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Abstract-The transient temperature field created in skin during a surface burn is modeled using the finite 
element technique. The two physical systems which are simulated are in situ tissue and an experimental 
skin flap chamber which is implemented for burn studies. Local cumulative injury in the tissue is calculated 
using an Arrhenius type injury model. The analysis shows that the burn experiments conducted in the skin 
flap chamber at temperatures up to 70°C will produce thermal histories which are negligibly different from 

those for in situ tissue for insult durations of less than 15 s. 

INTRODUCTION 

THERMAL burns to the skin are a commonly en- 
countered type of injury that is physically painful and 
may potentially involve life-threatening conse- 
quences. Innumerable studies have been conducted 
for many years on the burn wound and various thera- 
peutic regimens for it. Most of this work is based on 
experimental investigations with a heavy dependence 
on empirical techniques. Measurement and control of 
the thermal history within the affected tissue is often 
limited to events defining the initial tissue temperature 

and the transient surface conditions. Thus, the actual, 
local history in the tissue which has been exposed 
to elevated temperatures and which leads to a given 
severity of injury is usually unknown for specific ther- 
mal protocols. 

Analytical models have been developed to predict 
the level of burn injury that will be produced by a 
defined thermal insult, beginning with the pioneering 
work of Henriques and Moritz in 1947 [l]. They 
applied the one-dimensional heat diffusion equation 
to obtain an analytical expression for the temperature 
rise in a homogeneous tissue resulting from exposure 
to a step increase in the surface temperature. This 
model was designed to match the initial and surface 
conditions created in complementary experimental 
burn trials which were conducted on pigs and on 
themselves. In each trial the apparent severity of the 
wound was assessed in terms of first, second and third 
degree injuries, and trials having equi-injury potential 
were identified. The local transient temperature-time 
records calculated by the diffusion model were used 
to predict the degree of injury under the assumption 

that the wound process could be described by a simple 
first-order exponential rate equation according to the 
Arrhenius model. The frequency factor in the damage 
model and the activation energy were then adjusted 
to fit the injury predicted by the model to agree with 
that measured in the various experimental trials. The 

values obtained by Henriques and Moritz provided 
quite good agreement within the spectrum of their 
experimental data, and they have been widely used by 
other investigators over the past 40 years. 

Numerous subsequent investigators have presented 
additional models based on the work of Henriques 

and Moritz, which have enabled a broader class of 
burn protocols to be addressed. Beuttner used ana- 

lytical methods to look at the effect of radiant energy 
deposition in skin [2, 31, and Stoll introduced com- 
putational procedures to determine the injury result- 

ing from convective and radiative exposure [4, 51. She 
also conducted numerous experiments on herself to 
measure the relation between the level of pain and 
the intensity and duration of surface heating [6]. Her 
studies were of great practical use in the design of 
thermally protective garments [7]. 

Because living tissue is a non-isotropic, non-homo- 
geneous, composite material having an often complex 
geometry, numerical methods have been quite useful 
in the simulation of burn processes. Finite difference 
methods have been used to compute the thermal 
injury distribution within laser irradiated skin by 
Mainster et al. [8], Takata et al. [9], and Preibe and 
Welch [lo], and within skin exposed to a scalding 
liquid by Palla [ 111. Recently we have applied the finite 
element technique to model skin burns, including the 
effects of tissue metabolism, internal distributed con- 
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NOMENCLATURE 

frequency (actor in the burn damage 
integral [s ‘1 
spccifc heat [J kg ’ K ‘1 

activation energy for burn injury 

[J kmol ‘1 

f time [s] 
T temperature [K] 

axial position [ml. 

convcctivc film cocfficicnt [W m ’ K ‘1 Greek symbols 
thermal conductivity [W m ’ K ‘1 I) density [kgm- ‘1 
metabolic rate in tissue [W m ‘J (‘) blood perfusion rate in tissue [ml bloocl 
radial position [m] (ml tissue) ’ s ‘1 
universal gai; constant [J hmol ’ K ‘1 R dcgrce of injury function. 

vection by blood perfusion. and specific and tinitc 
system geometry [12]. In one application the model 
was used to predict the efficacy of thermal intervention 

into the insult process by post-burn cooling, with the 
somewhat surprising conclusion that there is prac- 

tically no energy-based effect to be derived [ 131. This 
result apparently stands against the widespread ancc- 
dotal evidence that there is significant benefit accrued 
from the immediate cooling of burned tissue. 
How,cver. recent experimental data is in support 01 
the model conclusions [14], although there is accumu- 
lating evidence that thcrc does indeed exist a rational 
biochemical (as distinguished from thermal) basis for 

the efficacy of post-burn cooling. For further inlhr- 
mation on the above studies. a more comprehensive 
review of the analysis of skin burns is available [ 151. 

Verification of the burn injury models is of course 
dependent on the availability of experimental data 
obtained in a manner consistent with the assumptions 

and constraints of the injury model. Most invcs- 
tigators have followed the lcad of Moritz and Hen- 
riques to conduct macroscopic scale trials in which 
the burn is evaluated according to clinically based 
criteria [l6]. These studies have been most useful in 
developing an undcrstandinp of how manipulation of 
the environmental tempcraturc and of the time ot 
exposure interact to produce a given level of burn. 
For example, we have adopted them in our own work 
on the effect of post-burn cooling regimens on the 

gross manifestation of burn wounds 1171. Never- 
theless, the tcmperaturc field that develops in the skin 
during a burn process is of microscopic dimensions, 
and the injury process occurs locally within that field. 
The total wound which must bc treated clinically is 
thus the volumetric accumulation in three dimensions 
of the local injury phcnomcna. Therefore. by imaging 
and characterizing the burn at the microscopic scale. 
we present a rational cxpcrimcntal approach which 
will be complementary to data obtained from a 
numerical model. 

In the past there have been many invcstigatlons of 
the effect of burning on the microvasculature, includ- 
ing the results of thermal intervention by immediate 
post-burn cooling [ 18, 191. A major difficulty with 

these studies was that they were either not conducted 
on skin tissue, which has its own characteristic vas- 

cular function and thermal properties, or in many 
cases. they required the animal to be kept under deep 
anesthesia and limited the protocol to only short, 
acute trial periods. 

Transparent skin flap chambers have been surgi- 

cally implanted on skin folds since the 1940s to enable 
chronic study of the dermal circulation [20]. Marc 
recently the chamber design and technique has been 
improved [2l] and adapted [22] for studies of micro- 
vascular function at moderately elevated tempera- 
turcs [23]. We have initiated a series of experiments 
in which tissue temperatures arc elevated into the 
range for which thermal burns occur [24-261. This 
preparation allows the microcirculatory function to 
be followed in a single, normalized dermal vascular 
network for periods of days or even weeks, without 
introducing inherent transient modifications associ- 

ated with the administration of anesthesia. In this 
procedure each animal is able to function as its own 
control. We have applied the technique to evaluate 
local modifications to vasoactive function [24] and 
extravasation rate and interstitial transport of fluor- 
csccnt labeled macromolecules [25, 261. 

Although the skin flap model offers obvious advan- 

tagcs in the experimental study of the burn injury 
phcnomcna, a question arises as to how accurateI> 
the thermal field in the chamber matches that which 
occurs i/f .sit~ in skin for a given protocol of exposure 
time and applied temperature at the skin surface. Since 
it is not practicable or desirable to introduce invasively 
an array of thermal sensors having the required spatial 
resolution in the skin to measure the thermal field 
created, numerical modeling techniques can bc 
applied to compare predicted thermal histories for 
skin in the chamber and in situ. By adopting this 
approach WC hope to be able to determine quan- 
titatively how accurately a burn executed in the 
chamber simulates an in situ burn. 

In this paper we present a finite element analysis of 

the thermal injury process, emphasizing a comparison 
between contact burn protocols executed in situ and 
in the chamber. The objective is to determine whether 
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FIG. 1. Diagrammatic representation of the primary structural elements of the skin. A thin epidermis 
overlays a much thicker dermis having a diffuse vascular network, hair follicles and sweat ducts. Sub- 

cutaneous fat underlies the skin layers. 

the range of thermal insult scenarios typically effected 
in the experimental model should produce a response 
that matches accurately the response produced by the 
identical scenario in situ. The most severe exper- 
imental wound that permits subsequent chronic 
measurement of physiological parameters occurs at a 
threshold temperature of about 70°C. Therefore, in 
the present study we have focused on describing a 
worst case for which a thermal insult was applied at 
70°C to the skin surface for contact durations up to 
30 s, although several experimental trials at higher 
temperatures were also evaluated. The threshold time 
is identified at which a substantial difference is noted 
between the experimental and in situ models. It is 
assumed that protocols at lower temperatures will 
elicit less of a differential between the two system 
responses. Numerical simulations are compared with 
transient temperature data for matching burn insult 
protocols executed in the skin flap chamber. 

FINITE ELEMENT MODEL 

Both the temperature and injury fields were com- 
puted by the finite element method [27, 281. Grid 
networks were established to match the composite 
geometries of skin in the chamber and of a rep- 
resentative morphology in situ. A very simple rep- 
resentation of the physical structure of the skin is 
presented in Fig. 1, illustrating the parallel, layered 
arrangement of the component tissues and the diffuse 
vascular network within the dermis. As indicated, the 
vascular structure changes dramatically with distance 

from the surface, and regulation of blood flow 
through the microvascular network plays a key role 
in determining the temperature distribution within the 

skin. 
The general vascular morphology of the skin has 

been studied extensively and is described in numerous 
references [29]. Blood flow enters at the base of the 
dermis through small arteries which branch into two 
or three layers of smaller vessels lying progressively 

closer to the surface. The top-most arteriolar plexus 
divides into many branches which become terminal 
capillary loops reaching up into the superficial papilla. 
These capillaries constitute the only nutritive flow 
component of the cutaneous circulation. The capil- 
laries then collect in venular plexuses that increase in 
diameter with depth and match the arteriolar plexuses. 

At the deeper level where the larger vessels are found 
there may also exist arterio-venous anastomoses 
(AVA) which serve the function of regulating the rela- 

tive degree of blood perfusion through the skin by 
shunting blood directly from the small arteries into 
the different subpapillary venous plexuses. The AVAs 
are thereby capable of effecting temperature regu- 
lation by varying the blood flow through the sub- 
papillary vascular plexuses and the nutritional capil- 
laries. 

The vessels in the upper half of the dermis are so 
small that the blood in them is at thermal equilibrium 

with the surrounding tissue [30], whereas the larger 
vessels in the cutaneous plexus and the AVAs are 
able to support a significant temperature differential 
between the intravascular and extravascular spaces. 
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FIG. 2. (a) Gcomctry of 01 .vil~ akin model in cylmdrical coordinates. (b) Corresponding tinitc element 
grid. 

Convcctivc transport between blood flowing through 
these vessels and the surrounding tissue is pro- 
portional to the perfusion rate, which is minimal at 
low temperatures, of the order of 0.5 ml (min. 100 

g) ’ [3 I] and may increase considerably to more than 
100 ml (min. 100 g) ’ for temperatures in cxccss of 
35 C. At high perfusion rates the amount of blood 
in the deep dcrmal plexuses may exceed that of the 
papillary capillaries by a factor of 30 1321. and in 
this condition local heat transfer in the skin may be 

dominated by convection with perfused blood rather 
than tissue conduction [33]. Thus, it is clear that a 
thermal model for the skin, especially at states oi 
elevated temperature. must account for the cffccts of 
the spatial distribution of convective heat cxchangc 
with perfused blood. 

The structure and function of the skin, the vascular 
ncttiork and the window chamber were prime con- 
siderations in laying out the finite clement mesh for 
numerical modeling. The in .sifu and chamber grids 
were modeled using a cylindrically symmetric system 

in which the temperature was allowed to vat-y in the 
radial and axial coordinates. The geometries of the 
two systems with the corresponding grid meshes are 
shown in Figs. 2 and 3. The ;H situ model consists of 

an outer, thin layer of epidermis overlaying a much 
thicker dermis and subcutaneous fat. Blood perfusion 

and metabolism arc assumed to occur only in the 
dermis as dtscussed above. The three materials of the 
composite tissue each have unique thermal properties 
as defined in the literature [34. 351 and are listed in 
Table I. The geornetry of the chamber model is shown 
in Fig. 3. The basic difference with the in siru model is 
that the subcutaneous fat is replaced with the chamber 
glass window of much thinner dimensions and diffcr- 
cnt thermal properties. 

A photograph of the chamber mstalled onto a dor- 
sal skin tlap of a hamster is shown in Fig. 4. When 

the chamber is surgically implanted onto the loose 
skin on the back of a hamster, all tissue is removed 
within the viewing aperture on one side of the fold. 
and the avascular underlying subcutaneous tissue is 
carefully disscctcd away on the other side. The 
chamber consists of a two-part frame with symmetric 
matching templates, with a central viewing opening 
that is mated together to support the flap for obscr- 
vation. A removable, protective window is installed 
on the template adjacent to the bottom side of the 
dermis, whcrcas the aperture in the template adjacent 
to the epidermal surface is left open to the environ- 
ment. The burn is produced by contact between this 
surface and a heated medium, just as in the in siru 
cast. The epidermis is prepared prior to surgery by 
shaving and application of a depilatory agent. Details 
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FIG. 3. (a) Geometry in cylindrical coordinates of skin within a surgically implanted transparent chamber. 
(b) Corresponding finite element grid. 

of the chamber construction, use and implantation 
procedure have been presented previously [21]. 

The transient temperature field that develops in the 
skin as a result of exposure to a heated medium is 
described by the thermal diffusion equation, which 
includes the influence of tissue metabolism and blood 
flow. The resulting expression is called the ‘bioheat 
equation’ and has been the subject of recent rigorous 
analysis [36-381. For our purposes we use the fol- 
lowing format for the equation : 

PC’;= V.(kVT)-tQm+~b~bcb(T-~~). (1) 

The term on the left-hand side describes the energy 
storage within the tissue, and on the right-hand side 
of the equation the first term is the diffusion of heat, 
the second is distributed metabolic heat generation, 
and the third is convective heat exchange between 
blood flowing through the thermally significant ves- 
sels and the tissue, which is assumed to occur iso- 

tropically and homogeneously with respect to the 
spatial resolution of the analysis. Considerable debate 

has ensued over the physiological domains for which 
this assumption is valid [39-42]. The arguments for 
applying the bioheat equation are strongest for tissues 

having a vascular morphology similar to that of the 
skin, and it is reasonable to formulate the transient 
temperature distribution in the skin at elevated tem- 

peratures by equation (1) providing that the mor- 

phological and perfusion parameters are implemented 
properly. Quantitative values are listed in Table 1 for 
both the physical properties (k, thermal conductivity ; 
c, specific heat ; and p, density) and the physiological 
properties (w,, tissue blood perfusion ; Q,,,, tissue 

metabolism ; and T,, arterial blood temperature) 
which are used in equation (1). 

Boundary and initial conditions for the present 

study are all specified as follows. Initially the entire 
system is assumed to be at a uniform temperature of 

34°C. At time zero a planar heated substrate having 
a diameter of 5 mm is brought into perfect thermal 
contact with the skin surface and is held there for a 
specified period of time. Skin outlying the actively 
heated area is in thermal communication with the 
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Table I. Parameter values used in the model 

frequency factor in the damapc integral 
specific heat : 

skin 
glass 

specitic heat of blood 
activation energy for burn tnJuq 
natural convection coeficicnt with air 
thermal conductivity : 

epidermis 
dermis 
subcutaneous tissue 
&SS 

metabolic heat generation 
universal gas constant 
temperature of arterial blood 
density : 

skin 
glaaY 

density of blood 
blood perfusion rate : 

cpidcrmis 
dermis : papillary 
dermis : vascular plexuses 

subcutaneous tissue 

environment via natural convection processes to an 
air environment at 25C, as described by a film 
coefficient value. h, given in Table I. The same 
coefficient is applied to characterize convection 
between the surface of the glass plate covering the 
dermis and the surrounding air. At the other radial 

boundaries the heat flow is assumed to be zero. 
This boundary value problem is solved using a 

three-dimensional, axisymmetric transient finite 
clement code [27] to obtain values for the tem- 
peratures in time and space, T(r, Z, 1). The transient 

temperature data is then used to compute a local rate 
of injury formation at each node in the tissue. At 
each point in the grid the instantaneous temperature 
determines the injury rate according to the Arrhcnius 
type function assumed for the process. The local rate 
of accumulation of injury, dn/dr, is given by 

Values for the frequency factor, A, and the activation 
energy, AE, are determined from empirical data, such 
as that of Henriques and Moritz [I]. Their values for 
these parameters were used for all simulations in this 
study and are given in Table 1. Alternate model par- 
ameter values may be applied which will yield sub- 
stantially different injury predictions for high tem- 
perature burns [43]. Cumulative injury accrued over 
a specified time period at any location in the tissue is 

3x 10’“s ’ 

4IulO’Jkg~‘K 
7.5 x IO’ J kg ’ K 
3.3 x 10’ J kg ’ K 
6.3 x IO” J kmol ’ 
7Wm ‘K ’ 

X.314x IO‘J kmol ’ K ’ 
1-1 (’ 

1.04x 1O’kgm ’ 
7.5x IO’kgm ’ 
l.lOr 10’kgm ’ 

0 ml blood (min. 100 g tissue) ’ 
IO” ml blood (min. 100 g tissue) 
IO ml blood (min. 100 g tissue) 
IO’ ml blood (min. 100 g tissue) 
IO’ ml blood (min . 100 g tissue) 
IO’ ml blood (min. 100 g tissue) 
0 

computed by integrating equation (2) in time 

The local value of injury is represented in terms of the 
magnitude of the s2 function. 

Henriques and Moritz [I] and other subsequent 
investigators have shown that the standard clinical 
classifications of burn injury severity are a non-linear 
function of R. Thus. a first degree wound corresponds 
to n = 0.53. a second degree wound to fi = 1 .O, and a 
third degree wound to R = IO”. These values represent 
threshold states that can be identified with clinical 
manifestations of injury. The model calculates a con- 
tinuous distribution of injury within the tissue, and 
the threshold values can be used to build a map of 
profiles indicating the severity of the wound as it 
accrues. 

EXPERIMENTAL MEASUREMENTS 

A brief series of experiments was run to provide 
data for comparison with the finite element simu- 
lations. After installation of the skin flap chamber 
according to the standard protocol a hamster was 
prepared for a contact burn trial by deep anesthet- 
ization. A flat ribbon (of approximately 5 pm thick- 
ness) copper-constantan thermocouple was inserted 
between the bottom of the dermis and the ad.jacent 
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(b) 
FIG. 4. A Syrian golden hamster with a transparent dorsal skin flap chamber installed. (a) Underside of 
the dermis, showing the larger elements of the vascular network which are visible through the center 
viewing aperture. A spring clip to hold the window in place to the frame is seen around the periphery of 
the image. (b) Exposed epidermis on the opposite side ofthe chamber having no covering window. Thermal 
boundary protocols are effected to the tissue on this surface of the skin. The total tissue thickness in the 

preparation is about 450 pm. 

glass window of the chamber in order to monitor the step-wise manner in order to most closely match the 
thermal response to a surface burn at the deepest boundary conditions assumed in the numerical model. 
location within the tissue preparation. The epidermis 
was subjected to a contact burn from a heated metal 
substrate at either 70 or 90°C for either 5 or 10 s, 

RESULTS 

and the temperature at the base of the dermis was In the past, the in situ tissue model has been used 
monitored continuously until it had returned nearly to investigate the injury produced for insult tem- 
to the initial value. Contact between the metal sub- peratures between 50 and 100°C and exposure times 
strate and the tissue was initiated and terminated in a from 0.5 to 30 s [43]. In the present study the scope 
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FK;. 5. Two-dimensional temperature field produced i~z .F~‘/u owing to surface contact wth a 70 C‘ substrate 

for 4 s. 

of burn protocols addressed is focused on a relatively 
small region of interest for experimental studies in the 
microcirculation of the skin flap chamber, namely l’ot 

a 70 C insult temperature and for exposures bctwccn 
0.5 and 30 s. Plots were produced from the solution of 
equations (1) and (3) illustrating the two-dimensional 
temperature and injury patterns, respectively, as they 

develop from the initiation of the burn process 
through rernoval of the heat source and cooling ol‘thc 
entire tissue surface by convection with cnvironmcntal 
air. 

Starring with an initially isothermal system. the 
temperature field builds with tirne to form a two- 

dimensional profile that penetrates into the tissue 
beneath the heating source. A typical thermal contour 
plot is illustrated fhr the it7 .siru tnodcl in Fig. 5 I’or 21 
70 C burn. after 3 x have clapscd. PcncLration 01‘ [IIC 

temperature field into the tissue is obvious from the 
patrcrn of the isotherms. The time-bisc progression 
of this process is shown in Fig. 6 in which the 50 C 
isotherm is followed for a 70 C. 30 s surl’acc burn O~CI 
the total COLIISC of the insult period. Movc~ncnt ol‘thc 

isothcrrn into the interior of’ the tissue slows M ith tinle 
as a progressively greater depth into the tissue intcl-lor 

is achieved. 
The local translcnt tempcraturc histories \vh~ch 

were calcuta~cd using the finite clement model arc 
applied in cquatton (3) to dcterminu the pat~el-11 01‘ 
injury produced during the burn process. Figure 7 
shows the in .situ isoinjury profiles at the end of the 
70 C. 30 s burn. and Fig. 8 shows the advance of the 
second deglec threshold injury into the skin during 

the actual burn process. In the present auaiysis the 
burn modct parameter values identified by Moritz and 

Hcnriqucs [I61 arc used in equation (3) to peribrm 
the injut y computations. 

A primary objective of this investlgatlon was to 
compal’e the thermal histories that could be expected 
in the skin chamber model and in sirrr and to identify 
the hmitlng scverlty of burn insult for which differ- 
enccs in the thermal histories and accrued injury were 
smali. To this end the two numerical models were 
subjected to a series of identical thermal insult pro- 
tocols. and the resulting temperature and injury con- 
tours wele monitored and compared at incremental 
times. Figure 9 presents a comparison 01‘ the tcm- 
pcrature profiles obtained for the two simutatcd sys- 
tems as they evolved during the 70 (‘. 30 s burn pro- 
ccdurc. Data I‘or the irz siru nlodcl LII c rcp~csentcd b> 
solid tines and data for the chamber are represcnlcd 

by dashed lines. All or the &la arc plotted on Lllc 
skin chamhcr grid for p~uposcs 01’ e\aiuating local 
di&crencc>s in tcmpcraturc. The 45 c‘ isotherm rep- 
rcscnts the near threshold condillon\ i’or cff‘ccting 
thcrinat d2111agc to living tissue. wtlcrcas al 61) C the 
rate of injury is significantly higher. The data clcarlb 
shob that li,r exposur-c times as long as 4 s there is no 
disccrniblc diffcrencc bctwccn the theI maI historxs in 

the tuo \ystelns. and even at 8 s the difkrences arc 

qultc sn~all. Major deviations occur only after 15 s 
when the 45 C prolite has pencLr_atcd to the rear sur- 
face of the glass window, which is assumed to be 
insulated. At that position the temperature profilei 
asbun~c qu~~c dlvcrgcnt consolers ill OiilCI’ to enI’&-cc .i 
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FIG. 6. Evolution of the 50°C isotherm in situ identified at the indicated times for a 70°C surface burn 
lasting 30 s. 

I 

FIG. 7. Isoinjury profiles in skin after a 70°C surface exposure for 30 s. 
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FIG. 8. Mowmcnt of the second cicgrcc i~~jury profile through the skin at the indicated times 

FIG. 9. Comparison of 45 and 60 C isotherms at the indicated times Ihr identical surface burn protocols 
applied to the two model systems. 1~ ,sirrc data is denoted by 2% solid line and skin chamber data which 

ditl’crs from in .sirrc by a hrokcn Enc. See the text for further details. 

zero thermal gradient at rhe insulated window surfhcc. 
However, since typical exp~rirnc~l~ll protocols involve 
insult durations of only 3-S s, the tcmperaturc field 
produced in the chamber should correspond very 
closely to that of by .situ skin for an identical surface 
burn protocol. 

The goal ofthis experimental program is to measure 
and evaluate physiological alterations to the skin and, 
in particular. to the microcirculatory function rcsult- 
ing from the inflammatory response induced by the 
burn injury. The skin flap chamber affords a con- 
vcnient model for making the requisite observations, 
but a valid question is whether the thermal pattern 

effected in the chamber will produce the same dcgrco 
of injury as would occur in situ. To address this issue 
Fig. 10 presents a direct comparison of the first and 
second degree injury contours as they penetrate into 
the tissue during the standard simulated burn scenario 
of Fig. 9. The first degree injury profiles are identical 
for the chamber and in situ models until the full 30 s 
of exposure is reached. At 8 s there is no discernible 
variation between the two mod&, and at IS s the 
only difference is a reduced penetration of the second 
degree profile into the tissue in the irl .siru model. At 
the completion of the burn at 30 s both the first and 
second degree profiles are considerably different. as 
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FIG. 10. Comparison of the penetration of the first (Id) degree and second (2d) degree injury contours 
during an identical burn scenario in the two skin models. Contours are plotted at the indicated times after 

start of the thermal insult on the skin surface. Notation corresponds to Fig. 9. 

would be expected from the temperature patterns 
shown in Fig. 9. In particular, the first degree injury 
profile, which has reached the base of the cover glass, 
assumes a normal profile and moves outward from 
the center line of the chamber, following the general 
contour of the isotherms at that location. For con- 
tours not at the full chamber depth, the extent of 
penetration is reduced from that for in situ skin, due 

to the insulated surface assumed for the window. 
The magnitude of blood perfusion in the skin is 

considered to play a major role in determining the 
local temperature [3 1, 321 as well as contributing sig- 

nificantly to total body thermal regulation [44, 451. 
To this end a sensitivity analysis was performed to 
evaluate the influence of blood perfusion, which is 
assumed to be concentrated in the lower portion of 
the dermis and to be independent of the state of the 
system, on the transient temperature field during a 
burn. Simulations were performed for the standard 
70°C burn at perfusion rates of 0, loo, lo’, IO*, lo3 
and IO4 ml (min * 100 g)) ’ tissue. Figure 11 shows 
the 50°C isotherm contours obtained for the different 
perfusion rates after 4 s of burn insult on the epidermal 
surface. The 50” isotherm was selected for illustrative 
purposes because for this protocol it will penetrate 
into the tissue sufficiently to reach the perfused region 
deep into the dermis and because it is somewhat close 
to the threshold for which there will be significant 
accrual of injury. Figure 12 presents a corresponding 
plot of the second degree injury contours obtained for 
the various perfusion rates. The data indicate that as 
the perfusion rate increases there is a diminishing of 
the extent of penetration of the temperature field into 
the skin and of the total volume of injured tissue. Even 
though the perfusion is restricted to the lower level of 
dermis, these alterations are manifested well into the 
more superficial layers of the skin. The range of per- 
fusion rates studied extends past the spectrum of 
physiologically realizable values ; however, within the 
data shown there is a clear and consistent trend 

Blood Perfusion Rates 
( w, ml blood/ 

(min.lOOg tissue)) 

0 

-- 10” 

-_----_lO’ 

_-._._lO* 

103 

- 10’ 

FIG. Il. 50°C isotherms calculated for blood perfusion 
through the lower hali‘ of the dermis at rates of 0, lo’, lo’, 
102, 10’ and 104ml (min. 100 g))’ tissue at 4 s following the 

initiation of a 70°C surface burn. 

toward cooling of the skin during a burn, thereby 
reducing the local degree of thermal injury. 

The transient temperature profiles which were meas- 
ured in the chamber at the base of the dermis for 70 
and 90°C burns are shown in Fig. 13. The data is all 
self consistent and shows the expected decaying rates 
of rise and fall during the heating and cooling phases 
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FIG. I?. C‘onlours of second degree injury for the burn 
scenarios depicted for Fig. I I. 
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FIG. 13. Temperature histories measured at the base of the 
dermis for two burns at 70 C for IO s. and two burns at 90 C, 

one for 5 s and one for IO s, as indicated. 

of the protocols. A temperature rise of approximately 
213 of the differential between the initial and boundary 
values was achieved at the base of the dermis after IO 
s of heating for both of the insult conditions. 

The experimental data for the 70 C burn trials were 
compared with the results of the numerical simulation 
for the identical conditions as a verification of the 
model. The measured and simulated temperature his- 
tories are plotted together in Fig. 14. For this simu- 
lation it was assumed that the blood perfusion rate 
was 1 ml (min. 100 g) ‘, and the total thickness of 

the skin preparation was 500 pm. As expected, there 

” n I 1 1 
n 2 4 6 8 10 

Time(s) 

Fit;. 14. Measured and simulated temperature histories at 
the interfxc of the dermis and the underlying glass window 

of the flap chamber. 

is some variation in the thickness of the tissue in the 

observing aperture of the Aap among the trial animals. 
with the general range of 400-500 ;lrn. 

Figure 14 demonstrates a very good agreement 
between the measured and simulated data sets. The 
model predicts a slightly higher rate of temperature 
rise under the simulated conditions. but thcrc is not 
suficient experimental evidence to justify modi- 

fication of the simulation parameters. such as increas- 
ing the perfusion rate by one or two orders of mag- 
nitude to elicit a corresponding reduction in 
temperature, to tune it for a better match with the 
measured data. However, the degree of agreement 
between the model and the experiments is sufficient 
to provide an acceptable level of confidence in the 
numerical simulations. 

CONCLUSIONS 

These results indicate that for all practical purposes 
relating to the experimental protocol, which involves 
relatively short exposure times to elevated tempera- 
tures, there is no distinguishable difference between 
the extent of injury that should be expected for Ihe 
skin flap chamber in comparison with in siru skin. 

Therefore, from a thermal perspective the dorsal skin 
Hap chamber should be an acceptable experimental 
model for simulating and studying the effects of burn 
injury in the microcirculation, and the benefit of being 
able to observe the microvasculature in a chronic 
preparation both before and after a burn wound is 
not negated by any significant alteration of the injury 
pattern from that anticipated in a normal, unaltered 
tissue system. 

,~ckno~/ec!qenzenf-~ This research was sponsored in part by 
N.I.H. Grant No. GM 21681. Dr Shanti Aggarwal and 
Joseph Yip assisted in obtaining temperature measurements 
for the burn protocols in the skin flap chamber. 

REFERENCES 

I. F. C. Henriques and A. R. Moritz, Studies of thermal 
injury, 1. The conduction of heat to and through skin 
and the temperatures attained therein. A theoretical and 



Analysis of tissue injury by burning : comparison of in situ and skin flap models 1405 

an experimental investigation, Am. J. Puthol. 23, 531- 
549 (1947). 

2. K. Beuttner, Effects of extreme heat and cold on human 
skin, I. Analysis of temperature changes caused by 
different kinds of heat application, J. Appl. Physiol. 3, 
691-702 (1951). 

3. K. Beuttner, Effects of extreme heat and cold on human 
skin. II. Surface temperature, pain and heat conductivity 
in experiments with radiant heat, J. Appl. Physiol. 3, 
703--713 (1951). 

4. A. M. Stall, A computer solution for determination of 
thermal tissue damage integrals from experimental data, 
Inst. Radio Engrs Trans. Med. Electron. I, 355-358 
(1960). 

5. J. A. Weaver and A. M. Stall, Mathematical model of 
skin exposed to thermal radiation, Aerospace Med. 40, 
24-30 (1969). 

6. A. M. Stall and M. A. Chianta, Burn production and 
prevention in convective and radiant heat transfer, Aero- 
space Med. 39, 1097-l 100 (1968). 

7. A. M. Stall and M. A. Chianta, Heat transfer through 
fabrics as related to thermal injury, Ann. N. Y. Acad. Sri. 
33, 649-670 (1971). 

8. M. A. Mainster, T. J. White, J. H. Tips and P. W. Wilson, 
Transient thermal behavior in biological systems, Bull. 
Mafh. Biophys. 32, 303-314 (1970). 

9. A. N. Takata, L. Zaneveld and W. Richter, Laser- 
induced thermal damage of skin, SAM-TR-77-38, USAF 
School of Aerospace Medicine (1977). 

IO. L. A. Preibe and A. J. Welch, A dimensionless model for 
the calculation of temperature increase in biologic tissues 
exposed to nonionizing radiation, IEEE Trans. Biomed. 
Enqr BME-26,244-250 ( 1979). 

11. R.-L. Palla, A heat transfer analysis of a scald injury, 
Reoort No. NBSIR 81-2320. U.S. National Bureau of 
Staidards (1981). 

12. K. R. Diller and L. J. Hayes, A finite element model of 
burn injury in blood perfused skin, Trans. ASME, J. 
Biomech. En,qr 105, 300-307 (1983). 

13. K. R. Diller, L. J. Hayes and C. R. Baxter, A math- 
ematical model for the thermal efficacy of cooling ther- 
apy for burns, .I. Burn Care Rehabil. 4, 81-89 (1983). 

14. 0. P. Jakobsson and G. Arturson, The effect of prompt 
local cooling in oedema formation in scalded rat paws, 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Burns 12, S-15 (1985). 
K. R. Diller. Analvsis of skin burns. In Heat Transftir in 
Medicine and Biol&, Analysis and Applications (gdited 
by A. Shitzer and R. C. Eberhart), Vol. 2, pp. 85-134. 
Plenum Press, New York (1985). 
A. R. Moritz and F. C. Henriques, Studies of thermal 
injury. II. The relative importance of time and surface 
temperature in the causation of cutaneous burns, Am. J. 
Pathol. 23, 695-720 (1947). 
K. F. Thompson and K. R. Diller, Use of computer 
image analysis to quantify contraction of wound size in 
experimental burns, J. Burn Cure Rehabil. 2, 307-321 
(1981). 
M. P. Wiedeman and M. P. Brigham, The effects of 
cooling on the microvasculature after thermal injury, 
Microvasc. Res. 3, 154161 (1971). 
D. C. Ross and K. R. Diller, Therapeutic effects of 
postburn cooling, Truns. ASME. J. Biomech Engr 100, 
149-152 (1978). 
G. H. Algire. An adaptation of the transparent-chamber 
technique to the mouse, J. Natn. Cancer Inst. 4, I- 11 
(1943). 
H. D. Papenfuss, J. F. Gross, M. Intaglietta and F. A. 
Treese, A transparent access chamber for the rat dorsal 
skin fold, Microuusc. Re.p. 18, 311-318 (1979). 
J. F. Gross, R. Roemer, M. Dewhirst and T. Meyer, A 
uniform thermal field in a hyperthermia chamber for 

23. M. W. Dewhirst, J. F. Gross and D. A. Sim, Effects 
of heating rate on normal and tumor microcirculatory 
function. In Heat and Muss Transfer in the Micro- 
circulation and Thermally Sigrzificant Vessels (Edited by 
K. R. Diller and R. B. Roemer), pp. 73-78. ASME, New 
York (1986). 

24. M. Taormina, K. R. Diller and C. R. Baxter, Burn 
induced alteration of vasoactivity in the cutaneous micro- 
circulation. In Heat and Mass Transjtir in the Micro- 
circulation and Thermally Significant Vessels (Edited by 
K. R. Diller and R. B. Roemer), pp. 79-83. ASME, New 
York (1986). 

25. S. J. Aggarwal, S. J. Shah, K. R. Diller and C. R. Baxter, 
Fluorescence digital microscopy of interstitial macro- 
molecular diffusion in bum injury, Comput. Biol. Med. 
19.245-261 (1989). 

26. H. K. Yeung, S. J. Aggarwal, K. R. Diller and C. R. 
Baxter, Alteration of interstitial transport in the dermis 
following mild burns, J. Burn Cure Rehubil. (in press). 

27. L. J. Hayes, A users guide to PARAB: a two-dimen- 
sional linear time dependent finite element program, 
TICOM Rep #80-10, University of Texas (1980). 

28. E. B. Becker, G. F. Carey and J. T. Oden, Finite 
Elements: A First Course. Prentice-Hall, New York 
(1981). 

29. B. Fagrell, Microcirculation of the skin. In The Physi- 
ology and Pharmacology of the Microcirculution (Edited 
by N. A. Mortillaro), Vol. 2, pp. 133-180. Academic 
Press, New York (1984). 

30. J. C. Chato, Heat transfer to blood vessels, Trans. 
ASME, J. Biomech. Engr 102, 110-l 18 (1980). 

31. A. D. M. Greenfield, The circulation through the skin. 
In Handbook of Physiology, Circulation, Vol. II, pp. 
1325-1351. Williams & Wilkens, Baltimore (1963). 

32. M. C. Conrad, Functional Anatomy qf the Circulation to 
the Lower Exfremities. Year Book Medical Publishers, 
Chicago (1971). 

33. J. R. S. Hales, A. A. Fawcett, J. W. Bennett and 
A. D. Needham, Thermal control of blood flow through 
capillaries and arteriovenous anastomoses in skin of 
sheep, Pflugers Archiv. 378, 55-63 (1978). 

34. H. F. Bowman, E. G. Cravalho and M. Woods, Theory, 
measurement, and application of thermal properties of 
biomaterials, Ann. Rev. Biophys. Bioengng 4, 43-80 ,.^__. 

35. 

36. 

37. 

38. 

39. 

40. 

41 

(IY75). 

J. C. Chato, Measurement of thermal properties of bio- 
logical materials. In Heat Transfer in Medicine and 
Biology, Analysis and Applications (Edited by A. Shitzer 
and R. C. Eberhart), Vol. 1, pp. 167-192. Plenum Press, 
New York (1985). 
E. G. Cravalho, L. R. Fox and J. C. Kan, The application 
of the bioheat equation to the design of thermal pro- 
tocols for local hvoerthermia. Ann. N. Y. Acud. Sci. 335. 
8697 (1980). ‘& 
M. M. Chen, The tissue energy balance equation. 
In Heat Transfer in Medicine and Biology, Analysis 
and Applications (Edited by A. Shitzer and R. C. Eber- 
hart), Vol. 1, pp. 153-166. Plenum Press, New York 
(1985). 
S. Weinbaum and L. M. Jiji, A new simplified bioheat 
equation for the effect of blood flow on local average 
tissue temperature, Trans. ASME, J. Biomech. Engr 107, 
131-139 (1985). 
W. J. Song, S. Weinbaum and L. M. Jiji, A theoretical 
model for peripheral tisue heat transfer using the bioheat 
equation bf Weinbaum and Jiji, Trans.- ASME, J. 
Biomech. Enar 109.72-78 (1987). 
E. H. Wissl&, Comments bn thk new bioheat equation 
proposed by Weinbaum and Jiji, Trans. ASME, J. 
Biomech. Enqr 109.226233 (1987). 
S. Weinbaum and L. M. Jij< Discussion of papers by 
Wissler and Baish et al. concerning the Weinbaum-Jiii 

microvascular studies, Int. J. Heat Muss Transfer 25, bioheat equation, Trans. ASME, JT Biomech. Engr 16, 
1313-1320 (1982). 234-237 (1987). 



42. E. H. Wisslcr. Comments on Weinbaum and Jiji’s dis- Mio/o,q>,. Anu/~~.\~.v and App1ication.r (Edited by A. Shitzt 
cussion on their proposed bioheat equation. Trtrn\. and R. C. Eberhart). Vol. I, pp. 15. 52. Plenum Press. 
/ISME, J. Biomrc~h. Enyr 109, 355-356 (1987). New York (1985). 

43. G. K. Blake. K. R. Diller and L. J. Hayes. Analyst\ ot 45. E. H. Wissler. Mathematical smlulation of human thrr- 
several models for simulating skin burns. .I. BLII.II (‘LII.(~ ma1 behavior using whole-body models. In Hrtrt Trcms/o 
Rrlrtrhil. 12, 177 189 (1991). in Mdicitw ud Biolo,y>~. 4rm/.l~.\i.c mti .4pplicatiorrs 

44. J. Bligh, Regulation of body tcmpcrature in man and (Edited by A. Shitzer and R. C. Eberhart). Vol. I. pp 
other mammals. In Hccrt T~cm.s~w in Mdicim~ rrrd 375 ~374. Plenum Press, New York (19x5). 

ANALYSE DE LESlONS DE TISSU PAR BRULURE: COMPARAISON DE MODELES 
DU CAS IN SI7’1; ET D’UN MORCEAU DE PEAI! 

R&sum&Le champ de temptrature variable dans la peau pendant une brdlure I la surface est mod&s& 
par une technique aux &l&ents finis. Les deux systemes physiques qui sent simulks sont le tissu in .xitu et 
un morceau de peau cxpkrimental pour dcs Ctudes de brillure. Lcs dt-gats locaux cumult?s du tissu sont 
calcults en utilisant un mod& de type Arrhcnius. L’analysc montre que les expCriences de brtilure sur le 
morceau de peau B des temp&atures supCrieures ~1 70 C provoque des histoires thermiques qui sont trL:s 

peu diff&rentes de celles sur le tissu irz .vi/rc pour des duri-es de t&lure inftrieures ;i 15 s. 

UNTERSUCHUNG DER GEWEBESCH,&DIGUNG BEI VERBRENNUNGEN: 
VERGLEICHENDE UNTERSUCHUNG AM TATS;iCHLICHEN GEWEBE UND AN 

MODELLEN VON HAUTSTUCKCHEN 

Zusammenf’assung-Mii Hilfe der Finite-Elements-Technik wird das zeitabhangige Tcmperaturfeld in der 
Haut wkhrend ciner ObertXichenvcrbrennung modelliert. Die beiden simulierten physikalischen Systemr 
sind einerseits das tatsschliche Gewebe und andererseits eine Versuchskammer fiir Hautstiickchen, welchc 
fiir Verbrennungsuntersuchungen aufgebaut worden ist. Fiir die Bcrechnung konzentrierter Gcwebc- 
schgdigungen wird das Sch$digungsmodell nach Arrhenius vcrwendct. Die Berechnung Leigt. dall 
ein in der Versuchskammer bei Temperaturen bis LU 70 C durchgefiihrtes Verbrennungsexperiment bei 
Belastungsdauer unterhalb I5 s einen thermischen Verlauf crgibt, der sich nur geringfiigig van demn.jenigen 

an tatsichlichem Gcwehe unterscheidet. 

AHAJIM3 l-‘IOBPEXQEHHti TKAHM HPM 0XOI-E: CPABHEHWE MOflEJIEfi 
IlEPECAXHBAEMOn KOXKM ki IN SlTU 

AnnoTnqRa-_C ucnonb30BakuieM MeTona KoHeqHbIx 3ne~e~T0~ MonenupyeTcr xecTamroHapHoe TeMne- 

paTypHoe none, c03nanaehtoe B Kome np~ noBepxHocrHoM oxcore. )&bu MonenapyeMbrbni Cpa3iiwc- 

K&SMH CHCTeMaMA IIBJIRH)TCff TKaHb in Situ U B 3KCnepHMeHTUbHOM annapaTe LIJIK nep%aJ,KB KOXO& 

npHMeHReMOMnpH HCCJ,eAOBaHHHO~O~OB.~OKa~bHOeKyMyJIKTHBHOe nOBpeXUeHHe BTKaHH PaCC'iHTbI- 

Baews npe noMonw Monenw nospem9eHnii Trina Appe~~y~a. AHanus nOKa3bIBaeT, YTO repMHrecKHe 

~cropmi, nonyseaable npa nposenemni 3KcnepaMeHToB no omofahi B annapaTe ana nepecanrw KoW(H 

npa TeMnepaTypax n0 70"C,He3HaWTeJIbHO OTJIWYaIOTCR OT nOJIyYeHHMX LtJIK TKaHH in SitU,WnH npO- 
nonxwTenbkiocTbnoBpexrflanalo~eroneficrBwI Coc-rasnfieTMeHee 15 EKYHA. 


