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ABSTRACT

Computational models are capable of simulating the expected thermal response of biological tissue to laser irradiation. A typical laser tissue
model accounts for optical energy deposition, heat transfer, and damage assessment, with the latter often represented by calculation of the
Arrhenius integral. Previous studies have successfully employed these methods to predict skin damage thresholds at laser wavelengths with
high absorption in water, and usually for single continuous-wave exposures. However, there remains a need for a robust and accurate predic-
tive model in low-absorption, high-scattering cases, such as for exposures in the near-infrared region near 1000 nm. This study presents a
framework for modeling laser irradiation of skin tissue at 1070 nm for both continuous-wave and pulsed exposures with durations ranging
from 1072 to 10" s. The authors derive an optical absorption coefficient for the epidermis that agrees with expected chromophore distribu-
tion and report the modeled skin thermal responses alongside surface thermography data from in vivo porcine exposures as validation of
simulation accuracy. Comparisons of modeled damage thresholds calculated by the Arrhenius integral with documented experimentally
determined minimum visible lesion EDsq data exhibit a high degree of agreement. The authors also provide new Arrhenius rate process
coefficients of A =2.74x 10°*s™" and E,=5.90 x 10> J/mol, determined from experimental thermal profiles with a unique method, that
demonstrate more accurate threshold predictions than those used in previous modeling studies. The techniques outlined by this study
provide a useful tool in assessing potentially hazardous near-infrared laser exposure scenarios.

Key words: laser damage threshold, minimum visible lesion, laser skin injury, near-infrared lasers, laser skin model, thermal model,
Arrhenius integral, rate process coefficients

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.2351/7.0000367

I. INTRODUCTION

Knowledge of laser-induced tissue damage thresholds is
vital to the field of laser safety, particularly in the skin and eye,
where they inform establishment of the maximum permissible
exposure (MPE) limits in the ANSI Z136.1 standard.' In the
context of skin exposure, the near-infrared (NIR) wavelength
region (750-1400 nm) has often been considered among the
least hazardous,” as it features low absorption in the tissue.

However, the region near 1000 nm has become increasingly rele-
vant to laser safety in recent years due to the proliferation of
diode-pumped fiber lasers and other high-energy systems that
are capable of depositing large amounts of energy in a concen-
trated area over small windows of time.

Laser injury thresholds are typically expressed as the necessary
laser energy required to produce a minimum visible lesion (MVL),
usually manifesting as minimally visible erythema or reddening of
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the skin, as judged by a set of experienced observers. MVL thresh-
olds are often reported as the effective dose required for a 50%
probability of observing the effect in question, known as the EDs,,
and calculated with the probit method.” Experimental determina-
tion of MVL thresholds is a very broad area of study even when
limited to skin tissue, depending on tissue chromophore distribu-
tion (such as pigment and water), laser wavelength, pulse duration,
and exposure parameters that may influence the tissue damage
mechanism.

Hazard assessments of laser interaction with skin near
1000 nm are based on a few past experimental studies. Rockwell
and Goldman conducted one of the first comprehensive studies of
laser skin damage, which included determination of MVL thresh-
olds for 75ns and 1s exposures at 1060 nm for low- and high-
pigmented human skin.” Most recent studies have utilized porcine
skin as a substitute for human skin, particularly the Yucatan
mini-pig breed, which features similar physiological properties,
pigment density, and layer thicknesses as humans.” Vincelette et al.
performed a study of 1070-nm continuous-wave laser MVL thresh-
olds across exposure durations from 0.01 to 10s and beam diame-
ters of 0.6-9.5cm.” DeLisi et al. extended this work by
investigating exposures with 0.01, 0.1, and 10 s total laser on times
(TOT), but broken up into multiple-pulse trains with various total
numbers of pulses and duty cycles.” The given TOT is thus the
sum of all the pulse durations within the exposure. This study also
investigated single-pulse exposures of 0.01, 0.1, and 10s on both
shaved and waxed skin, demonstrating the mediating effect of
highly absorbing hair follicles in lowering the damage threshold by
almost a factor of 2 for the 0.01 s exposure duration cases, while
showing no significant difference in the 10s cases.” In one of the
few recent examinations of submillisecond pulses, we found a
threshold value of 0.74 J/cm® for a 10ns pulse at a diameter of
0.8 cm for 1064 nm radiation in shaved porcine skin.”

Computational models are useful to examine the expected
thermal response of biological tissue to laser irradiation,””"" along
with the possibility and degree of induced damage by using the
Arrhenius integral. ”~'> A typical laser tissue thermal response
model must account for optical energy deposition, heat transfer,
and damage assessment. These methods have been successful in
the past, often in concert with in vivo threshold experiments for
validation purposes. Oliver et al,'®'” Cain et al,'® and Zohner
et al."”’ compare temperature response predictions from a computa-
tional model with experimental thermographic data collected
during threshold studies at wavelengths of 1300-2000 nm, demon-
strating good agreement. Chen et al. present a comprehensive
thermal model of 2000 nm laser exposure to skin, employ it to sim-
ulate transient surface temperatures and thermal damage accumula-
tion with the Arrhenius integral, and validate the results with
experimental data.””’ These two studies also quantified thermal
damage accumulation at the radial edges of laser skin lesions,
similar to the approach of Denton et al. in measuring spatially cor-
related cell death boundaries in vitro for 514 nm (Ref. 21) and
532 nm (Ref. 22) laser exposures.

However, there are few reported efforts to model NIR laser
skin interaction near the 1000 nm region, where water absorption is
lower and scattering tends to be higher than at 1300-2000 nm.
Initial attempts to replicate experimentally measured thermal

ARTICLE scitation.org/journal/jla

profiles measured at the center of 1070-nm laser exposures to skin
from DeLisi et al” were unsuccessful. These efforts employed the
BTEC software,'’ optical properties from Salomatina et al,” and
thermal and physical properties used by Oliver et al,'® to model
1319 nm exposures. A typical result can be seen in Fig. 1. As is
evident, the modeled temperature change features significantly dif-
ferent characteristics, during both laser exposure and postexposure
cooling.

We believe that the poor match between modeled and experi-
mental temperature profiles in Fig. 1 is due to inaccuracies in
values for tissue optical properties at this wavelength. Salomatina
et al. report the optical absorption of the epidermis and dermis at
1070 nm to be 0.17 and 0.46 cm™", respectively.”” However, these
values are problematic, as the epidermis contains significant quan-
tities of melanin, which is highly absorbing at 1070 nm compared
to other chromophores, and should intuitively feature a higher
absorption coefficient than the dermis. A recent study by Mignon
et al”* confirms this, as the authors review a variety of reported
theoretical and experimental skin optical properties, and determine
that the Salomatina data does not align with known chromophore
distributions. The resulting modeled temperature distribution seen
in Fig. 1 can be explained by the minimal deposition of optical
energy at the surface of the skin and the diffusion of heat upward
from the highly absorbing dermis after the laser beam has been
turned off.

Unfortunately, there are few other sources of epidermis optical
properties in the literature outside of Salomatina et al. that include
measurements taken in the NIR region. This could possibly be due
to the difficulty in isolating the thin epidermis alone for measure-
ment. The skin optical properties review article by Bashkatov
et al.” references a few studies that measured human epidermis
optical properties, but they were restricted to the visible light range.
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FIG. 1. Initial attempt to model 1070-nm laser exposure in porcine skin for a
duration of 0.01s, with a Gaussian beam diameter of 1cm (1/¢?) and a laser
power of 2780W. This modeling effort employed optical properties from
Salomatina et al. (Ref. 23).
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Several widely cited skin optical properties studies that do include
the NIR region, specifically 1070 nm, and utilize bulk skin tissue
consisting of both the epidermis and dermis.”>*” These values are
not as useful for modeling scenarios with specific skin layer
thicknesses.

Furthermore, most of these optical properties studies are for
human skin, while most experiments employ porcine skin. Du
et al. provide optical absorption and scattering coefficients between
900 and 1500 nm for the dermis of white domestic pigs, but they
do not include epidermis measurements.”® Cain et al. report optical
absorption and scattering values between 1000 and 1600 nm for
both the epidermis and dermis, but the data were collected from a
single Yucatan mini-pig subject following laser exposures, after
which the skin may have been irreversibly damaged.”
Zamora-Rojas et al. also includes epidermis and dermis measure-
ments, but in the range of 1150-2250 nm.*’

Our aim is to present a model for NIR laser tissue exposure
that accurately simulates the experimentally measured tissue
thermal response, for both continuous-wave and multiple-pulse
exposures, where the incorporation of thermal diffusion and relaxa-
tion between pulses is highly relevant. The model is comprised of
three fundamental components: light propagation using Monte
Carlo techniques, heat transfer through a solution to the Pennes
bioheat equation, and damage quantification using the Arrhenius
integral. Given the challenge in obtaining experimentally deter-
mined optical properties for porcine skin epidermis, we outline a
method to derive a value for porcine epidermis absorption that
meets the criteria for feasibility described by Mignon et al**
Furthermore, we present a set of Arrhenius rate process coefficients
for quantification of skin damage to 1070-nm laser radiation,
derived from experimental data using an original technique. These
capabilities and innovations are leveraged to generate temperature
histories and predict skin damage thresholds, which we then
compare to experimental values from DeLisi et al.” The model does
not incorporate hair follicle presence. Therefore, given the findings
of Delisi et al,” we hypothesize that modeled thresholds will
compare less favorably to shaved skin EDs, data for the shorter,
millisecond-scale exposure duration cases and more favorably for
exposure durations on the scale of seconds or more. Similarly, we
predict that comparisons to waxed skin EDs, data will provide the
most accurate validation.

Il. METHODS

The SCALABLE EFFECTS SIMULATION ENVIRONMENT (SESE) software
program version 2.5.1a developed by Nanohmics (Austin, TX)
implements the three necessary components of light propagation,
heat transfer, and damage calculation. Details on the implementa-
tion and application of this software are expounded upon in a pub-
lically available technical report,”" though we will briefly review the
capabilities in Secs. II A-II C.

A. Light propagation

The Monte Carlo method for radiative energy transport deter-
mines the spatial distribution of applied radiation in the object
space. Radiation consists of a collection of rays, with an energy
weight and directional vector, which emit in a Gaussian

ARTICLE scitation.org/journal/jla

distribution. As a ray encounters a voxel in the object, it has a stat-
istical chance to change direction (through scattering, reflection, or
refraction), deposit energy (through absorption), or transmit to the
next voxel along its vector. The optical properties of the material
dictate these probabilistic interactions. sese employs an implemen-
tation of the Monte Carlo radiative transport method that Prahl
describes in detail.””

B. Heat transfer

sest models heat transfer in biological tissues using Pennes’
bioheat equation, an expansion of the Fourier law of heat conduc-
tion,

96%= V(xVT) +qs + qp + qm> 1)
where T is the temperature (°K), ¢t is the time (s), p is the density
(kg/ma), c is the specific heat (J/kg K), and « is the thermal conduc-
tivity (W/m K). The additional terms g, g, and g, represent heat
loss or gains (W/m?) due to a source (laser light, in this case),
blood perfusion, and metabolic activity, respectively. The blood
perfusion term expands as follows:

qp = opyep(Ty — T). )

Ty, pp» and c;, are the temperature, density, and specific heat of the
perfused blood, respectively, while @ is the blood perfusion rate
coefficient (s7).

Radiative, convective, and evaporative thermal flux boundary
conditions are imposed at the object surface,

Grad = 0€(T* = T},), 3
qconv = hconv(T - Too)> (4)
Gevap = hevap(Psat(T) — RH 'psat(Too))’ (5)

where o is the Stefan-Boltzmann constant (W/m>K*), & is the
surface emissivity (unitless), h,, is the convective heat transfer
coefficient (W/m?K), hevap is the evaporative heat transfer coeffi-
cient (W/m® Pa), T,, is the air temperature surrounding the object,
and RH is the relative humidity of the air (unitless). The function
Psar(T) is the temperature-dependent saturation pressure of water
vapor (Pa).

SESE solves the heat equation in a three-dimensional domain
with a finite-volume voxel discretization by employing a Gauss—
Seidel red-black successive over-relaxation method.”

C. Damage rate

The Arrhenius rate equation describes temperature-dependent
reaction rates, such as damage in tissue exposed to laser radiation.
Give a temperature history at a given voxel location, and point in
time t during the history, the accumulated damage, €(f), is

J. Laser Appl. 33, 022023 (2021); doi: 10.2351/7.0000367
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expressed as

t Eu ,
Qt)=A Jo exp (7 RT(t’)> dt'’. (6)

R is the gas constant of 8.314 J/K mol, E, is the denaturation activa-
tion energy (J/mol), and A is the molecular collision frequency
factor (s™'), or the Arrhenius prefactor. Henriques and Moritz'>"
assigned a value of Q=1 to the threshold for epidermal necrosis,
which corresponds to ~63% of the material experiencing the tem-
perature history being damaged. Historically, investigators in laser
bioeffects have associated a value of Q=1 with the MVL
threshold.” *~"*

E, and A vary widely for different materials, although several
studies have produced values for skin. Oliver et al.'” favored the
classic rate process coefficients by Henriques,'* while Chen et al.”’
explored a variety of coefficients including those from Wu,”* which
are essentially an update to the Henriques values at temperatures
greater than 53 °C. Note that the Wu’ coefficients are unpublished
but are referenced and explained by Palla’” and further referenced
in the widely cited compilation of thermal damage and rate process
parameters by Thomson and Pearce.”® These rate process coeffi-
cients come from studies that defined threshold damage as com-
plete trans-epidermis necrosis. This is not the same as the less
severe MVL metric, which typically manifests as barely visible ery-
thema on the epidermis surface. Furthermore, the studies by Chen
et al. note that their most accurate simulated damage thresholds
correspond to calculating the Arrhenius integral at varying depths
within tissue, depending on laser parameters such as exposure time
and beam diameter.””’

Our initial attempts to employ published rate process coeffi-
cients to simulate and predict MVL EDs, thresholds using the
temperature on the skin surface had mixed results, with the
percent difference with the experimental thresholds varying non-
monotonically with laser exposure parameters. With the goal of
maximizing the accuracy of modeled threshold predictions,
where the MVL EDs, is the gold standard, we derived a new set
of rate process coefficients, E, and A, using EDs, values and
accompanying skin surface thermographic recordings from our
previous study of 1070-nm laser damage thresholds in porcine
skin.” The technique for generating these custom rate process
coefficients is unique. We have described them in detail with
appropriate context in the Appendix of this paper, with the com-
puter code available for public use at https:/github.com/CD3/
libArrhenius.

This process required skin surface temperature profiles at
known exposure thresholds as inputs. We used three exposures
from waxed subjects at 0.01, 0.1, and 10 s continuous-wave expo-
sure times that were near to their respective EDs, value. We
selected these temperature profiles such that their peak temperature
change with respect to laser irradiance, or thermal slope, was in
agreement with the linear fit to all of the collected data at the given
exposure duration. The method for determining these thermal
slopes is more thoroughly explained by DeLisi et al.” The tempera-
ture profiles were then scaled to the peak temperature at the EDs
irradiance predicted by the linear fit, holding their starting
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FIG. 2. Example of peak temperature change data from 0.1 s single-pulse expo-
sures. The linear fit defines the thermal slope for the given parameter set. The
selected temperature profile along this line was scaled down to the EDs, level
and then used as an input for the calculation of Arrhenius rate process
coefficients.

temperatures constant. We considered this scaled profile to be an
appropriate representation of the average temperature response at
the EDs, for the data set. Figure 2 shows the peak temperature
change data for 0.1 s waxed exposures, along with the linear fit to
the data, the expected peak temperature change at the EDsy, and
the data point selected for thermal profile scaling. The resulting
values for E, and A using our technique, along with those from
Henriques and Wu, are listed in Table I.

D. Simulation configuration

Tables II and IIT provide the specific tissue and environmental
parameters used to model 1070-nm laser skin thermal response.
The values in these tables are assumed to be the static values at
20 °C, with temperature-dependent dynamic formulations for the
layer thermal properties implemented within the model. This
section expands upon the rationale for each value chosen.

TABLE I. Rate process coefficients used to quantify damage accumulation with the
Arrhenius integral.

Temperature A E

J. Laser Appl. 33, 022023 (2021); doi: 10.2351/7.0000367
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Henriques (Ref. 12) All'T 3.1x10%® 6.27 x 10°
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TABLE II. Summary of layer-specific physical properties used in the model. The
values for density, specific heat, and thermal conductivity are for 20 °C.

Property Units Layer Value Reference
Thickness mm  Epidermis  0.082 37
Dermis 2.7 37
Fat 15 —
Optical absorption cm™'  Epidermis 0.35 —
coefficient, u, Dermis 0.17 28
Fat 1.03 26
Reduced scattering cm™'  Epidermis 17.4 38
coefficient, u,’ Dermis 154 28
Fat 8.94 26
Water fraction, w —  Epidermis 0.3 9 and 17
Dermis 0.8 9 and 17
Fat 0.2 39
Density, p kg/m® Epidermis 1210 17 and 40
Dermis 1060 17 and 40
Fat 850 41
Specific heat, ¢ J/kg K Epidermis 2244 17 and 40
Dermis 3663 17 and 40
Fat 2070 42
Thermal W/mK Epidermis 0.20 17 and 40
conductivity, k Dermis 0.49 17 and 40
Fat 0.16 42
Blood perfusion rate, s™'  Epidermis 0 —
® Dermis  1.25x 107> 43

Fat 1.25x 107 43

The skin model consisted of a three-dimensional cubic struc-
ture, composed of a thin surface epidermis layer, a middle dermis
layer, and a base of subcutaneous fat. The spatial domain of the
model covered a quarter of the exposed area, with the origin at the
center of the beam and two symmetry planes in order to reduce
simulation time. The thicknesses of the epidermis and dermis were
set to average values for female Yucatan miniature pigs between the
ages of 4 and 5.4 months,”” while the fat layer thickness was speci-
fied to a value large enough to provide a thermal sink.

TABLE lll. Boundary condition parameters, damage rate coefficients, and nonlayer
specific properties used in the model.

Property Units  Value Reference
Room temperature, T, K 20 —
Relative humidity, RH — 0.5 —
Emissivity, £ — 0.98 44
Convective heat transfer coefficient, ~W/m?> 10 9 and 45
hcunv K

Evaporative heat transfer W/m*  0.0974 9
coefficient, heyqp (32 °C) Pa

Blood density, p;, kg/m®> 1060 46
Blood specific heat, c; J/kgK 3770 46
Metabolic heat, g,, W/m®  368.1 46

ARTICLE scitation.org/journal/jla

The epidermis layer was subject to radiative, convective, and
evaporative boundary conditions. The radiative condition is subject
to the emissivity of the skin, which is 0.98."* The convective coeffi-
cient was set to 10 W/m® K, which agrees with typical values for
free convection in air.*> We employed the framework outlined by
Chen et al.” for determination of the evaporative coefficient, which
is dependent on the static convective coefficient, the temperature-
dependent density and specific heat of air, and the difference
between the mass density of saturated water vapor at the tissue
surface and the air. This resulted in an evaporative coefficient value
of 0.0974 W/m® Pa at an approximate resting skin surface tempera-
ture of 32°C, rising to 0.1125 W/m?Pa at 45°C, and falling to
0.0504 W/m?” Pa at 99 °C.

In order to derive a value for the optical absorption coefficient
of porcine epidermis based on chromophore distribution as sug-
gested by Mignon et al.,”* we employ the framework suggested by
Jacques.”” This approach breaks down the optical absorption of the
tissue as a sum of the absorption of its primary chromophores,
scaled by their fractional contribution to the tissue volume. For epi-
dermis in the visible and near-infrared range, we isolate the compo-
nents to melanin and a remainder baseline value. In a review of the
optical properties of biological tissues, Jacques provides several
wavelength-dependent functions to calculate melanosome optical
absorption based on power function fits to data from various
studies."® Given that our past experiments utilized Yucatan minia-
ture pig subjects,” we rely on the data from Sherwood et al., which
provide values for the optical absorption coefficient of melano-
somes in miniature pigs for several wavelengths between 504 and
750 nm.*’ The ensuing power function fit is

Hame = (4.9 x 1019)(2+5%), (7)

where 11, .1 is the optical absorption coefficient of melanosomes in
cm™" and A is the wavelength of the laser in nm. For 1070 nm, this
results in an optical absorption coefficient of 13.5 cm™". Vincelette
et al. determined that the epidermis in Yucatan miniature pigs con-
tains 0.81% melanin by volume.”” When combined with the pro-
portionate remainder baseline melanin-less epidermis tissue from
Jacques,”” the resulting optical absorption coefficient of the minia-
ture pig epidermis is 0.35 1/cm.

The reduced scattering coefficient of the epidermis was
derived from wavelength-dependent equations presented by
Altshuler et al.,”® a study that Mignon et al.”* conclude aligns with
expected chromophore distributions. Optical properties of the
dermis were taken from Du et al., which is one of the only studies
that specifically measured absorption and scattering of porcine
dermis in the near-infrared range.”® Bashkatov et al. provided
values for the optical absorption and reduced scattering of subcuta-
neous fat tissue.”

We utilize the same thermal properties for epidermis and
dermis as our past efforts'” that are derived from equations from
Takata et al.”’ These equations rely on an understanding of the
water content of the tissues, which we assume to be 80% in the
dermis and 30% in the epidermis, as do Oliver et al.'” and Chen
et al.” Thermal properties and water content of the subcutaneous
fat tissue are taken from a variety of sources.’”™*
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The aforementioned tissue physical properties are valid for the
static case, typically measured from excised tissue at or around
room temperature of 20 °C. However, tissue physical properties are
dynamic by nature, featuring transient changes with respect to
environmental variables such as temperature and pressure.
Furthermore, tissue properties may change after experiencing per-
manent damage, such as protein denaturation due to elevated tem-
perature that will persist even after the temperature returns to its
starting point. SEst is capable of implemented both temperature-
and damage-dependent physical properties. Unfortunately, there
are very few studies of biological tissue properties that track their
values over temperature or degrees of accumulated damage through
the Arrhenius integral.

In an effort to capture some degree of the dynamics of
thermal properties, we consider each tissue type to be a mixture of
water and nonwater components,

xr = (W)(xy,1) + (1 — w)(x0), (8)

where x is the thermal property (density, specific heat, or thermal
conductivity) of the tissue at temperature T, w is the water fraction
of the tissue, x,, r is the thermal property of water at temperature 7,
and xo is the net baseline thermal property of the nonwater, or
“dry,” components of the tissue that does not change with tempera-
ture. To calculate the value of x, for each tissue type, we substitute
the static thermal property value obtained from the literature for xr
at T=20°C, as we assume that most measurements of these prop-
erties are taken at room temperature. We have cited sources for the
water fractions of each tissue, and the temperature-dependent
thermal properties of water are very well documented.”””” With x,
determined using the static tissue thermal property value at
T'=20°C, we can subsequently employ the water tables to calculate
the dynamic tissue thermal property xr at any temperature. Note
that the temperature-dependent properties of water are also
pressure-dependent, so we assume standard atmospheric pressure
of 0.1 MPa for all values.

We did not implement temperature- or damage-dependent
optical properties of tissues, as these trends are currently under-
studied. Roggan et al. did investigate the differences in the near-
infrared absorption and scattering coefficients of various internal
organs in the native and “coagulated” states, with this damaged end
point defined as immersion in a 75 °C water bath for an unspecified
amount of time.”” They found that the optical absorption changes
are relatively minor, while the scattering coefficient increases in the
damaged state. Zhou et al. implemented these damage-dependent
optical properties as well as temperature-dependent thermal proper-
ties in the simulation of laser-induced thermotherapy of liver
tumors.” They found that when compared to the static material
property case, the implementation of temperature-dependent thermal
properties had a greater effect on tissue temperature rise than incor-
poration of damage-dependent optical properties.

lll. RESULTS
A. Thermal response

Figure 3 is an example of a three-dimensional temperature dis-
tribution output of the model, taken after 0.01 s of laser exposure at
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FIG. 3. Model output after 0.01s laser exposure at 2780 W and 1cm beam
diameter (1/6?). The displayed three-dimensional domain is a cube with side
length of 0.7 cm and represents a quadrant of the beam.

2780 W with a Gaussian beam diameter of 1 cm (1/¢%). The highest
temperature region was at the surface epidermis layer, due to the
presence of melanin, which absorbs more at this wavelength than
other chromophores. The dermis featured low absorption and high
scattering, resulting in significant light energy penetrating through
to the fat tissue. This allowed the highly absorbing fat to experience
a greater temperature increase than the dermis.

We compared the results of the computational model at a
given set of laser parameters with thermal imagery extractions from
the experimental data. The temperature histories for both the
recorded and modeled thermal response are from the center of the
beam. Figures 4 and 5 show comparisons of experimentally mea-
sured and modeled temperatures during and after laser exposure,
using data from DeLisi et al’ for 0.01 and 10s TOTs. The
experimental data shown in these figures were all from the same
subject, minimizing possible biological differences in tissue optical
properties from pigment or skin layer thicknesses. The single-pulse,
continuous-wave exposures were from a waxed area of the
subject, where the entire hair follicle was removed, while the
multiple-pulse exposures were from regions where the hair was
simply shaved.

Figure 4 demonstrates good agreement of the models with the
experimental data for continuous-wave, single-pulse exposures. The
model of the 0.01-s exposure in Fig. 4(a) slightly underestimated
the peak temperature and slightly overestimated the postexposure
temperature, while the model of the 10 s exposure in Fig. 4(b) fol-
lowed the experimental thermal profile well over the laser on time
and the cooling period.

Figure 5 shows that the model also performed well for
multiple-pulse exposure scenarios where accounting for the
thermal relaxation between pulses is a key concern. The modeled
0.01-s TOT multiple-pulse exposure in Fig. 5(a) featured a slightly
higher peak temperature at the end of the pulse train than the
experimental thermal extraction, but was otherwise accurate in
terms of temperature growth and decay rates. The discrepancy in
peak temperature was not surprising, due to the possible presence
of local highly absorbing hair follicles that can influence transient
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FIG. 4. Modeled and experimental thermal data at the center of a beam for
(@) a 0.01-s single-pulse exposure at 2780 W with a 1.04 cm beam diameter
(1/6%) and (bg a 10-s single-pulse exposure at 3.11 W with a 0.973 cm beam
diameter (1/e“). The experimental data are from DeLisi et al. (Ref. 7).

temperatures. The 10-s TOT multiple-pulse exposure shown in
Fig. 5(b) also shows good agreement between the model and the
experimental data, with minor differentiation in the middle of the
exposure. The agreement of modeled and experimental temperature
profiles implies that our employed values for skin epidermis and
dermis optical properties were more realistic than those presented
by Salomatina et al.”” This was specifically due to a more realistic
representation of the absorption difference between the melanin-
rich epidermis and dermis.

B. Damage threshold prediction

Model-generated tissue thermal response to laser exposure
allows for prediction of damage thresholds for given laser
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FIG. 5. Modeled and experimental thermal data at the center of the beam for
(@) a 10-pulse, 10% duty cycle exposure at 2780 W with 0.01s TOT and a
1.04 cm beam diameter (1/6%) and (b) a 100-pulse, 25% duty cycle exposure at
6.29W with 10's TOT and a 0.973 cm beam diameter (1/e?). The experimental
data are from Delisi ef al. (Ref. 7).

parameter sets. Specifically, the modeled threshold is the laser
radiant exposure necessary to produce a temperature history in the
center of the beam that results in Q=1+0.2 from Eq. (6). We
computed the Arrhenius integral over the modeled temperature
profile from the onset of the laser exposure until after the exposure
when the temperature has fallen to the 37% (1/e level) of the peak
value. This allowed for incorporation of some of the cooling time
in the Arrhenius calculation. The error condition of +0.2 permitted
earlier convergence of the threshold search, as repetitive simula-
tions could become computationally expensive, particularly for the
longer duration exposures with multiple pulses. We provided three
thresholds for each parameter set, using rate process coefficients
from Henriques'” and Wu,”* along with those from this work that
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TABLE IV. Model results compared to 24-h MVL radiant exposure EDs values due to a single 1070-nm laser pulse, for shaved and waxed skin, from DeLisi et al. (Ref. 7).

Modeled threshold (J/cm?)

Percent difference (%)

Beam Pulse Radiant
Waxed or diameter duration  exposure EDs,  This Henriques Wu This Henriques Wu
shaved? (1/¢*) (cm) (s) (J/em?) work (Ref. 12) (Ref. 34) work (Ref. 12) (Ref. 34)
Shaved 1.04 0.01 17.8 28.3 355 32.6 455 66.5 58.8
Shaved 1.04 0.1 33.2 35.8 48.0 40.9 7.5 36.5 20.8
Shaved 0.973 10 83.7 94.5 126.1 120.1 12.2 40.4 35.8
Waxed 1.04 0.01 27.2 28.3 355 32.6 3.9 26.6 18.2
Waxed 1.04 0.1 40.8 358 48.0 40.9 13.1 16.2 0.3
Waxed 0.973 10 85.9 94.5 126.1 120.1 9.6 37.9 33.2
Average 15.3 37.3 27.9

we custom generated as outlined in Sec. II C. As a validation check
for our model, we referenced 24-h MVL damage thresholds from
1070-nm laser exposure from DelLisi et al” and calculated the
percent difference between the EDs, and the model result using the
given rate process coefficient.

Table IV contains continuous-wave, or single-pulse, MVL data
from DelLisi et al.” for waxed and shaved porcine skin, along with
the modeled results for the given exposure times. Multiple-pulse
exposures were grouped according to their laser total on times of
0.01, 0.1, and 10s in Tables V-VII, respectively. The number of
pulses, pulse duration, and duty cycle defines the parameters for
each pulse train. The total sequence duration is the time from the
onset of the first pulse and the falling edge of the last pulse. All
multiple-pulse EDs, thresholds provided by DeLisi et al. were for
shaved porcine skin, where the hair was trimmed from the surface
but the base of the follicle was still present.”

The hair follicles in shaved exposures served as local, intense
heat sources at the skin surface since they are highly absorbing at
1070 nm. DeLisi et al.” observed them to skew the MVL thresholds
downward such that less laser energy is required to observe a
visible change. Figure 6 shows the comparisons between the
shaved, waxed, and modeled thresholds. The model aligned very

well with the waxed EDs, data for all three exposure duration time
points on a logarithmic scale, while diverged from the shaved data
significantly at 0.01 s. This behavior confirmed our hypothesis that
the model demonstrates higher accuracy when compared to the
waxed case, given that it did not incorporate highly absorbing hair
follicles in its skin object structure.

IV. DISCUSSION
A. Retrospective modeling

Figures 4 and 5 exhibit seemingly accurate temperature profile
matches between experimentally collected thermography on the
skin surface and extractions from the top layer of the model. We
present these images to demonstrate the robustness of the model
performance across short (0.01s) and long (10s) laser on times,
for the continuous-wave case and the multiple-pulse case, respec-
tively. The experimental profiles are good approximations of the
typical temperature response seen in experiments for their given
parameter sets, although there is disparity from exposure to expo-
sure. Biological variation is a key contributor to these disparities,
such as changes in melanin density distribution, skin layer thick-
ness, and degrees of stratum corneum exfoliation. These factors

TABLE V. Model results compared to 24-h MVL total radiant exposure EDsq values due to 1070-nm laser pulses with a beam diameter of 1.04 cm, for shaved skin. The laser

total on time for each set of parameters is 0.01 s.

Modeled threshold (J/cm?) Percent difference (%)

Pulse Duty Total Radiant
Number of duration  cycle sequence exposure This Henriques Wu This Henriques Wu
pulses (ms) (%) duration (s) EDso (J/em?)  work (Ref. 12) (Ref. 34) work (Ref. 12) (Ref. 34)
10 1 50 0.019 17.6 29.4 37.4 34.1 50.3 72.0 63.8
10 1 25 0.037 18.6 31.3 40.1 36.4 50.9 73.3 64.7
10 1 10 0.091 20.0 38.8 48.1 429 63.8 82.4 72.8
30 0.333 50 0.0197 17.2 29.2 36.5 33.0 51.7 71.9 62.8
30 0.333 25 0.039 17.3 30.7 38.5 353 55.9 75.9 68.5
30 0.333 10 0.097 19.7 36.6 447 39.3 59.9 77.6 66.3
100 0.1 50 0.0199 15.6 294 36.5 33.9 61.3 80.2 73.9
100 0.1 25 0.0397 16.9 30.7 38.9 36.0 58.1 78.7 72.1
100 0.1 10 0.0991 18.0 36.1 44.6 412 66.9 85.0 78.4
Average 57.6 77.4 69.3
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TABLE VI. Model results compared to 24-h MVL total radiant exposure EDs, values due to 1070-nm laser pulses with a beam diameter of 1.04 cm, for shaved skin. The laser
total on time for each set of parameters is 0.1s.

Modeled thzreshold Percent difference
Pulse Duty Total Radiant (J/em?®) (%)
Number of  duration  cycle sequence exposure EDs,  This Henriques Wu This Henriques Wu
pulses (ms) (%) duration (s) (J/em?) work (Ref. 12) (Ref. 34)  work (Ref. 12) (Ref. 34)
10 10 50 0.19 38.2 40.8 51.7 47.4 6.6 30.1 214
10 10 25 0.37 41.6 46.8 58.4 54.7 11.8 335 27.1
10 10 10 0.91 52.6 55.0 69.0 64.1 4.4 27.0 19.7
30 3.33 50 0.197 374 39.7 51.3 47.1 6.0 314 22.9
30 3.33 25 0.39 38.2 46.7 58.9 54.5 20.0 42.6 35.2
30 3.33 10 0.97 49.5 55.6 70.8 66.7 11.6 354 29.6
100 1 50 0.199 38.0 41.2 51.5 47.7 8.1 30.2 22.6
100 1 25 0.397 43.7 47.7 59.5 54.5 8.7 30.6 22.0
100 1 10 0.991 48.8 55.6 71.0 66.7 13.1 37.0 31.0
Average 10.0 33.1 25.7

certainly change across different porcine subjects but also vary
across the flank of one given subject. However, the static model
parameters and their temperature-dependent formulations do not
change from exposure to exposure.

In order to assess the model performance with respect to the
whole data set, Fig. 7 plots the changes in peak temperature
against laser irradiance for the continuous-wave waxed experi-
mental data. We also provide the modeled change in temperature
at three irradiance points at the low-, mid-, and high-end of the
irradiances used in experiments. The linear fit to the data fol-
lowed the process described by DelLisi et al.” to filter out the
effects of extreme hot spots such as incineration events. The
linear fit for the model was using the three aforementioned
points, along with a forced y-intercept of zero to ensure that
there was no expected temperature rise without an incident

irradiance. The slopes of the linear fits for the experimental data
and the model are in Table VIII.

As can be seen for each case in Fig. 7, the experimental distri-
bution of temperature changes for a given exposure irradiance was
quite broad. The linear fits to the experimental data serve as the
best approximation of the representative temperature response to
irradiance. However, the model returned a very consistent tempera-
ture response across the entire range of experimental irradiances.
Visual inspection of each plot in Fig. 7 suggests that the modeled
response was in good agreement with the linear fit of the experi-
mental data, especially for the 0.1 and 10s exposure time cases.
The percent difference between the modeled and experimental data
linear fits listed in Table VIII provides a metric for comparison.
The small percent difference in the 0.1s (4.8%) and 10s (1.7%)
cases confirmed the visual assessment provided by the figure.
A percent difference in the slopes of 14% for the 0.01 s case is still

TABLE VII. Model results compared to 24-h MVL total radiant exposure EDsq values due to 1070-nm laser pulses with a beam diameter of 0.973 cm, for shaved skin. The

laser total on time for each set of parameters is 10 s.

Modeled thzreshold Percent difference
Pulse Duty Total Radiant (J/cm?) (%)
Number of duration  cycle sequence exposure EDsy  This Henriques Wu This Henriques Wu
pulses (s) (%) duration (s) (J/cm?) work (Ref. 12) (Ref. 34)  work (Ref. 12) (Ref. 34)
10 1 80 12.25 86.6 102.8 135.3 128.5 17.1 439 39.0
10 1 50 19 94.8 115.8 152.1 147.9 19.9 46.4 43.8
10 1 25 37 126 143.0 189.9 180.8 12.6 40.4 35.7
30 0.333 80 12.42 79.9 103.9 134.5 128.5 26.1 50.9 46.7
30 0.333 50 19.67 97.4 117.7 156.2 147.9 18.9 46.3 41.2
30 0.333 25 39 120 148.1 200.1 189.9 21.0 50.1 45.1
100 0.1 80 12.48 77.9 103.0 133.1 129.1 27.8 52.4 49.5
100 0.1 50 19.9 100 117.7 156.2 147.9 16.3 43.8 38.7
100 0.1 25 39.7 121 151.0 195.1 189.9 22.1 46.9 443
Average 20.2 46.8 42.7
J. Laser Appl. 33, 022023 (2021); doi: 10.2351/7.0000367 33, 022023-9
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where the effects of hair follicles are most relevant.

We compared the modeled threshold predictions with the
experimental 24-h EDsys from Delisi et al.” by plotting the percent
difference between the two for each exposure parameter against the FIG. 7. Modeled and experimental change in peak temperatures after (a) 0.01,
total sequence duration in Fig. 8. This plot displays the percent differ- (b) 01, and (c) 10s single-pulse laser exposure to waxed porcine skin. The

. dotted line is the linear fit to the experimental data, while the solid line is the
ences for each of the three rate process coefficients employed for :
. . . . linear fit to the model.
threshold calculation. The figure contains the single- and multiple-
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TABLE VIII. Slopes of the linear fits to temperature change vs laser irradiance
plots, for experimental data and model.

Beam AT slope, AT slope,
Exposure  diameter data model Percent
time (s) (1/¢?) (cm) (°Ccm?/W) (°C cm?/W) difference (%)
0.01 1.04 0.0110 0.009 54 14
0.1 1.04 0.0694 0.0728 4.8
10 0.973 2.32 2.28 1.7

pulse data, with the 0.01 s TOT cases having total sequence durations
between 0.01 and 0.1s, the 0.1s TOT cases having total sequence
durations between 0.1 and 1s, and the 10s TOT cases having total
sequence durations between 10 and 40s. The percent differences for
the waxed data for 0.01, 0.1, and 10's are also included in this plot.
The lines are a simple logarithmic function fit to the percent differ-
ences between the waxed data and the model of the form
y=alnx+ b, where y is the percent difference (%) and x is the
total sequence duration (s). Since the temperature changes produced
by the model matched fairly well with the representative temperature
response of the waxed exposures, these lines are a good metric for
gauging both the effect of hair follicles on the thresholds and the
ability of the rate process coefficients to predict an accurate threshold.

Figure 8 shows relatively high percent difference between the
shaved EDs, and modeled thresholds for the 0.01 s TOT cases. The
difference decreased substantially for the 0.1 s TOT cases and then
slightly rose again for the 10s TOT cases. We attribute this high
percent difference at 0.01s TOT to the presence of hair follicles.
The waxed data at 0.01s TOT featured significantly less percent
difference than their shaved counterparts, for each rate process
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coefficient, given that the model did not account for highly absorb-
ing hair follicles.

Note that the model results varied depending on the rate
process coefficient used to calculate Q=1+0.2. Upon inspection,
Fig. 8 clearly demonstrates that the percent difference between the
experimental and modeled thresholds is the lowest using the rate
process coefficients from this work, followed by the Wu’* coeffi-
cients and finally the Henriques'” coefficients. This relationship
was true across all total sequence durations and for each TOT
grouping, as was confirmed by the average percent differences for
each rate process coefficient in Tables [V-VIL.

The logarithmic function fits to the percent difference
between the waxed EDs, and the modeled thresholds are a useful
visual indicator and more genuine assessment of model perfor-
mance, as they represent the most analogous comparison of data
points. Their amplitude and distribution relative to each other is
also an indicator of the appropriateness of the given rate process
coefficients. The custom coefficients from this work was again con-
firmed to feature the lowest percent difference, followed by Wu and
then Henriques, mirroring the trends from the shaved data distri-
butions. The logarithmic fits using the Wu and Henriques values
also featured a slight upward slope, with the highest percent differ-
ence being at 10s. This is in contrast to the logarithmic fit to the
waxed percent differences using the custom rate process coefficients
from this work, which featured a relatively flat slope.

These behaviors indicate that the Wu and Henriques coeffi-
cients were not appropriate for the longer time duration exposures
from DeLisi et al.” and demonstrated the need to generate custom
rate process coefficients that hold across exposure duration. We
expected lower percent differences and flatter logarithmic fit to the
waxed data using the custom coefficients from this work, as they
were generated using damage EDs, thresholds and temperature

10s TOT
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This Work (Shaved)
Henriques (Waxed)
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This Work (Waxed)
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FIG. 8. Percent difference between the experimental EDsy and modeled threshold over total sequence duration. The data groupings of 0.01, 0.1, and 10 s TOT are indi-
cated by the top brackets. Model results are shown using rate process coefficients from Henriques (Ref. 12) and Wu (Ref. 34), along with the coefficients generated in this
work in Sec. || C.
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profiles characteristic of the response of waxed porcine skin to
1070-nm laser exposure. A primary difference between this source
data” and that used by Henriques'>''"> and Wu™ is the nature of
the heat deposition. The classic Moritz and Henriques study of
thermal injury involved contact heating with hot liquid between 44
and 100°C over durations between 1s and 7h."> Not only were
some of these heating times very long, where both local and full
body thermoregulatory responses begin to play a larger role, but
the heat application was confined to the surface and only diffuses
downward. The weakly absorbing, highly scattering nature of
1070-nm radiation in skin tissue resulted in more volumetric heat
deposition, while the relatively smaller time scale may have pre-
vented thermoregulation processes from biasing the results.
Furthermore, and perhaps most relevantly, the damage criteria
used by Moritz and Henriques was complete trans-epidermal
necrosis,”” which is representative of a greater burn degree than the
MVL metric as defined in recent NIR laser skin damage studies.”’
The combination of these factors contributes to the modeled
thresholds using the Henriques'” and Wu™* coefficients generally
overestimating the required energy for a MVL when compared to
the custom coefficients from this work and the experimental EDs
values, as demonstrated by the absolute values in Tables IV-VII
and the relative percent differences in Fig. 8.

B. Prospective modeling

Given that the simulation framework presented in this paper
has produced accurate results when retrospectively compared to
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Peak Radiant Exposure (J/cmz)

experimental temperature profiles and EDs, threshold data, we
deployed the model prospectively for a series of single pulses in the
nanosecond, microsecond, and millisecond time regimes, for beam
diameters between 0.1 and 1 cm. There is minimal threshold data
at these parameters in the literature, often because of the hardware
limitations of available laser systems. Most solid state, continuous-
wave systems do not switch faster than ~100 us, and very few could
output enough power under those conditions to produce skin
damage, outside of a very small beam diameter.

Figure 9 displays the threshold prediction results for single-
pulse, continuous-wave exposures with durations of 10 ns-10s, at
logarithmic decade intervals of time, for Gaussian 1/¢* beam diam-
eters of 0.1, 0.3, 1, and 2 cm. The plot includes markers for the
waxed EDs, data from DelLisi et al.,” which is for durations of 0.01,
0.1, and 10s at a beam diameter of ~1 cm. We also included the
Q-switched single-pulse threshold from Rockwell and Goldman®
for lightly pigmented human skin and our recent nanosecond-scale
1064-nm study’ in shaved porcine skin. Both of these studies fea-
tured beam diameters of ~1cm, though it was an approximate
flattop in the case of Rockwell and Goldman* and a Gaussian 1/¢>
diameter in the case of DelLisi et al.” The solid line represents the
MPE limits, as defined by the ANSI Z136.1-2014 standard for
1070 nm laser exposures. This figure expresses the modeled thresh-
olds and the experimental thresholds that feature a Gaussian beam
in terms of peak radiant exposure calculated over the 1/e beam
diameter, as this is standard practice when plotting them on the
same graph as the MPE limits.
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FIG. 9. Prospective modeling of thermal skin damage thresholds for single pulses ranging from 10 ns to 10's, for beam diameters of 0.1, 0.3, 1, and 2 cm (1/e?), along
with select peak radiant exposure thresholds from the literature and the ANSI Z136.1-2014 MPE limits. Dashed lines are not fits and are only intended for visual aid. The
model is assumed to not incorporate the photomechanical physics below the cavitation threshold.
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The modeled thresholds in Fig. 9 feature similar behavior
across exposure duration. For each beam diameter, the thermal
damage radiant exposure threshold is essentially constant from the
nanosecond region until ~10 ms, after which it then increases at a
rate similar to the power function y=ax’, where y is the radiant
exposure and x is exposure duration. This phenomenon is due to
the absorption of energy by the tissue at a rate that exceeds the
heat diffusion limit, as defined by the tissues thermal properties.
Therefore, despite exponentially decreasing exposure durations, the
same amplitude of threshold radiant exposure will result in nearly
identical temperature rises that will not begin to significantly
diffuse until several orders of magnitude later in time.

Figure 9 demonstrates that the modeled thresholds decrease as
beam diameter increases, which correlates to a diminishing rate of
radial thermal diffusion as the beam diameter approaches an infi-
nite approximation (i.e, the 1D limit). The dependence of the
damage threshold on beam diameter at short exposure durations is
not unexpected. For exposure durations shorter than the thermal
confinement time, heat cannot conduct out of the absorption
volume while the laser is on, but the tissue temperature remains
elevated long after the exposure and damage continues to accumu-
late during the cooling process. Thus, thermal conduction is rele-
vant in determining the damage thresholds and results in beam
diameter dependence. However, it is also possible that high scatter-
ing plays a significant role at this particular wavelength. Energy will
be absorbed over a larger area in a high-scattering medium than in
a low-scattering medium, resulting in a lower effective energy
density in tissue compared to the energy density incident on the
tissue. This requires a larger incident radiant exposure to generate

10% [

Temperature Change (°C)
=
o
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the same absorbed radiant exposure in tissue, an effect that would
be greater for smaller beams than for larger beams and thus drive
beam diameter dependence of the thresholds. The role of scattering
and thermal conduction on the spot size dependence of short dura-
tion damage thresholds should be investigated in more detail in the
future.

Figure 10 provides a clear illustration of the effect of the
thermal relaxation limitation for the 0.1 cm diameter case. Laser
exposure thresholds up to 1-10 ms exhibit the same temperature
rise, and although shorter exposures will reach that temperature
orders of magnitude faster, they will not begin to cool until the mil-
lisecond time regime. This delay makes these short duration expo-
sures look essentially the same to the Arrhenius integral since they
all spend milliseconds at the same temperature, with negligible dis-
crepancies in the nanosecond and microsecond range. However,
once the exposure durations progress past the thermal relaxation
limitation, the peak temperatures at the thresholds decreases as the
exposure time increases, following the expected trend for tissue
damage and protein denaturation studied by Henriques and
Moritz.'>"”

The discrepancy in Fig. 9 between the model predictions and
the nanosecond-scale experimental thresholds™® was not unex-
pected. The experimentally observed skin injuries at these points
were most likely a result of photomechanical events such as
melanin-mediated microcavitation and laser-induced breakdown as
opposed to photothermal accumulation, as is common in the
melanin-rich retina for short and ultrashort pulse laser systems.”*
Our model accounted for only the thermal diffusion physics for
layered tissues and not the complex photomechanical

—#—d=0.1cm,10s
—&—d=0.1cm,3s
—#—d=0.1cm,1s
—+—d=0.1cm,100ms
—A—d=0.1cm,10ms
—6—d=0.1cm,1ms
—»— d=0.1cm,100us
—<—d=0.1cm,10us
—%—d=0.1cm,1us
—8—d=0.1cm,100ns
—— d=0.1cm,10ns

Cavitation Threshold>®

Time (s)

FIG. 10. Simulated temperature response for modeled threshold exposures with a Gaussian 1/e beam diameter of 0.1 cm for various logarithmically spaced exposure
times. Shorter exposure duration plots include markers on the rise times, while longer durations only include markers at the peak for clarity. The cavitation threshold is
marked by a vertical dotted line. The model is assumed to not incorporate the photomechanical physics below the cavitation threshold.

J. Laser Appl. 33, 022023 (2021); doi: 10.2351/7.0000367
© Author(s) 2021

33, 022023-13



Journal of

Laser Applications

repercussions of cavitation bubble formation. Rockwell et al.
determined that photomechanical damage is dominant for
nanosecond-scale and shorter duration exposures.”’ Lee et al.
concluded that melanin-mediated microcavitation and microbubble
formation was the dominant damage mechanism in melanin-rich
RPE cells for single pulses up to 10us,”” while Brinkmann et al.
reported similar observations for pulses up to 3 us.”® This modeling
work demonstrated that upper-millisecond-scale and longer dura-
tion exposures are described quite well in purely photothermal
terms. Figures 9 and 10 annotate the 10 us microcavitation thresh-
old by a vertical dotted line. We expect microcavitation to be the
dominant injury mechanism for pulses shorter than 10us, and
therefore the thermal model predictions are incorrect. However, we
theorize that there is region in the microsecond-and
lower-millisecond-scale of NIR laser exposure durations where both
photothermal and photomechanical mechanisms intersect and
interact. Exploring this region would require substantial develop-
ment in laser technology, as systems with sufficient power to induce
an MVL over a practical spot size (~1cm) in 1-100us are not
readily available. However, the prospective modeling capabilities
provided by this work serve as a reasonable substitute for the photo-
thermal component until eventual hardware advances allow for
experimental validation, while further software development is nec-
essary to integrate both photothermal and photomechanical pro-
cesses in a unified multiphysics model of laser tissue exposure.

CONCLUSION AND FUTURE WORK

This work presents a computational model of NIR laser pho-
tothermal response in lightly pigmented skin that demonstrated
good temperature history matches with experimental data across a
broad time range of exposure. We highlighted the importance of
utilizing NIR optical properties that are consistent with the
expected chromophore distribution in skin tissue, where melanin
plays a critical role. Our derived value for epidermis optical absorp-
tion coefficient, along with the other material properties used,
resulted in simulated temperature profiles that aligned with experi-
mental thermography, unlike initial attempts that used epidermis
optical properties from the literature. We employed a unique
method of determining rate process coefficients for use in the
Arrhenjus integral based on experimental thermal profiles
and demonstrated that values of A=274x10"*1/s and
E,=5.90 x 10° J/mol generate more accurate EDs, threshold predic-
tions than the rate process coefficients used in previous similar
studies. The low percent differences between our modeled thresh-
olds and the corresponding experimental thresholds provides confi-
dence for employment of the model for prospective analysis.

The presence of hair follicles has a significant effect when
comparing experimental and modeled damage thresholds, particu-
larly for short pulses at high irradiances, due to their behavior as a
local high-intensity heat source on the surface of the skin. Future
computational modeling in this optical region can build upon our
efforts by integrating high local absorption sources such as hair fol-
licles. Furthermore, our finite-volume bioheat equation solution
methodology serves as a comparison reference for more novel
mathematical approaches to bioheat transfer such as Wharmby’s
fractional lumped capacitance model.”” Additionally, given the
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relevance of melanin density on the epidermis optical absorption
coefficient, this work suggests the need for sensitivity analysis of
absorption coefficient and other parameter uncertainty given the
expected variance of melanin distribution in the human population.
As mentioned in the discussion, we can further investigate the rela-
tive contributions of thermal conduction and scattering to damage
thresholds and beam diameter dependence for short pulses. Finally,
this modeling framework can be leveraged prospectively to provide
assessments of laser skin damage at other wavelengths and expo-
sure conditions to validate or update the current MPE limits, par-
ticularly in regions where experimental data are unavailable.
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APPENDIX

This appendix describes the technique for determining rate
process coefficients for use with the Arrhenius integral from input
temperature profile data. We have generated a C++ library that
implements this technique and made it publically available at
https://github.com/CD3/libArrhenius.

A. Introduction

Thermal damage to laser exposure is modeled as a first-order
rate reaction in which the accumulation of damage, Q, is given by
the Arrhenius integral

t _E,
Q) = J Aerrrdt’, (A1)
0

where R is the universal gas constant and T(t') is the tissue temper-
ature as a function of time during the exposure. The coefficients A
and E, are the frequency factor and activation energy, respectively,
and are often referred to collectively as the “Arrhenius coefficients.”
Most often, Q = 1 is defined to be the threshold for damage.

While the procedure for determining values for the Arrhenius
coefficients from constant temperature exposures is well under-
stood, determining values for A and E, using the so-called “transi-
ent” thermal history (a time-varying temperature) measurements
has long been a challenge. For a constant temperature exposure,
Eq. (A1) becomes

Q(t) = Aewtt, (A2)
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where T is the (constant) temperature during the exposure and ¢ is
the time of exposure. At the threshold for damage, Q = 1, and this
can be rearranged to give

E, 1

Estimates for A and E, can be obtained by measuring the
damage threshold temperature for various exposure times and per-
forming a linear regression with Eq. (A3).

For transient temperature histories, Pearce et al. suggest first
computing an “equivalent” constant temperature exposure for each
transient temperature exposure and performing a linear regression
with Eq. (A3) as normal.”””” Here, we detail a new method for esti-
mating the Arrhenius coefficients from a set of transient tempera-
ture histories that are known to cause threshold damage.

B. Relationship between A and E,

Consider a temperature history T(#) that is known to cause
threshold damage. For this case, the value of Q is assumed to be 1,
and we have

T
1= J Achdr. (A4)
0

The problem then is to determine the Arrhenius coefficients
that make this true. For a single temperature history, Eq. (A4) does
not define a unique combination of coefficients, but it does define
a relationship between them. For any value of E,, we can calculate
the value of A that satisfies Eq. (A4). Since A is typically on the
order of 10%°-10'%°, it will be more convenient to work with In A.
We have

InA=LA=—In (J e;&%dt) (A5)

0

where we are using LA to denote the natural log of A. We can,
therefore, write LA as a function of E,. Pearce et al. used a cost
function minimization to discover this relationship and noted that
if one plots the values of LA and E, that minimize the cost func-
tion, it looks like a straight line.””” If we arrange Eq. (A3) to give

1
InA= ﬁEﬂ —Int, (A6)

it shows a linear relationship between LA and E, for constant tem-
perature exposures, where the slope is given by 1/RT and the
y-intercept is In t. Pearce et al. use this to compute an equivalent
constant temperature exposure with temperature Teq and duration
teq by computing several pairs of (LA, E,;) that minimize their cost
function and then fitting Eq. (B3) to these pairs.”>”

There are two things to note here. First, when A is assumed to
be independent of temperature, as is normally the case, then LA for
any value of E, can be directly computed by evaluating the integral
in Eq. (A5) rather than cost function minimization, which is less
expensive. Second, while LA(E,) does appear to be linear for transient
temperature histories, Eq. (A6) only holds for constant temperature
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FIG. 11. An example of three lines that do not intersect at the same point. The
“best fit" point of intersection is located at the value of E; (x axis) that gives the
smallest spread in In (A) (y axis).

exposures. Plugging E, = 0 into Eq. (A5) gives LA = In t where ¢ is
the integration time. A linear fit to that results in LA # In ¢ must
diverge from the true LA(E,) for small E,.

To determine which pair of coefficients is the correct pair
for a given system, multiple temperature histories are needed. For
each temperature history, a function LA;(E,) is computed using
Eq. (A5), where i denotes the function for the ith history. Ideally,
all of these functions would intersect at the same point for a set of
temperature histories known to cause threshold damage. In prac-
tice, this will not be the case and there are multiple points of inter-
section. Figure 11 illustrates this for three hypothetical temperature
histories. The three lines in the figure intersect at three different
positions, so it is not possible to identify a single set of coefficients
as the true set. However, it is possible to determine a point of “best
fit” intersection.

Our method is also based on minimizing a cost function, but
our cost function differs from that used by Pearce et al.”>” We
start with the assertion that the purpose of determining a set of
coefficients is to allow for damage threshold predictions using the
Arrhenius damage model. We wish to find a set of coefficients that
result in the damage model predicting that each measured damage
threshold temperature is very near the expected damage threshold.

C. Damage thresholds and scaling thermal profiles

Consider a thermal profile generated by some sort of linear
heating process in which the temperature rise caused by the
heating scales linearly with the source term,

T(t) = To + aAT(2). (A7)

Here, Tj is the baseline temperature before heating occurs, AT(¢) is
the time-dependent temperature rise, and « is the linear scaling
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factor. While Pennes’ bioheat equation is nonlinear due to the
inclusion of blood perfusions, Clark et al. showed that including
blood perfusion is important for modeling the temperature gradi-
ent in skin (i.e. predicting the correct surface temperature) before a
laser exposure but not for modeling the temperature rise caused by
the laser.®’ This means that, for a laser exposure, the heating can be
considered linear and the parameter o will be directly proportional
to the laser power/irradiance. Figure 7 shows a linear dependence
between laser irradiance and the peak temperature recorded for
this experiment, which indicates that the assumption of linearity is
valid here.

The parameter o then can be used to define the “damage
threshold scaling factor” for the temperature history, since plugging
Eq. (A7) into Eq. (A4) gives

T .
1= J AT T . (A8)
0

Given a set of coefficients, A and E,, and a temperature rise
history AT(t), there is one value for @ that will give Q = 1. This is
the scaling factor required for the temperature history to cause
threshold damage according to the damage model. In general, this
parameter cannot be solved for analytically, but a numerical search
can be used to determine the value of a that satisfies Eq. (A8).

If a temperature history is known to cause threshold damage,
then a should equal one for that history. If multiple thermal pro-
files are known to cause threshold damage, then each should give
a = 1. We use this to measure the “goodness” of a set of coeffi-
cients based on our assertion that the purpose of the Arrhenius
damage model is to calculate damage thresholds. The model should
result in scaling factors for measured temperature histories at the
damage threshold being very close to one.

Given N temperature histories causing threshold damage, we
calculate o for each and define the cost function to be

N
C=> (a-1 (A9)
i=1

where ¢; is the calculated threshold for the ith profile. In principle,
this cost function can be minimized with respect to LA and E,,
since the o;s will depend on both. In practice, this is a computa-
tionally expensive task since a numerical search is required to
compute each ¢; for a given set of Arrhenius coefficients, which
will require the Arrhenius integral to be evaluated multiple times.
We have found that performing the minimization in two steps
works well. First, search for the value of E, that gives the smallest
variance in LA values. Graphically, this is equivalent to looking for
the value of E, where the lines in Fig. 11 are closest together. This
can be done using a numerical minimization algorithm with the
cost function for a given value of E, is defined as

N
C(Es) = ) (LA — LAY, (A10)
i=1

where the bar over LA denotes an average. This cost function only
requires that the Arrhenius integral be evaluated N times for one
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value of E,. After selecting E,, search for the value of LA that mini-
mizes the cost function defined in Eq. (A9).

D. Comparison to other methods

Other methods for determining Arrhenius coefficients from
transient thermal profiles have been suggested. Simanovskii et al.
numerically integrated Eq. (A1) for multiple temperature histories
T(t) and noted that this should be the same for all damage thresh-
old temperature histories.”’ They determined E, using a least
squares method and then computed A by some method that is not
detailed. This is similar to our method, but differs in that we con-
sider scaling factors for our cost function rather than the damage
parameter.

The effective exposure method used by Pearce et al” is
perhaps more wide-spread as this is the method that was included
in the 2011 updated version of Optical-Thermal Response of
Laser-Irradiated Tissue.”*”” Here, we compare the performance of
our method to that of the effective exposure method by testing it
on simulated data. First, we generated four temperature histories
for exposure durations ranging from 5ms to 5s every decade.
Then, we scaled each temperature history so that it would produce
threshold damage (Q = 1) according to the Arrhenius damage
model using the Welch-Polhamus®” coefficients for damage to the
retina (A=3.10x10 1/s, E,=6.28 x 10° J/mol). Finally, we fed
these profiles into each method to compute values for A and E,.
We did this for three different temperature history shapes: constant
temperature, linear temperature rise, and simulated tissue exposure.
Figure 12 shows the three different shapes for 0.5 s exposure.

Table IX lists the values obtained using our method compared
to the effective exposure method. For the linear and simulated tem-
perature histories, our method clearly performs better than the
effective exposure method. Somewhat surprising is the constant
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FIG. 12. Generated temperature profiles for a 0.5 s duration: constant tempera-
ture (solid line), linear temperature rise (dotted line), and simulated tissue expo-
sure (dashed line).
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TABLE IX. Comparison of each fitting method for various thermal profile shapes. The actual values used to generate each threshold thermal profile were A =3.10x 10%°s~"

and E,=6.28 x 10° J/mol.

Profile type Method Coefficient Value
Constant temperature Ours A 7.84x10'"° s
Constant temperature Ours E, 6.37 x 10° J/mol
Constant temperature Effective exposures A 8.76 x 10" s
Constant temperature Effective exposures E, 6.38 x 10° J/mol
Linear temperature rise Ours A 3.10x 10”57
Linear temperature rise Ours E, 6.28 x 10° J/mol
Linear temperature rise Effective exposures A 511x107°s7"
Linear temperature rise Effective exposures E, 4.82 % 10° J/mol
Simulated Ours A 3.09x 10”7 s~
Simulated Ours E, 6.28 x 10° J/mol
Simulated Effective exposures A 3.97x10%s7!
Simulated Effective exposures E, 5.46 x 10° J/mol

temperature exposure results. Here, our method performs worst
and the effective exposure method performs best, but the two
perform very similarly.
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