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The experimental study of traumatic shock
requires the use of a reproducible procedure for
damaging muscles and surrounding tissues. Since
the classical method of Cannon and Bayliss (1),
many techniques have been employed (2 to 5).
By the use of such methods, a relatively uniform
clinical result can be obtained in a series of ex-
periments, but the exact amount of tissue injured
and of accumulated fluid cannot be measured
accurately. Collection of the traumatic exudate
is likewise a difficult procedure although its com-
position has been the subject of investigation (6).

In the course of making a study of electrolyte
and water shifts in shock, it became desirable to
utilize a method whereby a known or measurable
amount of tissue could be damaged by temporary
interruption of its blood supply. The method
described in this paper was evolved in order to
accomplish this.

This method also has certain other important
advantages which have made it very useful in the
study of the etiology and therapeusis of traumatic
shock. It is traumatically less severe than many
methods, and therefore does not usually produce
overwhelming shock. This provides the oppor-
tunity of differentiating possible early and primary
changes in physiological responses which might
be obscured with more vigorous techniques.
Moreover, it is suitable for the study of the effects
of therapeutic procedures to which an excessively
traumatized animal could not be expected to
respond.

As a result of the procedure, fluid accumulates
locally in the region of the injured muscles. Since

1 This is reprint No. 605 of the Cancer Commission of
Harvard University.

The work described in this paper was done under a
contract, recommended by the Committee on Medical Re-
search, between the Office of Scientific Research and De-
velopment and the Massachusetts General Hospital.

this accumulation is largely limited to the lower
part of the legs, it is possible to estimate it as a
function of time by measuring volume changes
in the limbs up to the groin. The procedure has
also been modified so that the accumulating fluid
can be collected completely; in this way, factors
affecting the rate of extravasation in a trauma-
tized area can be evaluated, and the fluid itself
can be obtained in large quantities for investiga-
tion of its chemical composition, its physiologic
properties, and its bacterial flora.

TECHNIQUEOF OPERATION

Aseptic precautions are used throughout. All animals
were anaesthetized by means of sodium pentobarbital, 30
mgm. per kgm. given intravenously. The hair of both
hind limbs of the dog is carefully clipped and shaved from
the paw to the inguinal fold. The shaved skin is then
scrubbed thoroughly with soap and water, dried with
ether, and painted with tincture of iodine. The hips are
then acutely flexed, the legs brought into extension and
anchored to the table. The legs are draped with sterile
towels and a small laparotomy sheet. A linear incision
is made in the middle of the skin of the calf extending
from the level of the attachment of the tendo Achillis to
a point just proximal to the popliteal space. The skin
edges are protected by sterile towels or gauze sponges
which are secured by a continuous silk suture. The fascia
overlying the calf muscles is then incised over the entire
length of the wound, and retracted laterally. By blunt dis-
section with the finger, the triceps surae muscles (gastroc-
nemius and soleus) are isolated together from the plantaris
muscle, the posterior tibial and peroneal nerves, and the
muscles immediately posterior to the tibia and fibula.
This frees the triceps surae muscles except at their origins
and insertions. The vessels and nerves in the popliteal
space are partially dissected free from the surrounding fat.
Occasionally, it is necessary to divide the peroneal or pos-
terior tibial nerve to secure adequate isolation of the mus-
cles. Several small vessels entering the lateral portion of
the triceps surae may have to be secured and ligated. A
rubber band approximately 10 cm. long and 0.7 cm. wide
is looped around the muscles and passed over them to a

point as close as possible to their origin. This is facili-
tated by passing a cloth tape through the long loop.
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When the desired position for the rubber tourniquet is
obtained, the loop is closed as tightly as possible and
secured by a tape tie which was previously placed (see
diagram, Figure 1). The tendo Achillis is ligated so as
to occlude the blood flow at that end. The incision is
closed.

At the end of 5 hours, the wound is prepared, draped,
and opened at its proximal end. The tourniquet is divided
and removed. The arteries distal to the site of the tourni-
quet are palpated, and the veins are emptied by mild
manual pressure and allowed to refill in order to estimate
the integrity of the circulation. Other methods to estimate

this are described later. The wound is then resutured and
the limbs returned to the extended position.

When complete isolation of the triceps surae from the
surrounding tissues is desired, the technique is modified
at the time of the first procedure as follows. The tendo
Achillis is divided close to its insertion and the cut ends
ligated. A rolled rubber sheath is then unrolled over the
muscles as far as the tourniquet. The proximal (open)
end is anchored in position by a small rubber band. The
skin and fascia are then closed in one layer by a continu-
ous silk suture and the limbs are brought into extension.
Five hours later the tourniquet is removed as described

nvg HOURs LATES
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FIG. 1. DIAGRAMSILLUSTRATING TECHNIQUEOF MUSCLELIGATION (For explanation see text)
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TOXIC FACTORSIN EXPERIMENTALTRAUMATIC SHOCK. I
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Time (minutes) after release of ligatures

FIG. 2. GRAPHOF CHANGESIN MEAsUREDRADIOACTIvTY FOLLOWINGRELEASE OF LIGATURES, AFTER INJECTING
NA' INTO LIGATED MUSCIES

The natural logarithm of the (positive) difference between each reading and the equilibrium reading * has been
plotted against time. The half-period in each case is indicated on the curve. Note that each set of observations,
plotted in this way, approximates a straight line, indicating that equilibrium is approached through a simple expo-

nential curve. As noted in the text, the curves thus calculated always slope downwards whether loss or uptake
of the isotope is measured.

34a. Readings taken in left axilla after release of right muscle group (containing Na24).
34b. Readings from area of left muscle group following its subsequent release.
35. Readings taken over right muscle group (containing Na") following its release.
36. Readings from left axilla, as in 34a.
* All readings corrected for background and for decay of the isotope.

above and the wound closed. If fluid collection from the
tourniqueted muscle is desired, the following procedure is
utilized.

Fluid collection. The wound is reopened throughout
its entire length and the rubber tourniquet is divided and
removed. The open end of the sheath is then carried as

close as possible to the muscle origins. The closed distal
tips of the sheath is incised and the end of a curved glass
tube about 1 cm. in diameter is inserted. This is secured
by several ligatures placed about the sheath above and
below a collar on the tube. At the distal end of the tube
is placed a length of rubber tubing, which had been previ-
ously folded on itself, secured by a ligature, and covered
by a sterile gauze sponge (see Figure 1). The tube is
then led out of the distal end of the incision or through
a stab wound on the lateral skin flap. The skin and fascia
are closed in one layer with a continuous silk suture and
the glass tube is anchored to the skin by a purse-string
suture which is tied proximal to a collar on the tube.
The legs are brought into extension and secured. The
gauze cap is removed from the rubber tubing and the
tubing unfolded. The distal end of the tubing is then

placed over a sterile glass tube which had been inserted
in a rubber stopper attached to a sterile suction flask.
Sterile cotton is inserted into the open end of the side
arm of the flask. The flask is then immersed in a beaker
of ice and water which is placed on a shelf attached to the
operating table. Thus the fluid which exudes from the
muscle is collected in the flask. Fluid comes out rapidly,
usually after a short lag period, and after some hours the
flow subsides. The collection is continued for about 5
hours or until the muscles cease to yield fluid.

Reestablishment of circulation follouing anoxia. In ad-
dition to observations on arterial pulsation in muscles
following release of ligatures, radioactive tracers were

employed in some cases to determine reestablishment of
circulation. Just before the ligatures were released, 1 or

2 ml. of isotonic sodium chloride containing a suitable
amount of radioactive sodium (Na") were injected into
the substance of one of the tied muscles. Equilibration of
the labelled sodium chloride with that outside the muscle
was followed by means of readings taken on a Geiger-
Muller counter held in position over the injected muscle,
the uninjected muscle, or the left axilla. Following re-
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lease of tourniquet, there was a prompt decrease in radio-
activity over the injected area and increase over other
areas in all cases. Final readings were taken after equi-
librium had apparently been reached.

On the supposition that redistribution of the isotope
inside and outside the muscle might reach equilibrium
through a simple exponential curve, the logarithms of
the differences between each reading and the final equi-
librium reading were plotted as ordinates against the time
after release of ligatures. It will be noted that by plot-
ting the logarithm of each difference as a positive value,
all curves will show a downward slope whether one is
measuring loss of isotope from the injected area or its in-
crease in other areas (y = K(l 2-kt) or y = KZkt, re-

spectively). The resulting graphs showed approximately
straight lines in all cases (Figure 2), and from these
slopes half-periods have been calculated (i.e., time re-

quired for the exchange to become half completed). A
tabulation of the findings follows:

Dog 34. Muscles were isolated by sheaths (not
drained). Nae was injected into the right gastrocnemius
muscle. Readings taken over the left axilla (a) showed
increase of radioactivity with half-period 15 minutes, fol-
lowing release of right muscle group. Thirty minutes
later, the left muscle group was released while readings
were made over this area (b), indicating penetration of
Nae into the uninjected muscle. Half-period 3% minutes.

Dog. 35. No sheaths used in this experiment. Nae
injected into right gastrocnemius muscle; axillary read-
ings made while ligature was released. Half-period 10%
minutes.

Dog. 36. Muscles were isolated by sheaths (not
drained). Nae injected into right gastrocnemius muscle;

axillary readings made while ligature was released. Half-
period 10% minutes.

In 2 additional experiments the state of the muscle cir-
culation was tested before and after release of ligatures
by a semi-quantitative procedure. Immediately following
application of ligatures, 1 ml. of 1 per cent phenol red
(10 mgm.) was injected into the substance of each muscle
group. Urinary excretion of the dye was then followed
and calculated as percentage of the injected amount. The
results follow:

Dog 47. Muscles were sheathed and drained. Excre-
tion of the dye in the first hour after application of liga-
tures was 3.8 per cent. Excretion in following 4 hours,
1.5 per cent. In 35 minutes after first release 4.6 per cent

was excreted; second ligature was then released and 5.9
per cent was excreted in the ensuing 40 minutes. Total
excretion in 14 hours, 34.4 per cent.

Dog 48. Sheaths were not used. During 5-hour period
of application of ligatures, 0.4 per cent of the dye was

excreted. In 30 minutes after first release, 5.7 per cent;
in 1 hour after second release, 11.2 per cent. Total in
10 hours, 33.9 per cent.

In the first case there was escape of dye soon after in-
jection, which did not occur in the second case. In both
cases a prompt excretion occurred following release of
each tie, confirming the results with Nae.

The above results show that the procedure usually
causes a nearly complete cessation of circulation in the
muscles, and that prompt reestablishment of the circula-
tion after release of ligatures is the rule.

Mass of muscle involved. In a few cases the triceps
surae groups were weighed either before or after release
of ligatures. Three specimens taken while ties were in

TABLE I

Results of musck tying procedure
(Average values for blood pressure, venous oxygen content and blood hemoglobin at various stages in the procedure)

Number Before 30 minutes 6 hours
of Initial release after release after release (Final) range

dogs of ties of ties of ties

Without drainage-no shock
Blood pressure 7 113 130 124 100 90 to 110

mm. Hg
Venous 02 2 14.3 14.1 12.5 9.1 8.4 to 9.8

volumes per cent
Hemoglobm 2 12.8 16.6 16.6 17.8 16.0 to 19.6

grams per cent
Without drainage-shock3

Blood pressure 3 133 141 125 59 46 to 68
mm. Hg

With drainage-no shock
Blood pressure 35 128 146 134 118 80 to 140

mm. Hg
Venous 02 8 13.3 14.3 11.2 12.2 6.0 to 16.7

volumes per cent
Hemoglobm 7 13.0 13.5 13.8 16.3 14.8 to 20.8

grams per cent .

Note: The 10 dogs submitted to simple muscle tying without drainage have been divided into 2 groups depending
upon whether shock occurred (defined arbitrarily as blood pressure below 70 mm. Hg). No dogs in the group treated
with drainage showed signs of shock.

* No values available for venous oxygen and hemoglobin.
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place had a mean weight equivalent to 0.35 + 0.08 per
cent of body weight; 7 specimens taken 6 hours after re-
lease weighed 0.52 + 0.08 per cent of body weight. Thus,
the total mass of tissue involved in the bilateral procedure
includes roughly 1 per cent of body weight.

RESULTS

Uncomplicated muscle ligation. Ten dogs were
subjected to the procedure without drainage of
fluid, the muscles being tied bilaterally for a 5Y2-
hour period. Six hours after release of the liga-
tures, 3 of the 10 dogs had blood pressures below
70 and were considered to be in shock. Two of
these died within the next hour and the third was
sacrificed. The remaining 7 had blood pressures
ranging between 90 and 110, and were considered
not to be in shock. Two of these were sacrificed
within 7 hours and the remainder were allowed
to survive from 20 to 38 hours. In Table I, we
have summarized observations on these dogs which
have been divided into 2 groups depending upon
whether or not shock occurred. In 2 dogs without
shock, observations were made on venous oxygen
content and on hemoglobin. A moderate hemo-
concentration was observed, and the venous oxy-
gen levels declined somewhat suggesting a de-
crease in cardiac output.

Procedure with drainage. All 35 animals in this
group failed to show evidence of shock within 6
hours after release of ligatures. Table I shows
that there was little change in the venous oxygen
content, but hemoconcentration regularly occurred
after release.

In addition to the experiments tabulated here,
a number of dogs were subjected to considerable
bleeding (over 0.5 per cent of the body weight
equivalent in blood), and these will be discussed
elsewhere. Seven dogs done without sterile pre-
cautions, of which 5 received 500 mgm. sodium
thiocyanate intravenously, and all of which were
bled an amount exceeding 1 per cent of body
weight, have been omitted from the present series.
Although all of these dogs developed shock within
5 hours after release, it is clear that the procedure
was complicated by other factors potentially detri-
mental to the circulation.

Accumulation of fluid. Local swelling was al-
most invariably observed following release of ties.
It will be seen (Table I) that hemoconcentration
occurred in those animals where drainage was
not employed, as well as in those whose extrava-

sated fluid was drained. Unfortunately, there are
no data to show the degree of hemoconcentration
in the 3 which developed shock.

In an attempt to improve the yield of fluid from
drained muscles, slow infusions of physiologic salt
solution were given intravenously over a 2 to 3-
hour period beginning before release of the liga-
tures. The amount of fluid given was approxi-
mately equal to the animal's theoretical plasma
volume. Such experiments are compared with
controls in Table II. It is seen that there is wide
variation in fluid output in both groups of animals

TABLE II

Effect of intravenous saline infusion on production of fluid
following muscle ligation

Number Fluid Range of
of dogs produced values

ml. per kgm. ml permedian value km
No infusion 23 5.3 0 to 20
Saline infusion* 38 15.0 2 to 33

* Average amount of fluid administered = 55 ml. physi-
ological saline per kgm. body weight.

but that- the average output is approximately
trebled when the saline transfusion is given.
Nearly one-fifth of the administered fluid was re-
covered by muscle drainage.

Absorption of intracellular constituents. In 4
dogs, 2 treated with drainage, and 2 without,
plasma creatine determinations were made (7).
In Figure 3, it is seen that the plasma creatine,
which is essentially normal during the period of

2.. 0

'.5

0'

c 1.0

E 0.5

0.

Time in hours

FIG. 3. GRAPH ILLUSTRATING CHANGE IN PLASMA
CREATINE CONCENTRATIONAFTER RELEASE OF MUSCLE
LIGATURES
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ligation, rises steadily for at least 12 hours after
release. This confirms the observation (8) that
whole blood creatine rises following muscle
trauma. That muscle injured by crushing loses
65 to 70 per cent of its creatine has been shown
(9). It is interesting that none of the 4 dogs
on which determinations were made developed
shock.

The steady increase in plasma creatine in dogs
not in shock is especially interesting since it sug-
gests that absorption of a component of muscle
occurs in the blood stream. Plasma potassium
and phosphate values, on the other hand, have
remained essentially constant until shock is pres-
ent and rise only after renal function has essenti-
ally ceased.

Bacterial contamination. Nearly all of the
fluids obtained have shown bacterial contamina-
tion, at times very heavy, in spite of the aseptic
techniques employed. The possible relation of this
contamination to the shock produced has been
discussed in a preliminary paper (10) and is con-
sidered more fully in another paper of this series
(11).

DISCUSSION

The procedure described here was devised to
produce a controlled type of traumatic damage
(simple ischemia), over a specified time interval,
to a definite amount of muscle. Despite the small
amount of muscle concerned, shock has occurred
in some instances even when other procedures,
such as moderate blood losses, were not superim-
posed. It is noteworthy that local fluid loss and
absorption of tissue constituents into the circula-
tion have both been shown to accompany the
procedure.

By means of an accurate technique for collecting
the fluid which exudes from the anoxic muscle, a
separation is possible between those factors pres-
ent in this fluid and the possible ones absorbed
directly into the blood stream, as exemplified by
creatine. The absence of shock where extra-
cellular fluid is drained implies that such toxins

as may escape directly into the circulation are
inadequate in themselves to produce shock when a
small muscle mass is involved.

It is surprising how much fluid exudes from
these small muscle bundles after anoxia is stopped.
It appears obvious that solutes must be reabsorbed
into the general circulation when the fluid is
allowed continued contact with surrounding tis-
sues. This, of course, would increase the absorp-
tion of any toxin which might be present.

There are advantages in not traumatizing an
excessive amount of muscle tissue. Certain stud-
ies involving differential factors in the production
and therapy of traumatic shock may be made
when a minimal trauma is used, and yet may be
obscured by the overwhelming shock which fol-
lows excessive muscular involvement.

Experiments bearing on these questions will be
described in the following papers of this series.

SUMMARY

A method is described for the production of
ischemic damage in a reproducible way to a known
amount of muscle with subsequent reestablishment
of circulation. The amount of tissue involved
comprised about 1 per cent of body weight.

This method occasionally produces shock (3 out
of 10 cases) when uncombined with other pro-
cedures detrimental to the circulation.

Both- local exudation of fluid and absorption of
muscle constituents into the blood stream follow
the removal of tourniquets. It is possible, there-
fore, to assay the relative roles of these 2 factors
in the production of shock by a reproducible
traumatic procedure.

Quantitative collection of muscle exudate can
be accomplished by this technique.

Intravenous saline transfusions increase the
amount of fluid exudation about traumatized
tissue.

Advantages of a quantitative method of this
type in the critical study of traumatic shock are
discussed.

Bibliography follows Paper VI of this series.
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