Thermal Diffusion and Specular Reflection, M onte Carlo-based Study on Human Skin
via Pulsed Fiber Laser Energy

S. I. Rivera-Manrique M. Brio-Perez, J.A. Trejo-SanchézH. L. Offerhau$ J. R. Ek-EkandJ. A.
Alvarez-Chavez*

!Instituto Politecnico Nacional, Centro de Investiga e Innovacion Tecnologica, Cerrada Cecati &, Santa Catarina, C.P. 02250, Mexico
2Faculty of Science and Technology (TNW), Universifyfwente, 7500 AE Enschede, The Netherlands
3Conacyt-Centro de Investigacion en Matematicas déefexico
“Optical Sciences Group, University of Twente, FBOx 217, 7500 AE, Enschede, The Netherlands

IABSTRACT
The aim of traditional Chinese medicine (TCM) impancture is sometimes to restore and regulateygner
balance by stimulating specific points along thecsic meridians traced on the human body via déifé
techniques such as mechanical pressure, moxibuatidrothers. Hence, physicians have struggled to
improve treatment for common diseases such as mé@nd headaches. Heat stimulation and some
pharmacological effects from moxa have been atiithto the therapeutic efficacy of such technigées.
heat can diffuse through the tissue, skins temperatill rise in the surrounding tissue. In thisnk, heat
diffusion on a simple, 5-layer model of human skipresented. Based on this, and by using Monte®Car
techniques, a photon or a photon package is ladrniobe the tissue for mimicking the propagatiorso€h
photons at two different wavelengths through tksue. The method generally describes the scholastic
nature of radiation interactions. Most of the lam®ergy is deposited within a volume which crossieral
area is the size of the beam itself. As coulddmnsin the epidermis layer of the model, the deat not
go deep and nearly all the heat diffusion occurtheredges of the beam, causing losses. Heat aigsip
occurs faster and goes down to 2°C in the adipgssed since there is low water content in thisaegOn
the contrary, there is a fast heat increase imthiscle layer, up to 6°C at the most superficiagtagince
melanin is the most important epidermal chromophibrean be noted that light shows strong absonptio
via melanin, at 690nm laser wavelength. In the lfmgidermis the heat decreases and spreads ¢l to
surrounding tissue. Once it reaches the adiposaetjshe heat is not absorbed enough; thereforg, it
transmitted into the muscle, where the temperaisesis higher and reaches nearly 40 °C. Finatyptp-
dynamics in a simple 5-layer skin model were exgiioat two laser wavelengths: 690nm and 1069nm,
where no thermal damage would be expected, giverrtiergy level of the employed pulses. Such pulsed
laser energy levels remain to be tested in liviegute.
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1. INTRODUCTION of the so-called vital energy or “Qui”; Qui should
One of the main objectives of Traditional Chinesghaintain the balance with Yin, Yang and Xue (blood)
medicine (TCM), among others, is to help on reatpri (Seung-Ho, 2009

and regulating the energy balance of the human body

by stimulating specific spots along the invisiblet b Adverse events for acupuncture treatment reported i
recognized lines in human anatomy called meridianghina are hepatitis and bacterial infections, thase
This has been done via different techniques such &gused by the reuse of metal needles in some s¢ the
mechanical pressure, moxibustion, and the insedfontherapeutic procedures, could lead to skin infestio
needles for helping the treatment of a seriessefaties. patients, imposing some rejection from the general
Moxibustion therapy utilizes heat generated by theublic and new patients Déng et al, 2018
combustion of moxa in order to fulfill the treatnien Furthermore, pediatric population does not perht t
According to the Chinese medical theory, 36use of needles for their treatment. In recents/ethe
acupuncture spots are recognized along 14 meridiarged for non-invasive therapies has increasedhét t
connecting the body. Those 14 meridians are agsdciabeginning of the new millennium, laser-needle thgra
with specific organs and serve as pathways foflthe had started with more applications in health saenc
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(Junyi et al, 2015; Onur et al, 201.4In particular, laser- electroacupuncture or traditional acupunctier{rees

needle therapy stimulates acupuncture points usiagal, 200]. Moxa therapy utilizes heat generated by

mainly monochromatic light to help with the healinghe combustion of moxa in order to give analgesia t

process of certain illnesses like pain and inflatioma the patient. When indirect moxa is employed, the

among others and to try and restore body baladog ( temperature rise lies betweé6°> — 45° C in a period

et al, 2010. of 120 seconds, giving patients possible burns during
the treatment§tux and Pomeranz, 1998

Furthermore, when tissue is laser radiated thel loca

temperature increases because light absorbed by {1 ),

tissue is mainly converted into heat. The heat ci S
diffuse through the tissue, causing a temperatseam SN '-"b.,,‘,;;‘_,:\%_\c -
the surrounding area. The temperature rise insege ~ ~—" ~ <~ 2 & -~/_,?)
during the irradiation depends basically on it — sl — -{ﬁ“-
properties such as: absorption coefficient, angtr e T = e o
effective scattering coefficient and thickness; #mel i ect Moxibustion Mildvarm Moss

laser parameters such as: wavelength, fluence, _ o _
repetition rate, beam radius, pulse duration, pulse Figure 1. Moxibustion process alternatives.
energy, and thermal relaxation time influence the

biological action of laser application 6Ja-Young et |t has been observed that when the heat sourtadsd

al, 2019. Besides, corporal body temperature highgfear the painful area or into the acupuncture ppan
than 44 ¢C for 60 seconds denaturalize proteins immediate effect is that the segments that oparatell
inducing necrosis of tissud( Dorschel and Miiller, 7 are maximized. At the same time, the cells 11%ahd
1996. The thermal damage caused by continuous wayre activated as well. When the heat source iefla
(CW) laser beam could be lower than the damagg from the aching region, the midbrain and the
caused by pulsed laser beams, since a CW laser degsothalamus-pituitary complex were activated &ell
not impose high thermal deposition on the skin,taed 11 and 14). Such cells produce analgesia around the
thermal relaxation time (TRT) is long enough, whiclhody, whereas the analgesic in the local zone is
allows for the temperature rise to decrease eithgfoduced by cell 7Lee and Myeong, 2010

partially or totally. From the very first pulseergetic

action, the temperature can be risen up to 40°©n the other hand, the usage of laser therapy would
depending on the aforementioned parameters for bedtjuce the treatment time. While the acupunctuirgpo
tissue and laser. This increase in temperatureldeatl are stimulated with the heat from a laser beam, the
to mild pain in compared to the feeling of De Qiisl temperature rises until it reaches the muscle fiema

believed that De Qi may be an important variablhé seconds period, thus representing an arguably more
studies of the mechanism and efficacy of acupuectutomfortable and safe therapy for patients.

treatment, it is known that De Qi experienced by
patients is often described as ma (numbness WQevertheless, a critical situation could appeagrafie
tingling), zhang (fullness, distention, or presguseian temperature rises up to more tha3°C as the
(aching or soreness), and zhong (heaviness) deét is denaturation of proteins might start around the
by the acupuncturists (needle grasping) as tei®, t acupuncture point. During denaturation, the
and full, according to traditional Chinese medicine  aforementioned temperature rise is high enough to
increase the kinetic energy of the molecules shah t
Nevertheless, it can be observed that if a pulsserlis they overcome the bonds responsible for stabilitfieg

employed, the thermal damage can increase. Tisgi®tein structure and irreversible lesions coulduoc
temperature rises from radiation of the very fislse,

so after the second pulsed is incident into the,skie 1.1 Monte Carlo M ethod

temperature rises quickly, and the TRT only de@gasvionte Carlo method or experiment is a broad cldss o
to 37% of the total rise, depending of pulse energ¥omputational algorithms on which repeated random
pulse duration and heat diffusion in the skin. sampling procedures provide numerical results with
which complex phenomena are explained. In Physics,
Acupuncture therapy via laser pulses shows certaiis method is useful in simulating fluids, celiula
advantages when is compared to another alternatiygeractions and structures, solids and even kineti
medicine such as moxibustion (also known as moxahodels of gases. This technique is also employed fo



modelling light propagation in tissue. The method@he model divides the skin into 5 layers as follows
generally describes the stochastic nature of papag epidermis, papillary dermis, reticular dermis,
and radiation interactions. In this technique, atph or hypodermis and muscle. For each layer, the optical
photon package is launched into the tissue in ciwlerproperties: absorption coefficient f, [cm™1]),
mimic the movements of these photons through tkeattering coefficient u{ [cm™1]), anisotropy
tissue, based on the probability density functiters (g[dimensionless]) and thicknessd(cm]) need to be
step size between scattering events and for the ahg calculated in order to produce some predictionhef t
deflection at each scattering event. The main sitedl photons dynamics within the skin.
parameters in this case are the absorption caaffici
scattering coefficient and the anisotropy factor. Figure 2 shows the proposed multi-layer model,
employed in this work. From the figure, the modaits

The absorption coefficient and the scattering ¢oefit  at zero depth for the epidermis andat cm at them
represent the photon absorption probability pet ahi |ayer.

infinitesimal path-length. The anisotropy factortle
angular distribution of scattering and represehts t

average amount of scattering in a medium. The mc 02

commonly used model of human tissue for simulatic Air

is the simple, multilayer model. In this work, angie

5-layer model was employed, as shown in Figure 2. 0 T Epidermis

this model, the first layer is the epidermis, fald by | Papillary dermis

the papillary dermis, reticular dermis, hypoderanisi
muscle layer. Each layer is considered to haX 02

[em]

Reticular dermis

i i in & hypodermis
homogeneous properties as well as optical progertie 2 (connective fissue
and fat)
2. MODELLING 0.4 I
In order to contribute to therapy in combinatiorthwi Muscle

acupuncture procedures, a simple, yet novel fisserl
design has been proposed for generating similacsff 0.6

when compared to traditional acupuncture and, ineso -0.5 0 0.5
way, helping to minimize secondary effects. Thepatt X
spectrum of th&’b3*-doped fiber laser was between Figure 2. Multi-Layered skin model.

1069 and 1071 nm. This output spectrum was
proposed since a therapeutic window lies withinhsu
wavelength range and water is the chromophore wi
the highest absorption. This wavelength penetrat
deeply into the tissue because of lower scatteaimd)
absorption coefficients; therefore, they havediéffect
on tissue properties. In spite of the deep penetraif
this wavelength range, there is a possibility thaer
light does not reach the muscle layer of the s&img
not stimulate analgesia. In order to confirm th
possibility for laser light not reaching the musielger
of the skin, new simulations are proposed in thiskw

order to calculate the basic optical propertiethe
ggidermis, the total optical absorption coefficiefithe
epidermis (mua.epi) which depends on the basetine s
absorption value and on the dominant melanin
absorption, was first calculated. Hemoglobin and
melanin are the main chromophores of human skin in
the visible range. Hemoglobin is found in the
@icrovascular network of the dermis, typicaily +
500 mm below the skin surface. On the other hand,
melanin is located in the epidermis, which occufes
top 50 + 100 mm. Human skin is characterized by

Initially, in order to simulate heat diffusion inthe Vvariable concentration in Melanin, giving skin aalo

tissue we used Monte Carlo methods for the simarati ©ON€ from Caucasian to black Africahin et al, 2010;

described here, where the photons are launchédat $€0rge et al 2001

323252 witoh, ?]esp(e),cfto t(r)m)ev'zligguitgref;g;?(/ (? t;‘ |n=ety The baseline absorption can be calculated via the

0 —1 i A fpllowmg equation:
, i, = 1). The results are then saved into cylindrica

coordinates a®(r, z) in units of photon weight, then

. _ ) 8y . (—3.255) -1
converted into units of energy per volume: Jicm mua. baseline = (7.84 - 10%) - (2 ) fem™] (1)



The absorption of epidermis by the melanin absonpti to compute the convolution of the Azr with the difint

follows the equation: laser light wavelengths. All the optical propertiesre
calculated using the aforementioned Matlab code. Th
mua.mel = (6.6 - 10'1) - (17339) [em™1] (2) optical properties for the first simulation, at a

wavelength oft = 1069 nm, are shown below.

The whole epidermal absorption coefficient, mua.epi
combines the baseline skin and the melanin absorpti  14pje 1. Optical properties of multi-layered tissue at

as follows: 4=1069 nm
, Layer Epider | Papillary | Reticular | Fat Muscle
mua. epi = (f.mel)(mua.mel) + Optical mis dermis dermis
(1f.mel) (mua.baseline) [cm™1] (3)| properties
N 1.3¢ 1.3¢ 1.3¢€ 1.3¢ 1.3¢
Where f.mel is the number of melanosomes per unifa(cn™) | 008 | 0.10 0.08 006 | 012

. . . .. 1
volume in the skin. The absorption coefficient loé t | Hs(€M) | 82.9¢ | 32.9¢ | 32.9¢ | 32.9¢ | 32.9¢

dermis (mua.der) can be calculated via equatidrné. ?dimensio 0-90 | 0.90 0-90 0-90 | 0.90

absorption coefficienfi, is a combination of the blood| njess

and water absorption. d (cm) 0.06 | 0.02 0.18 0.18| 6.00

mua.der = B(S " tig.oxy + (1 = 5) * fageoxy + W - After the optical properties were calculated, svalnes

Hawater) [cm™1] (4) were saved into a file that represents the inpetfdir
the Monte Carlo simulations, where photon absonptio

Where: fluence, reflectance and transmittance are theigdlys

guantities to be simulated.
B = 0.002 [average volume fraction of whole blood in

skin (dimensionless)]. The absorl_)ed photon_ probability density ®roan be
S = 0.075 [tissue oxygen saturation]. seen in Figure 3. Flgure.3a) represents f[he photon
W = 0.65 [average volume fraction of water in tissu@robability of absorption in each layer. Figure 3b)
(dimensionless)] shows the photon fluence in each layer. Thosedigu
are the impulse response of Monte Carlo for a marro
Mawater = 0.13 cm™1 photon beam incident at 90° on the surface of thié-m

Raoxy = 3.73 em™1 (1 = 1069 nm) layered tissue.
Madeoxy = 0.057 cm™* (1 = 1069 nm)

Papillary dermis

The reduced scattering coefficigntis a combination % .
of Rayleigh and Mie scattering which allows the
calculation of the reduced scattering coefficiest
shown in the following equation:

Hs soonm = (f (SOOAnm)) + (1 N f) (SOOAnm) (5)

3. SSMULATION RESULT

The simulation was performed as follows: The inpt
file containing the optical properties (see Tablent
Table 2) of the multi-layer tissue was generatest.fA _ y _
set of codes written in C, were employed in order t Figure 3. a) Photon probability of absorption by each
simulate the light propagation in a tissue. Such layer. b) Photon fluence.

programs are based on Monte Carlo methods. The

results from such a simulation generate an ouifmit fSpecular reflectance (Rd) and absorbed photon
which was used to estimate the optical properti¢sed probability density (Azgm3]) of the tissue are shown
skin, by extracting such properties from the ouf)@t in Figure 4 a). The way a photon is propagatediansi
via a second code in Matlab. The Matlab scripttisgs the tissue and how the photon penetrates the lafters
the optical properties of the tissue was then eyamlo the specular reflection is transmitted is illustghin this

Epidermis

Hipodermis




figure. Itis considered that most of the photthvz are
absorbed by the tissue are converted into heat.

At the epidermis level, heat is absorbed and tréttesin
into the papillary dermis and the reticular dernis

Figure 4 a) and figure and 4 b) show the two-
dimensional distribution of light as a functiondspth
along the central z axis within a simulated tissugch

is produced by a broad beam of flat-field irrad@anc
The computation involve400,000 photons and the

the contrary, the adipose tissue does not show gamdults are stored in a cylindrical coordinate exysbf
level of heat absorption since the water conterthisf grid elements, previously declared in the code. Sibe
layer is too low. This is mainly, because in biotad of the grid elements is = 6mm dr = 6mm. And the
tissue laser absorption occurs by water moleculesmployed beam diameter wasm.
proteins, melanin and hemoglobin. It is importamt t
keep in mind that 069 nm is a wavelength at which When a broad beam is propagated in a turbid tiskae,
water absorption is high. Furthermore, heat iscattering will confine the light down to a supeidi
transmitted into the muscle layer via fat in tisstie [7]. layer close to the surface and thereby also it will
attenuate the light within the tissue. Therefole t
The absorption of photons is key for some treatmignt photons are scattered in multiple directions and
clinical medicine. Since the absorption of lighti\a propagated via diffusion in the medium. The broad
specific chromophore at a locationinside the tissue, irradiance does not represent a significant problem

could occur irrespective of their
propagation, the integral of the radiance ratg")

direction ofbecause it is essentially a one-dimensional protaém

light versus depth, and the tissue optics deternihe

[cm™2] (figure 4Db), provides a good estimation of théluminated zone.

total absorption in stereo-radian. The radiant gyer

fluence rate at a given point in space is propoaido
the radiant power incident on a small sphere diviole
the cross-sectional area of such sphere.

Figure 4 a) shows the way the epidermis the ligi$ w
absorbed and transformed into heat for which the
temperature rises to arou6dC. This heat is
propagated into the papillary dermis; at this latyer

Furthermore, the few figures below show the diffusi heat was absorbed and in the reticular dermis Jlayer
of photons obtained via Monte Carlo simulations. Inaused almost no effect at all. On the contraryerwh
order to understand the heat diffusion though e f this heat reached adipose tissue, the heat wapatiss
layers and to determine if the heat reaches thelmusand the temperature decreased to alrfiést, via heat

to mimic the moxibustion action that enablesransmission into the muscle layer. However, this

stimulation via acupuncture analgesia, it is neags®

temperature is insufficient to stimulate the nertes

perform the convolution with the absorbed photomhibit pain and activating the cellular messagé¢hie
probability density Azr dm~3) over various beam spinal cord to release neurotransmitters respansibl
diameters. Basically, the convolution was performeahalgesia.

with two beam diameters. For the first one a bilmeam

was considered of abolittrm and the second one wagFigure 4 b) shows the convolution of Azr over aoar

as narrow ag mm.

Papillary dermis Epidermis
Reticular dermis

Hipodermis

Muscle

Papillary dermis Epidermis
Reticular dermis

Hipodermis

Figure 4. a) Convolution of broad beam over Azr
A=1069nm b) Convolution of a narrow beam over Azr.

beam, when the laser radiation was delivered with a
narrow beam the problem is a two dimensional one in
which light can diffuse both down into the tissuala
laterally to the side of the laser beam. Most efldser
energy was deposited in a volume whose cross-sectio
is the size of the beam itself. For instance, iftie
epidermis the heat diffusion was shallow, then amo
all the heat remains on the edges of the beaneftirer
causing losses and affecting the concentratiorhef t
heat in the central region, i.e. under the beane Th
situation was present in the papillary dermis and
reticular dermis. Nevertheless, in the adiposei¢éishe
heat decreases faster dowr2t@ since in this layer the
content of water is lower. In the muscle, the heat
increases t®°C only at the very top of this layer as it
was not efficient for activating acupoints.



The major rise in temperature occurred when tiseieis A new laser wavelength was chosef@ nm in order
was radiated with a pulsed laser and with a puisegy to perform the simulation of the process. New @btic
of 1J. Inthe epidermis, the temperature reached almgsbperties were necessary in order to simulatd¢ae
7.5°C and the heat was transmitted to the other layediffusion into the proposed kin model.
although it decreased slowly.
It has been observed that the absorption of phdtons
In both, the epidermis-papillary and dermis—reticul higher once the heat has been transmitted for heessr
significant problems where not found since thenergy atawavelength 690 nm propagating through
boundary between those layers is mainly water aindthe epidermis.
has got a similar refractive index, as those artinea
boundaries. On the contrary, when the heat regblees The main difference between Figure 4 and Figurg 5 i
fat layer, there is a mismatch in refractive ind¢xhe the incident wavelength. Figure 4 shows absorpdion
boundaries, and therefore the scattering and atisiorp 1069 nm compared to figure 5 on which it is at
coefficients immediately change. The heat decregase$90 nm. The stronger chromophore for 1069 nm is
the fat layer as it is transmitted. Due to thisah reach water and ab90 nm it is hemoglobin. Therefore, at
the muscle and increase the heat in the layerderd@o 1069 nm the heat is absorbed mainly through adipose
mimic the effect of moxibustion. tissue. There, the heat is transmitted to the adipo
tissue where the heat is lower and will not be
After the simulations, it was arguably clear thag¢ t transmitted to the muscle. On the other hand, when
initial laser conditions were not appropriate foapplying light at690 nm in the adipose tissue, heat is

producing the moxi-bustion effect. not absorbed since there is no present chromophore.
Table 2. Optical properties of wavelength 690 nm. /N order to observe the heat deposition in eacerliy
- — i T . is necessary to perform the convolution. The bestm
ayer pider apillary eticular at uscle : ; : :
Optical mis dermis | dermis radl_us to make the convolution is a brogd beam leth
properties cm in diameter. The number of photons involvechim t
N . 138 | 1.38 1.38 1.38 138 | computation is100000 and the size of the grid
“agcm'lg gé)g% 06221‘6 O-:g‘m 0-22‘16 O-Og‘é | elements isdz=6mm, dr =6mm. The optical
s (cnT . . . . . : - :
g 090 1 0.0 5.90 090 I ooo| Properties are setas the ones previously explained
(dimensio
nless) it s
d(cm 0.06 [ 0.01¢ 0.1¢ 0.1 [ 6.0C ‘ Sosink

Muscle

After obtaining these optical properties at 690 mm,
obtained the diffusion response from Monte Carl
simulation by using the previous mentioned Matla B T

code. The following figure shows the obtained  Figyre6. Convolution of a broad beam over Azr.
response:

The response of the convolution between a broachbea
Epidernis over Azr is shown in Figure 6. It can be obsenlet t
meens [N the epidermis, light has a strong absorption via
Musc melanin at its wavelength, since in the visiblegethe

most important epidermal chromophore is melanin. In

the papillary dermis heat goes down and spread®out
wume  the surrounding tissue. In the adipose tissue ineit
e ADSOrbed, therefore it is totally transmitted t@ th
muscle, where the temperature rise is high in dpe t
layer of the tissue, reaching up 46 °C. Penetration
depth into the tissue at this temperature is ar@umad.
In the middle layers of the muscle the temperatsire

Figure 5. a) Photon probability of absorption by each  lower that at the top. In this part of the musdie t
layer. b) Photon fluence.

Papillary dermis
Reticular dermis

Papillary dermis
Reticular dermis

Muscle




temperature goes down &0 °C and is transmitted source centered at a wavelengtitef 1069 nm. The
through the bottom of the tissue. optical properties of this first simulation are amoon
Table 1. Overall, the results show that with these
parameters the initial laser conditions we not
appropriate for producing the moxibustion effedteT
second simulation was executed at a wavelength-of
o _ 690 nm. The optical properties of this second
12l " e . simulation are specified in Table 2. Pulsed lasergy
Figure 7. Convolution of narrow beam over Azr. at 690nm generated from amb3*-doped fiber was
employed to simulate and somehow mimic

In Figure 7, the heat propagation on the epideimis moxibustion therapy on the proposed S-layer skin

high because melanin absorbs the major part of tH]SOdeI' In contrast, laser energy E6Inm Yb™:-
photons and light is converted into thermal energy. d ped fiber laser was also employed for obseriieg t

ynamics in the aforementioned simple model. Rnall

as observed in the results, no thermal damage was
reached, which gives room for continuing investimat

B ssibly at the clinic level in the near future.

Papillary dermis ] Epidermis
Reticular dermis

In the epidermis the heat deposition is very hagid it
is transmitted to the lower layers. When the he
reaches the reticular dermis, it propagates deeper
the skin than in the papillary dermis. As heat was
conducted to the next layer (the adipose tissug)nibt
absorbed, therefore it is all transmitted to thesoil In Authors are grateful to Instituto Politecnico Nawib-

this layer we can see that the heat depositioigls &t CITEC, Conacyt-Centro de Investigacion en

;herréoﬁ d'or:c tth:s ngyideenzzlrit:s 't?lOSprﬁ?ﬁe?.Ut to ﬂﬁatematicas Merida and CONACYT from Mexico,
urrounding tissue, it p ug ISR aisoto the Faculty of Science and Technology (TNW

3 mm. IT we compare with the wider beam, theUniversity of Twente and Optical Sciences Group -
penetration depth is larger, and reaches the bawomUniversity of Twente in the Netherlands

the muscle with a bigger increase of temperatars. |
observed that with heat at this wavelength, thecteus
has enough temperature to mimic the moxibustio
effect.  Acupuncture analgesia arises with this
temperature and releases neurotransmitters toitinhib
the messages of pain to the brain and body. In-vivo
studies need to be performed in order to confirigogf

of this laser. However, in order to explain thermaﬂ)e
diffusion more deeply, it is necessary to obsehe t
thermal response for when the tissue is exposéueto
radiation laser with a power df/; with this energy
level we should be able to see the temperatureirrise
each layer.
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