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Abstract

Thermal effects of laser irradiations on skin areestigated in this paper. The main purpose iseterchine the
damage level induced by a laser exposure. Poténtrals induced by two lasers (wavelength 808 nml&#D nm)

are studied and animal experimentations are peddrn$everal exposure durations and laser powerseated.

Based on previous works, a mathematical model desticto temperature prediction is proposed antefielement
method is implemented. This numerical predictivel ttased on the bioheat equation takes into acduestt losses
due to the convection on skin surface, blood catarly and also evaporation. Thermal behaviour oheskin layer

is also described considering distinct thermal aptical properties. Since mathematical model i€ dblestimate
damage levels, histological analyses are alsoezhttirough. It is confirmed that the mathematicaldei is an

efficient predictive tool for estimation of damagesised by burns and that thermal effects shaggbgd on laser
wavelength.
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1. Introduction

Experimental equipments including laser devices ra@e and more frequently encountered in medicine
(dermatology, surgery, etc.). Besides medicaltigtdj lasers also take place in guidance systereasumement
devices, weapons, etc. In such a framework, a@roeguirement lies in the estimation of the patdrmamages
due to an accidental exposure. Laser beam therifeait strongly depends on chromophores which adhas
skin layers constitutive elements that absorb light specific frequency. Then induced damagesalsas
application domains strongly depend on laser wangthe Let us mention, for example, emerging appbcs
for 2 um fiber lasers in medicine and surgery Bdr such a wavelength, laser radiation does nottpate
deeply into the skin [2], [3] and it is usually sidered eye-safe since it is primarily absorbethencornea and
aqueous humor with insignificant energy reaching thtina [4]. Medical applications are ophthalmgiog
(presbyopia, hyperopia), otolaryngology, orthopegliocedures, etc. Contrariwise to previous surfaiects,
one can consider a second laser (808 nm) for whiehmost important chromophore is the melanin (&eoue
capable for absorbing both ultraviolet and visivlvelengths); see [5] for example. Since melaningated in
the deep layers of the skin, laser effect is noitéd to skin superficial layer and numerous agians are
developed in dermatology.

In this study, experimental campaigns were conductamsidering potential burns induced by both ef ldsers
mentioned above (wavelength 1940 nm and 808 nnip]|rthermal effect of 1064 nm and 1552 nm lasas h
been investigated in vitro for short pulses. Coasity great similarities between human and porskie, laser
effects have been investigated on pigs. In facL967, Forges pointed out that vascular organiaatfoporcine

skin and human are similar [7]. More recently, Balh et al. have performed comparisons focused onng/
healing between humans, pigs, small mammals amdrsnsamples [8]. In the studied situation, istsown that

the concordance between humans and pigs is 78% thlei concordance between humans and small mammals
(or in vitro samples) is lower than 60%. Moreousgsides this attractive similarity, the large 3tgigs allows

the observation of several injuries in the samgesuithat reduces the experimental variability.

In order to study burn phenomena and to optimiz#egtion with clothes or gels against laser expastire
development of a numerical predictive tool for #stimation of damages caused by burns is suit&oleh an
approach has been considered by Chen et al. [Blwf® have shown the interest of mathematical model
predictions in burn degree estimation. During et Hecades, numerous studies have been dediodtestinal
effect modeling in human skin according to burretgmd the accuracies of heat exchanges descrijsgorral
references in relation with such topic are giverihe following). For example, in recent works [J0id [11],
numerical models are used to predict scald bumshis communication, the proposed mathematical ehizd
developed in order to describe thermal effectstdiaser exposure. Several additional phenomentakea into
account: convection, evaporation on skin surfacthaat losses due to the blood circulation.

The paper is organized as follows. Firstly, in vaxperimentations are presented with experimesmtalps skin

temperature measurements and histological analgsermed in order to evaluate injuries in comgami with

temperature evolution. Then, the propagation oflélser beam in the skin layers is modeled andefieiement
method is performed to provide numerical simulatiBxperimental biological effects are then compated
predicted effects stated by mathematical models fiaally their adequacy is addressed in the casiolu

2. Animal experimentations

The damages caused by laser exposure were investigavivo. In pigs exposed to two lasers (1940 amd
808 nm), skin temperature evolutions were measamnebiopsies were performed to qualify the deepoétse
burn injuries.

2.1 Animal experimentations

Two lasers were considered for experimentations. first one was an infrared laser (1940 nm - IPGtqthics,
Model TLR-3, maximum power 4W) while the second eras a visible-wavelength laser (808 nm - Optotools
type OTF 60-30 system, maximum power 60W). In Céteal. [3], gaussian shaped spot sizes are appabeiyn

5, 10 and 15 mm. In order to overcome this limitatian optical device has been developed to tremstbe
laser beam of Gaussian type in a uniform squarpesfiB2]. It consists in a kaleidoscope (polish ahum)
located after the laser. For the infrared lased(18m), dimensions are 180 mm length with a squavéty of

15 by 15 mm while for the visible-wavelength 1ag&8®8 nm) dimensions are 80 mm length with a sqoavity

of 4 by 4 mm. A flux meter (Gentec-e, Solo PE 1200@A,; detector: Cooler Master UP19K-110F-H5-DO,
12V 160mA) conduced to laser power measuremehteagind of kaleidoscope.
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Fig. 1 - Experimental set up for laser exposure (a)940 nm laser and (b) 808 nm laser.

Both lasers were driven by a function generator {26 Yokogawa, 2MHz). Surface temperature of tlyesgin
was measured by an infrared pyrometer (Ultrakustrifiophil INFRAplus®, type R2510-10, focal distari&d
mm in range 8-12 um, temperature scale 0-200°CinpEeature evolutions were visualized (oscilloscope
Tektronix DPO 4104). Experimental setup is showg. Bi. Laser spot images have been analyzed (EalsyGra
Scion Image and Origin 6.1 software) in order tofyehe spatial uniformity of the incident lasem(example is
shown Fig. 2).
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Fig. 2 - Example of laser spatial distribution (katidoscope end; laser 1940 nm)

In order to investigate potential damages inducgdbbth of the lasers, several irradiances and expos
durations have been considered (Table 1). Theseriexpntal specificities have been chosen accortling
preparatory tests.

Table 1 - Type of laser exposure (irradiance and dation)

Laser Duration ] Irradiance[kw.m'z]

1940 nm 1<t <40 93 10.7 122 14.0
808 nm 2<t, <20 9.3 140 964 1100 1220
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2.2 Protocol

The experimental protocol was approved by the dtatste committee for ethics in animal experimeiatatof
the French Army Biomedical Research Institute untter number 2008/14.0. In vivo experiments were
performed on six female non pigmented butcher pigghing about 23 kg. Each pig was experimentedimwit
three days as follows: laser exposures on dayifical observation on day 2, and animal euthanasié
biopsies on day 3. In order to investigate the grpental reproducibility, experimentations were nahuced
three times. Thus, twenty five burns of 2.25°¢rave been performed on flanks of each animal. &nid after
sedation by azaperone treatment (50 mig.kgtresnil™, Janssen-Cilag) the animals were ahegstd by
intramuscular injection of a combination of tiletae and zolazepam (6 mg:kgZoletil 100™, Virbac), and
then kept under volatile anaesthesia with a gasumgof approximately 2% isoflurane (Isuflurane &abnt™,

Mundipharma) in oxygenl(dn? .miri*). Each anaesthetized animal was burned on sdeeations according

to Table | experimental specificities, after thiat skin had been shorn and cleaned. During thesexppskin
temperature was measured by a pyrometer. For @driaser (1940 nm), temperature measurements teuld
obtained only few seconds after the end of lasadiation since kaleidoscope edge had been in cowith the
skin during the exposure. For the second laser (808 temperature measurements were performedoalf a
the laser exposure and during the skin temperateseasing. Moreover, in order to observe the blood
circulation effect on the skin lesions and the daendevels, seven burns were performed after animals
euthanasia to allow further comparison with perfuissues. To avoid animal pain, analgesia wasopesd
prior to laser exposure (10 mg.Ihbf morphine) and extended all along the three dayseriment with a
transcutaneous patch of fentanyl (50 jfg.Burogesic™5mg.10ctH Janssen-Cilag). The medical observation
of the resting animals on day 2 revealed no clinscdfering. On day 3, animal euthanasia was peréar by
intravenous injection of 20 chof sodium pentobarbital (Dolethal™, Vétoquinoly)daburns biopsies were
harvested. The biopsies were fixed in neutral vatfel0% formalin solution (NBF) and stored at +2°€LC.
After fixation, the samples were dehydrated in h@dcsolutions of increasing concentration, clearedylene
and embedded in paraffin. Embedded biopsies wedrasing a microtome (MICRON®, France). One secfin
pum thickness) per specimen was performed and staiith Hematoxilin Eosin Safran (HES). Qualitatiaed
semi-quantitative histological evaluations of edtbpsy were performed and the following parameteese
graduated from O (absence) to 3 (severe): neutiop®ocytosis, epidermal necrosis, dermal necrdsésal
lamina necrosis, dermal oedema, dermal congestéorgirhage. Moreover, burn severity is defined (bl
according to the French Society for Burn Study @rehtment (SFETB) classificatiomvw.sfetb.org.

Table 2 - SFETB classification

Histological grade Description
1 Superficial epidermis involvement
Whole thickness epidermal involvement
2 Basal membrane disruption

Papillary dermis involvement
Full-thickness epidermal necrosis, except for Falicles
2+ Partial to complete basal membrane necrosis
Reticular dermis involvement
Full-thickness epidermal necrosis, including hallid¢les
3 Complete basal membrane necrosis
Deep dermis/hypodermis involvement
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2.3 Experimental results: 1940 nm laser

In fig. 3, temperature evolution of pig skin aftbe laser exposure is presented for several duratial for the
higher irradiance 14W.m? . Initial temperature measured on the skin of tigsis 32.6 + 0.6°C. Moreover an
experimentation has been performed for a 30s bara @uthanized pig. It is obvious that thermal affgrongly
depends on the exposure duration. For examplea flds exposure surface temperature decreases B8RGv

38s after the exposure, while for a 20s exposuréacel temperature decreases below 40°C 58s afeer th
exposure.

70.00
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60.00

: 5 % — - -10s o
‘. -\ “_\ \\ 30s euthanasia
5500 - e AN
\I \ “. \
50,00 e e
i \
s o e,
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Fig. 3 - Temperature evolution on skin surface: 10nm laser exposure, irradiance: 1&W.m?

In the exposed configuration (1940 nm laser, 30gosure, 14kW.m?), temperature evolutions between
euthanized pig and living animal are quite similarfact, estimated burn severity corresponds se\ere injury
and skin vascularization is no more effective. Mmar for such severe injuries, skin surface inflation has
no heating effect. Biopsies of the damaged tissmesresented in Table 3 for several exposure idusgagand
irradiances. In most cases, third degree burnsobserved (full-thickness epidermal necrosis incigdhair
follicles).

upldmms ~ epidermal necrosis

= basal lamina

basal lamina
necrosis

S -
!? dermal necrosis
dermis 5 —~—

(@) )

2 hair follicle

Fig. 4 - Histological pictures, 1940 nm laser expuoge, irradiance: 14 kW.m?.
(a) 10s duration (histological grade 2+) (b) 2Cduration (histological grade 3)
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Table 3 — Burn injury severity (1940 nm Laser)

Irradiance{kW.m’zJ Exposure duration [s]  Histological grade

9.3 5 0
9.3 15 2+
9.3 20 2+
9.3 25 3
10.7 30 3
12.2 5 0
12.2 10 2+
12.2 15 2+
12.2 20 3
14.0 1 0
14.0 5 0
14.0 10 2+
14.0 15 3
14.0 20 3
14.0 25 3
14.0 28 3
14.0 30 3
euthanized pig 14.0 30 3

The lesion was peracute and consisted of epidecoeulative necrosis, characterized at the cellstaie by
hypereosinophilia, cellular elongation and earlglaar changes (pyknosis mainly). In several insandermo-
epidermal clefts were observed. The basal memiwaseoften hypereosinophilic and thickened. Derneglsels
were mildly congested and vascular necrosis as aglherve fiber necrosis was often observed. For2th
gradation, hair follicles were partly damaged ardthl necrosis is more superficial than for thiedpke burns
(see Fig. 4).

2.4 Experimental results: 808 nm laser

Skin initial temperature of two tested pigs hasrbaeasured: 35.1 + 0.9°C. In this configuratiorg(Ri) skin
temperature is also measured during the laseriatiad. Results are shown in Fig. 5 for the higimeadiance

(122 kw.nt?) .
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Fig. 5. Temperature evolution on skin surface: 808m laser exposure, irradiance: 122kW.m? .

Moreover, tests have been performed considering ali euthanized animal with two irradiande&? kw.ni
and 96 kw.m? for 10s. Even if the initial temperatures of thehanized pigs are lower, the skin temperatures
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do not increase so much as in lived animals. Foln st severe injuries, it seems that skin surfaitemmation
of living tissues has a heating effect which cahb®wneglected. For euthanized animal, inflammadioes not
occur and there is no supplementary heating effdcreover, blood perfusion in lived animal limits dyo
temperature increase. Such phenomenon has beenitd&eaccount in pioneer works; see for examplenes
heat transfer equation in biological tissues [13].

For weak irradiance(s 14 kW.m‘z), skin temperature is not dramatically affected tehar the exposure
duration is (for such a wavelength). Injury seweistestimated after biopsies (Table 4).

Table 4 — Burn injury severity (808 nm Laser)

Irradiance[kw.m'z] Exposure duration [s]  Histological grade

9.3 20 0

14.0 20 0

96.4 5 1

96.4 10 1

110.0 5 1

110.0 10 1

122.0 5 0

122.0 8 0

122.0 10 2

122.0 15 2+

122.0 20 3
euthanized pig 96.4 10 0
euthanized pig 122.0 10 0

For short exposure duration or weak irradiancelightsfocal/multifocal dermal edema is observedtire
papillary dermis (under the basal membrane). Tloeservations are not significant enough to state dinst
degree burn defined when superficial epidermisfiected with evidences of epidermal pallor or singkll
necrosis. Two sites were graded 2 and charactetigefbcal epidermal degeneration/necrosis, andasab
lamina disruption leading to dermal-epidermal eeéind/or an upper dermal edema (slight to moderate 2+
gradations, hair follicles are partly affected bg hecrotic phenomenon that concerned the surfatteeum or
the sweat glands. For three degree burns, in additi effects mentioned in the previous sectiorgadvglands
also showed coagulation necrosis and cell swelldsgyell as epithelial cell sloughing in the glaladlumen. In
the upper of the dermis, several sites clearly gore=sl a protein-rich fluid (edema/exudation) betwéee
collagen fibers, while most sites only showed dérmecrosis, characterized by hypereosinophilia haf t
collagen fibers. Dermal vessels were mildly conggstind hemorrhages could be occasionally observed.

————T (7N SRS RV
; . P - ) > .
epidermis ."g P full thickness

ey S 7 . .

BRERY ., < epidermal necrosis \

'/ local 'y

A WEPT S0 dermis “‘ g
R N N4y

(a) M o EJENT (b) B

Fig. 4 - Histological pictures, 808 nm laser expose, irradiance: 122 kW.m?.
(a) 10s duration (histological grade 2) (b) 20sudation (histological grade 3)

2.5 Damage comparison caused by both the lasers (18d4@Ba8 nm)
In order to investigate injuries caused by lassesgeral experimentations (same irradiance and sxpasure)

have been compared and temperature evolution esemped Fig. 7. It is shown that skin temperatoreasured
just after exposure for the 1940 nm laser are hitften those obtained with the laser of 808 nm.
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Fig. 7 - Temperature evolution on skin surface: coparison between 1940 nm and 808 nm lasers.

In table 5, temperature differences versus timegaren for each experimental condition. Considefaigle 3,
1940 nm laser leads to 2+ graded injuries for a@Qmsure with 9.%XW.m? irradiance or for 10s exposure

with 14 kw.m? irradiance. Moreover, a severe burn (grade 3psepved for a 20s exposure with X@/.m?

irradiance with this laser. For the 808 nm laser,lesions are obtained for these irradiances ambsexe
durations.

Temperature difference is obviously attenuatednguthe cooling phase. Similar behaviors have bésemwed
for different experimental conditions.

Such a difference in heating for the two differemivelengths has to be discussed. Skin is deepgtefd by 808
nm laser since main chromophore (for this wavelengt melanin. Melanocytes are located in deepratieus
heat transfer occurs in a larger volume than fa 940 nm laser. Indeed, for this wavelength, main
chromophore is water (constituent of all skin Ia&yeind most of the laser energy is provided at skifiace.
Then more important temperature increase is obdeore skin surface with 1940 nm laser occurrence
(temperature measurements are performed by pyrometgkin surface).

In the following paragraph, a thermal-damage mdsigresented in order to develop a predictive based on
numerical simulation of thermal effect induced agdr exposure.
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Table 5 — Comparison of skin temperature versus tim for both of the laser (* not measured)

irradiance 9.3kW.m? ; exposure duration 20s
time after exposure beginnirjg]
0 10 20 30 40 50 60 70 80 90

808 nm 347 356 362 364 354 346 356 349 3330 temperaturd°C]
1940nm 329 *  * 489 449 422 395 383 37.3 35.8temperaturd°C]
-1.8 125 95 7.6 39 34 22 08 difference[°C]

irradiance 14kW.m? ; exposure duration 10s
time after exposure beginnirjg]
0 10 20 30 40 50 60 70 80 90

808 nm 332 359 354 346 342 348 338 343 3827 temperaturd°C]
1940nm 329 *  46.6 43.3 417 394 37.7 36.7 37.6.33 temperaturd°C]|
-0.3 112 87 75 46 39 24 28 16 difference[°C]

irradiance 14kW.m? ; exposure duration 20s
time after exposure beginnirjg]
0 10 20 30 40 50 60 70 80 90

808 nm 33.7 374 381 376 356 362 350 356 3380 temperaturd°C]
1940 nm 330 * * 57.3 509 46.1 43.1 417 38.9 38.1ltemperaturd°C]
-0.7 197 153 99 81 61 35 3.1 difference[°C]

3. Thermal-damage mathematical models

Since early works [13] developed by Pennes in 18d#&erous authors have investigated heat transférimng
tissues. Moreover, considering various occurrer{bes gases, conduction, laser, etc.), damage tbicksire
quite different and safe-exposure limit predictitiase to be cautiously considered.

3.1 Heat transfers

The skin is as a multilayer semi-transparent maltégpidermis, dermis and hypodermis). The mathieaat
model presented here after is based on the Persmistiansfer equation in biological tissues [13].1A
dimensional configuration is justified considerithg kaleidoscope dimensions ensuring a uniformirgdiix
on a skin surface greater than biological tissuekttess. Considering conduction, blood circulataord heat
generation due to metabolism, the following equaisousually considered:

oT(x 1) _

o T KATX D+ ap ¢[ T-Tx )]+ g (1)

A6

where:

* T(x1) is the temperature ifK] at depthx in [m] and timet in [s],

« i0{ed, i} corresponds to a specific layer : epiderfgs, dermis{d} or hypodermigh}
+ p isthe density ir{kg.m‘ﬂ of layeri, p, is the blood densityilﬁkg.me],

¢ is the specific heat iﬁJ.kg‘1 .K‘lJ ,

* k is the thermal conductivityiﬁW.m‘l.K'l],

* T, is the blood temperature [m(] considered as constant,

* Q, is the heat generation [rW.m‘ﬂ due to the metabolism,

* « is the blood perfusion rate in dermis and hypodgr{im [s‘l]) and is equal to zero in the epidermis.
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Blood circulation during burn process is addresealater paragraph.

When light scattering can not be neglected, latarsider:S( x ) = 2, I(t)exp(-3 , X) where:
* S(x 1) is the localized heat sourceENv.me],
s B, In [m'l] is the scattering coefficient of the layiel(for a given laser wavelength),

* I(t) is the laser irradianc@W.m‘z]

Then, Eq.(1) becomes:

OT(x 1) _

P8

KAT(x 9+wp ¢[T- T x)+ g+ $ x) (2)

Heat exchanges on the skin surf@xe; 0) take into account natural convection as well egpevative cooling
[3], [14]-[16] and heat losses due to water vagaiion are defined as follows:

Qup (1) =H hy (0, T(0.9) -0, ) (3)
where:
Q.. isiin [W.m‘z] :
« H is the phase change entha{pykg'l],
h,

———=— whereh
p c /3 e

Le

is the heat-convection coefﬁcieEW.m'z.K'l]; P, is the air mass densi{)kg.m'ﬂ; c, is the air specific heat

* h, is the convection mass transfer coeﬁici%m.s‘ﬂ . Let us consider [14], [15h,, =

ar~a

[J.kg‘1 .K‘l] ; Le is the dimensionless Lewis number for the diffasid water vapor into air. The Lewis number

is defined as the ratio between the Schmidt num(&er dimensionless) and the Prandtl numbeérr; (
dimensionless):Le:E: ks ;K
Pr D,p,Cp

v

is the air thermal conductivity iﬁW.m‘l.K'lJ; D, is the diffusion

is the specific heat of the dry air at constargspure

coefficient of the water vapor into aﬁlmz.s'l]; Cpa

[J.kg' K'].
P, s is the mass density of saturated water va[dog.m‘ﬂ at the temperature of the skin surface

T, = T(O, t) . According to Incropera and Dewitt [15], a foudtder polynomial expression can be considered:
Py sa(t)=4 10°T} -6 10°T2+ 1.96 10T+ 1.53410T + 6.10981
A, is the density of the water vapor in the E’;ﬁlg.m'ﬂ at the ambient temperatufe.
Then, in order to model heat exchanges on thes:kiﬁa\ce(x = O) , the boundary condition is :

aT
ox

= h,(T.= T(0,9) - Qupl ) (4)

x=0

ke

For free convection in aif, usually ranges between 5 and @6m?.K™. Inside the porcine body, a constant
temperature (Dirichlet condition) is considered asdumed to be equal to the blood temperafyria [K]
Numerical values taken into account in the matharalatnodel are given in table 6.
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Table 6 — Thermal and optical properties used in th mathematical model

Properties Localisation Value Reference
Epidermis 0.1
Thickness[><10‘3 m] Dermis 1.4 Experimental measurement
Hypodermis >3.0
Thermal conductivity k [E)plde_rmls 842;- Stolwijk and Hardy [1]
I:W'm-l'K-l:| ermis ) .
Hypodermis 0.20 Knudsen and Overguard [18] , Cdhéh
Epidermis 1200
Dermis 1200 Stolwijk and Hardy [1Y
Densityp [kg.m‘ﬂ Hypodermis 920
Blood 1080 Diller and Hayes [20]
Epidermis 3600 Stolwijk and Hardy [17]
o 1 el Dermis 3222 Sipe [21]
Specific heat [J.kg K ] Hypodermis 2300 Stolwijk and Hardy [17]
Blood 3300 Diller and Hayes [20]
Absorption and scattering Epidermis 2176 A L
- 1 Dermis 5802 Chenetal. [3
coefficient 8 [m ] at 1940nm Hypodermis 2176
Absorption and scattering Epidermis 70 22
- 1 Dermis 70 Lormel [22
coefficient 8 [m ] at 808nm Hypodermis 70
Heat convectiorh, [W.m‘z.K'l] 10
Room temperatur€, (K) 295.5 Experimental measurement

3.2 Skin injury mathematical modeling

Parametric evaluation of tissue damage was inwastigin 1947 by Henriques and Moritz in a serieseshinal
papers [23], [24]. In their work, the thermal damagas quantified using a dimensionless positivection

Q(x,t), given by the Arrhenius equation:

t

Q(x1)= Af exp{%] dr (5)

0

where A is a pre exponential fact@s‘l], E, is the activation energ&\].molel] andR is the universal gas

constant (8.32).mole* .K"). One can notice that the pre exponential fadtaran be defined as a molecular
collision frequency.

While studyingin vivo pig skin temperature, during a burn with warm wgttenriques and Moritz defined three
values ofQ2 corresponding to three burn degrees [23]:

« 053<Q(xt)<1 describes a first degree of burn,
e 1< Q(x,t) <10 is the range for second degree of burn,

« 10°<Q(x,t) corresponds to a third degree of burn.

In this early works,A=3.1 16° s* andE, =6.26 16 J.mole'. It is obvious that such empirical parameters
have to be implemented with a great circumspectioth, more recently, several authors investigatiregnhal
damage of biological tissues have proposed vanmists of view [25]. Considering the experimentasults
from Henriques, Fugitt (in 1955) [26] and Wu (in82) [27] attempted to improve the method by intrmidg a
two-stage temperature activation model. In 1967 iant74, studies of Weaver and Stoll on human §&&j
and of Takata on pig skin permitted to modidyand E, values [29]. Gaylor and Rocchio in 1989, from a
molecular biology point of view, measured the meanler permeability change of mammalian skeletal neuscl
cell submit to a thermal stress and additional eslaf A and E, were suggested [30]. Finally, in 1993 Pearce
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et al. studied rat skin and considering histopatiyplresults, a set of coefficients for birefringerioss in skin
collagen was proposed [31]. These different vahresstudied and compared in this paper with themxgntal
results. Values used are gathered in Table 7.

Table 7 — Thermal damage model: parameterA and E,

Model Temperature range [K] E, [J_mdel] A [s‘l]
. T<328 6.27 10 3.1 10¢
Fugitt [26] T>328 2.96 19 5.0 10°
Gaylor [30] All T 2.410 2.9 16’
Henriques [22], [24] AlIT 6.27 10 3.110°
Pearce [31], [32] AllT 3.06 10 1.606 16°
T<323 4.18 19 4.322 16°
Takata [29] T>323 6.69 10 0.389 16%
T<323 7.82 10 2.185 16*
Weaver and Stoll [28] T>323 3.2710 1.823 16"
T<326 6.27 10 3.1 10¢
Wu [27] T>326 (6.27-0.005T¢53)) 10 3.1 16¢

Once the thermal damagé(x,t) estimated, it is important to take into accoustpbtential effect on the blood
perfusion ratew in [s‘l}. Blood circulatory evolution during temperaturer@ase has been investigated by few
authors. Abraham and Sparrow [33] describe a teldietween blood circulatorfy ) and tissues damad®) .

However, relation (Q) is quite difficult to establish. In the followingjood perfusion throughout the heating
process for a porcine model [18] has been modalddliaws:

w(Q) =(1+ 252 - 26@%)w, QO[ 0,0]
w(Q)=(1-Q) Q0jo.1
w(Q)=0 Q>1

In the first of the previous equations, increas¢him perfusion rate is described as tissue is natelgrheated,
with vasodilatation due to inflammation. In the @ed equation, while the heating process persistedofiow
decreases as the vasculature begins to shut dovwembosis/necrosis). The tera is the rate of perfusion in

totally undamaged tissue [33], [34]. According fue treferenced worke, is 8.3 10° ¢ in the dermis
(5.3 10* s in the hypodermis).

In the following paragraph, numerical simulatiosuks are presented in order to investigate thahity of
such numerical approach in the specific contextashage estimation caused by laser occurrences.

3.3 Estimation of damage caused by burn: an example...

In order to validate the thermal damage model, $kimperatures were calculated using the finite etgm
method (Comsol solver and matlab software). Predidamages are quite different according to autbersf
parameters A and E, ) and in several situations are not in accordantte lwstological results. For example in

Table 8, results are presented for effects occlbyetie 1940 nm laser (1W.m?).
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Table 8 — Predicted damages 1940 nm laser.

Calculated
Authors temperatures
1s 5s 10s 20s 1s 5s 10s 20s 1s 5s 10s s 20

Measured temperatures Histological grade (histapadjy)

Fugitt 0O ©O 0 2 0 0 2 2
Gaylor 0O O 2 2 0 0 2 2
Henriques 0O O 0 2 0 0 2 3

Pearce 0 0 0 0 0 0 0 2 0 0 2+ 3
Takata 0 O 0 2 0 0 2 3
Weaver and Stoll 0 0 0 2 0 0 2 2
Wu 0O O 3 3 0 3 3 3

Considering damage predictions, in the studiedigardtion, one can notice that:

- with measured temperature:
= Pearce criterion is not relevant since burn danmdeastically underestimated,
= Fugitt, Gaylor, Weaver and Stoll criteria lightlpderestimate damage,
= Henriques and Takata criteria seem to be adegoateufn prediction,
= Wau criterion overestimates the dangerous natutbeofaser exposure.

- with calculated temperature (considering the mattaral predictive model):
= Pearce criterion is not able to predict damageefat®s of lesion),
= Fugitt, Henriques, Takata, Weaver and Stoll citeiiastically underestimate damage,
= Gaylor criterion lightly underestimates burn dansage
= Wu criterion seems to be more relevant.

It is important to notice that predicted burn degdepends on temperature time history and thamperature
evolution is questionable then predicted damageésningless. Generally, for experimental configarst
presented in this communication, mathematical mtetfels to underestimate the damage caused by laser.

4. Concluding remarks

Considering two lasers (808 nm and 1940 rimyjvo experimentations have been performed on pigsdardo
investigate several exposure duration and powein Mesult of experimental campaign is that consragr
measured skin temperatures and induced burns|@ustal analysis), it is established that skin hébiais quite
different according to the laser wavelength. It Hmen shown that a more surface heating is obtained
considering a 1940 nm laser. Moreover, histologarzdlysis has established that for a given irradiaand a
given laser exposure duration, burns induced byrBf&re less damageable.

A numerical predictive tool has been investigatedider to evaluate the damage level. Taken intowa

absorption and scattering of laser beam (in a lmiqnametep@(/l) which depends on the laser wavelength), it

allows to compare lesion caused by both of thersasthe use of an injury-dependent perfusion inhsuc
simulations is also taken into account.

Several outlooks have to be considered in ordeanpwove the numerical approach reliability.

Firstly, even if the model structure seems to bkevemt in order to describe this type of irradiatio
improvements have to be proposed. In such a wangthodology based on numerical design of experif8&ijt
can be implemented in order to investigate thecefié each mathematical model parameter uncertdimtfact,
numerous parameters as the blood perfusion rat@damaged tissue, the thermal diffusivity of thee¢hskin
layers or coefficients for the damage evaluatienissued from literature and present questionadoliability.
Secondly, investigations have to be performed abmdel parameters usually considered as consthatoalg
the burn phenomenon. This strong assumption soduipus. In the proposed model, only blood cirarais
assumed to depend on injury level. Neverthelesssézond or third degree burns, one can considee mo
physiological modifications and this specific polrds to be taken into account for model propeftigdical,
mechanical, thermal). For example, Laufer et ab] [8how that optical properties of human dermis and
hypodermis are temperature dependent over a wathlerange of 650-1000 nm. In particular, significan
changes are observed for scattering coefficientieldheer, effect of optical properties of hair foldis and their
impact on the skin heating could be investigated.

Finally, in order to validate the proposed mathécahimodel for further laser wavelengths, an experital test
bench using a 10.6 m laser is actually tested in our laboratory.
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