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1. In this report the radiant energy required for production of skin
burns in human and in rat skin is shown to be dependent in a striking
manner upon wave length. Corrected for spectral reflectance, the critical
energy (Q) for burn production may vary as much as 4 fold in both rat

and human skin depending upon the wave length of the penetrating thermal
energy.

2. Additional noteworthy findings are:

a. Blackening of the rats' skin reduces the (Q) values to relatively
constant values (about 50 per cent of the lowest unblackened skin values)
independent of wave length of the thermal energy.

b. The severity of the burn is proportional (approx.) to the logarithm
of the energy (Q) applied.

¢. In human skin for any given wave length distribution there is a
critical energy increment, amounting to a fraction of a calorie, required
to raise the level of damage from persistent erythema to vesiculation.

3. Apart from these findings attention is invited to the instrumentation

and procedures which make for the evaluation of standard burn lesions on a
precise quantitative basis. These develcpments are the result of both the
physicist and physiologist engaged in collaborative effort over a period

of years.
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ABSTRACT

The radiant energy required for the production of cutaneous burns has
been measured as a function of wave length for both rat skin and human
skin., These studies have been accomplished using the carbon arc as a source
of radiation and broad-band filters for isolation of regions of the spectrum.
The reflectivities of skin for the same broad-band spectral regions have
been measured. For the rat the reflectivities and critical energies for
production of a standard burn are the following:

filter "B", A =0.554, r = 36.5+ 1.6 per cent, Q = 4.3+ 0.2 cal/cm?;
filter "Ch', Mnax = 0.654, r = 50.5 + 0.5 per cent, Q = 28 cal/cm? (approx. );
filter "E*, A =1.0p, r=244% 0.6 per cent,Q = 4.0 + 0.2 cal/cm?;

filter "F", A =17z, T =13+1+0 per cent, Q= 3.3 + 0.2 cal/cm?.

max

For human skin the following data were obtained:

filter "A", 'Xmax =0.42,, T = 24.4 + 3.5 per cent, Q = 3,20 + 0.37 cal/cmz;
filter "B", Mmax = 0.55;:, r = 40.9 + 3.8 per cent, Q = 3.25 + 0.28 cal/cm?;
filter "C"Y, Mnax = 0.654, r = 56.9 + 2.5 per cent, Q = 9.9 + 2.1 cal/cm?;
filter "'D", )‘max = 0.85y, r = 53.4 + 2.2 per cent, Q = 14.0 + 1.1 cal/cm?;
filter "F", Apax = LeTis T =174 0.60 per cent, Q = 2.50 cal/cm? (approx.),

The ranges shown are standard deviations.
The significance of the optical properties of skin has been discussed and

the property of the high transmission of skin in the region 0.7 to 1.0 has been
presented.

ii




UNCLASSIFIED

SUMMARY

The Problem

How does the critical energy for the production of standard burns in
both rats and humans vary with the wavelength of radiant energy?
Findings

The critical radiant energy, corrected for spectral reflectance, re-
quired for production of standard burns in both rat and human skin varies
as much as 4-fold depending on the wavelength.

iii -
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ADMINISTRATIVE INFORMATION

The work for this report was done under Bureau of Medicine
and Surgery Project NM 006-015.02, Phase 1, and was carried
out under the financial sponsorship of the Armed Forces Special
Weapons Project. The use of volunteers in this study was approved
by Chief, BuMed ltr BUMED-7l-cm Al1/L5-2, 16 July 1951,
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REPORT OF INVESTIGATION
INTRODUCTION

Several years ago, when the studies of the effects of thermal radiation
on materials began, most of the workers in this field agreed that the
high current carbon arc was the most suitable source of high intensity
radiation. This selection was made largely on the basis that this source
most nearly simulates the spectrum of a nuclear detonation and with
suitable optics an irradiance level adequate for most investigations on
the effects of thermal radiation on materials and biological systems
could be achieved.

Since the original installation of a 36-in. Navy Searchlight source at
this laboratory, two other sources have been installed, one a Mitchell
Source and the other a 60-in Army Searchlight system for the production
of large area burns. None of these sources employs an identical optical
system, nor do they normally operate at the same current and carbon
consumption rate. These differences in construction and operating
characteristics give rise to spectral distributions of energy which are
not the same for all sources. It was noted in this laboratory that the
biological response of skin to two of these sources was appreciably
different. This discrepancy stimulated the present study on spectral
relationships in the production of skin burns.

METHODS

Physical Equipment

The source used for this work was a modified 36-in. Navy searchlight
using front surface aluminized reflectors. No glass intervenes in the
unfiltered beam from the source. The optical system and shutter system
employed have been described elsewhere,! The only change made from
the described equipment was the removal of the front window of the
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searchlight and the plane reflecting monitor window.

Measurements of radiant energy flux were made with black body
calorimeters and a recording potentiometer. The calorimeters were
in turn calibrated against a primary standard water-flow calorimeter,?

Spectral Filters

Spectral studies with high flux radiant energy sources require the
construction of a filter which can be placed in some position between
the source and the focal plane and which will neither fracture nor melt
during an exposure. In addition, the adjustment of the band width of
the filter must be made so that sufficient energy is available in each
region to produce the required energy level. All attempts at filtering
of the condensed radiation in high flux sources failed because of damage
to the filters. From this failure it was concluded that the only possible
position for the filter was in some portion of the uncondensed beam
where the irradiance level was low (Fig. 1). In the case of our 36-in.
searchlight this requires a filter covering a reasonable proportion of
the 800 sq in. of parallel radiation. Such large areas preclude the use
of many available filters because of the attendant expense.

Combinations of water solutions of inorganic salts, Corning vitreous
filters, and sheets of colored plastic (""Cinemoid, " distributed in U.S.A.
by Kliegl Bros.) were used to achieve the desired spectral bands. The
combinations used in this study are listed in Table 1. The spectral
curves for the individual filter combinations are given in Fig. 2. Be-
cause the distribution of energy as a function of wave length in the
source is not uniform, a curve of energy distribution as a function of
wave length for the various filters must be synthesized from the mea-
sured spectral emission curve of the arc and the transmission of the
filter, These synthesized curves, which represent the true distribution
of energy applied to the skin are represented in Fig. 3.

Skin Reflectance Measurements

Total diffuse reflectance of the skin was measured for each of the
filter combinations used in burn production. These measurements are
made by allowing collimated radiation after passing the filter and a
16 cycle chopper to enter an aperture in a 30-in. inside diameter sphere
with a fummed MgO internal surface. The radiation was incident on the
surface to be measured at the opposite point of the sphere on an equatorial
plane. The thermocouple detector and amplifier from a Perkin-Elmer
infrared spectrophotometer were used to measure the reflected radia-
tion. The detector was placed normal to the entering beam of radiation.
The measured deflection when a fresh surface of magnesium carbonate was

used as the incident surface was taken as a 100 per cent reflectivity refer-
ence point.
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TABLE 1

Filters Used for Burn Production

5 ARSI NIRRT IISRAOAT A = 225 TV e

Filter Nominal Area Irradiance
Designation A max Filter Composition (sq in.)  (cal/em?/secy
(m
A 0.42 CuSOy(sat'd sol'n) 800 5.0
CoClg(10g/1)(3)
B 0.55 Cuso,, (30g/1)(3) 800 5.3

Cinemoid No. 1

C 0.65 Fe(NH4)o(S04)0, (110g/1X3 800 8.3
Cinemoid No. 6

c 0.70 Fe(NH4)2604)2’(110g/1)(a) 210 5.3
Corning 2-58
D 0.85 Water(2) 800 5.0

Cinemoid No. 6, No. 1, No. 20
E 1.0 Corning 7-56 210 7.3

F 1.7 Comning 7-56 140 2.5
Corning 1-52

(a) The cell for all the liquid filters had a path length of 2.8 cm. The cell walls were 1/4" color-
clear plate glass manufactured by Libby-Owens Ford.

T

ERR N

Pos

b 2T




color-

|
|t
o

Preparation of Skin Surfaces

Rats were depilated by the method of Kuhl, et al.? at least 3 days prior
to burning. Blackening of the skin of the rat was accomplished by the
application of black stencil ink to which had been added 5 per cent by
weight of carbon black. The reflectivity of the surface thus prepared was
3 per cent or less over the spectral range of interest (0.354 — 1.54).

Human skin was closely clipped with electric clippers on the volar
surface of the forearm.,

Design and Methods of Analysis

Every exposure of either rats or volunteers was so designed that each
filter combination was evaluated an equal number of times on each in-
dividual,

On the rats the two sides of the animal were each divided into four
areas to each of which was assigned a filter combination. The arrange-
ment was such that each filter was assigned to each location an equal
number of times. The four filters were tested twice on each animal
giving a total of 8 burns per rat. Five minutes after grading the animals
were graded accordmg to a modification of a burning system previously
described and used in this laboratory. The system and the correspond-
ing numerical scores are shown in Table 2., All burns, both rat and
human, were made with a standard exposure time of 2.0 sec, unless
otherwise noted. The exposure aperture was 3/8 in. in diameter for
the human burns and 1/2 in, in diameter for the rat burns. The total
radiant exposure was controlled by inserting attenuating screens into
the path of the parallel beam. These screens do not have all the attenua-
ting values which are desirable, but by varying the time around 2.00 sec
by+ 0.20 sec, appropriate values were found to produce a given burn.

When the average severity scores for a group of exposures at constant
total energy are plotted as a function of the logarithm of energy (Q) a
good fit to a linear regression is obtained. From the calculated regress-
ion line the best estimate of the energy associated with a given response
can be calculated along with its associated confidence limits. All con-
fidence limits given herein are the standard deviation

For the studies on human skin a similar grading system as shown in
Table 3 was employed. However, because of the non-homogeneity in
response of human skin and because of the larger number of exposures
that would be required, a precise analytic method such as used for the
rat burns was not practicable. Instead, the simple mean of all energy
values producing the same effect was employed as an index of effective-
ness.,

UNCLASSIFIED



TABLE 2

Severity Scoring System for Rats

—— —_—

Numerical
Description Grade
No response 0
Transient Erythema 1
Perceptible Surface Coagulation (+) 2

Moderate Surface Coagulation (minimal white) 3

Full White 4

TABLE 3

Severity Score for Human Volunteer Burns

Description Numerical
Grade
No response 0
Transient Erythema 1
Persistent Erythema 2
Vesication 3
Immediate Mild Coagulation 4
-8~
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RESULTS

Rat Skin
The energy for '"'minimal white" bur,n production in the rat was mea-
sured with filters B ()”max = 0.554); C ()&nax = 0.651); E (Amax = 1.0.)

and F(;\max = 1.71). The result for normal.depilated rat skin is shown
in Table 4. '

For normal skin there is only a slight difference among filters B, E,
and F. These values are 4.3 + 0.2 cal/cm? for filter B; 4.0 + 0.2 cal/cm?
for filter E; and 3.3 + 0.2 ca17cm2 for filter F. However for filter C’the
energy required is approximately 28 cal/cm% The maximum irradiance
with this filter was 5.3 cal/cm?/sec, therefore, it was necessary to in-
crease the exposure time from the standard 2 sec exposure to over
5 sec for this wave length region. The results of Alpen, et al.’ have
shown previously, however, that for unfiltered carbon arc radiation
there is a difference of only 8 per cent in the energy required for a
minimal white burn at 2 sec and at 8 sec exposure time. It was not
possible, within a reasonable range of exposure times, to get the range
of response necessary to make a precise analysis for effective energy.
Therefore, the figure 28 cal/cm? is an estimate only of the threshold
for "minimal white'" and confidence limits are not available. Certainly,
however, burns at lower total energies will be infrequent.

When the skin of the rat is blackened,the effective energies are reduced
to a relatively constant value independent of wave length. These are
2.3, 2.3, 2.4, and 2.2 cal/cm? for filters B, C, E, and F respectively.
No significant differences are present here and the pooled estimate for
blackened skin is 2.3 + 0.1 cal/cm? independent of spectral distribution
of applied energy.

The reflectivity of rat skin was measured by means of the integrating
sphere for the actual wave length distribution used in each filter by
irradiating the intact skin with the energy of the carbon arc source
passed by the filter and measuring total reflected energy with the thermo-
couple detector. The reflectivities relative to MgCQO; are shown in
Table 4.

The results for the human burns are presented in detail in Table 5.
Certain aspects of these data are worth further comment. It is immedia-
tely evident that only a small variation in energy is required to span
the range of effect from a mild transient erythema to a severe vesication
equivalent to a second degree burn in the standard clinical classification.
Indeed, in those two cases where a mild third degree burn was produced



TABLE 4

Critical Energy and Spectral Reflectivity of Rat Skin

|

Reflectivity(®) Critical Energy for
Spectral Band (mean per cent + 3. d.) "Minimal White”
(cal/cm? + 3. d.)
A 39+ 1.0 -
B 36.5 + 1.6 4.3+02
/
c 50.5 + 0.5 28+
D 46 + 0 -
E 24 + 0.6 4.0+ 0.2
F 1340 3.3+ 0.2

(a) Relative to MgCOg

TABLE 5

Energy Required for Burn Production on Human Skin
in Various Spectral Regions

Average Effective Energy (Cal/cm?)

Filter

A\ max Reflectivity{3) Transient Persistent Vesicle
) (per cent) Erythema Erythema Formation
A 0.42 24.5 + 3.5 1.96 + 0.32  2.20+0.37  1.95 + 0.68
B 0.55 40.9 + 3.8 320+ 0.48  3.25 + 0.28' (2.96Xb)
C 0.65 56.9+2.5 9.40+3.3 99 +2.1 10,2 + 0.6
D 0.85 53.4 + 2.2 155+ 2.0  14.0 + 1,12 -
F LT 17.0 + 0.6 1,87 + 0.08 @.50%P) 256+ 0.3
(a) ‘Rc‘ladve to MgCO3.
(b) Single observations
-10-
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(immediate mild coagulation, grade 4) the increase in energy required
was small. These two burns were produced with 3.2 cal/cm? with filter E
while 2.6 cal/cmt? with the same filter produced erythema followed by
vesication. The variability in energy required to produce a.given effect

is quite closely related to the variation in skin reflectivity for the region
in question. In those regions where differences in skin reflectivity among
subjects were smallest, i.e., filter E, the variability in energy require-
ment also became small. The coefficient of variation of energy require-
ment in every case closely approximates the coefficient of variation of

the skin reflectivity., In contrast the rat skin reflectivities were remark-

ably constant and the effective energies reflect this lack of variability in
reflectance.

DISCUSSION

In considering the mechanisms responsible for burn production it has
been generally assumed that the process of heat coagulation of protein
requires a time temperature history adequate for the denaturing process.
This has been discussed at great length by Henriques and Moritz.* There
is little likelihood that a specific photochemical reaction is responsible for
the burning phenomenon when radiant energy at wave lengths beyond the
sunburn erythema region are applied to skin but rather that it is dependent
upon total energy absorption in the volume of tissue being heated. This
process will be independent of spectral distribution of energy and would
depend only on total energy transfer, If this is the case several of the
optical properties of skin must be closely scrutinized. We might con-
veniently partition the energy applied to skin as the fraction reflected and
the fraction absorbed. In this arbitrary classification we would include
in the reflected fraction all that energy leaving the skin surface as a
result of back scattering as well as the truly reflected energy. The skin,
for purposes of transmission of . energy, can be considered as a single
boundary system in which a real concept of classical transmission proper-
ties are hard to define. It is an obvious statement that all energy not re-
flected is absorbed in the superficial portions of body tissue and it is only
when we define a specific depth that transmission takes on significance.

Reflectivity can be rather simply measured and a real meaning attached
to values of incident energy corrected for reflection losses. These mea-
surements have been made and corrections applied. In Table 6 are shown
the values for rat and human skin corrected for measured reflectivity.

It is important to recollect in this regard that the reflectivity used to
correct the basic values are measures of the exact loss of energy by

-11-
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reflection for radiation incident on the skin with each filter. The measured
reflectivity was with the same energy distribution as that used in burning.

It is apparent that skin reflectivity fails to account completely for varia-
tion in critical energy with wave length. Even for filters B, E, and F on
rat skin the values 2.7, 3.0, and 2.9 cal/cm? respectively are significantly
different at a probability level of less than .0l from the pooled estimate of
2.3 cal/cm? for blackened skin. This latter value represents the nearest
possible approach to complete surface absorption of energy and the differ-
ential between this value and the corrected value most probably reflects
ythema) transmission differences. It is also quite obvious on human skin that

Q Corrected corrections of applied energy for reflection losses leaves a large varia-
(cal/cm®) bility in effective dose which must be accounted for on the basis of
differences in transmissivity of skin in the various spectral regions.
1.7
When one considers the problem of transmissive properties of skin,
1.9 however, it is not possible to make a clear-cutanalytic correction for
transmission losses., If the precise depth at which tissue damage takes
4.3 place could be measured it would be possible to define a boundary con-
dition with a concomitant transmission value or absorptivity which could
6.5 be correlated with biological effectiveness. This end has not yet been
achieved, however, and for this reason correlations of effectiveness of
- monochromatic light with biologic effectiveness in burn production must
be on a qualified basis.
1.9
In general, it can be said that all observers have seen a region of
higher transmission between 0.7 and 1.1 microns with a peak of trans-
mission between 0.8 and 1 micron?®? These values are corroborated by

our findings of high critical burn energies at wave lengths between 0.6
and 1.0 micrones for rat and human skin. Of critical importance to
studies of skin transmission is the finding of Hardy!! that skin does not
obey Beer's law and that the absorption coefficient is not constant with
skin depth. He has found that the absorption coefficients for the most
superficial layers are greater than for deeper tissues, The work of
Hansen!? on the transmission of skin in the region 0.3 to 0.5, has clearly
shown an absorption band at 0.415: which he related to the presence of
myogiobin, hemoglobin and other porphyrin pigments. These cempounds
are known to have a peak absorption in this region. The high absorptivity
in this region may account for the low value found for the critical energy
with filter A (% = 0.4i) on human skin.
max

It has been reported by Berkeley and Davis!?:!? that in the pig the
effective dose of infrared radiation is greater than that of unfiltered
carbon arc radiation. Tkey have also reported a qualitative difference
between the erythema of ultraviolet radiation and the erythema of visible
and infrared radiation in the pig. They have stated that the erythema
associated with ultraviolet radiation is uniform and disappears, to be

-13- _
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followed by reappearance at 24 to 36 hr, while with visible and infrareg
radiation the erythema was mottled and grew in intensity over 24 to 30 h,
The latter erythema did not blanch with pressure while the former did,

Our experience in man and the rat has not substantiated these findings,
However, with regard to the differences in spectral response, the reasor;
for discrepancy can be demonstrated. In their study a series of filterg
cutting off successively larger increments of visible radiation were used,
The "infrared filter' passed radiation in the region of our filters C and D
which we have shown to be ineffective.

However, appreciable amounts of energy at longer wave lengths were
present. If their study had included a filter with a low end cut off at wave.

length greater than 1.0y they would most certainly have shown an increase: ’

effectiveness in this region.

The differences in erythema production observed by them were not seen
in our study in either the rat or man, The erythema produced by radia-
tion at any wave length uniformly developed rapidly during the first few
minutes and blanched with pressure. In the rat the erythema was transier:
In man it lasted several hours and could be characterized as classic
"triple response.'" The susceptibility of individuals to wheal formation was
remarkably variable, extending from a barely detectable raising to wheals
2 to 3 mm in height. The persistent erythema in man also blanched with
pressure during the first 24 hr but the coclor became fixed with time.

Approved by:

cd A
A .K.“BEHNKE, Jr.

Captain (MC) USN

Acting Head, Biological and
Medical Sciences Division

For the Scientific Dire_ctor
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filter D.A(max) = 0.851, r = 53.4 + 2.2%, Q - 14.0 + 1.1 cal/cm?;
filter F,A(max) = 17T, 1 = 17 + 0.60 %, Q : 2.50 cal/cmZ(approx. ).

The ranges shown are standard deviations.

(continued on next card ) UNCLASSIFIED

PR TR I T oL

filter C,\(max) =
filter D,\(max) =

filter F,\(max) = L.7p, 1

0,85), [ = H6.Y + 2.0, W = 9.9 % &os war/van o
0.85p, 1= 53.4+2.2%, Q= 14.0+ 1.1 cal/em?; .

=17+ 0.60 %, Q = 2.50 cal/cm? (approx. ).

The ranges shown are standard deviations.
(continued on next card )

UNCLASSIFIED

LB

(Card 2)
UNCLASSIFIED

Naval Radiological Defense Laboratory
USNRDL-TR-46

The significance of the optical properties of skin have been discussed and
the property of the high transmission of skin in the region 0.7 to 1.0p has
been presented,

ER R aaiin

UNCLASSIFIED
)
Naval Radiological Defense Laboratory (Card 2)
USNRDL-TR-46 UNCLASSIFIED

The significance of the optical properties of skin have been discussed and
the property of the high transmission of skin in the region 0.7 to 1.0p has
been presented,

UNCLASSIFIED

Naval Radiological Defense Laboratory,
USNRDL-TR-46
EFFECTS OF SPECTRAL DISTRIBUTION OF RADIANT
ENERGY ON CUTANEOUS BURN PRODUCTION IN
MAN AND THE RAT, by E.L. Alpen, C.P. Butler,
and others, 25 Apr. 1955. 22 p, illus. tables.
(13 refs.) (AFSWP-1317) UNCLASSIFIED
The radiant energy required for the production of
cutaneous burns has been measured as a function of
wave length for both rat skin and human skin, These
studies have been accomplished using the carbon arc
as a source of radiation and broad-band fil-
ters for isolation of regjons of the spectrum.

1, Thermal radiation -
Intensity - Measurement
2. Burns - Production

1. Alpen, E.L.

I1. Butler, C.P.

111, Armed Forces Special
Weapons Project

IV. Title: Spectral
distribution . . .,
effects of.

V. NM 006-015

UNCLASSIFIED
(over)
Naval Radiological Defense Laboratory (Card 2)
USNRDL-TR-46 UNCLASSIFIED

The significance of the optical properties of skin have been discussed and
the property of the high transmission of skin in the region 0.7 to 1.0p has

been presented,

UNCLASSIFIED
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