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Oiie of the mi1ost promiiinent features of severe
cold injury (frostbite) is the early and rapid de-
velopment of edema of the injured part. Wehave
described previously a method for the production
of controlled injury by cold (1) and the general
course of events ending in gangrene (2). The
data presented here concern the edema following
frostbite. Most of these observations were carried
out during the first 24 hours after injury, at a time
when swelling of the injured part occurs. The
method used for the production of the injury by
cold is the same as that described previously (1).

A. Magntitude and location of edema

The maximum increase in volume of ears and
feet of rabbits following frostbite of different dura-
tion and at different temperatures is given in
Table I. In ears the greater part of the fluid is
found in the more distensible proximal part. Tl e
measurements were made by immersing as much
as possible of the ear in water and measuring the
Volume of water displaced. In the leg most of the
measurements were made as far proximally as the
part was frozen (to the tuberosity at the base of
the fifth metatarsal). The fluid, however, is not
confined to this region, but is forced up the leg in
a manner similar to that observed in ears. A few
measurements of volume were made as far as the
tuber calcanei (Table I). Twenty-four hours after
injury of the foot, edema is apparent above the
ankle and in some animals extends as far as the
knee. Measurements of total fluid loss by estima-
tion of the volume change of the entire leg were
not made.

The appearance of the foot of a rabbit 2 hours
after frostbite (3 minutes at - 550 C.) is shown

1 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
Development and Stanford University.

TABLE I

Swelling of feet atnd ears following frostbite

Initial Maxi-
VlDuration of Temp Vol- mu In- Max. vol. x 100

immersion .ume Vo[ crease Init. vol.
ume

misn.
Rabbit ears

12

Rabbit feet

2

3

3

3

3

60

Rabbit feet
3

o c.

-55

ml. ml. mnl.

7.5 36 28.5 480
9.0 39 30 433

(Volume measured to base of
fifth metatarsal)

- 55 12 25 13 208
13 33 20 254
13 25 12 192
13 31 18 238
14 20 6 142
13 28 15 215
12 25 13 208

- 55 13 36 23 277
13 37 24 285
13 25 12 192
1 2 30 18 250
11 31 20 282

-55 12 35 23 291
11 30 19 273
12 30 18 250
13 35 22 269
14 35 21 250

- 15 11 12 1 109*
9 9 0 100*

-25 11 27 16 245
10 30 20 300

- 35 13 31 18 239
12 33 21 275

-45 12 28 16 233
11 30 19 273

- 15 12 34 22 283
13 32 19 246
13 30 18 250

(Volume measured to tuber calcanei)
- 55 20 65 45 325

17 40 23 235
27 75 48 277

* Freezing did not occur.
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FIG. 1. EDE-MA OF RABBIT FEET FOLLOWINGSEVERE COLD INJURY
A, B and C show a right hind foot, with hair removed, before cold injury. D, E and F show the same foot 2 hours

after injury by immersion for 3 minutes at - 500 C. Foot immersed to the point indicated by the ink line. Volume
of edematous foot is 2.7 times that of the foot before injury.

in Figure 1. The toes are spread apart by the ac-
cumulation of fluid, and swelling is especially
marked on the dorsal surface of the foot. Much
less swelling is evident on the plantar surface
where the skin is much more tightly bound to the
underlying connective tissue. Upon incision of
the dorsum of an edematous foot, the edema fluid
may be seen to be distributed chiefly in the loose
connective tissue underlying the skin. The fluid
itself is viscous and drains slowly from the in-
cision. It coagulates within a few minutes after
withdrawal from the foot.

In order to determine whether any exudation of
fluid occurred in the proximal, uninjured portion
of a frostbitten ear, the distal, frostbitten part was
amputated after injury in one experiment. Follow-
ing frostbite for 90 seconds at - 550 C. a clamp
was placed on the ear just proximal to the line of
immersion. Two and one-half hours later the ear
dlistal to the clamp was amputated, cauterized, and
the clamp then released. On the following day
there was very slight edema present in the distal
part of the stump near the site of amputation.
This had disappeared on the second day. No
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edema approaching in magnitude that occurring
after untreated frostbite was observed, and no evi-
dence of edema was seen in the proximal part of
the ear. It thus appears that the fluid loss occurs
only in the distal injured part of the ear and that
edema proximal to the frostbitten region is the re-
sult of forcing of fluid into that region after the
limit of distensibility of the tip of the ear is
reached.

B. Rate of swelling
In all animals in which the foot or ear actually

became frozen during immersion (true frostbite),
thawing and return of blood to the injured ex-
tremity were followed immediately by rapid and
extensive swelling. Increase in the volume of a
frostbitten foot could usually be demonstrated 20
minutes after injury. The relative increase in
volume of feet frostbitten for 1, 2, and 3 minutes
at - 550 C. may be compared in Figure 2, in which
the maxima and minima for each duration of in-
jury are plotted at various time intervals after
frostbite. The volume was measured to the line of
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immersion (the tuberosity at the base of the fifth
metatarsal).

If comparisons are made between rabbit feet im-
mersed at - 55° C. for 1, 2, and 3 minutes, it is
found that the rate of swelling increases with the
duration of immersion and thus also with the
severity of the injury. Although swelling begins
within 20 to 30 minutes after exposure in all
cases, it occurs most rapidly following 3-minute
exposure and least rapidly after a 1-minute ex-
posure. Following 1-minute immersion the maxi-
mumvolume is reached in from 3 to 6 hours after
injury. Following a 2-minute immersion the
maximum occurs somewhat earlier, and after 3-
minute immersion the maximum volume is at-
tained in 1 to 2 hours in some animals. The
maximum volume attained is similar following
the different periods of immersion, although some
feet showed only slight increase in volume follow-
ing 1-minute exposure and others became as swol-
len as those exposed for 3 minutes. The great
variability of the foot volume following 1-minute
exposure (Figure 2) is an indication of lack of

I I I I,, I I I I I.111 1 I. 1 I 1 I I I I
23-2 3 4

HOURS TIME DAYS

FIG. 2. COMPARISONOF VOLUMECHANGESIN RABBIT FEET AFTER EXPOSURE
AT - 550 C FOR ONE, TWO, AND THREEMINUTES

Initial foot volume expressed as 100. For each severity of injury the
maximum and minimum values of foot volume at different time periods after
injury are connected by straight lines. The area between the curves of
maximum and minimum volume include all of the cases measured. Area
shaded right-l-minute immersion. Area shaded left-2-minute immersion.
Area spotted-3-minute immersion.
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uniformity in injury following this length of im-
mersion.

The decrease in foot volume begins about 1 day
after injury and appears to be more rapid follow-
ing the more severe injury. This decrease in
volume results from dehydration of the foot, due
to loss of fluid to the outside as well as internally.
The external water loss is most rapid when ne-
crosis and wet gangrene appear, and, since ne-
crosis of most of the injured area is an invariable
consequence of a 3-minute immersion at - 550 C.,
drying and shrinkage of the foot below its normal
size are most rapid in this type of injury.

C. Subcutaneous tissue pressure
Subcutaneous tissue pressures in frostbitten feet

were determined at varying times after injury by
the method of Henderson (3) as modified by
Wells, Youmans, and Miller (4). The needle
was inserted through the skin on the dorsal sur-
face of the foot into the edematous mass of under-
lying tissue, and the point adjusted so that it was
approximately midway between the skin and meta-
tarsal bones. Care was taken that only two punc-
tures were made in each foot; repeated puncturing
of the skin resulted in loss of fluid through the
skin and consequent decrease in pressure.

The results of determinations of subcutaneous
tissue pressure in the frostbitten feet of 9 animals

0

/"Z 0

0

RELATIVE FOOT VOLUME
FIG. 3. RELATIONSHIP BETWEENFOOT VOLUMEAND

SUBCUTANEOUSTISSUE PRESSUREAFTER FROSTBITE
Subcutaneous tissue pressure in cm. H.0 plotted as a

function of relative increase in foot volume after exposure
of one foot at - 55° C. for 3 minutes. Data from 9 ani-
mals. A maximum of two determinations was made on

each animal.

are plotted against the foot volume at the time of
pressure measurement in Figure 3. In all cases
the frostbite was produced by immersion at
- 550 C. for 3 minutes. The line drawn in
Figure 3 was fitted to the data by the method of
least squares and may be represented by the equa-
tion

P = 1.12 + 0.144 V (1)

in which P is subcutaneous pressure in cm. of
water and V is the relative increase in foot volume.

It may be seen from Figure 3 that as the
volume of the foot increases the pressure is found
to increase until, at maximum foot volume, the
subcutaneous pressure is approximately 25 cm.
H2O. This pressure is of the same order of mag-
nitude as the pressure inside capillaries. Landis
(5, 6) found by direct measurement that the
capillary pressures bf arteriolar and venous capil-
laries were 30 cm. H2O and 17 cm. H2O re-
spectively in the mesentery of the rat and 38.5
cm. H2O and 17 cm. H2O in the mesentery of
the guinea pig. The importance of high subcu-
taneous pressure in relation to the functional
pathology of frostbite will be discussed later.

When the foot has attained a volume 250 to
300 per cent of the initial volume, further increase
measured to the line of immersion does not occur,
but the pressure within the foot reaches such a
level that fluid is forced in a proximal direction
above the level of injury.

If the time course of increase in subcutaneous
pressure in the foot following cold injury is con-
sidered, it is found that the pressure increases
during the period of swelling (for the first 4 to
6 hours), and then reaches a maximum pressure
coinciding in time with the maximum foot volume.

D. Composition of edema fluid
Determination of the protein concentration of

edema fluid withdrawn from frostbitten feet and
in fluid drawn from blisters on frostbitten ears
was made at various times after frostbite. The
protein concentration was calculated from the spe-
cific gravity of the fluid determined by the falling
drop method (7). Protein concentration was
calculated from the formula given by Weech (8) :-

Pr = (Sp. Gr. - 1.0069) x 340.1 (2)
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in which Pr is the protein concentration in grams
per 100 ml.

1. Protein concentration of ear blister fluid
The protein concentration of blister fluid from

frostbitten ears, withdrawn at various times after
frostbite of 90-second duration at - 550 C., is
given in Figure 4. In the greater number of these
animals the blisters formed in the first 4 hours
after injury, although in some cases blisters were
not seen until 8 to 12 hours after injury. Fluid
from the blisters was straw-colored and did not
contain appreciable amounts of hemoglobin. It
may be seen from the figure that there is a de-
crease in protein concentration .of blister fluid
with time. The line drawn in the figure, fitted
to the data by the method of least squares, may
be represented by the equation

Pr = 4.303 - 0.0254 t (3)
in which Pr is the protein concentration in grams
per 100 ml. and t is the time in hours after frost-
bite. The coefficient of correlation between pro-
tein concentration and time after frostbite was
calculated to be - 0.798.

Pochin (9) found a negative correlation be-
tween protein concentration and time after injury
in edema fluid taken from rabbit ears following
vascular occlusion. The initial protein concentra-
tion of the edema fluid after vascular occlusion
and of blister fluid after frostbite injury are very
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0 10 HOURSAFTER3'ROSTMTE so

FIG. 4. TIME COURSEOF CHANGEIN PROTEIN CON-
CENTRATION OF EAR BLISTER FLUID FOLLOWING SEVERE
COLD INJURY

Data from 12 animals. Frostbite was produced in all
cases by immersion at - 550 C. for 90 seconds.

TABLE II

Protein concentration in edema fluid from frostbitten feet
Exposure at -550 C.

No. of Duration Time after frostbite Mean S. E. of
animals of at which fluid was protein meanexposure sampled

per cent
5 1 120-240 minutes 3.46 .668

22 3 90-240 minutes 4.13 .139
4 3 24 hours 3.01 .323
4 3 44 hours 3.91 .585

similar
ively).

(4.5 per cent and 4.3 per cent respect-
Pochin's data show a more rapid decrease

in protein concentration in the edema fluid after
occlusion than that reported here in blister fluid
after frostbite. This may indicate a more rapid
removal of protein-containing fluid via the lymph-
atics in occlusion.

2. Protein concentration of foot edema fluid
The protein concentration of edema fluid taken

from frostbitten feet under various circumstances
is given in Table II. It may be seen from the
table that the protein concentration after 1-min-
ute frostbite is somewhat less than after 3-minute
frostbite at - 550 C. This difference is, however,
not significant (P < 0.7).

The data for the protein-concentration of foot
edema fluid taken at different times after injury
are not sufficient to establish so definite a rela-
tionship as that in ear blister fluid. The correla-
tion between protein concentration and time in
hours after injury was - 0.494 and the straight
line fitted to the data may be represented by the
equation

Pr = 4.326 - 0.052 t (4)
in which the symbols are the same as those used
in equation (3). This relationship is based upon
22 determinations made between 1 and 6 hours
after injury and upon 4 determinations made 24
hours after frostbite. It is apparent that in frost-
bitten feet, as in frostbitten ears, the protein con-
centration of the edema-fluid is initially high, only
slightly below that of the plasma, and that it de-
creases progressively with time after injury.

Table II also shows the protein concentration
of foot edema fluid taken 44 hours after frostbite.
In this case there was an apparent increase in pro-
tein concentration. It seems probable that this
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increase is due to loss of water more rapid than
loss of protein from the foot.

The- protein concentration found in the foot
edema fluid and in ear blister fluid following cold
injury is in good agreement with the data re-
ported by Harkins and Harmon (10) for protein
concentration in edema fluid from severely frost-
bitten dogs. They report a mean edema fluid
protein concentration of 3.6 per cent.

3. Effect of edema fluid upon blood pressure and
isolated smooth muscle.

The frequent reports of the presence of a
toxic substance in plasma and edema fluid after
burns (11, 12) suggest that such toxic materials
may be present in the edema fluid taken from ex-
tremities following cold injury. In order to test
this possibility, edema fluid removed from frost-
bitten rabbit feet 2 hours after injury was ex-
amined in the following manner.

a. Effect upon blood pressure. Edema fluid was with-
drawn from the feet of two rabbits 85 and 95 minutes
after frostbite. In one case the fluid was used immediately
and in the other it was held overnight in a refrigerator.
This fluid was then injected intravenously into rabbits
anesthetized with dial. Arterial pressure was recorded
during and following the injection. Injection of the
edema fluid in amounts up to 2 ml. in a rabbit weighing
2.4 kgm. produced no change in the level of arterial pres-
sure.

b. Effect upon isolated guinea pig intestine. Segments
of guinea pig ileum were suspended in oxygenated Tyrode
solution containing 1: 1,000,000 atropine. Addition of
edema fluid withdrawn from frostbitten rabbit feet pro-
duced slight contraction in one instance. In this case 1.0
ml. of edema fluid was equal in activity to 0.1 Ag. hista-
mine. This activity may be accounted for entirely on the
basis of the normal histamine content of the small amounts
of blood present in the edema fluid, since rabbit blood
contains 10 to 12 I,g. histamine per ml. (13). In all
muscle preparations the activity of the muscle was con-
firmed by contraction in response to additions of histamine.

c. Assay of edema fluid for histamine. Edema fluid
withdrawn from frostbitten feet 2 to 4 hours after injury
was prepared for histamine assay by the method of Bar-
soum and Gaddum (13) as modified by Anrep et al. (14).
The extracts were tested upon the atropinized guinea pig
ileum and upon atropinized rectal caecum of the fowl.
No contractions of the isolated muscle were produced by
the edema fluid extracts. Comparison with known con-
centrations of histamine showed that the histamine con-
tent of the edema fluid must be less than 0.2 /Ag. per ml.
of original edema fluid.

d. Intradermal injection of edema fluid. Edema fluid
from a rabbit foot, withdrawn 95 minutes after injury,

was injected intradermally into the ears of two rabbits.
The volumes injected were approximately 0.1 and 0.3 ml.
Slight vasodilatation was seen immediately surrounding
the sites of injection within 5 minutes. No edema devel-
oped and the slight hyperemia disappeared within 12 hours.

Histamine liberation from perfused limbs in-
jured by high temperature has been described by
Kellaway and Rawlinson (15). The edema fluid
formed after frostbite, however, does not contain
significant amounts of histamine. Failure to dem-
onstrate the presence of toxic materials in this
edema fluid by the methods outlined above is not
interpreted to mean that chemical substances are
not implicated in the local changes following frost-
bite. It is possible that such principles as those
described by Shorr, Zweifach and Furchgott (16),
which would not be detected by the methods used
here, may play a part in the local circulatory
changes following cold injury.

E. Changes in blood composition coincidental
with swzelling

1. Plasma protein changes following cold injury.

Plasma protein concentration was calculated
from the plasma specific gravity, determined by
the falling drop method of Barbour and Hamil-
ton (7), by means of equation (2). In every
case the plasma protein concentration decreased
during the period of swelling of the frostbitten
foot. The results obtained in a representative
experiment are shown in Figure 5 (which also
shows changes in foot volume, hematocrit, hemo-
globin concentration, and blood specific gravity
during the same time period). In this experi-
ment the plasma protein concentration fell from
an initial value of 5.34 per cent to a minimum of
3.96 per cent. Similar results were obtained in
13 other animals in which the plasma protein
fell to 81.3 per cent of the initial 185 to 357
minutes after injury. Plasma protein concen-
trations before frostbite and at times ranging
from 160 to 357 minutes after frostbite in 6
animals are given in Table III. It may be seen
that in all cases there is a decrease in plasma
protein concentration following frostbite, rang-
ing from 0.98 to 1.57 grams per 100 ml. The
relationship between the decrease in plasma pro-
tein concentration and the protein concentration
in edema fluid will be considered below.
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Representative data from one animal after exposure of
one hind foot at - 550 C. for 3 minutes.

In order to determine the approximate dura-
tion of the decrease in plasma protein concentra-
tion following this type of frostbite, determina-

TABLE III

Plasma protein changes following cold-injury
3-minute immersion of foot at -55° C.

Iiil Time after Scn

weight plasma injury of Increase inNgft protein seterd. fovlue protein

kgm. grams per min. ml. grams per
.100mi. 100 mi.

2.59 4.90 185 35* 3.33
1.76 5.03 225 20 4.05
2.40 5.24 16-0 30* 4.00
2.50 5.35 192 38* 3.98

295 38* 4.15
2.50 6.25 322 25 5.24
2.80 6.43 357 35* 5.34

* Volume increase measured to the tuber calcanei.

TABLE IV

Plasma protein concentration one day after frostbite
Feet exposed at -50° C. to -54' C. for 3 minutes

Initial plasma Time after Plasma Diff
protein frostbite protein erence

grams per hours grams Per
100 Mi. 100 Md.

4.83 23 4.69 -0.14
4.60 24 4.15 -0.45
4.00 24 3.81 -0.19
4.63 24 4.76 +0.13

tions were made 24 hours after injury in four
animals. The results are given in Table IV.
It is clear from the data given in the table that
after this length of time the plasma protein con-
centration had returned to approximately the
initial value. The data show no tendency
toward a decrease in plasma protein concentra-
tion such as might result from leakage of pro-
tein into regions remote from the site of injury.

2. Relationship of plasma protein changes to
edema fluid protein concentration

Information regarding the origin of the edema
fluid in frostbitten extremities may be obtained
by comparison of the protein content of the
edema fluid with the plasma protein concentra-
tion before and after injury. Such a comparison
has been made for the data given here on two
bases: (1) comparison of the mean protein con-
centration of the edema fluid with the mean ini-
tial plasma protein concentration; (2) compari-
son, in individual animals, of the loss in total
circulating protein with the total protein found
in edema fluid.

Determination of the initial plasma protein
concentration (before frostbite) in 23 animals
gave a mean value of 5.42 grams per 100 ml.
(Range 4.00 to 6.56; S.E. of mean= 0.137).
The protein concentration of edema fluid taken
from frostbitten feet and from blisters on frost-
bitten ears during the first few hours after in-
jury were given previously as 4.13 grams per
100 ml. and 4.23 grams per 100 ml. respectively.
If these values for protein concentration in the
edema fluid are compared directly with the mean
plasma protein concentration it may be calcu-
lated that for feet 76.2 per cent or for ears 78.0
per cent of the edema fluid is whole plasma and

35
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TABLE V

Protein content of edema fluid
Calculated data derived from experimental data

in preceding table

1 2 3 4 5 6' 7

Protein conc. of

Calc.* Foot in plasma Grams edema fluid
Animal plasma volume protein proteinwegtvolume increase (deter- lost

mined) Theo- Ob-
retical served

kgm. ml. ml. grams per grams per 100 ml.100 mi.
2.59 103.6 35 1.57 1.63 4.66 3.6

1.76 70.4 20 .98 .69 3.45

2.40 96.0 30 1.24 1.19 3.97 3.8

2.50 100.0 38 1.37 1.37 3.61
100.0 38 1.20 1.20 3.16 3.1

2.50 100.0 25 1.01 1.01 4.04 4.3

2.80 112.0 35 1.09 1.22 3.49 5.3

* Four per cent of body weight.

the remainder must therefore be plasma ultra-
filtrate.

The data given in Table III make it possible
to calculate, for individual animals, the loss of
total circulating protein as compared with pro-
tein in edema fluid from the foot of the same
animal. In Table III are given the initial plasma
protein concentration, and, after 160 to 357
minutes, the increase in foot volume and the
plasma protein concentration at that time. In
Table V are listed certain derived data from
Table III, as well as the actual protein concentra-
tion of the foot edema fluid from these animals.
The normal plasma volume of these animals is
assumed to be four per cent of the body weight.
It may be seen that the loss in total circulating
protein ranges from 0.69 to 1.63 grams if it be
assumed that no change in plasma volume occurs
(Column 5). When this is divided by the
volume of fluid measured to have accumulated
in the foot during the time period given (Column
3), the theoretical protein concentration of the
edema fluid may be calculated (Column 6).
Good agreement is seen between this theoretical
value and that actually determined (Column 7),
indicating that the total loss of circulating pro-
tein may be accounted for by protein occurring
in the edema fluid. It should be.pointed out that

this comparison involves, at best, a rough ap-
proximation of the actual changes. The determin-
ation of the exact volume of edema fluid cannot
be made with great accuracy by the displacement
method. Furthermore the assumption that no
change in plasma volume occurs is not strictly
valid, since data presented below indicate a re-
duction in plasma volume soon after injury, with
a progressive replacement in plasma volume over
a period of several hours.

3. Changes in hemoglobin concentration and
hematocrit during swelling.

The hemoglobin concentration and the hema-
tocrit were determined in arterial blood during
the period of swelling of the foot following a 3-
minute immersion at - 550 C.

The procedure was as follows: Heparin was used as an
anticoagulant. Hemoglobin was determined by the acid
hematin method using 0.05 ml. of blood. Hematocrit was
determined in Van Allen tubes without dilution of the
blood. In several animals the hematocrit was calculated
from the hemoglobin concentration using a value of 33.9
grams hemoglobin per 100 ml. of packed erythrocytes
(17). This was calculated assuming an oxygen capacity
of 46.1 ml. of oxygen per 100 ml. packed cells (17) and
1.36 ml. oxygen to be bound by 1 gram hemoglobin (18).
In a limited number of determinations on rabbit blood
the mean corpuscular hemoglobin concentration was found
to be 33.6 grams per 100 ml. of packed erythrocytes.

For the four animals in which both hemoglobin
and hematocrit were determined on the same
samples of blood, the mean corpuscular hemo-
globin concentration was calculated for the ini-
tial sample and the sample taken at the time of
attainment of maximum foot volume. It was
found that a decrease occurred in two animals
(34.7 to 32.8 and 35.3 to 33.5) and no change
occurred in the other two. Since the difference
found was not great and appeared in only two of
four animals, swelling of erythrocytes during
the development of edema is not considered to be
an important or invariable consequence of cold
injury under the conditions used here.

The hemoglobin and hematocrit values, to-
gether with the figures showing fluid loss to the
injured foot and the whole blood specific gravity,
are given in Table VI. As is to be expected
from data given previously which indicated loss
of about 77 per cent whole plasma, the hemo-
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TABLE VI

Changes in hemoglobin concentration and hematocrit
following frostbite of rabbits' feet

Feet exposed at -55° C. for 3 minutes

Animal Time Increase Whole Hemo- Hemato-
nubr after in foot blood glbn cinubrfrostbite volume spec. gr lo. ci

min. mi. 100 mi. per cent

45 0 0 1.0470 11.7 33.7
26 6 1.0455 11.4 33.2
70 28 1.0456 11.6 35.5

104 37 1.0466 12.5 35.4
192 38 1.0468 12.7 36.9
295 38 1.0495 13.0 39.7

a 0 0 1.0560 14.1 41.5*
76 18 1.0570 14.9

183 22 1.0580 16.4
316 23 1.0576 16.1 47.5*

13 0 0 1.0550 14.3 42.5*
37 6 1.0554 14.8
68 10 1.0564 15.8

174 15 1.0577 16.1
223 18 1.0569 15.4 45.6*

7 0 0 1.0599 16.8 49.5*
203 15 1.0619 17.3
246 16 1.0622 17.4 51.5*

19 0 0 1.0504 11.6 35.0
216 21 1.0510 13.5 41.0

17-s 0 0 1.0495 11.8 36.0
190 30 1 0495 12.9 38.5

6-s 0 0 1.0533 13.6 38.5
200 36 1.0521 14.3 42.7

Number 45, 17, 6: Foot volume measured to tuber cal-
canei.

* Hematocrit calculated from hemoglobin (see text).
s = spleen removed from circulation before frostbite.

globin concentration and hematocrit are found
to increase progressively during the period of
swelling. These values are plotted in Figure 5
for one representative animal.

From a comparison of the initial and final
hematocrit values, provided the loss of fluid
to the injured foot is known, it is possible to
calculate the extent to which plasma volume, re-
duced due to loss into the injured region, has
been replaced by withdrawal of fluid from extra-
vascular sources. These data are shown in
Table VII. The cell volume is assumed to re-
main constant throughout the experiment. In
two animals (Nos. 17 and 6) the spleen was
excluded from the circulation before frostbite
in order to exclude the addition of cells from
this source. These animals did not appear to
differ from the others in the series.

TABLE VII

Cakulations showing estimated replacement of
plasma volume foUowing severe cold injury

See text for calculations and meanings of symbols used

Animal number ............ 45 3 13 7 19 17* 6*

Body weight (kgm.) ........ 2.50 2.66 2.85 2.85 2.20 2.50 3.20
Initial Vb (ml.) ............ 175 186 199 199 154 175 224
Initial H ................. 33.7 41.5 42.5 49.5 35.0 36.0 38.5
V. (ml.).................. 59 77 85 97 54 63 86
Initial V, (ml.) ............ 116 109 114 102 100 112 138
Time after injury (min.).... 295 316 223 246 216 190 200
Fluid loss (X) (ml.) ........ 38 33 24 23 30 30 36
CaIc. final VP (ml.) ........ 78 76 90 79 70 82 102
Calc. final Vb (ml.) ......... 137 153 175 176 124 145 188
Calc. final Hi .............. 43.1 50.4 48.3 55.4 43.6 43.5 45.8
Final Hi (determined) ...... 39.7 47.5 45.6 51.5 41.0 38.5 42.7
Final Vb (ml.) ............. 149 162 185 189 132 164 202
Replacement of plasma

vol. (ml.). . 12 9 10 13 8 19 14
(Final Vb - calc. final V.)

* Spleen occluded from the circulation before cold injury.

For Table VII the calculations involved are as follows:
initial blood volume (Initial Vb) is assumed to be 7 per
cent of the body weight, from which is calculated the
initial cell volume (V.) and the initial plasma volume
(Initial VP) by use of the hematocrit determined initially
(Initial Ht).

V. = (Body weight x 0.07) X Initial Ht
Initial V,, = (Body weight X 0.07) X (100 - Initial Ht)

If it be assumed that the fluid lost (X) into the injured
region is plasma and that the plasma volume is reduced
by the amount (X), then the following calculated values
may be derived:

Calc. Final Vp, = Initial V,, - X
Calc. Final Vb = Cal. Final Vp + V.

V, X 100
Calc. Final Ht = Calc. Final Vb

If, now, the final determined hematocrit value (Final Ht)
be compared in each case with the final calculated hemato-
crit (Calc. Final Ht), it is found that the determined
hematocrit value is smaller in all the animals. This indi-
cates that part of the plasma lost has been replaced by
water withdrawn from the interstitial compartment and
from the gut. The extent of this replacement may be
estimated by calculation of the blood volume on the basis
of the determined final hematocrit (Final Ht) and com-
parison of this figure with the calculated final blood vol-
ume (Calc. Final Vb) derived above.

Calc. Final Ht X Calc. Final V.Final V. = FnlHaVb ~~Final Ht

It is found (Table VII) that the replacement of plasma
volume amounts to from 8 to 19 ml. in the time interval
studied.

An examination of the hematocrit values fol-
lowing cold injury thus indicates a reduction in
plasma volume which is partially replaced by
extravascular fluid within a few hours. Further
evidence for this is given in the next section.
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4. Measurement of plasma volume following
cold injury

In four animals the plasma volume was de-
termined by the dye method immediately before
frostbite and again after 2 to 4 hours. Pre-
liminary experiments showed that intravenously
injected T-1824 was readily lost from the circu-
lation into the injured foot, so that the frost-
bitten foot must be excluded from the circulation
before the second plasma volume determination
is made in order to obviate fictitiously high values.

The procedure was as follows: Initial plasma volume
was determined by the intravenous administration of 2
mgm. per kgm. T-1824; the determination of the dye
concentration in plasma was made after 10 minutes (19).
Plasma volume after frostbite was determined after first
occluding the circulation to the injured foot by a tour-
niquet placed just above the knee. A blood sample was

then withdrawn to serve as a control, an additional in-
jection of 1 mgm. per kgm. T-1824 was made intra-
venously, and the dye concentration again was determined
after 10 minutes. Concentrations of T-1824 were deter-
mined in undiluted plasma using a 620 jAm. filter in a

Klett-Summerson photoelectric colorimeter.

Table VIII shows the results of determinations
of initial plasma volume and plasma volume after
frostbite of one hind foot at - 550 C. for 3
minutes. It will be seen that the determinations
made 120, 148, and 180 minutes after injury all
show reductions in plasma volume, but that after
240 minutes (in one animal) the plasma volume
is made up to its initial value. These results
confirm those obtained by calculation of hema-
tocrit differences in showing that the fluid lost
from the plasma is rapidly replaced during the
first few hours after injury.

TABLE VIII

Plasma volume before and after severe cold injury
Plasma volume was determined by the use of T-1824 as

described in the text

Animal number .................... 82-B 12 82 79

Weight (kgm.)... 3.855 4.044 4.095 1.760

Initial hematocrit. 38 43 43 39

Final hematocrit .... 44 49 46 38

Time after injury of second
plasma volume measurement
(min.). 120 148 180 240

Increase in foot volume (ml.). 28 27 38 20
Initial plasma volume (ml.).... 172 183 156 97

Final plasma volume (ml.) .... 143 117 125 98
Difference (ml.) . . -29 -66 -31 +1

5. Oxygen and hemoglobin concentration in
blood flowing from frostbitten limbs.

These determinations were made on samples
of blood withdrawn from the anterior tibial vein
following immersion of the foot for 3 minutes

TABLE IX

Venous and arterial blood hemoglobin concentration
and oxygen content following severe cold injury

Time Foot Oxygen content Hemoglobin
Animal after Footmnumber frost-icre

bite incrase Venous Arterial Venous Arterial

mi. ml. vol. vol. grams grams
per cent per cent per cent per cent

5 0 14.9 17.9
1 5 16.4
60 16.9

11 0 0 11.4 14.8
97 18.1

115 17.0
135 16.6
150 16.1
210 13.8
232 13.0
265 16.3
294 37

4 0 0 15.5 17.6
20 21.9
33 6 21.4
44 18.9
59 15
68 23.9
78 18.1

147 15.5
158 23 22.0

3 0 0 14.8 16.2 14.1 14.1
26 16.2
46 18.1 14.0
58 15.2
62 14 17.2 15.2
76 18 22.4 14.9
96 21 19.2 17.2

183 21.8 16.4
211 19.1 20.0 17.0
268 19.3 16.9
316 23 19.7 16.1

13 0 0 13.7 16.6 14.8 14.3
20 2 15.4 14.9
37 17.2 14.8
56 18.0 15.8
68 16.1
80 11 15.9

163 18.0
174 19.2 16.1
198 22.2
223 18 16.9 15.8

7 0 0 18.2 19.0 17.4 16.8
133 4
186 18.2 18.9
203 14 21.9 17.3
223 16 16.2 16.9
246 22.0 17.4
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at - 550 C. In a number of instances arterial
samples were also obtained for comparison.

When serial samples of blood were taken, it was neces-
sary to withdraw only very small volumes of blood in
order that the blood volume be altered as little as possible.
This was done by drawing blood directly from the vein
into a Roughton-Scholander (20) blood pipette (1.0 to
1.5 mm. bore, containing 100 cmm.) which was first
wet with heparin solution (10 mgm. per ml.). The
pipette was fitted to a 26-gauge hypodermic needle by
means of a rubber gasket in the needle hub. The pres-
sure in the vein was sufficient to fill the pipette. After
removal of the needle, samples of blood for the deter-
mination of hemoglobin (20 cmm.) and specific gravity
(20 cmm.) were transferred directly to appropriate
pipettes, enough blood being left in the original pipette
for determination of oxygen content by the method of
Roughton and Scholander (20).

The results of these determinations are given
in Table IX. Data for an individual animal (No.
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3) are plotted in Figure 6. As swelling of the
injured leg occurs, the oxygen content of the
venous blood flowing from the leg increases. In
some cases the venous oxygen content actually
exceeded the arterial oxygen content, due to loss
of plasma in passage of the blood through the
injured tissue. In all animals oxygen content
of both venous and arterial blood increased dur-
ing the period of swelling. In three animals
(Nos. 3, 13, and 7) the hemoglobin concentra-
tion was also determined in the same blood
samples in which oxygen content was deter-
mined.. By using a value for oxygen capacity of
hemoglobin of 1.36 ml. per gram (18), the blood
oxygen saturation has been calculated for differ-
ent time periods after injury. These calculations
all indicate that during the period of swelling
the tissue of the injured limb is utilizing oxygen
(that is, tissue death did not occur from the ex-
posure at - 550 C.). The data are not exten-
sive enough to permit definite conclusions to be
drawn as to whether oxygen utilization is de-
creased soon after injury. Such decrease in
coefficient of oxygen utilization occurred in two
of the three animals studied.

DISCUSSION

It has been pointed out that, following vascu-
lar occlusion of the rabbit ear prolonged enough
to lead to gangrene of the part (9), the protein
concentration of the edema fluid is almost identi-
cal with that occurring after frostbite. Like-
wise the protein concentration of edema fluid
and the changes in hemoglobin and hematocrit
reported here agree with those found by Hark-
ins and Harmon (10) after freezing approxi-
mately one-quarter of the body surface of dogs.
The early hemoconcentration observed to follow
severe burning, which resembles that found in
this series of animals following frostbite, has
been observed by many workers in both animals
and man (11, 12). Both the tissue edema fluid
(21) and blister fluid (22) from burned areas
have been demonstrated to be exudates with a
protein concentration approaching that of plasma.
Presman et al. (23) report the protein concentra-
tion of blister fluid taken from burned human
beings to be about 70 per cent that of plasma.
This is in good agreement with the value of 77

-k
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per cent found in this series of animals after
frostbite. The plasma protein changes follow-
ing burning have been studied recently by
Lischer et al. (24). Plasma albumin tended to
fall in all animals, but plasma globulin fell only
in less severely burned animals which survived.
It has not been determined whether the fall in
plasma protein following frostbite is due chiefly
to decrease in the albumin fraction.

The significance of swelling, as one of the
manifestations of injury following the exposure
of parts of the body to severe cold, may be
judged basically from two points of view: (a)
its correlation with the extent of tissue loss and
the course of healing; and (b) the information
it may furnish concerning the nature of the in-
jury produced. The experiments described above
indicate that the magnitude of swelling alone is
of relatively little help in affording a basis for
describing the final outcome of injuries produced
by cold. On the other hand, the rates of its ap-
pearance and its duration have a fairly consistent
relation to the severity of injury. In those ani-
mals subjected to cold of sufficient degree and
duration to produce complete gangrene and loss
of the exposed part, the edema which appeared
was more rapid in onset and disappearance than
in the milder forms of injury. In no case did
gangrene appear without the previous occurrence
of massive edema in the injured region.

The demonstration that the fluid lost from the
blood stream into the interstitial compartment
of the injured regions contained large amounts
of protein furnishes evidence of increased capil-
lary permeability. Protein was found in quanti-
ties equalling that to be expected if as much as
77 per cent of the total volume of edema fluid
were whole plasma. There occurred a massive
loss of protein from the blood into injured feet
and ears which recovered, as well as iflto those
which became gangrenous. Thus, injury of
capillaries sufficiently severe to induce increased
permeability to plasma protein does not appear
to be the determining event in the development
of gangrene. However, the amounts of indura-
tion and persistent periarticular fibrosis which
characterize the healing stage following injury
by severe cold probably depend upon the protein
centent of the edema fluid.

The loss of plasma from the blood stream dur-
ing the course of swelling is sufficient to produce
moderate increases in hemoglobin concentration
and hematocrit during the first few hours after
injury. Shock was not observed in any of the
animals studied, probably because of the limited
size of the injury. As plasma is lost into the
injured region, the blood becomes diluted by fluid
from the interstitial compartment and probably
from the gut as well, so that the volume of fluid
lost to the frostbitten part is greater than the
quantity by which the plasma volume is reduced.
While the replacement of plasma volume is suffi-
cient to produce a fall in plasma protein concen-
tration during the first few hours after injury,
it is not enough to compensate completely for the
fluid loss, and a moderate increase in hematocrit
occurs.

SUMMARY

Following severe cold injury, produced by im-
mersion of one hind foot of rabbits in liquid at
- 550 C. for 3 minutes, massive local edema of
the part is an inevitable consequence. Investiga-
tion of the specific details involved in the de-
velopment of the edema permit the following
conclusions to be drawn.

1. Swelling of the foot begins as soon as thaw-
ing is complete and reaches a maximum in about
6 hours. Decrease in volume begins about 24
hours after injury and continues progressively
during the next 5 days until the foot dries and
becomes mummified. The ma:Fimum foot volume
is about 3 times the initial volume.

2. Subcutaneous tissue pressure in frostbitten
feet increases as the feet swell, until a pressure
of about 25 cm. H20 is attained 4 to 6 hours
after injury at a time when the volume of the feet
is maximal.

3. Fluid withdrawn from frostbitten feet dur-
ing the stage of maximal edema and fluid from
blisters on frostbitten ears contain an average
of 4.3 per cent protein. The protein concentra-
tion of the fluid decreases progressively with time
after injury.

4. The presence of toxic materials in the edema
fluid was not indicated by the following tests:
application to isolated guinea pig and fowl in-
testinal smooth muscle; intradermal injection in-
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to rabbit ears; intravenous administration to
rabbits while arterial pressure was being re-
corded.

5. The mean protein concentration of edema
fluid from frostbitten feet is equivalent to about
76 per cent of the protein concentration in plasma
before injury.

6. Plasma protein concentration is reduced
during the first 6 hours after injury but is re-
stored after 24 hours.

7. Moderate increases in hematocrit and hemo-
globin concentration of the blood occur during
the period of swelling of the foot.

8. Calculation of the extent to which fluid lost
into the injured limb is replaced by extravascular
fluid indicates that plasma volume is first re-
duced and then progressively restored during the
first 6 hours after injury. Determination of
plasma volume by the dye method in four ani-
mals before and after injury agrees with the
plasma volume changes calculated on the basis
of changes in concentration of blood constituents.

9. During the period of swelling, loss of fluid
consisting of about 76 per cent plasma is rapid
enough to result in decrease in plasma volume.
Progressive replacement of plasma volume dur-
ing the first few hours after injury is sufficient
to result in a fall in plasma protein cencentra-
tion, but is not great enough to compensate com-
pletely for the fluid loss to the foot; thus, moder-
ate increase in hematocrit occurs.

10. In some cases oxygen content of venous
blood draining from the injured limb during
swelling exceeded arterial oxygen content due
to loss of fluid into the injured area. Oxygen
utilization by the injured limb occurs during the
first 5 hours after injury.
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