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(Received for publication October 13, 1944)

The number of local treatments which have
been proposed for burns is legion. In one ex-
haustive review of the subject (1), some sixty
pages are devoted to this phase. It is obvious,
however, that there is in the surgical mind little
satisfaction with these treatments because, at not
infrequent intervals, medications continue to be
suggested for topical application to burned sur-
faces. It was one such report (2) which
prompted the investigations to be presented below.

Although attempts at quantification of wound
healing and the effects upon it of certain treat-
ments have been made in the past (3 to 7), to
our knowledge such attempts have never been
applied to an evaluation of treatment of the third
degree burn including its excision. From all ac-
counts, expedition of healing of the third degree
burn presents a major challenge to therapy. Ex-
cision of such an area has been performed at nu-
merous times in the past (1). It was perhaps
first performed in 1901 (8). In 1913, two work-
ers (9) believed that by such a procedure sur-
vival of the burned animal could be prolonged.
It was decided, therefore, to investigate systemati-
cally the healing of the experimental third degree
burn and the effect thereon of several treatments
including excision, and to apply to the data ob-
tained the newer knowledge of growth quantifica-
tion (10).

'This article has been released for publication by the
Division of Publications of the Bureau of Medicine and
Surgery of the U. S. Navy. The opinions and views
set forth in this article are those of the writers and are
not to be considered as reflecting the policies of the
Navy Department.

2 Lieutenant (jg), Medical Corps, United States Naval
Reserve.

8 Ensign, H-V (S), United States Naval Reserve.
4 Lieutenant Commander, Medical Corps, United States
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METHODS

Adult rabbits weighing between 5 and 9 pounds were
used. Standard third degree burns were made on the
backs of rabbits according to the technique of Leach
et al. (11), using an asbestos-jacketed cylinder through
which hot water circulates. The burning surface of
the cylinder was a circle one inch in diameter, and the
burning' temperature was 75 to 820 C. for 1 minute.

There were 3 general types of experimental procedure
carried out following the burn. The first of these was
upon a group of 20 burns in which no treatment was
administered. The second group consisted of 54 cases
in which some medicament or graft was applied immedi-
ately following the burn; in 13 of these, the application
was made directly on the burn, and in the other 41, to
the surface left following excision of the burn. The
excision line was usually through the area of edema just
beyond the coagulum. Despite this conservative ap-
proach, the retraction of the wound usually led to an
area double that of the third degree burn. Finally, the
third group consisted of 5 donor areas (Table I).

The coagulated plasma-sulfonamide film of Pollock
(2), hereinafter known as CPS, was applied in 13 cases
to the burned area, and in 15 cases to the surface remain-
ing after the burn had been excised.

Other reagents applied to the surfaces left by excision
of the burn included vaseline (13 cases), thrombin-
fibrinogen-sulfonamide (5 cases), and a "diazifilm" (1
case).

Grafts were attempted in 7 cases but did not succeed
for various reasons, chief among which was sepsis. Both
whole and split-thickness grafts on both whole and split-
thickness excision surfaces were tried.

Bandaging septic excisions led to early gross infec-
tion, maceration, and destruction of tissue with a punched
out appearance, but improvement occurred almost imme-
diately upon exposure to air. Cultures were not at-
tempted. In sterile experiments, the bandages were
rarely left on after 14 to 16 days. Within this time,
infection did not occur. Thus, medication was never in
apposition to the wound longer than this time.

Observations on the course of regeneration were made
approximately every third day from the time the burn
was made to the time of complete regeneration. The
measurement of the unhealed area was made with a
centimeter ruler. The surfaces were regarded as roughly
elliptical in shape, whence the area was taken to be
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lrr1r2, where rL and r2 are, respectively, the semi-maj or

and semi-minor axes of the ellipse.
The measurement of the unhealed area mentioned

above can be converted into a suitable growth measure-

ment as follows: Let a (o) denote the original area of
the wound surface. Let a (t) denote the remaining un-

healed area after t days. Then obviously a(o) - a(t)
represents the amount of tissue regenerated. The Carrel-
Hartman (3) observation that, in equal times, the
growth increment of a large wound is greater than that
of a small wound is very likely attributable to the use

of just a(o) -a(t) as the parameter of growth. This
measure can give the impression that the fundamental
proliferation mechanisms proceed at different rates in
wounds of different sizes. As a matter of fact, the "per-
centage growth rates" are the same regardless of size.
It is preferable therefore to put large and small wounds
on an even footing, so to speak, and use instead of
amount regenerated, the

Fraction of the original a(o) a(t)

wound which has been = _P
regenerated up to time t a(o)

Assuming that area is proportional to some function
of cell numbers, P also represents the fraction of the
total number of cells which have been produced to time
t. In terms of this parameter, then, differences among
growth curves will arise only from fundamental differ-
ences in the mechanism of growth, rather than from
mere size difference of the wounds.

From the experimental data for each regeneration, it is
possible to compute P at every experimental point. For
days other than days of observation, one may obtain an

approximation to P by a linear interpolation. Thus, it
becomes possible to plot "mean growth curves" for large
numbers of areas by plotting average values of P at a

given time. The mean curves thus obtained are re-

marlkably regular, and very well suited for comparative
purposes.

RESULTS AND DISCUSSION

Two comparisons of the mean curves for con-

trols with excised areas, and areas treated with
vaseline with areas treated with CPS have been

BLE I.

This table summarizes all experiments considered in the text.

The upper number of each entry is A, the per cent rate of growth, while the lower number is proportional to B,
the interactive coefficient. Every entry represents about eight observations of one growth curve. Burning time is
given in minutes, and burning temperature in degrees Centigrade. Abbreviations are as follows: CPS = coagulated
plasma-sulfonamide film; Thr.-Fibr. = thrombin-fibrinogen.

Experiments in which burn was not excised Experiments in which burn was excised

Burn Men Excised +
Ani- time Untreated burns Burn + of non- Excised + unsuc- Excised + |Excsed + Excised + Donor Mean of5 ormal and (control animals) CPS excised vaseline cessful CPS Thr.-Fibr. diaszifli aeas excised

temp. areas graft

2 1-75 0.3337 0.3337 0.3255 0.7110 0.3428 0.4598
0.0834 0.0834 0.0459 0.1580 0.0365 0.0801

3 1-75 0.2290 0.3438 0.2845 0.2858
0.0472 0.0844 0.0390 0.0535

4 1-75 0.2492 0.2492 0.1867 0.3197 0.2964 0.2676
0.0238 0.0238 0.0148 0.0524 0.0337 0.0333

7 1-75 0.6035 0.6035 0.2897 0.6035 0.1483 0.3472
0.0457 0.0457 0.0181 0.0457 0.0156 0.0297

8 1-75 0.1268 0.3320 0.3530 0.2706
0.0063 0.0105 0.0318 0.0350

10 1-75 0.2643 0.8658 0.3100 0.2700 " 0.4386 0.3393
0.0281 0.0651 0.0466 0.0200 0.0457 0.0328

11 1-75 0.1769 0.1815 0.1540 0.4852 0.1815 0.3340
0.0249 0.0154 0.0222 0.0694 0.0154 0.0424

12 1-82 0.2632 0.2138 0.2385 0.3778 0.2478 0.2622
0.0371 0.0301 0.0336 0.0331 0.0182 0.0256

13 1-79 0.1860 0.1860 0.1694 0.4250 0.2972
0.0532 0.0532 0.0166 0.0674 0.0410

15 1-78 0.1902 0.2462 0.2182 0.3194 0.3194
0.0689 0.0347 0.0518 0.0410 0.0410
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TABLE i-Continued

Experiments in which burn was not excised Experiments in which burn was excised

Burn Means Excised + Ei~
Ani- time Untreated burns Burn+ of non- Excised+ unsuc- Excised+ Excised+ ed+ Donor Mean of
mal and (control animals) CPS excised vaseline cessful CPS Thr.-Fibr. or areas excised

temp. areas grft

16 1-78 0.3160 0.3160 0.1335 0.1335
0.0479 0.0479 0.0152 0.0152

17 1-82 0.1920 0.2962 0.2441 0.3879 0.3753 0.3816
0.0315 0.0338 0.0326 0.0269 0.0232 0.0250

18 1-82 0.2897 0.3713 0.3300 0.2111 0.3073 0.2592
0.0742 0.0742 0.0742 0.0169 0.0240 0.0204

19 1-80 0.2965 0.2273 0.2619 0.1903 0.2170 0.2037
0.0582 0.0394 0.0438 0.0134 0.0143 0.0138

20 1-80 0.1335 0.1707 0.1521 0.2145 0.2090 0.2102
0.0243 0.0265 0.0254 0.0101 0.0108 0.0104

21 1-80 0.2187 0.1541 0.1864 0.3020 0.3050 0.3030
0.0370 0.0270 0.0320 0.0213 0.0354 0.0286

22 1-80 0.1989 0.1834 0.1911 0.3387 0.2383 0.2885
0.0301 0.0171 0.0236 0.0204 0.0161 0.0182

24 1-80 0.3970 0.3970
0.0269 0.0269

27 1-81 0.2395 0.1080 0.1737 0.6040 0.4020 '.5030
0.0406 0.0204 0.0305 0.0300 0.0490 0.0390

28 1-81 0.1645 0.1382 0.1504 0.2620 0.3100 0.2865
0.0257 0.0216 0.0237 0.0136 0.0131 0.0134

30 1-81 0.2390 0.1865 0.2130 0.4310 0.2210 0.3258
0.0328 0.0338 0.0332 0.0194 0.0095 0.0144

31 1-81 0.2780 0.2490 0.2630 0.1800 0.2830 0.2320
0.0421 0.0377 0.0399 0.0132 0.0130 0.0131

Total
numbers 20 13 19 13 7 15 4 2 5 22

made (Figures 1 and 2, respectively). Each cir-
cle on the graphs represents the mean of a stated
number (N) of observations. The smooth
curves are theoretical curves to be discussed pres-
ently. From these comparisons two important
inferences are made: (1) that healing proceeds
significantly faster when the burned area is ex-
cised, and (2) that CPS has no effect on healing
which differs from the effect of an inert reagent,
such as vaseline. In all instances, it will be ob-
served that the curves are typical simple growth
curves, symmetric about P = 50 per cent and
showing no discontinuities. To further document
these remarks now requires a second step in the
analysis of the data.

The contrast between the general properties of
two growths can be brought into sharper focus

by an elementary theoretical treatment. This is
particularly true when the growth of a more or
less homogeneous tissue is considered, for then
the growth curve can be linked to certain basic
factors in cell economy. Thus, if, as has been
done (10), we postulate that the

Rate of Intrinsic proliferation Effect of inter-
growth = rate of non-inter- - actions among
of cells acting cells J cells

we may form a simple theory (12) to account for
the growth of a homogeneous colony so that:

Intrinsic proliferation
rate of non-interacting = (constant) XN-AN

cells
Effect of Effect of nutri- Effect of

interactions tional and excre- _ spatial
among cells tional interactions interactions

- BN2 _ CN'
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where N is cell number, and A, B, and C are so-
called vital coefficients (13). Putting these to-
gether we obtain the differential equations of the
growth as,

dN = AN-(BN2 + CN') (1)dt

Although the factor C is usually small, it intro-
duces considerable mathematical difficulty (12)
into the application of equation (1), and further-
more requires a greater number of experimental
points than is here furnished.

However, the simpler form of (1 )--omitting
the C-originally proposed by Robertson (14),
though with a different interpretation (auto-
catalysis), can be easily applied to give compara-
tive estimates regarding A and B. The integral

100

90.

80

70 t 0

750

G40 0

301

a0o

form of (1) can be written as,

N 1
n

A 2N(oo) 1 + Ke-At' and B=N(O) (2)

As remarked above, N/N(co) = (a(o) -
a(t))/a(o). Substituting into (2) and re-
arranging, we have

a(t)log a(o) - a(Ft) = - At +log K, (3)

from which it follows that A, the per cent rate of
growth of non-interacting cells, can be obtained
as the negative of the slope of a loge (a(t)/(a(o)
- a(t)) vs. t. Then B, the coefficient of retarda-
tion due to interactions such as competition or
possibly infection can be found from (2), at least
up to a constant of proportionality.

(jI HEtLINN FOLLOWING EXCISION

I H®ALN OF CONTROLS

THEORYM I lb

00 0OEXPE"T |

15 20 25
DAYS

FIG. 1. COMPARISONOF THE EFFEcT OF EXCISION (CuRVE-1) WITH
NON-EXCISION (CuRvE-2)

Each circle is the mean of the specified number (N) of experiments.
The theoretical curves are, respectively, P = 100/ ( 1 + 70e - 0-98t), and P =

100/(1 + 192e-0.l77t), and are derived from the theory of growth of homo-
geneous cell populations (see text).
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80

70

060O
-i

U150

O EXCISION + CPS. EXTRACT
* CONTROL EXCISION

- THEORETICAL CURVE. EXCISION

45 50
DAYS

FIG. 2. ILLUSTRATION OF THE FAILURE OF CPS IN AFFECTING THE
CURVEOF HEALING

Each white and black point is the mean of 14 paired observations. The
control excisions were surfaces coated with vaseline. The theoretical curve
is the mean theoretical curve for the healing of any excision surface,
P = 100/ (1 + 70e- 0.198t).

Equation (2) has been applied and A and B
have been determined in each of 79 cases with
encouraging results. A typical plot of equation
(3) appears in Figure 3. In the great majority
of cases, the equation was followed with precision,
from which fact it can be inferred that the healing
phenomenon, or perhaps the limiting process of
the phenomenon, closely resembles the growth of
a more or less homogeneous cell population.
Such an over-enthusiastic interpretation of this
result can be easily challenged on histological
grounds. For example, the contraction of a col-
lagen network may be largely responsible for the
closing of a wound, and this process in turn may
be paced by the migration of fibroblasts from a
regenerating blood supply. The possibility re-
mains, however, that either or both of these
agencies may be regarded as homogeneous popu-
lations of units whose function is contributing

directly to the closure of the wound rim, and
hence obeying the law of equation (2). Obvi-
ously, the present experiments cannot give the
final answer to this question; yet it would be un-
wise to overlook the suggestions which arise from
them. Quite aside from the question of mecha-
nism, it should be emphasized that the constants
A and B, as theoretically determined, measure
respectively a per cent rate of growth and an in-
hibitory interaction amongst the growing tissue.
They are mathematical consequences of the ex-
perimental data, and are as real as the data.

The evaluation of these constants (Table I)
has been applied to yield certain interesting results
such as the frequency distributions of A and B
for various experimental conditions (Figure 4).

In the comparison of excised burns with control
burns, it appears that no statistically significant
difference exists between the proliferation rates
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0/

I
O 5 10 15

FIG. 3. A TYPicAL PLOT (A
LoG [a(t)/(a(o) -a(

Actually the values of the argu
have been plotted on a semilogari
of the angles of inclination can b
to yield logarithmic slopes to the

(A's) in the two cases, but
chance in 500 (t = 3.16; P
the difference in the averag
groups will be quite acciden
in mind the precautions discu
say tentatively that the averag
tion rate following an unexci.
nificantly lower than the rate
but that on the other hand, t
actions are far greater whe
excised. The failure to detec
per cent proliferation rate dc

concept that the burned tissue releases some
growth-depressing substance.

'O'N The other frequency distributions (Figure 4)
further emphasize the fact that the CPS has no
effect either on A or on B when applied directly

0/ ; to the burn, or following excision. It is quite
possible that the favorable observations made on

/ ' :this extract were on other than third degree
burns. The determination of the degree of the

/ ~./ / burn in the present investigation was unequivocal.
A glance at the growth constants for the other

reagents, e.g., sulfonamide, diazifilm, or graft-
donor (Table I), will show that within our data
no difference can be said to exist between them
and the constants for the vaseline-treated wounds.

SUMMARY

1. The rates of epithelization of experimental
third degree burns treated by various methods
have been determined and analyzed according to
newer knowledge of growth formulas.

2. The superiority of a coagulated plasma-
sulfonamide film as a therapeutic agent in the
treatment of third degree burns over other agents
has not been substantiated in this investigation.

3. Surgical excision of a small third degree
burn in rabbits significantly shortens its healing
time. The main effect of this treatment seems

20 25 30 35 to be in the removal of inhibitory cell interactions
rather than on the proliferation rate.

4. Vaseline and sulfanilanide, thrombin-
NtMAL Ns. 7) OF fibrinogen, and plasma sheets applied to these(t Ivs. t
iment of the logarithm surgical wounds seem to have approximately the
ithmic grid. Tangents same effect on regrowth as does no medication.
me multiplied by 0.1382 5. The curve of healing of both control and
base e. excised burns follows the growth curve of a

homogeneous cell colony with high precision.
there is only one

< 2 per cent) that
re B's for the two
Ital. Thus, keeping
ssed above, we may
e per cent prolifera-
sed burn is not sig-

following excision,
the inhibitory inter-
n the burn is not
t any change in the
Des not support the
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