taken from traumatized leg; increases are ex-

pressed relative to the untraumatized leg.
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The results of electrolyte studies are given in
Table IV. The values given for serum, erythro-
cytes, and spinal fluid are the percentage changes
obtained by comparison of the normal samples
taken just before anesthesia was given and the
samples during the shock state which were with-
drawn 3 hours after the removal of the press.

TABLE IV

Percentage changes in concentrations of
lectrolytes during traumatic shock

The values shown are
dogs used.

an average of the number of

No. Changes in concentration

dogs Na K J Mg j Ca f P

per cent
Serum 42 0 +13 +30 +34 +22
Erythrocyte 48 +2* -16 0* +5* +1*
Spinal fluid 1 -1 -3 +1 -1 -6
Leg fluid, compared with 9 0 +30 +60 +60 0*

serum
Muscle, both chest and 13 +2 +14 +2 +7 +35

non-traumatized leg
Muscle, traumatized leg 13 +120 0 -9 +26 -11
Skin 13 +20 +14 +7 +14 +32*
Liver 13 -25 +15 +1 -10 -6*
Heart 44 +1 +11 -1* -9 +29
Lung 13 -7 +7 +5 +6 +24*
Kidney 13 -20 +14 +3 +24* +22*
Brain 13 -4 -1 -6 +3 +6
Thyroid 6 -8 -4 +5 -2 +26*
Spleen 13 -20 -15 -2 -10 0*
Long bone, no marrow 6 +4 -2 -4
Marrow, vertebrae 5 +8 -10 -6
Rib, including marrow 13 +7 -4 +4

* Large individual variation.

The percentage changes given for leg fluid were
calculated by comparison with normal serum
levels. The figures shown in the Table for the
remaining tissues are based on the electrolyte
concentrations of the tissues taken from the
shocked animals at autopsy compared with the
average concentrations obtained on tissues taken
from six normal dogs which had no anesthesia.

Changes in electrolyte concentrations of less
than 10 per cent for lung, bone, marrow, and
rib, and changes less than 5 per cent for all the
other tissues and fluids are probably not sig-
nificant considering the standard errors of the
method, the number of animals used, and indi-
vidual variation.

The alterations in electrolyte concentration
of the serum were quite consistent from animal
to animal. The concentrations of potassium,
magnesium, calcium, and phosphorus were all
elevated. The hematocrit increased an average
of 45 per cent over the same period of time, so
loss of fluid from the serum may partially or

completely account for the elevated concentra-
tion of these electrolytes. Simple loss of water
alone from the circulating plasma, however,
cannot be the answer, since the percentage in-
creases were not the same, and the sodium con-
centration remained unaltered. A portion of
the rise in serum magnesium is probably a result
of the anesthesia. Eight control dogs given the
standard amount of Nembutal were studied.
The average changes in the concentration of
serum electrolytes in these dogs were: sodium,
+2 per cent; potassium, +6 per cent; magne-
sium, +14 per cent; calcium, 0 per cent; and
phosphorus, +4 per cent. Serum values gener-
ally returned to normal within a few hours if the
animal survived.

The only uniform change of electrolyte con-
centration observed in the erythrocytes was an
average decrease of 16 per cent in the potassium
level. There was a considerable scatter in the
concentration of sodium, magnesium, calcium,
and phosphorus in the red blood cells examined
from 42 animals, but the averages were small.
The erythrocyte loss in potassium may contrib-
ute to the serum rise in potassium, but no correla-
tion was observed between the corresponding
serum and red cell changes for magnesium, cal-
cium, or phosphorus.

The spinal fluid from lumbar puncture was
analyzed in one dog and no significant change
was found in its electrolyte content.

The leg fluid extravasated in the traumatized
leg had about the same sodium and phosphorus
concentrations as normal serum, but the levels
of potassium, magnesium, and calcium were ele-
vated. Changes were also observed in the
muscle itself, taken from the traumatized leg.
In this injured tissue, the sodium concentration
was more than doubled, possibly because of
influx of plasma into the leg, the calcium level
increased about 25 per cent, the potassium con-
centration remained unaltered, and the levels
of magnesium and phosphorus fell about 10
per cent.

In Table IV, it can be seen that there are
changes in electrolyte concentration in some of
the other tissues examined. The trends, in the
main, were fairly uniform from animal to animal,
but considerable variation is indicated by an
asterisk.
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The measurements on the muscles, including
the heart, are the most extensive, and therefore
the results are the most accurate. It is believed
that the analyses do not indicate any significant
electrolyte changes in the lung, brain, thyroid,
bone, and bone marrow. A unified picture, or
interpretation of all the results, has not been
worked out.

Electrolyte measurements were also made,
with the exception of erythrocytes, spinal fluid,
and leg fluid, on 9 traumatic shock dogs which
had ice applied to the crushed leg, as described
in another paper of this series (5). The changes
found are in almost complete agreement with
the values given herewith for the experiments
in which no ice was applied.

DISCUSSION

During the course of our experimental series,
a crushing injury was produced in a total of over
300 dogs. An observation which impressed us
greatly was that survival or death of the animal
could not be predicted from the amount of leg
swelling during the course of the experiment.
Leg circumference measurements on a great
number of dogs confirmed this impression.

There are two possible interpretations of these
results. One is that there is some as yet un-
known factor of paramount importance other
than fluid loss in the syndrome of shock. The
other is that the general condition and state of
hydration of the animal may determine whether,
with a given fluid loss, he may survive or suc-
cumb. The animals used in these experiments
were in good condition. There was no correla-
tion between either initial hematocrit or final
hematocrit or change in hematocrit, and survival
or death, or the survival time of the animals.
The same holds true for serum protein concentra-
tion. In view of these negative findings, we
do not believe that the above results can be
explained on the basis of individual reaction
merely to fluid loss.

The fluid which accumulated in the trauma-
tized extremity was much greater in amount
than could be accounted for by simple loss of
plasma. The results of the determinations of
tissue water content show a general fall in water
content of most of the organs during shock, and
a gain in water in the traumatized muscles.

These results on the water content of the tissues
in traumatic shock are in agreement with those
reported by others (10). It has been shown
(5) that there is an increase in serum protein
concentration during this particular type of
shock. This increases the effective osmotic
pressure of the blood and facilitates the transport
of water from the rest of the tissues to the trau-
matized area.

There is a greater total amount of protein in
the leg fluid than can be accounted for by loss
of protein from the circulation alone. A greater
proportion of this leg fluid protein is represented
in the chemically determined albumin fraction
as compared to the corresponding fraction of the
serum protein. It is unlikely that this extra
protein is mobilized to this extent from the body
stores and deposited in the traumatized area
within the relatively short period of these
experiments (15 to 15 hours). Other investiga-
tors (11) have shown that dogs replace only a
very small fraction of the removed plasma pro-
teins while in the acute shock state from hemor-
rhage. This high protein value, therefore, prob-
ably originates in the rupture of crushed muscle
fibers with the liberation of cell proteins locally.

The greater concentration of non-protein ni-
trogen in the leg fluid as compared to that in
the serum is probably also the result of enzymatic
digestion of proteins liberated from ruptured
cells. The elevated NPN, noted by many ob-
servers as well as ourselves, during traumatic
shock, may be due to a large extent to absorp-
tion of products of protein break-down from the
traumatized area. The possibility of these and
other substances being toxic to the organism has
been discussed (12), and is worthy of further
study.

The variations in electrolyte levels found in
these experiments are in fair agreement with the
results noted by other workers (4, 13 to 17).
There are,two exceptions, however. The 100
per cent or greater rise in serum potassium at
about the time of exitus observed by two investi-
gators (15) has not been encountered by us. But
no attempt was made to verify this finding and
probably blood samples were never taken at the
right time to obtain the very high potassium
level. The different way of crushing the tissue
may also have some significance in this respect.
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One group of workers (16) found little or no
change in serum calcium as a result of tourniquet
shock in dogs, whereas we found an average
increase of 34 per cent. The method of pro-
ducing shock may be the explanation for the
difference in results.

CONCLUSIONSAND SUMMARY

(1) In traumatic shock, the fluid which ex-
travasates into the traumatized extremity is
mobilized from the rest of the tissues of the body.
A portion of it is contributed by loss of circulat-
ing plasma.

(2) The A-G ratio, as determined chemically,
is higher in the leg fluid from the traumatized
area than that of the plasma, in every case.
Cell proteins apparently are liberated in the
traumatized extremity, probably from ruptured
muscle fibers.

(3) The non-protein nitrogen content of the
fluid in the traumatized area is higher than that
of the blood. The liberated cell proteins prob-
ably undergo breakdown into simpler nitro-
genous products. The elevated blood NPN
during traumatic shock may to some extent be
due to absorption of these products.

(4) Alterations in electrolyte concentration of
serum and tissues which occur during traumatic
shock have been tabulated.

Wegreatly appreciate and acknowledge the collabora-
tion of the technical group who helped make this work
possible: George Casarett, John Thomas, Marion Wesley,
Betty Mulryan, Marlene Falkenheim, Jerry Biondi, Ed-
ward Mulligan, and Elizabeth Vittum.
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