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INTRODUCTION

A survey of the recent reviews (1 to 3), and
the many recent articles on experimentally pro-
duced shock, indicate that a variety of stand-
ardized procedures are used to study a fairly
reproducible syndrome. It seems obvious, how-
ever, from the literature and our own experience,
that even in the hands of experienced investiga-
tors, there is enough lack of reproducibility in
these so-called standardized experiments to in-
troduce a large element of confusion and contro-
versy. Our experiments lead us to suggest that
the influence of seasonal variations of laboratory
temperatures can influence, if not actually con-
trol, the outcome of the shock experiments pro-
duced by muscle crushing by means of the
modified Blalock press (4). Itisapparent, there-
fore, that control of the environmental or room
temperature is essential in the conduct of a
standard shock experiment. The therapeutic
applications of this possibility are obvious, and
are verified by the experiments reported below.
With room temperatures of 28° C., the outcome
of the 5-hour press experiment is fatal in 90
per cent of the cases, while with room tempera-
tures of 16° C., it is fatal in only a small per-
centage of the cases, all other conditions remain-
ing the same.

Recently, others have indicated the thera-
peutic importance of the proper énvironmental
temperature. Some investigators (5) have re-
ported an optimal environmental temperature
of 75°F. for burn shock in rats. Others (6)

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.

also report that environmental temperatures
“in the neighborhood of mammalian body tem-
perature” prolong the survival time in shock
induced by intestinal trauma. Significant ele-
vations in body temperature have been found to
decrease the chance of survival, and shorten the
survival period of the dog in shock as a result of
muscle trauma (7).

The environmental temperature apparently
controls the animal’s body temperature eleva-
tion during the period of injury and the critical
period immediately following it. Apparently,
the chain of events which is necessary to produce
the fatal outcome is activated and produced in an
overwhelming degree only when the body tem-
perature is in the febrile level. In order to
prevent the development of fatal shock, there-
fore, therapeutic efforts should be directed to-
ward maintaining nearly normal or even slightly
subnormal temperatures.

METHODS

The experimental animals used in the Blalock type of
press (4) experiment were dogs, generally ranging in weight
from 15 to 27 kgm. Veterinary Nembutal anesthesia was
administered intraperitoneally in all experiments. The
initial dosage was 60 mgm., plus 30 mgm. per kgm. body
weight. Additional anesthetic was given as required, and
in almost no case was anesthetic administered during the
last hour before the press was removed and subsequernt to
the removal of the press. i N

Tissue injury and peripheral circulatory collapse were
induced by confinement of one thigh of the dog in a press
for a period of 5 hours. Usually within 1 hour after
removal of the press, the dog showed evidence of shock.
Blood samples for analyses were taken from the external
jugular vein as follows: (¢) 15 ml. just before anesthesia,
(b) 40 ml. at 10 minutes following complete anesthesia, or
immediately before the press was applied, (¢) 15 ml
one-half hour before removal of the press, (d) 40 ml. 3
hours after removal of the press, and (¢) 40 ml. at exitus,
or at 24 hours after removal of the press if the animal
survived. Coagulation of blood was avoided by use of
2 mgm. of potassium oxalate per ml. of whole blood. The
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following determinations were made on samples of the
dog’s blood. Plasma or serum protein concentration was
done by the micro-Kjeldahl method. In fibrinogen de-
terminations, the tlot was formed by the method of
Cullen and Van Slyke (8), and the nitrogen in the clot
determined by the micro-Kjeldahl method. Whole blood
non-protein nitrogen was determined by the method of
Koch and McMeekin (9), urea by the method of Karr (10),
creatine and creatinine by the method of Folin and Wu
(11). Hematocrits, red cell osmotic fragility, and plasma
or serum specific gravity were also done routinely on the
blood samples. The specific gravities were done by the
pycnometer method (12).
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Fi1c. 1. THE MobIiFiEp BLALOCK PRESss

The dog’s thigh is placed in the space marked 4. B is
a groove to accommodate the femur. C is a calibrated
knee action spring (from a Buick car). The desired
pressure is exerted on the thigh by screwing down the
bolts, D, until the spring has been compressed the requisite
amount.
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The surviving dogs were restrained on the table for 12
hours following the removal of the press. If the animal
still survived at 12 hours, it was placed on the floor on a
leash, with a rubber mat or other soft bedding. As soon
as the dog was able to lap water spontaneously (usually
within 3 hours after removal of the press), it was offered
150 ml. of drinking water at 2-hour intervals. No other
aliment was given in the 24-hour period following removal
of the press. Dogs alive at the end of 24 hours were
counted as survivals; those succumbing naturally in less
than 24 hours were counted as deaths from acute shock,
unless contributing’ pathology, not related to shock, was
found at autopsy. Autopsies were performed on animals
that succumbed and others as indicated, and sections of
the tissues were taken for histological examination.

The modified Blalock type of press used consists of 2
jaw boards and 2 three-eighths inch steel plates (Figure 1).
The ridged jaw boards contain a central groove corre-
sponding to the position of the femur, so that complete
muscle crushing can be obtained without bone damage, or
interference from the bone. Ordinarily the skin is not
broken by the press. Oversize boltholes in the boards
and steel plates allow the 2 jaws to assume the natural
angle of the faces of the dog thigh, while the upper jaw
and upper steel plate are parallel to each other. This
distributes the pressure over the maximum surface of the
animal’s thigh, and keeps the pressure normal to the thigh
surface at a maximum. Due to the impracticability of
determining pressures at the skin surface in this arrange-
ment, all pressure values given in the paper refer to over-all
pressures. The single large spring between the top jaw of
the press and the upper steel plate has been calibrated so
that pressures may be read from the calibration curve
after measuring the length of the compressed spring.
Pressures from 500 pounds to 4000 pounds have been used.
A slip of heavy galvanized metal or of steel may be placed
at the lower end of the spring to avoid splitting the
wooden upper jaw of the press, in the same manner that
the lower steel plate protects and supports the wooden
lower jaw.

A typical experiment follows.

Animal: 42-917
Date: 3-343
Room temperature: 24° C. % 0.5° C.
Weight of dog: 20 kgm.
1:15 P.M.—Rectal temperature: 38° C.
Pulse: 136
15 ml. blood taken
Serum protein: 5.9 grams per cent
Fibrinogen: 0.32 grams per cent
Hematocrit: 42.6 per cent
Specific gravity: 1.0227
Clotting time: 7 minutes and 35 seconds
1:20 P.M.—8 ml. Nembutal, intraperitoneally
1:45 P.M.—40 ml. blood taken
Scerum protein: 5.7 grams per cent
Fibrinogen: 0.30 grams per cent
Whole blood NPN: 26.4 mgm. per cent
Hematocrit: 34.4 per cent
Specific gravity: 1.0217
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Clotting time: 9 minutes and 30 seconds
Fragility: 0.50 0.475 0.45 0.425 0.40 0.375
0 14+ 24+ 34+ 44+ complete

Rectal temperature: 39.3° C.
Pulse: 144

2:10 P.M.—2 ml. Nembutal, intraperitoneally

2:15 P.M.—Press put on, 2000 pounds pressure

2:40 P.M.—2 ml. Nembutal, intraperitoneally

3:00 P.M.—Rectal temperature: 38.9° C.
Pulse: 162

4:00 P.M.—2 ml. Nembutal, intraperitoneally
Rectal temperature: 39.2° C.
Pulse: 176

5:00 P.M.—Rectal temperature: 37.9° C.
Pulse: 192

6:45 P.M.—15 ml. blood taken
Serum protein: 5.9 grams per cent
Fibrinogen: 0.33 grams per cent
Hematocrit: 43.1 per cent
Clotting time: 11 minutes

7:00 P.M.—Rectal temperature: 40.2° C.
Pulse: 204

7:15 P.M.—Press off

8:00 P.M.—Rectal temperature: 40.0° C.
Pulse: 200 )

9:00 P.M.—Rectal temperature: 40.7° C.
Pulse: 196
Refused water

10:00 P.M.—Rectal temperature: 40.4° C,
Pulse: 170

10:15 P.M.—40 ml. blood taken
Serum protein: 7.3 grams per cent
Fibrinogen: 0.36 grams per cent
Whole blood NPN: 59.8 mgm. per cent
Hematocrit: 64.2 per cent
Clotting time: 3 minutes and 25 seconds
Specific gravity: 1.0218
Fragility: 0.525 0.50 0.475 0.45 0.425 0.40

0 1+ 24+ 34+ 44 complete
Leg measurements:
Normal Traumatized
inches inches
15 —Groin —19

10 —2 inches above knee—113%{
7%—2 inches below knee— 814
33{—Ankle — 4

11:00 P.M.—Rectal temperature: 39.6° C.
Pulse: 180
12:00 midnight—Rectal temperature: 39.3° C.
Pulse: 186
1:05 A.M.—Dog died
Exitus blood taken
Serum protein: 8.6 grams per cent
Fibrinogen: 0.40 grams per cent
Whole blood NPN: 79.3 mgm. per cent
Hematocrit: 75.2 per cent
Clotting time: 5 minutes and 20 seconds
Specific gravity: 1.0304
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Fragility: 0.55 0.525 0.50 0.475 0.45 0.425
0 14+ 24+ 3+ 44+ complete

Survival time: 6 hours after removal of the press
Leg weights:

Normal: 1840 grams

Traumatized: 2680 grams

Gain in weight of traumatized leg: 840 grams
Heart: Subendocardial hemorrhages
Lungs: Passive congestion
Liver: Passive congestion
Spleen: Hemorrhages
Kidneys: Passive congestion
Stomach and small intestine: Submucosal hemorrhages
Traumatized leg: No gas

CHOICE OF STANDARD PRESSURE

Using the arbitrary time of 5 hours, which
has been adopted by Blalock (1) and by other
workers with crush and tourniquet shock (13, 14),
it was necessary to determine the proper pres-
sure to produce fatal shock in a uniform fashion.
Experiments were performed with pressure
ranging from 500 pounds to 4000 pounds. As
can be seen from Table I, pressures below 1500

TABLE 1

The effect of pressure on survival
Press on for 5 hours. Nembutal anesthesia.

Number " Average | Range of

Over-all Numbe; .

D‘Y;‘;e ani?xflals su:v'?vinrg Survival fgﬂg‘ ‘t’:lg
Ibs. per cent hours hours
500 2* 1 188 7

1000 1 1

1500 6 0 0 83 43} to 21
2000 7 0 0 12% 5 to20%
3000 6 1 17 7% 24 to 13
4000 1 0 0 5%

* The animal which succumbed aspirated vomitus.
Atelectasis found at autopsy.

pounds can be expected to yield a high percentage
of survivals. Results are fairly uniform from
1500 to 3000 pounds, in so far as the proportion
of survivals and average death times go. How-
ever, autopsy of the animals succumbing shows
that although no hemorrhages are detectable in
the injured limb with 1500 pounds, there being
present only a clear, rapidly clotting plasma-like
fluid, numerous punctate hemorrhages are found
at 3000 pounds, and intramuscular and inter-
muscular hemorrhage are prominent features at
4000 pounds. At 2000 pounds, only an occa-
sional case has a few punctate hemorrhages.
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The pressure of 2000 pounds, using this type of
press, was therefore adopted as the standard.
This is sufficiently above the minimum of 1500
pounds to protect against the effects of size varia-
tions in the animals, while not high enough to
introduce the additional complication of tissue
hemorrhage. * The press was applied high against
the body so that all the muscles of the thigh from
the head of the femur down were included in the
press.

Two thousand pounds pressure is sufficient to
occlude temporarily, and apparently completely,
the normal circulation to the limb while the
press is on. Temperature records taken by
thermocouples placed at various locations in the
limb while in the press show a steady drop in
temperature of the tissues, indicating that the
circulation is effectively interrupted. On re-
moval of the press, the limb temperatures
promptly rise. An example of one such experi-
ment is included in Figure 2. The low pressures
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F1G. 2. TEMPERATURE OF TRAUMATIZED THIGH AS
CoMPARED TO THE NoOrRMAL THIGH

Press on for 5 hours, 2000 pounds over-all pressure.
Nembutal anesthesia. Room temperature 28° C. Re-
warming of the traumatized thigh is rapid after removal of
the press. It is to be noted that the temperature of the
superficial muscles of the normal thigh drops after removal
of the press. This is coincident with cool extremities on
palpation.

where survival rates are high (i.e., less than
1500 pounds) probably allow some residual circu-
lation. When the press is removed after pres-
sures of 2000 pounds and above, the pattern of
the jaws of the press is clearly marked on the
limb. Subsequent to removal of the press, the
limb usually, although not always, promptly
commences to swell. After 4000 pounds pres-
sure, rewarming of the limb, as well as swelling
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when present, is relatively slow, leading to the
suspicion that the circulation has suffered a
more definite obstruction than is the case at the
lower pressures. These statements are based
on more experiments than appear in the Table.

The temperature in ‘the crushed limb after
removal of the press tends to parallel that of the
normal side in the latter part of the experiment,
and this, in turn, is influenced by the rise or fall
of the general body temperature. In this con-
nection, just before the animal develops other
evidence of shock, the deep muscle temperatures
of the extremities begin to fall and continue to
do so during the progression of the shock state
(Figure 2). This is probably a result of periph-
eral vascular constriction. This fall in tempera-
ture tends to be more rapid in a cold environ-
ment and less at the high room temperatures, or
may not appear if the dog's body temperature
is either artificially or spontaneously elevated.
The latter case usually is fatal.

AIR TEMPERATURE AND SURVIVAL

Fluctuations of the room temperature, within
a surprisingly narrow range, are sufficient to
account for the difference between death and
survival of the animal in which shock has been
produced by the crush injury. Failure to recog-
nize the importance of this factor has un-
doubtedly been the cause of the disconcerting
and confusing irregularities in control experi-
ments, and may have contributed greatly to the
difficulty noted in other laboratories as well as
by ourselves in standardizing the experimental
production of fatal shock as a result of crush
injury. It has been found in our experiments
that by using a room temperature of 28° C. the
death rate is high; if the environmental tempera-
ture is dropped only 12° C. to 16° C., almost
complete saving of the animals results. At a
constant room temperature of 24° C., between
these extremes, there is an intermediate mor-
tality rate. A review of our experiments during
2 summer periods and 1 winter indicates that
the environmental (room) temperature has been
a definite controlling factor in all our previous
experiments. '

A different effect is found if one temperature
is maintained during the period the animal is in
the press, and following removal of the press the
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TABLE II

Effect of temperature on survival
Press on for S5 hours, 2000 pounds over-all pressure.
Nembutal anesthesia.

Num-

Num- Sur- |Average | Range of
temp. bl | e | vival | dmd | g
per cent |  hours hours
16° C. 6 5 83 12
20°C. 7 6 86 11
24°C. 13 5 38 9 53 to 13
28°C. 20 2 10 73 |3 to21
16° C. while in- | 10 6 60 93 |63 to 12

jury was pro-
duced. 28°C.
after removal

of press.

28° C. while in- | 10 4 40 73
jury was pro- .
duced. 16°C.
after removal
of press.

Ice packs on 19 18 95 18
traumatized
extremity.

6 to 8%

animal is transferred to another temperature.
"In these experiments, dogs were kept at 28° C.
for the 5 hours the press was in place, and then
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removed to 16° C. following removal of the press,
or the reverse procedure was employed. Both
of these experiments give mortality rates inter-
mediate between those found when the experi-
mental temperatures were kept constant. The
results of these experiments are included in
Table II. The temperature at which the injury
is produced apparently has an effect upon the
subsequent course of events.

Dogs kept in a warm environment while the
press is on can be saved even more efficiently,
without removal from the warm environment,

 if immediately upon removal of the press the

traumatized extremity is completely invested
with ice in cloth bags. The results are sum-
marized in Table II. The ice-bag must be left
on the extremity for a period of approximately
4 days. If the ice was removed before the ex-
piration of this period, the dog rapidly became
sick, with vomiting and diarrhea, and an eleva-
tion of body temperature. Upon replacement
of the ice-bags, these symptoms rapidly sub-
sided. Deep temperatures near 20° C. seem
to be optimal for the chilled area. At the end
of the 4-day period, after the ice was removed,
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healing was slow and the dogs usually developed
a gas gangrene infection of the traumatized
limb. This was partially controlled by the
administration of sodium sulfadiazine either by
mouth or intravenously, maintaining blood
levels of about 12 mgm. per cent.

It is fairly clear from Figures 3, 4, and 5 that
the body temperature of the animals is influenced
markedly by the environmental temperature.
The animals kept at 16° C. show an average
body temperature distinctly lower than those
kept at 28°C. Also, in the experiments in
which animals that had been kept at one tem-
perature and were taken to another temperature
at the time the press was removed, the animals
succumbing in each group showed progressively
higher body temperatures than did the survivors.
In transferring from the high temperatures to
the low, death occurred in the group which
lagged in its fall of body temperature; in trans-
ferring from the low to the high temperatures,
death occurred in those animals whose body
temperatures rose most rapidly to febrile levels.
On reviewing for the past 18 months our previous
experiments, it was found that the animals which
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«llembutal Anesthesia..

a8 - _
—"Press On — // \\ /’S«.eumbd
\

400 /N

8

§

{

£

3

¢

»

L

[ 3

i AW A Breren

¥ | |
"2 3 4 ¢ 7 8 9 10N 2 B W B B 7 B

Time in Hours
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REMOVAL OF THE PRESs

Average hourly rectal temperature. There are 6 dogs
in the survival group and 4 in the group which succumbed.
The rectal temperature rises abruptly on removal to the
warm room, and more so in those destined to succumb
than in those destined to survive.
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Fi16. 5. RooM TEMPERATURE OF 28° C. WHILE THE
Press Was ON, anND 16° C. AFTER
REMOVAL OF THE PRESs

Average hourly rectal temperature. There are 4 dogs
in the survival group, and 6 in the group which succumbed.
The rectal temperature drops abruptly on removal to the
cold room, and more so in those destined to survive than
in those destined to succumb.

were treated in a room of uncontrolled tempera-
ture (26° C. to 35° C.) during the hot months
of the year behaved like those treated at con-
trolled high room temperatures, while those
treated during the cold winter months at un-
controlled room temperatures (15° C. to 22° C.)
likewise behaved like those in the controlled
lower room temperatures. Thus there seems
to be no doubt that the high body temperature
of the shocked animal is largely a determining
factor in the fatal outcome, and that the environ-
mental temperature is a major factor in the
final body temperature achieved. The rectal
temperatures of the dogs kept in a hot room
with ice investing the traumatized thigh are not
included in the Figures. The body tempera-
tures of these dogs behaved, in general, like the
body temperatures of the dogs injured at a high
room temperature and then removed to low
room temperature upon removal of the press.

PATHOLOGICAL FINDINGS

Of the dogs subjected to 2000 pounds pressure
in the press, 34 complete autopsy records are
available on animals that succumbed in a fairly
comparable state and duration of shock at
various periods, less than 24 hours after removal
of the press. The incidence of pathological
findings in this group is as follows: spleen en-
largement and hemorrhage, 85 per cent (enlarge-
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ment due in part to Nembutal anesthesia);
submucosal hemorrhages of the stomach, 70
per cent; of the small intestine, 32 per cent;
hemorrhages in the crushed leg, usually punc-
tate in character, 12 per cent; acute gastric
ulcer, 3 per cent. Certain characteristics were
looked for only in the later experiments, and
are calculated on the basis of 24 autopsies rather
than 34. Thus, lung hemorrhages were found
in 24 per cent, and gas gangrene of the trau-
matized extremity in about 12 per cent of the
cases. Subendocardial hemorrhages were found
in 54 per cent of cases (15). Gas gangrene de-
veloped rarely in the experiments conducted at
the lower room temperatures, and more fre-
quently at the high temperatures. In the ex-
periments with ice-packs, the dogs usually
showed gas gangrene by the fourth day following
injury. It should be pointed out that all of
these pathological findings, in addition to the
characteristic congestion of all the viscera, ap-
pear in less than 24 hours, many of them in
only a few hours.

Study of sections of the kidney and liver indi-
cates that damage to the renal tubules and
central necrosis of the liver are also character-
istic of crush shock. Definite kidney damage
(usually hydropic degeneration of the tubular
epithelium) is visible in animals that-have suc-
cumbed in as short a time as 3 hours following
the removal of the press, and has been seen in
almost all the sections examined. The urine
output following crush injury in these animals
is very scanty. The urine frequently contains
red cells, and the supernatant fluid after centri-

fuging gives a positive benzidine test and a

strongly positive protein test.

LABORATORY FINDINGS

In as much as the animals either succumbed
to peripheral circulatory failure or were out of
danger within 24 hours following removal of
the press, attention has been restricted pri-
marily to the early or critical part of this
period. Some animals have succumbed, with
all or most of the above changes fully developed,
in less than 3 hours after removal of the press.
Accordingly, blood changes that occur within
the 3 hours immediately following removal of
the press may be expected to be of more sig-
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nificance in tracing the onset and development of
the collapse state than those that occur later,
after the irreversible phases of the progression
have been well established. Therefore, most
significance has been attributed to the samples
taken 3 hours after the removal of the press, and
to their relationship to the 3 control samples that
preceded them.

Table III summarizes the results of blood
chemical determinations which have shown sig-
nificant changes during shock as compared to
control normal samples. It is to be noted that
plasma total proteins did not show any sig-

_nificant change during shock while serum total

proteins were increased in concentration. With
precautions taken to use a constant concentra-
tion of oxalate in all blood samples when an
anticoagulant was used, variations in amount of
oxalate can be considered minor. However,
there is still the possibility that even slight varia-
tions of oxalate concentration, when coupled with
considerable changes in hematocrit, may result
in erratic values for plasma protein values. Such
a behavior has been noticed and remarked upon
(8) and it was reported that plasma protein
values varied with the oxalate concentration.
For this reason, and since serum protein values
were consistent and gave results which were com-
parable from animal to animal, in the latter part
of the experimental series, serum protein con-
centrations were done instead of plasma protein
concentrations.

Three hours after removal of the press, serum
proteins showed, on the average, a rise to 7.1
grams protein per hundred ml. from the control
level of 6.0 to 6.2 grams. Only 1 animal in 24
failed to show this upward trend of protein
level, and in only 4 was there a change of less
than 0.5 gram per hundred ml. On the average,
the animals destined to survive showed a smaller
rise than those destined to succumb. However,
in the individual dog, the change was too variable
to predict whether or not it was going to survive.

The non-protein nitrogen control values were
quite uniform, averaging 32 mgm. per hundred
ml. of whole blood. Within 3 hours after re-
moval of the press, the value had risen to an
average of 50.9 mgm. per cent in the animals
which were to survive, and to 59.6 mgm. per cent
in those destined to succumb. At 24 hours, for
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TABLE III

Blood chemical and physical changes during shock
2000 pounds pressure. Nembutal anesthesia. The values represent averages of the number of dogs shown.

3 o If 3 hours
N;xglber Be{gre. 10 :al;x:tes houl:'el;l;fjorfe :f;’ffaf b} Exitus g?tgrol:'l;;
. T
ol daogs anesthesia anesthesia :}t:‘eo;? es(s) (til:lesgﬁs) tl';ll(e)vpar ;s
Total plasma protein | Survivals 15 5.7 5.9 5.8 5.8 5.2
(grams per 100 ml.)
. Deaths 26 5.8 6.0 5.7 5.6 6.1
Total serum protein Survivals 10 6.1 5.8 5.8 6.5 5.4
(grams per 100 ml.)
Deaths 14 6.4 6.1 6.2 7.5 7.2
Fibrinogen Survivals 25 0.27 . 0.27 0.29 0.31 0.49
(grams per 100 ml.)
Deaths 40 0.30 0.29 0.32 0.32 0.38
Survivals 11 1.0237 1.0234 1.0237 1.0249 1.0215
Serum specific gravity
Deaths 14 1.0245 1.0238 1.0244 1.0266 1.0276
Survivals 41 40.7 39.3 40.1 61.1 49.3
Hematocrit
Deaths 50 42.2 40.3 41.1 60.9 66.7
Non-protein nitrogen | Survivals 25 320 50.9 70.4
(mgm. per 100 ml.)
Deaths 37 31.8 59.6 78.5
the survivors, it averaged 70.4 mgm. per cent, levels. This increase in fibrinogen following

while in the animals that had succumbed in less
than 24 hours, it averaged 78.5 mgm. per cent at
exitus. The difference in NPN values between
survivors and non-survivors at 3 hours is highly
significant statistically (by Fisher’s t test).

In one series of experiments, the NPN com-
ponents, urea, creatine, and creatinine, were
determined (13 animals). The blood urea
nitrogen parallels very closely the changes in
total NPN, and comprises from 30 per cent
to 50 per cent of the total NPN. The creatine
and creatinine concentration increased 2- to
3-fold during shock over the control values.

Fibrinogen values remained almost stationary
during the period before removal of the press.
The 3 successive means for this control interval
are 0.29, 0.28, and 0.31 grams per hundred ml.
Three hours following removal of the press,
the mean value was still 0.32 grams per hundred
ml. The mean exitus value for the dogs that
succumbed was 0.38 grams per cent, while the
survivors averaged 0.49 grams per cent at 24
hours. Plotting values against time indicates
that this difference is due only to the greater time
the survivors had to build up their fibrinogen

crush injury is in accord with the work of others
(16), and has also been reported as occurring
during tourniquet shock (17).

Three hours after removal of the press, the
average serum specific gravity value rose, from a
control level of 1.0237, to 1.0249 in the case of the
survivals, and from 1.0244 to 1.0266 in those that
died. Of 25 animals, 2 failed to exhibit this
upward trend, and in only 5 was there a change
of less than 0.0011.

The agreement between the serum protein
determined by the micro-Kjeldahl method and
serum specific gravity is illustrated by Figure 6.
The distribution is much like that shown by
Moore and Van Slyke (18). In the earlier part
of the experimental series, parallel determina-
tions of plasma specific gravities and plasma
protein concentrations were done, measured
amounts of potassium oxalate being used as
anticoagulant. There was no agreement be-
tween these plasma specific gravities and their
plasma protein counterpart. The method then
was changed in favor of the serum values which
were consistent. The possible effect of the
oxalate has already been discussed.
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The mean initial hematocrit for all animals
was about 41.5 per cent. The mean value
dropped to 40.5 per cent after anesthesia (Nem-
butal) was induced, but rose to its original level
before removal of the press. Within 3 hours
following removal of the press, the mean value
rose to 61 per cent in both survivors and those
destined to succumb. At 24 hours, the sur-
vivors’ hematocrit dropped to a mean of 49
per cent while the mean exitus level of the non-
survivors was 67 per cent. It should not be
inferred from this that the individual behavior
was regular. A given animal might show, and
in most cases did show, extreme irregularity as
compared to the average. Occasionally, the
hematocrit rose following anesthesia; the exitus
hematocrit was sometimes lower than the 3-hour
sample; and the animals surviving frequently
showed greater increase in hematocrit than those
succumbing. Initial hematocrit values ranged
from 20 per cent to 61.1 per cent, and exitus
hematocrit values varied from 38 per cent to
82.8 per cent.

Red cell fragilities -

It had been noticed that hemolysis would be
found in many blood samples, particularly near
exitus, unless great care were taken in handling
the samples, and it was found often in spite of
great care.

The osmotic fragility of the erythrocytes was
determined by means of the highest concentra-
tion of sodium chloride producing complete
hemolysis. Tubes were set up containing from
0.275 per cent NaCl to 0.475 per cent NaCl, in
steps of 0.025 per cent. One drop of defibrinated
blood was added to 5 ml. of the salt solution,
the tube was mixed thoroughly, and then left to
settle for 1 hour. At this time, it was easy to
determine the point at which complete hemolysis
occurred in the series. Usually the hemolysis
range covered 5 tubes.

The initial or control fragility level varied to
some extent. In a series of 136 control samples
from different dogs, hemolysis occurred over
the range from 0.275 per cent to 0.400 per cent
NaCl. The mean value was 0.35 per cent. One-
third of the animals showed this mean value;
124 of the 136 (90.6 per cent) are included in the
range extending from 0.325 per cent to 0.375 per
cent NaCl (one interval each side of the mean).
The mode is at 0.325 per cent.

There were 76 dogs in which blood sampling
was complete enough for comparative purposes.
At 3 hours after removal of the press, 56 of the
76 dogs showed a rise in fragility of from 1 to
4 tubes; 11 showed no change; and 9 showed a
drop in fragility of from 1 to 4 tubes. If the
groups of dogs are separated into those which
survived and those which succumbed, a distinct
difference is found. Both groups showed an
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almost normal distribution, but the mode was
shifted. For the animals destined to survive,
the mean change at 3 hours was +0.86 tubes,
with the mode at +1 tube (0.350 per cent).
For those destined to succumb, the mean change
was +1.46 tubes, with the mode at +2 tubes
(0.375 per cent). In the surviving group, 12 of
35 animals showed no change or a decrease in
fragility of 1 to 2 tubes. In 41 animals that
succumbed, 4 showed no rise, and 4 showed a
drop of 1 tube. On the other hand, 6 dogs that
succumbed showed rises of 3 or 4 tubes in contrast
to only 2 dogs with similar changes in the group
of survivors. These changes are shown in
Figure 7.

The rise in fragility is evident as early as 3
hours after release of the press. To determine
just how soon after trauma the fragility change
was noticeable, fragilities were followed at close
intervals in 2 dogs kept in a room temperature
of 28° C. Measurements were started with the
‘pre-anesthetic blood sample, and continued at
hourly intervals until the press was removed.
Beginning at 10 minutes after removal of the
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Abscissa values represent highest concentration of saline
necessary for complete hemolysis. The solid line curve
represents the distribution of fragility of control samples
in a total of 136 dogs. During shock, the mode and mean
are shifted to the right, and more so for those dogs that
succumbed than for those that survived. C-2 is the
sample taken before the press is applied; C-4, that taken
3 hours after removal of the press when the animal is in
shock.
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press, determinations were made at 30-minute
intervals. The curves obtained are shown in
Figure 8. Both dogs started with complete
hemolysis at 0.325 per cent saline. Serum
specific gravities and red cell counts were also
done on the same blood samples used above.
Both the specific gravity and cell counts rose
abruptly following removal of the press. The
curves for these are included in Figure 9.
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Both the red count and specific gravity increase abruptly
to almost their maximum values 10 minutes after removal
of the press.

On the basis of these results, it seems that a
rise in erythrocyte fragility is also fairly charac-
teristic of the shock state, and to a certain extent
the degree of rise is a measure of the severity
of the shock condition.

DISCUSSION

It is striking that such a narrow temperature
range (12° C.) seems to make the actual differ-
ence between life and death for the dog in shock
as a result of a crush injury. Survival is almost
always possible in a room temperature of 16° C.,
and the standard crush injury is almost uni-
formly fatal at a room temperature of 28° C.
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The experiments controlling the room tempera-
ture were done during the winter months, at
which time the room temperature could be
regulated easily without elaborate arrangements.
There was no control, however, over the humid-
ity which was relatively low. Whether humid-
ity might also play a controlling rble in the
regulation of the body temperature at a given
environmental temperature could not be de-
termined. No optimum was found at 24° C.,
such as has been reported (2) for burns.

The body temperatures grossly tend to follow
the trend of the environmental temperatures
and, on an average, the body temperatures
furnish an indication as to the final course of
events. The average rectal temperature in
those dogs that were injured in a room tempera-
ture of 28° C. was, just before removal of the
press, some 1.7° C. above that of dogs injured
in a room temperature of 16° C. After removal
of the press, the difference in rectal temperature
was not as marked since the body temperature
of the dogs done at low room temperatures rose
at this time. Anesthesia may play some part
in this situation because the resulting peripheral
vascular dilatation may enable the environ-
mental temperature to affect the heat losses or
gains during the critical period more directly
than might be the case in the unanesthetized
animal.

It should be stressed that the changes in rectal
temperature which seem to be indicative of
whether the animal will survive or not are rela-
tively small. Furthermore, fluctuations over a
narrow range of temperature during the critical
period may make the difference between life and
death. This does not mean that the body tem-
peratures found are lethal per se, but that these
small differences are either the symptoms of or
the causes of significant changes in other condi-
tions or processes which have not been fully
identified as yet.

At the high room temperatures, the mortality
rate approximates 100 per cent; at the low room
temperatures, the mortality rate approaches
zero. 'Not only is the room temperature while
the dog is in shock of importance, but the tem-
perature while the injury is being produced is
also of prime importance. This is demonstrated
by the experiments in which the dog was changed
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from one room temperature to another upon
termination of the crushing period. In these
experiments, the chances of its survival are in-
creased by moving the animal from a room of
high temperature to a lower temperature upon
removal of the press, and decreased by moving
from a low temperature to a higher one, but not
to the degree predicted if the animals had been
kept at the second temperature for the whole
period.

The practical applications of this finding to
operating room temperatures are obvious. A
procedure which carries with it a high incidence
of surgical shock might be performed more
safely if the body temperature of the patient is
not allowed torise, or if it is even lowered slightly.
This is accomplished most easily by keeping the
operating room temperature down, and by
avoiding too much insulation or too many
covers on the patient. The avoidance of heat in
post-operative care must also be stressed. It
is obvious from our experiments that the applica-
tion of heat, in the case of the dog, is one of the
most certain methods of precipitating a fatal
outcome with circulatory collapse.

In the absence of means of lowering environ-
mental temperatures, under military conditions
or in emergencies, the local applications of ice,
if complete enough, may serve to save the shock
patient with a traumatic injury. However, as
shown in the dog experiments, toxemia is likely
to develop if the chilling is not continued for a
period far in excess of that during which shock
itself is usually a factor. Furthermore, skin
sloughing, other necrotic changes, and a high
incidence of intrinsic and spontaneous infection
(gas gangrene) were found in the unsterile
experiments with limbs invested in wet ice-bags
for long periods (4 days).

The mechanism underlying the erythrocyte
fragility changes which we have described is at
present unknown. It is unlikely that it is due
to stasis of blood in the traumatized extremity
since the first blood coming from the femoral
vein at removal of a tourniquet in place for 5
hours failed to show any fragility change from
the control. The erythrocyte fragility rise
occurring with blackwater fever has been at-
tributed to a decrease in the pH of the blood
(19). It is questionable whether the degree of
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pH produced by the mild acidosis during shock is
enough to bring about these fragility changes.

In the dogs succumbing to acute peripheral
circulatory failure, there is extensive tubular
epithelial degeneration in the kidneys, and evi-
dence of degeneration of the cells adjacent to
the central veins in the liver. The kidney dam-
age occurred in 100 per cent of the fatal cases,
and has been found as early as 3 hours following
removal of the press. The increasing blood
NPN, the increased urinary protein, and the
curtailed urinary output all confirm the kidney
damage seen in sections. There is a possibility
that not all the NPN is a reflection of kidney
damage. It has been suggested (20, 21) that the
azotemia in burn shock may be due in part to
polypeptide nitrogen. This also may be the
case in our experiments since large amounts of
muscle are crushed.

The characteristics most quickly showing
shock changes, in our experiments, are the blood
NPN, red cell fragility, hematocrit, red cell
counts, and serum specific gravity (serum pro-
tein). The NPN changes are to a large extent
probably indicative of the kidney injury already
discussed. The hematocrit rise and increased
serum protein concentration are a reflection of
the hemoconcentration caused by loss of fluid
into the traumatized limb (see second paper in
this series).

If one is looking for early clinical evidence of
peripheral circulatory failure, parallel to or as
substitute for blood pressure determinations, or
is looking for a clue to causative factors in the
vicious circle that develops, they should be sought
first in the above group of characteristics.
Deep peripheral muscle temperatures yield the
first tangible evidence, but thermocouples for
such measurements are not readily available.
Skin temperatures are not always a true reflec-
tion of the situation beneath.

The optimum point in temperature effect upon
burn shock as reported (2) may be peculiar to
the complicated situation in the severe burn
shock used in those experiments. The optimal
point “in the neighborhood of mammalian body
temperature’ in shock (3) is probably influenced
by the particular methods of temperature con-
trol used by these authors. Their results with
temperatures in the vicinity of freezing are com-
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parable to ours with the local application of ice-
bags. Apparently, the toxic condition develops
more slowly under the action of ice. Animals
treated at 16° C., without ice, show a much less
complicated reaction after the initial 24 hours.
In the case of refrigeration anesthesia, when used
in conjunction with a tourniquet, with amputa-
tion as the end in view, such toxicity is of no
importance.

SUMMARY

For the standardized experimental production
of traumatic shock, the modified Blalock press
may be used, if the over-all pressure and the
environmental temperature are controlled.

(1) The pressures used must be sufficiently
great to assure occlusion of all major blood ves-
sels leading into the extremity.

(2) With the lower lethal pressures (1500 to
2000 pounds), there is little or no hemorrhage to
complicate the picture; with higher pressures
(3000 pounds or over), hemorrhage into the
tissues can be produced as desired.

(3) Using a standard pressure of 2000 pounds,

low environmental temperatures (16° C.) afforded
almost complete protection from death. To
produce death uniformly, room temperatures of
28° C. were necessary. Intermediate tempera-
tures produced intermediate mortality rates.
. (4) Alteration of the temperature following
production of the injury exerts an incomplete
effect as compared with constant exposure to the
subsequent room temperature.

(5) With a high environmental temperature,
local application of ice to the injured limb affords
almost complete protection from death.

(6) Both physiological and morphological
kidney damage of a temporary nature follow
crushing injury within a very short span of time.

(7) Gastrointestinal submucosal hemorrhages
and subendocardial hemorrhages are very com-
mon pathological findings. Less frequently,
degeneration of the central liver lobule cells is
found.

(8) The blood chemistry changes are mainly
those associated with hemoconcentration and
renal damage (rising hematocrit and red count,
rising non-protein nitrogen, serum protein, and
serum specific gravity).
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(9) A hitherto unreported rise in the fragility
of the red cells is also noted, apparently varying
in extent with the severity of shock.

(10) Serum specific gravity can be employed
to determine serum protein concentration, but
plasma specific gravity in the presence of a
rising hematocrit and using potassium oxalate
as anticoagulant is not a reliable index of the
protein concentration.

CONCLUSION

In order to obtain a reproducible standardized
shock experiment with the Blalock type of
crusher, it is necessary to use over-all pressure of
2000 pounds for S hours on one complete upper
thigh under Nembutal anesthesia with the room
temperature at 28° C. or above.

Any variation in these several stipulations
may change the picture enough to prevent the
onset of fatal shock.
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