
UCRLJC-121630 
PREPRINT 

Dynamic Simulations of Tissue Welding 

Duncan J. Maitland, David C. Eder, Richard A. London, and 
Michael E. Glinsky 

University of California, Lawrence Livermore National Laborato y 
Livermore, CA 94550 

Barbara A. Soltz 
Conversin Energy Enterprises, Spring Valley, NY 10977 

This paper was prepared for submittal to: 

The Proceedings of the 
Society of Photo-Optical Instrumentation Engineers '96 Conference, 

San Jose, CA, January 28 - February 2,1996 

February 1996 

Thisisapreprintof apaperintended forpublicationinajoumalorproceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

MA 



Disclaimer 

This document was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor the 
University of California nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial products, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or the University of California. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United 
States Government or the University of California, and shall not be used for 
advertising or product endorsement purposes. 



Dynamic Simulations of Tissue Welding 

! Duncan J. Maitland, David C. Eder, Richard A. 
London, .Michael E. Glinsky, and Barbara A. Soltz: 

Lawrence Livermore National Laboratory, Livermore, CA 94550; 
$Conversion Energy Enterprises, Spring Valley, NY 10977 

I 

i 

ABSTRACT 

The exposure of human skin to near-infiared radiation is numerically simulated using coupled laser, thermal transport and 
mass transport numerical models. The computer model LATIS is applied in both one-dimensional and two-dimensional 
geometries. Zones within the skin model are comprised of a topical solder, epidermis, dermis, and fatty tissue. Each skin 
zone is assigned initial optical, thermal and water density properties consistent with values listed in the literature. The optical 
properties of each zone (ie. scattering, absorption and anisotropy coefficients) are modeled as a kinetic function of the 
temperature. Finally, the water content in each zone is computed from water diffusion where water losses are accounted for 
by evaporative losses at the air-solder interface. The simulation results show that the inclusion of water transport and 
evaporative losses in the model are necessary to match experimental observations. Dynamic temperature and damage 
distributions are presented for the skin simulations. 

2. INTRODUCTION 

Laser-tissue welding is a time and temperature dependent process. Historically, the development of clinical energy 
delivery techniques have resulted in an empirical evolution of laser parameters, added chromophores, cooling water drips, 
and visual cues that meter delivery endpoints (see Bass and Treat’). More recently, investigators have utilized feedback 
control, including surface temperature2 and reflectance’, to quantify dynamic changes in relevant parameters. The goal of 
these control systems is to link the dynamic variable signatures to an optimum energy delivery. The limitation of these 
surface-based systems is that they don’t provide information through the depth of the weld site. Hence, without additional 
information, the time-temperature history through the full thickness of the weld is unknown. This supplemental information 
is usually supplied via histologic assessment of the volumetric energy delivery. However, the use of histology in an iterative 
design process intended to optimize energy delivery is time consuming. We therefore turn to numerical modeling to quantify 
the volumetric energy-based changes that occur during the welding process. The goal of this effort is to demonstrate the 
model’s capability to include all the physics relevant to laser-tissue energy delivery and subsequent tissue heating, 
desiccation, and damage. 

In general, the three-dimensional, time-temperature history of tissue is described by a heat transfer equation (a.k.a. 
bioheat equation). Comprehensive references describing bioengineering heat transfer are readily a~ailable”~. A variety of 
energy source and sink terms in the bioheat equation account for laser coupling, blood perfusion, etc. Here the bioheat 
equation is coupled with a Monte Carlo model of radiation transport in the LATIS (LAser -TISsue) computer program that 
has been previously described6. 

The commonly encountered versions of the bioheat equation, however, do not account for two important terms that 
are specific to water transport within and on the surface of heated tissue. First, surface evaporation of water may be a 
dominant energy term in the bioheat equation’. Secondly, as water is removed from the surface via evaporation, the water 
density gradient results in water diffision through the porous tissue. As the water moves through the tissue, it carries its 



internal energy with it. Thus, the water-mass diffusion results in a convective energy term in the bioheat equation. Though 
not as dominant as the evaporation energy term, the mass diffusion still accounts for significant changes in the temperature 
history of the sub-surface tissue as well as predicting the desiccation of tissue, which in itself is significant. 

3. MODELING 

The computer program LATIS is applied in both one-dimensional (1-D) and two-dimensional (2-D) geometries. 
The exposure of human skin to near-infrared radiation is numerically simulated using coupled Monte Carlo, thermal transport 
and mass transport, models. 

3.1 Sample mometry and properties 

A generic model of skin is used to test the LATIS program. Figure 1. shows a schematic of the geometry used in the 
numerical simulations with the appropriate dimensions identified for each layer. The 1-D and 2-D configurations used 
throughout this report are described in Figure 1. The native properties for each model constituent are listed in Table 1. 
Dynamic variations of the native properties are described in the text below. 

The non-linear coupling of the bioheat equation with the optical properties appears as a kinetic model that has been 
previously 
scattering coefficient are given by 

For example, the correlation between tissue damage (kinetics) and the dynamic changes in the 

3.2 Light transport 

Light transport is calculated with a Monte-Carlo method. Photons are followed time dependently. A fixed number 
of photons are introduced into the problem for each time-step. For most of the calculations in this study 200 photons/time 
step were used. Results changed insignificantly when 1000 photons were used. Scattering is calculated with a Henyey- 
Greenstein phase function. Absorption is calculated analytically. Each photon is assigned a weight which decreases with 
absorption. When a photon’s weight drops below 1%, it is retired fiom the Monte-Carlo calculation. The absorbed energy is 
tabulated in spatial zones where it serves as a source term in the bioheat equation. 

where fnative and &natured are the concentration fractions of the two species in a binary kinetic system. Thus, fnative + 
fdenaared = 1. The hction of native tissue molecules can be described by an exponential function of the Arrhenius damage 
integral 

-sk dt 
fiative = e 9 

where the rate constant, k [$I], is described by 

(3) 
Here, KB is Boltzman’s constant, h is Planck’s constant, R is the universal gas constant, T is the temperature (OK), and AS and 
AH are the entropy and enthalpy of the kinetic process, taken to be 0.824 kJ/mol-”K and 368 kJ/mol, respectively’6. The 
model used a seven-fold increase in the scattering of skin tissue and the ICG solder in the denatured state. Dynamic changes 
in the absorption coefficient and anisotropy factor were not incorporated in the current simulations. 
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Figure 1. Schematic of laser irradiated skin. Cylindrical symmetry is utilized. The laser radiation is 
coupled into the tissue via a fiber, shown at the top. The diverging beam results in a certain fluence 
incident on the solder. Positive directions for the cylindrical coordinates z and r are shown. The solder 
is comprised of water, albumin and indocyanine green dye. The 2-D simulations use the geometry, 
except for the fiber delivery, as shown. The 1-D simulations are applied to the constituents aligned 
with the center of the incident spot, or the l e h o s t  edge of the diagram. 
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3.3 Thermal transport 

The bioheat equation is given by 

Values for heat capacity, c, density, p, and thermal conductivity, K, are listed in Table 1 for standard conditions. The source 
term is the energy coupled from the light transport, which is described in section 3.2. The evaporation and water diffusion 
terms are described below. Radiative and blood perfusion losses were ignored. 

3.4 Evaporation 

The Qevaporation term of equation 4 can be estimated by computing 

where is the mass flux of water vapor away from the water surface [g/(m*s)], AHva+mtim is the temperature dependent 
latent heat of vaporization of water [J/g], and Ax is the water layer thickness over which the evaporation occurs [m]. The 
latent heat is a nonlinear function of temperature. A polynomial fit to tabulated data" for the latent heat of vaporization was 
used over the 0-200 "C temperature range. 

AII expression for the mass flux per unit area in equation 5 is18: 

DHzO MHzO -- a LpH2O 1 
ax TH,O ' 

nH20 = 

where D H,O is the water vapor diffusion coefficient through air [m2/s]; MH,O is the molecular weight of water, 18, [g/mol]; 
R is the universal gas constant, 8.3 1, [J/mol "K]; PH,O is the vapor pressure of the water [Pa]; TH,O is the temperature of the 

water vapor ["K]; and - is the vapor gradient [l/m]. Equation 6 describes the water vapor diffusion that occurs due to a 

water vapor gradient. That is, the high concentration of water vapor near the solder surface diffuses toward the dry air some 
distance away fiom the water surface. The use of the evaporation term in the bioheat equation is dependent on an assumption 
that the boundary layer is a steady-state condition. This implies that the there is laminar air flow parallel to the air-tissue 
interface. The steady-state mass boundary condition leads to approximate analytic expressions for all the parameters in 

equation 6 that are a function of the boundary layer (D H,O , P H,O, T H,O , - ). A linear approximation of D H,O is obtained 

by calculating the average of the temperature-dependent diffusion coefficient at the solder surface and at the top edge of the 
boundary layer. Using an empirical formula for the temperature dependence of DH,O'*, the h e a r  approximation is given by 

a 
ax 

a 
ax 

! 

(7) 



The vapor pressure and temperature differential is approximated as 

V 

i 

where the vapor pressures are computed as saturated pressures at the given boundary layer edge and 
humidity far away from the tissue surface. The vapor pressure at the solder surface is assumed equal to the saturated 
pressure. The saturated vapor pressure has an exponential temperature dependence. A polynomial fit of water data for 
temperatures in the range 0-100 "C was used in the calc~lations'~. 

is the relative 

For our problem, the boundary layer defines the distance over which a water vapor density gradient occurs. In 
general, however, the boundary layer is defined by the flow velocity, u, parallel to the solder surface (laminar flow). The 
flow gradient results in a water vapor density (and temperature) gradient that is used as the boundary condition for the 
evaporation term. We have assumed that a steady-state air flow exists such that a steady-state boundary condition exists for 
the mass transfer. The simulations used a boundary layer thickness of 0.39 cm (ax), which corresponds to an air velocity of 
1 cmfs. 

3.5 Water Diffusion 

Evaporation of water from the tissue surface produces a gradient that causes the sub-surface water to diffise toward 
the tissue surface. The diffusion of liquid water through the porous tissue is described by Fick's lawi9: 

where p is the total density, PH,O is the water density, ant D is the diffision coefficient for water through c a n i s  (Ddemis = 

5x10" cm2/s)20. The diffusion coefficient was assumed constant though all layers of the skin. 

As the surface of the tissue is desiccated, the diffusion of sub-surface water toward the surface results in a 
convective energy term in equation 4: 

- 

Qwater diffusion = pH,O 'diffusion VT, 

where Udifision is the time-dependent diffusion velocity that results from equation 9. 

4. RESULTS 

Figure 2 shows the influence of evaporation on tissue temperature distributions. The 1-D simulations show that, 
given the same incident laser fluence on the same tissue, the evaporative cooling limits the solder surface temperature below 
100 "C. Further, the tissue temperatures never exceed 80 "C; which is in stark contrast to the no evaporation case where 
tissue temperatures remain well above 100 "C 60 seconds after the laser has been turned off. 

The desiccation of the near-surface tissue is shown in Figure 3. The water diffusion model fmt demonstrates the 
desiccation of the sub-surface tissues as the solder layer is depleted by evaporation, which occurs as long as the surface 
temperature is sufficiently elevated. After the laser is turned off, Figure 3 shows that the water content of the epidermis starts 
to increase as water from deep in the tissue diffuses toward the surface. As the water diffuses fiom the cooler depths toward 
the hotter surface, the diffusion results in a net decrease in the tissue temperatures. The addition of the water mass diffusion 



to the evaporative losses results in an average 4 "C decrease through the full thickness skin temperatures over the latter 60 
seconds, after the laser had been turned off (data not shown in figures). 

An example of a 2-D simulation is shown in Figure 4. Contour plots of the temperature are shown in Figures 4(a)- 
(c) at 30, 60 and 90 seconds, respectively. The geometry and parameters used in this simulation are described in Figure 1, 
Table 1 and section 3 of this report. The laser energy was turned off after the first 60 seconds. The cumulative damage, 
which is defined by the equation 2, is shown in Figure 4(d) at a time of 120 seconds. The results show that at least 63% of 
the tissue was denatured through the full thickness of the 1 .O mm-thick dermis in the center of the laser spot. 
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Figure 2. The effect of evaporation on skin temperatures. Figures (a) and (b) show the temperature as a function of 
depth for the same 1-D skin parameters and the same fluence rate (4 W/cm'). Each figure shows temporal snap- 
shots of the tissue temperature for times between 3 and 120 seconds. The laser energy was turned on between 0-60 
seconds. Without evaporation, Figure 2 (a) shows that the solder-surface temperature would rise above 200 "C with 
dermis temperatures reaching 150 "C. With evaporative cooling turned on, Figure 2 (b) shows that the solder 
surface temperature never reaches 100 "C and tissue temperatures fall below 50 "C in 120 s. 
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Figure 3. Desiccation of the skin. The progressive desiccation of the epidermis during irradiation is 
shown. The laser energy was turned on between 0-60 seconds. 

5. DISCUSSION 

The results show that the inclusion of water transport is important for accurately simulating the time-dependent 
temperature distributions in laser-irradiated skin. The numerical program, LATIS, includes the dynamic coupling between 
radiation transport, thermal transport and mass transport models. Here, we have added and tested the mass transport coupling 
to the bioheat equation with evaporative boundary conditions. Without evaporation, the model produces unrealistically high 
temperature distributions that contradict our experimental observations*'. With evaporation, LATIS predicts temperature 
distributions that qualitatively agree with our observations that surface temperatures do not vary far €tom 100 "C. In the 
future, we shall perform quantitative comparisons of the simulations and experiments. 

LATIS is a tool that will help assess the three-dimensional dynamics of tissue welding environments. As was 
demonstrated in this investigation, LATE is capable of simulating the laser-tissue interactions of heterogeneous tissues with 
two-dimensional symmetry and non-linear coupling between radiation, thermal transport, and mass diffusion models. Thus, 
as empirical relations between welding mechanisms and dynamically measurable variables are found, LATIS provides the 
ability to monitor these reactions in a two-dimensional geometry. The tissue damage results in Figure 4(a) is an example of 
an empirical, in this case kinetic, predictive capability. The influence of pulsed laser systems, laser spot size and geometry 
variations are other examples of LATIS's predictive capabilities. Further, with the modification of our current models, 
LATIS will serve as a design tool in investigating signatures or dynamic changes in observable parameters like reflectance or 
bireEigence. 
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Figure 4. Temperature history of laser irradiated skm. The 2-0 geometry in these figures is depicted in 
Figure 1. Figures (a) - (c) show the temperature distributions at 30,60 and 90 seconds, respectively, in 
skin when irradiated with a 4 W/cm2, 0.5 cm spot size laser for 60 seconds. Temperatures are in degrees 
Celsius. The contour lines occur at 10 "C intervals. Figure (d) shows the accumulated damage of the 
skin after 120 seconds. The grayscale of figure (d) is a logarithmic plot of the Arrhenius damage integral 
shown in the exponent of equation 2. The value of 0.0 indicates that 63% of the tissue defmed by this 
contour has been denatured. 
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