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Abstract

This research is aimed to study photon propagation in human tissue. This human
tissue in simulation with composed of three layers using mathematical model. First
was the skin. Second was the fat. Third was the skeletal muscle. The complicating
algorithm of this modelling was programmed using the basic principle of Monte Carlo
Method and using the photon propagation theory within human tissue. The
important parameters for condition are reflection index, absorption coefficient,
scattering coefficient and anisotropy factor. The processing of modelling is defined as
100, 200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000 and 100,000 photons to find
the width and depth value of photon distribution inside human tissue from
simulation. The results from the model is that the values of standard deviation mean
are 0.0697 and 0.0103 respectively. The values of variation coefficient are 7.1347 and
1.6220 %, respectively. It is concluded that the photon propagation in human tissue
modelling is a very good agreement. In further, this simulation can be used to be

applied for constructing the medical optical instruments.
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2.3.2 \ilaidelusiu (Adipose tissue)
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23.3 n&anuile (Muscle)

nananflolunddudeibenignuauysaiigatusnanie \Wuidiladnduilegn
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nsgeTuvedilelonauiiagnimunlaenisgadudlalnatuiay Wi 52 %473 %)
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2.3.3.1 viavasnauiile
1 1 v dy =3 a = 4 ﬂy = =l
s1enguvenanniiasanidu 3 ¥la A nauliledansegnuie
nauLiioaney (skeletal muscle or striated muscle) Na 18838 U (smooth
muscle) nanailesiila (cardiac muscle) lngfinduiiloaretugnaiuanegniela
o a A al @ 4 1 % d’lj a ¥ dqu Ly o o a
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2. NaulaNiala (cardiac muscle)
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3.nanuLlaiseu (smooth muscle)

sUN 2.4 nduilaisey
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2.4 nsumevasinmeuluiiows (Photon propagation in tissue)

Photon packet

:
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sU# 2.5 dunisisunurediineny
2.4.1  nsuanudeslnnau

e muadILRLIsNAUYDdNmaU (x = 0, y = 0, z = 0) lnediAN19TUAY
N (1, =0, 14, =0, g1, =1) elvlnpuAumainlginnans asifinnsasyiou

UNEUIIEAT1 The Specular Reflectance Ai@wnsaasuislag

2
n=n
o = 7). ‘)2 (2.1)
(n+n,)
Slo 7 e yuANNIENU LAY ¢ Ao LudesL.
wagvilidmiinlwaeu (The Photon Weight) anadlag Ry
W=1-R (2.2)

sp

2.4.2 n1sRauNInnau
PFI1NAANADU N15HINWIIANNUIEITUTRLAUNIaln UL UUDATY
¥38138N11 the step size YNAILINIMN

s=_Mo (2.3)

H



B I = M+
waE o AMEAINNTITEAINLAIANNUNALITY Tenluaie (0, 1).

119500 the step size Inegluiouly Inenaziavaulwnvastu(db) wsell a1
Lifwouvestudaly dunidlvneussinfounludeiidalnilay

X=>X+p,+S (2.43)
y—>Y+u,-s (2.4b)
Z>Z+M,-S (2.40)

2.4.3 nsganaulnnau
Tumangduiu Wmtinlumeu (the photon weight) azanadlaenisganiuves

fInNand
. Reflection
n/l = )

/’

Tl =2
@
/ o @L) Q
{ 3 §76
{ ) Absorber j

|
|
\\ @ Scatterer q @ )
i
|
I

< Transmission

v 1

JUN 2.6 $2089M139ANAULAZNTENTLLTIVBIUAS

AW = (u, | 1 )W (2.5)

Wmtinlueau (the photon weight) avgnAuinilmailag

W —->W-AW (2.6)
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dielwnouladaud wazumdnliaougnanas Iiaeuindaufiaznszdn
nsza1e lnedlyanlesuu (Deflection angle; (0< 6 < 7)) waryuaydymn (azimuthal

angle; (0< 6 <27)) Winiludgunisadflunisnszatsanuiiaziduvesunis

= P a Iz ) a =
LARBDUN ‘UQ"USQﬂ@ﬁUW?JI@?J ﬁﬂﬂﬁﬁu%\‘iauwu Y31 ﬂiualm‘ﬂ Ag

O =2no
LLa%ﬁﬂVI'NGUENIWG]@‘ULﬁ@\W']ﬂﬂ"lﬁﬂi%ﬁ\‘i ﬁ']@J'ﬁﬂﬁ']U']ﬂﬂ@EJ

, sin@ .
7 —Z(yx,uz COSS — 4, SING) + 14, €OS O

' \ll_lLlZ

sin@ 4
U, = ——=——=—= (4,1, COSS — 1, Sin 8) + 11, COS O
y ’1—/122 y y

U= (—sin 0C0SO\1— 11 )+ﬂz cos &

dwsunsalifayainlinditioiauywdinn 9 awanAINIMIN
4, =Sin@coso

uy, =sin@dsino

#; = (14, /|11,]) cos @

2.4.4 n1sazviauniely

(2.7)

(2.9a)

(2.90)

(2.90)

(2.10a)

(2.10b)

(2.10c)

01 VUIAVDITLELNITHAROUN (S) B1INDNISVUVDUVDIYULIN LWADUILIY

TuFwaunvastudald anuduldlanaziianisazountsluaziinduiiolinou
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PuluFatudaly Wasanarsuidnmnwanaiaiy Anuutaztdunlineuazasiou
aelugnivualag

aun1slsaLua Av

) :l Sinz(ﬂ’l_ﬂ‘t)_'_tanz(/%_ﬂt) (2.11)
bo2]sin* (4 +A4)  tan®(4 +A) '

o 4, Ao spmnnszny
Ay =cos "
Wy A A9 yudsiu log nguasala.
nsin(4) = nsin(4)
245 nrAugavediunoy

n1sAugnvestinou wdainnisdalinou arunsafianisduanldlag
s3suRlasNIsAET s anisaskunLiede ninlwneudlegludiaide nannfe
tninaeslinouanas zanNTUIIRgImMALATIan ( the roulette technique)
Helnnouuiiainillonia lufuds m( §og13 m = 100) Afsaunsaoguasdsll
iwidnliaeu Ao miv. Slvneuuftaieidminiinouanaudugus Iaouazgn
Augnad
mW if o<1/m
'{ 0 if o> 1/m 212

2.5 NM5ATUIUIUIUINADU

Number of photon = Total energy (2.13)

Energy of one photon

Tnlnounndafindseruifoades ndanuaziutuaud Insaunisildlunisduin
AefunueIady ANl WemINE U wasnd s uvednneuien @a1u5an1sIuIY
wauanueld Tunnandufy Wensundsuisus fanansofuamsuulnneuld
Faauns (13)uazaunsitieides
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c= Av (2.14)
A A9 ANUEMAAY L AD AND ¢ AB ANULSIvEIAY Wwindu 3x10° m/s

LATENNTOATUIUATNAIIUTDIINABULAEIAINENATT

E=ho e E= — (2.15)

WD h #8 A1AIEIVEINSIR Wiy 6.63x107* J-s

2.5.1 A29819N15%1A19 UL RnBU

au

Weardenawasnilunininuenaau 1.0 adind fenueninau 670 unly
AT 23A1UIUIUIUINROU (Number of photon)

A5A1U9

Total energy
Energy of one photon

NAUMIT 13 Number of photon =

ANUINIAT WALV NADUNTIAL TA8ANAST 15

NG

2

_ 6.63x10* J+sx3.0x10° m/s™
- 670x10° m

E

=2965x10"° J-s*

ATNENUIIUTIN AD

1J-st

Totalenergy =1.0x10°W x

=1.0x102J s
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WNUAVIIADILUENNTITA 13

Total energy
Energy of one photon

Number of photon =

1.0x10°J -s™
2.965 x 107
3.4x10" photons

2.5.2 $78819N1511A131UU IR

Wadenawasmlunianinueneau 1.0 adind Aanueaau 670 uily
WS 293A1UIUIUIUINROU (Number of photon)

ad o
A5AIUIN
INAUNITN 13

Total energy
Energy of one photon

Number of photon =

ANUINIAT NEINUVINADUNTIRT TagdaunIsh 15

B~ (O 3\ =0e
i
6.63x10* J-sx3.0x10® m/s™

670x10° m
= 2.965x10° J-st

AMNAIIUIIUTIY AD

1J-st

Total energy 1.0x107°W x

= 1.0x10°J s~

WNUANIEDILUANNTTA 13

Total energy
Energy of one photon

Number of photon =
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1.0x107°J -s™
2.965 x 107 J
= 3.4x10" photons

2.6 N15AF2IANILLAITUAIUNITENNE
2.6.1 WiandeuldlunisuAtesAdsenaunng q Usus1enie 4 2 via

A9 MINTIUUUATIITUAINITARY (Transmittance Probes) ay #Ins19
LWUUANTIIUAINTTANDUNAU (Reflectance Probes) diuUinTIainkuUsuUAINIg
dainu zdisvuvune fdlvinlauas(Lisht source) wazAinsIadudyaiu
(Detectonazagauazfunsidiuiuresingiifosnisdn drutnsiaiauuunis
agvoundu zdsUnuude MW udakas(Lisht source) wadInsIadudyau
(Detectonazagilaforiuvasingiidesnisin TuniseanuuuiingiaProbe)indos
Anfleds AIsunauaInuasnisueniienaiunseldnaonluseiing193u(Detector)
gauvndl uazdu 4 [12]

2.6.2 MIRSIALUUATIAIUAINTSALTIaUNaU (Reflectance Probes)

Winrdatmnsfunisasiatasiunasiag UBITNNNY LU VTV
foyanieusnaduressmeilianmsalitinsauuusudnsdsirle

AU TALUUIRAINTSAENDUNAU 98ATITAUSUIUAINULUDILES
nnnsastunduvaslitdnuasidduuieforessnane

fofivesiamsauuuiiae aunsansaialsnniumdauudane udiideides
Ao sndenIAIUINAITIRedNIS NMTUSUiEU(calibration) waztesinsIuAIY
wiug (accuracy) Fadulawimdnvestinsiatanmaeinisazyounduainiangs &
Hadefiinan ssAuszneumeluden Tnssadrsveadoidle dvesianis mumisns
MR NEANUAITUA Y N1TTUNIUVBILENNIEUDN qmmﬁﬁﬁm@'a TngUnf
anunsadeueldiluwdlilanunsadswenldiniionsiumsaduns efnsumnans
\ndeRanatn wsedussansninanasednelal12]

Light source Detector

N AR

UM 2.7 Msnauviaaniiauaatudingiadudayayio
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2.6.2.1 gunsalfiiiaugs (Light source) wazfiniuuad(Detector)
gunsalildiluundsnniiauas (Transmitter Devices)

gunsalfenllunsieansmauasileg 2 wila Ae laloawdsuas(Light
Emitting Diode : LED) wazialwoslalen (Laser Diode : LD)[13]

? o'

5UN 2.8 lnlaniasua uaziawesinlen
Usznvaawnaenianasndeulglunianisenng

InlomtUasuas (Light Emitting Diode) '3'§msLﬁaﬂﬁﬁ'umﬂmiﬁﬂmﬁugm
nshausazauantRvedlalonidaas wagilfdsnunasssna 1 mw finssua
TusanseUsvann 2 Saduend wifaunsaldauidudisinnindls widgesdidiaany
WunasliiAy 10 fadTed vurnvedlalenUduasivuiniiuid seana 1 A5
Hadng

gunsaliilfidusiasuues (Receiver Devices)
Jugunsalitdeudygrasauludygialni lnogunsaindeuldlunis

Hoasmauasil 2 vila e Wilnlelan (Photo Diode :PD) wazeiuaudlnlalalen
(Avalanche Photo Diode : APD)

Ui 2.9 Tnllalelon
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nsidenlnlanlalen asidenlnlnlalonfidauisansuaussoninuenaiy
wadldd uenanninismevaussrenuenausasweddnlalalen Fiauisavdn
anuemAauLaeiilidesnisinenislafiames (Filter) Tnafinsmovaussann
gmedulutsiidasnslaiugdur 3)

2.7 TWsunsuuuAKAY R2016a (Monte Carlo method)

< < 6 o =l & [~3 a 6

LUALAU LUUTBNALITIUNNTAIUI LA NS UTUTHNTY KD TUNWIABURLADS
JEAUG Nauns0An AuInENNIINIAdinaansiianududouldagigndes LAYIINLS
bmsngiunsilulglunisauiadeiaiay (Numerical Computer) NSULEAIHALUY
U NIONTINANUUUAILY) LaslUEULENNELATU LINE@NUNTOMIHATNS RawmIauSulse
Fanafiu N15AS1MUUTIA0Y LAZASIILANNALATUT UL ADE1999E AZAIN LAYTIALS)
A ) = Y] a & | s o &
\Weannaelusiueauiu Ussnaumeniwineunames (Toolbox) naulsndudisazuly
wananeav v Inseuldlaniudl wazilanduiiugiudiuauiin

JUN 2.10 wihsansdaldaulusunsuwinudu

sraansnUsegndlduimuduldtuanaivig dedunsiesngiuasUssanans
foyay1ad (Signal Processing) fUNISAUIAIMIIAULATYEANERT (Economic) Aunisdeans
(communication) ) AMusEUUAIUAL (Control System) AMUN1SUTELIANAIINAINILALIALD
(Image and Video Processingd1un133ntkagAUA (Instruments and Control) AMUN13
AMUIUN1ITININ (Biology) wasdudug

nss1aesanIunisel (Simulation) e N1553UsIWIENSAeg Al aesaa unTe]
AFINTONGANTINVITZUY fvqutivunsufiawesinenisldlusunsuasufiomes
(Software) liante tieflaz@nwinislvavesfiansailuguuuusineg Tnednsifudeya was
yhmFnnzimguuuuiigndesanlusunsuasufiamesiiotfuudusunan



17

osanlunmsufoRuatelianunsafiagyiinismaaswdeuiuivasunszuiunis
vhauldauninazuonfufsusslovifiagldsu enfiiu msviniymiieguenivileniny
maanefiAntu shlinszuiunissdadias fdunssiaesanunisel (Simulation) agtae
Tawnsomsizvanmiidueglutagiiuvesssuy wagdieniuuamimieniaden
(Scenario) iwangaunouhluldfuanunsainionsufiRnuais Feazdielranainudes
Tumsiinaufionan vierudumadld veninidemsliseusaisaldie uaziaild
NI

”Lu‘f]ﬁ]f\;ﬁ’uﬁﬂ'1iai"]aaaamuﬂWiaitfﬂuﬁﬁauasmmﬂ esmnszuulsunsunouiames
idnsimunegsdeiles fuilvinisdrassaniunisalanunsathaunluussy ndldlddy
NaINNa18gAaINTIN 919Y anamnIsalulseny, n1sauds, N1INTEAUAITE
usinsesianslinnsuinITmnessianie Wy suis Tssweuna udu

=) Y a

1NUTEAUNITAUVDITLIVIYNITIIRBIE UM WUNEIE A MTeUeRveINS

dnavsanunIsalfelauaNRaNHa Wagausafigalanigladadenisundi (input) way
iuUSeuiisuiunaaws (Output) NszuuUszanasanin

USLNNUDIUUIIEaY A 5 Uszenn

(1) wuvI1899n19A18aIN (Physical or Iconic Models) - LUUI1BINLaN WU
witleuiusEUUUase IngeadivuinviniuaesaswSellvuinianinuselngy
N1 (ScaledModels) nonadunvudaesludilaifniiante 3 IR

(2) wuudnaesauIaen (Analog Models) - HUUIADINNGFNTTUMLDUTTUUIU
934 urgnaliguanwaglimiieuiussuunuese

(3) LNUNI5UTHT (Management Games) - LUUT1@09n156nduTa (Decision
Models) lufian1ssiag 9 wWu §3ia n1sasyu aasiy a9 iuiuudiaenld
wansraiUSeuiisudedinsdnduluuuunng 9 Weldidudeyadmsunisdnduls

(@) wuudaemneuiines (Computer Simulation Models) - Wuudnassiioglu
sUraslUsunIunaNiiunes

(5) LUV NALAAIERNT (Mathematical Models) - wuudiaasnlddydnuwal
wazendunspdinaansinussausznouluszuuase wu X wnuaildagluns
HEAR Y WU IUAUAMTINGS uazuvuAadlugnInIsATLIeig 9
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A111509wUNUSELANYBIAIUATSAITa8Y (Simulation Classification) aanidu 3-
UsgLAn f9dl

1) Static wag Dynamics
- Static Ao MaAnveMANTalluszUUMIYINU Tinsiifunaniae
- Dynamic fie Mawdsuulawesianvziaudifysazinansenuse
wasalinsiefuusfifdsaule
2) Continuous &g Discrete
- Continuous fie aninisaivesszuuiiansadeuutadldesnseiies
MADALIAT
- Discrete #i anMsaivessyuuianansaidsuuadls u 9aniegelaves
nan Taedautesdu (Probability) WisAgves
3) Deterministic Wy Stochastic
- Deterministic fio wmnsaifiistuimuaazistunielingunasifuiueu
wagldfinsrimuaafiuiuey
- Stochastic Ao aAdnansznunaInAINUIaziuEoAuLLUSUSTINRN
nstvetandilind

v
=1

n15Uszenaldy Simulation Model & 11 UunauAYY

1) Anwdlgym (Problem Formulation)

2) asnsluea (Model Building)

3) 1uTIUTINdeYa (Data Collecting)

4) a5195uUs (Coding)

5) Wgauluna (Verification)

6) figatnairaunsaldlivioly (Validation)
7) 99ALUUNTITNAARY (Experimental Design)
8) ¥inn1sUszuIanNa (Production Runs)

9) AATIYKE (Analysis of Results)

10) wUadwaEkaNINas189 U (Document Program wag Report Results)
11) sLllun1s (Implementation)

defisndulunisi simulation

1. Toyaluafin

2. lumansadinmans fe wuusiassiilddydnvalvarilaidunsndamansunu
asfUsenouluszuUT3e WU X wnuatldinelunisnde Y wnusiwindudiings wa
WNUARlUERINITAIUIUA 9

3. N3ATUTIBU
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Uszlevuvas Simulation

fio Tawdrasmshauidudeu andunulunsigsiavdegaamnssy 9e
Tun15dnaule o198y TUswn U Over Booking ¥11n155180901598967
\3esdu anuddn aenstusfiidededfiendu 100 s dusulalviaes 51agld
sel$nnees afiar $100 windeyaluefinfiand nuidhdnisaes 100 it
wiiflapanslain 15 fids fafumennandalisonfudnuiitnds q A8 w
EfElasansunAudunuiitiis inasdesdealdseifintdudn 5400 defitls fudy
1mezdaliresiuludiuiuwilng ndagldmlsgean? saunsald ugae
$ravsuazndneuliinldie waglvinadiindedie Simulation

wianalunisldwuudnassaniunisal

. wuuitaesanTumsaiaansaldineinsguiuntsvdessuuiideinisdinw
. msudtmmssrdulaiilianinsaadsuuusaasadinenansls

. MIVARBIAIUTEUUMTENTEUIUNI T FLA T8 g

. Msnagesfiusruuese onldatenuiuiuniifivesensudnauld

o B W N =

. MINARBIAIUTEUUTY 21vIlRRANgagInIIn
v [ v [J <
F931NA NS LU Ia09aIUNI 50

1. fwovitldanuuuiassaniunisalldfinnuiismsdudednmand e
mneuilddanudounlaiy

2. wuuassanumsaifiauazansalifneuitlndifestvanmiiuiswesssuy
Thutedldrlddronazaitunisdnumnn

3. wuuinaesantunsalliannsaldurtgmldnnansaznse dymivinsanw
fudeadesiuaaliuuey

4. wuiaesanunsaiaglidneuneldianmzaisaling q AgUIvsannsaiily
UssilunauagiUSsuiisumanmznisaiivanganfigausliannsaliiuamaviena
gmsiaziluganniznisalifioanislel

n15UssEnAldLUUTIABINUIZUUNUASS (Areas of Application)

fuvdraestlym awnsathluuadgmais o lanangssuuanu Mgy

(1) N15TBBITHUVNUANUGAANNTTY LU TEUVFUAIAIARY TEUULIADY TEUU
N5AeANTsEUUNTSU- T AU

(2) MINNADITLUVIIUATUUTNITTINIALLATHFANENS LU FANwIN1IENII0aIn
AgRufle woRnssuveuilaa
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(3) M3TavsanunIsallunissu

(@) M3aesdymiiun1sasnas seesan nsadyyiad

(5) NM591809UQYMIAIUNITIANITANUIANNIDINIA NISMIUUATZAUNITOULARY
wzesludwing o wetlesfugtRmmedssduvuiu

(6) nselnvinUu

(7) NM331899N15TUAUEIAT AIEN1TNAGRILTLHLTIAIFULUUAN 9

(8) M3sapaienfuszuunsttniidsvedssnugnamngsy

(9) N39180INANTENUNILATYEND Tun1slduleuersegianimiueig 9

Hagtulusunsumesfneildlunsairsaniunisaldiass (Simulation
Packages) azwUiu 2 nqu Ao Simulation languages uaz Application-Oriented
Simulator ¥ale3suves Simulation languages A fAuEaneuunnitApplication-
Oriented Simulator kansldeuazvilagnnnitApplication-Oriented Simulator (Maria,
1997)

1. M331ABIUUNBUAATSTA (Monte Carlo Simulation)
Funsshassdanumsaliteldfussuuiiavesiadsiietusoanuiasdusa 4
fulaeldiavdy uedosdie H35nsdd
1. MvuaR L UTEIA YU LY
2. szymsuaniasnuiivsiiuressiulsddausazen
3. @519 3enswanuasaEesiludrauve sl sdd g Laazsn
4.fMUUAYIBIAVANFIMTUALUIUAAAD
5.a51avdy
6. AU IUNITal

2.8 NUNIUUNANUTMNYIVD
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2.8.2 In vivo determination of the optical properties of muscle with time-

resolved reflectance using a layered model.
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2.8.3 Analysis of photon transport in biological tissue and

the subsequent heating effects
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Tassasaiiowa

AN5199 3.1 LAAINISITWBS ANLVUN FuTinSEN kag wauRlalnUn wawas vadusay
Jusilawda [6,7,8]

. Refractive index Anisotropy
Layer# Thickness (d)
(n) factor(y)
1: Skin 0.12 cm ny = 1.39 0.81
2: Fat 0.38 cm n,=1.44 0.85
3: Skeletal muscle ¥ ns = 1.37 0.90

UM 3.1 uandlassainavestuiiiae (vt ludu wazndnaiileans)

31nn1sAnwilassaiiaiedovesuywd (Turmds ludu waznduileats)lasdl

a o‘d‘ ] v .2 dy A g dy d' . 1 v a o .
NITLADINA1ALYAIY AD AITURUIVDITULUBLED (Thickness) AATURNLA (Refractive
index (n)) A1 Anisotropy factor duUs¥aNsN1TAANGULAY WazduUssansnisasiauuas
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a s =1 ° I w ° = = ad v a I3
wdwesivardargnldlunsimundiudsludnaesmsiadeunvedvineulneisdanng
TavaslUsunIuuunuay duandluzun 3.1 wagansei 3.1 uag 3.2

M19197 3.2 LRI iimes duUseansniseaniu uarduuseavsnisavviouvadusias
yo d
BULUDLYD[6,7,8]

Absorption coefficient ) .
Layer# Scattering coefficient ( x)
()
1: Skin 2.70 cmt 187.00 cm’
2: Fat 3.60 cm™ 171.00 cm’!
3: Skeletal Muscle 11.20 cm’ 530.00 cm™

P v a A ¥ o a o
3.2 MsAnwIMgufLasnannIsingadasiunIsiaunIsasiinauluiiate uay
AnwIsn1eatinaanslaslusunsuuuanay Watlsulusunsunisaunulagisianaidla

Detector Source Detector

JUN 3.2 UNUN AN 9InsRaFud e auas uvaslinilawa

waaRInnsAnulastaiiuguveliobauyed dludeinsAnymeug
N13.ARBUNIIVBINADU L5HUN1TAINANBITEUUANANITLARBUN LilBAIA19AT8Y
waardeuaadugasuau Adumds x = 0y = 0,z = 0 fMgiiAnINMsadoud

A e = o =i o A ¥ =Yy v °

definwmgensindounveduneuiliieites JelaasieurunImasinig
uvedlusunsuunway Ineimuaduulineundumin Welnnsulujduius
v U dy = o 4 901 L% = [} %7’ L% 1 a
fudnans(ilerde) axvinlvimdnlineugnaanfuluusdiuiavivininmnoudui
waevznszwliidiudugvenilode Iinounsazfaviinnseuiunisiengaunin
LAUA AANITAVIOUNTDA GBI KATILIUNTEUIUNNTTIAUNTENIN M UMY
Funulimeuniimue Festuiinduninmsiuniwedineu dusulinsunisin
= [ dl' el' 2 X o 3 % ] v el'
favunsindeuivateaiuiuiuiminvedneutug daanduun 3.3
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s Y A a v & o a Ao A A a X
msigeugnldivefanulnneuliiauis laggaiuiavesszuuiiin Ao yalWneuniinduuy
& a & A [ v & A A d I a
fuRwdewe wnu z Wuwnualudluveailods We A Aayuseningianddvinousanuas
wNUUNG (-z unudmsuunuasyiou wag z dmsunisaeiiy) Wdmuriveuilows Fwnu z
gonmdesiufianislineusuulaundn Mdmsunisdudiegranisilasuiianianisindeud
yaslinouniawin yu Deflection & Azimute L19391NN13053139A5IUTN INUUTANI
vaalnmauazdsunuiandaledlussuuiinnaiideu mhewangadlunisldhe cm
Jumibisiugiunaen ienuadiaus @198199u ANuiuIvestaazdu Inuieduy
UAINT warduUTEANSNIRanaY wazduUseananisnseds TumhewWefiwudiumg

3.2.2 Aqusdu (&)

< A o & o [ v a a Y] dy A ad o a <@

Judsdndudmiunssvmmsifadanslauyaduvedneuluiiieeisiaiaidla A
wnefanslewgnisin Jueefunsduiiog13eIkUsnINNTKINKAIAINTIAZ DL 1R
diafansandudsay (1) Jadusudsddgdmsunisiiaesuutiafaislaveanisindoud
vaslvmeuludleite. Mulstazidumaninnisiiunavadineuusazdu(The step size or
mean free part) Ntnnauagldsyninsufduiusvedlnmouiuiilote seyu deflection vas
n3nseide Sl duanunuuiuauivdy Advuanisnsgateves x lute (a,b) Fedl
Herdumnumunduresnnuundu fail

b
Ip(z)d;gz 1 (3.1)

[
= 1

Tun1ss1aninIswpdsud desmsfiszannsadenaidndu (1) R 9 kavduTuagiu
Fasavduiey (8angw: pseudorandom number generator: PRNG) Iagpauiiainasil
fandsdu (&) Fainsnszwatianeluga (0,1 HandunisuanuasarauveiuUsduL Uy
nsraneshainaued Ae

0 if £<0
F.(&) =14 & if 0<&<1 (3.2)
1 if &>1

1 CY) 1 6 o.'/ a1l a 6 1 o
nsgumegafleidunseemll p(y) wauniindiinduliandidu y = F(&)
A = a Y] a v v ¢ U 1w
lnefl & € (0,1) fs y € (a,b) (3Un 3.4) sus x kay & UANUFUNUTHLUURAINDAY FI9
MlAAnAuElanaveInuLiazidusne Ul

P{f(O<x<f()} =P{0<&<&) (3.3a)
Pla<y<p} =Pl0<&<g)} (3.30)
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NTuYaIteRTuUNITHANLAIRUUATEY Tuaunisi (3.3b) aunsaauduaunis
Yaailandunisnszaneazauls

FZ (Zl) = Fg (951) (3.4)

ASUNEMINTUNITHINBAINTALAY  TUAIUNNGITDINIATUANUAULLUUINNALNT
7 3.4 wazauni1sf 3.2 yinlkaun1sa 3.4 1

[ p(ndz = & for & e 0 55

aunsi 3.5 gnlaeSune g, luileddu (&) dilidu y = (&) duduguindu

nonincreasing thlugnisifisuluainisfia.s fe
P4\
[p(ydx=1-¢ for & e (0 (3.6)

p829l5An3 1o 1=& uer & fnasnszrsiatuutiginiy 3evinliaiuise

adunule AU @un1sA 3.5 kag aunish 3.6 dewindu F9aznailuseld aun1si 3.5 2y
JunsBengndmsunsgusegadiulsnsadeuivesiiney

nsrvuMsduiaaansaiiilalaaingy 3.4 dadrAnresisdainislalunisiden
x Weld & Aoavuhandu @ & ludna [0, & 1 Tumnundululan y eglutae [a, z,]
Tugui 3.4 aglanunusnnme dumingnves py) vudaalo, z] iU Auiusae duninge

p(&) vudI [0, &1 LLaﬂﬁgﬁmwwﬂgwmmaiéﬁ,é’uiﬁq p(y) waz p(&) uravsail

AL DU U UANN AN S LA S U AT WA N UL LY IANUN 2T Y

NATIHNULIADNITYI NN UNLUUNTIADTENINVBULVAUY X1 WA ¢l MUANUWMNLNBUAUYDS

Hunnusilugua 2. Tud1du o walawidu Fe (cl) fu Fx (x1) (Eq. 3.4) 89 Wiguwinfy

AUNTT 3.5 TuUnaUATHUAY cl = f (x1) ﬁ]%LLﬁ@ﬁIﬂﬂQﬂﬂi

dmfuusag x1 cl azgnideniitelrilandunisuanuasazand iy x1 uag cl dAwiiu
o [ dy cl' a 1 a [ dyu <@ v c{' 1 &

pudduiunndanuwinieudy yenantddauisaiulaaingui 2.1 Ileddy

monotonic f (x) fogawaiiaanNFATUNITLANKITALANVDI X UAE C vJuluu monotonic
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= R 1
0 f f |
b
a v X
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i \7\\\ i
0 | | —
a n b
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5UN 3.4 N13gudneg 1 99uUsEN 7 vuNugIuvesiILlsduLUuNTEaY &

Mog1Al NAITUINTFNAIREINUDY VUIATURU(step size) dmTunisiaFeunvedlnnoy
Fraznanisegraduituiatednsll anumnuduvesilsiduazldsu:

P(s)= 1, exp(—4, S) (3.7)

NUUsEENENTUGANTUS (1) WiriunasIMsEnIduUsEansnIsannauiuduUsEanans

]
= Y 1 [y

n3eide (p, + pg) WlsAtuilluaunms 3.5 dnaudmsuAndusiiegne sl Jusgivdnuiugy

g

S, S,
g~ jP(s)ds = fMexp(—yt s)ds = 1-exp(x, s,) (3.8)
0 0
nsuAen S,
5, = —nd=e) (392)
H

aulaesurgliluaunis 2.6 AnaUTPUILINAY:

S, = —=2* In(<) (3.9b)

Hy
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3.23  ngnsiedaunvadinneu

Source (N =100 200 500 ...) N=1
(% ¥1.2,) W = (1-0)
| (0,0,0) || (xz'yz'zz)Q"Sl W, = (1-R,)-Aw
Skin N W, = (-R,)-24w
o () @ .- o,
Fat v (00.1) #Skin (wz.)}(sl)
“@ {7 iin

Skeletal muscel

#Skeletal muscle

JUN 3.5 (n) UanINTsIANUMLaATRe
() WERITUADUNITANLUNITVBINUTEATY

3.23.1 nsUanUasslnmnau

AN A A <

Wenvruam LT UAUYerasnlauasiae (0,0,1) wag (0,0,1) iluiiAniasuaulay
] gj [ dy d‘ U 1 d‘l a 1 ¥ 1 3 4’4’ dll Ql‘d d‘l 1 U = |
yuasaInAuilawenieg s WelineudunisadigiuiieianiRoulusieiu siuden
auilinmianeiu vilderainuiamnnisal wseiine specular reflectance (R, J3amla

INFNNNT [2-3]
2
(ni 7 nt)

R o (3.10)

- (n.+n,)?

(%

uagthwtinveslwneuazanasiag R fsaun1s

W=1-R (3.11)

sp
3.2.3.2 n1swAAauNvadlnnau

asangalnmeuidingileite uiavsveznnandevedlnneu (the step size(s) or mean free
path of photon) kAagszezYalNnaUILAIUINTUAUNITFUAIDE1IVBINITNTLINEAIY
Uagiduveadumedass 39 s A [2-3]

s=—Ino/py (3.12)

Wnei w, P 1, = p1, + pt; HaFINTENINAFUUTEANSNSRANEY 41, TUFUUTEENSNINTEIRS
u, 1 o Jumsfiwesnlaannisdu Faiinsnszaredilugag (0,1) Favzfiansanauinves

s gnenaziaveuavsall alvneulufawauwn TWnauazdeawruslag [2-3].
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(3.13)

lunenduiu Weldnesunfounangluiileiie dminlineusranauiewinnisanniu
fauwdsArdmidnlnneundsuluas(AW ) 910 AW = (g, / 4)W a@1u1san1dinini

Wasululae

W —> W -AW

dmsunmsnsziisvestineu aziayuinm (0<6 < )
LazyLLedin (0< 6 < 27) laghn

2
c0s0 = (R ae ey * S
2y 1-y+2y0

0 =20

Falglunmsmienslunisiadoun i

sin@ )
My, = —=== (14, 41, COS & — 1, SIN3) + 41, COS O
J1=4t
; sin@ \
N = o (44,42, €08 6 — 1, SINS) + 11, €OS O

U= (—sin 0cosSf1— 1’ )+ﬂz cosé

wamniansailnnauiayuanun agiiiamanisiedeuiilag

M, =singcoso
uy, =sin@gsing
uaw 11 = (u, /|1,))cos@

(3.14)

(3.15)

(3.16)

(3.17a)

(3.17b)

(3.17¢)

(3.18a)
(3.18b)
(3.18¢)

Y a aa £ Y] Y Ao ! [
AUNANTEUN S Y1INDYUVDULVH IWG]E)‘L!QS‘U']&II‘UEN?J@ULEUW?JQQGUUVIQWIU AU U UV

AsazvauNely ARIINANNISYRIELLE [2-3]
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(3.19)

_1fsin®(4-4)  tan®(4 - 4)
' 2|sin?(4+4) tan*(A4 +4)

A, P9 yuANNSENU (4 = cos ™ u, uae 4 Ao yudwity Wa1sanann nsin(4) = nsin(4,)

Julumunguesaiua.

3.2.3.3 M5AugAvasinmau (Photon terminate)

mW if o< 1/m
W :{ (3.20)

0 ifo>1/m

a £ A v =~ y & A = a =
\AnTuilosannmsasvieunsenisdsiuveciiae znantunailavasgiantlvinoud
Tonam)undumvualv m = 100)lun1segseaniiumnuinny mw arluneulsini
watlagan Uvtinvediimauszanandugud wasduanlinau [2-3]

3.3 YUABUNITIBNLUUNITHVYUAIFINISNIULUTHATH

iﬁﬁﬁ?ﬂﬂw o SHSNGR L = |

JUN 3.6 MAEIUSLNTUULALEY
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Avg1lusunsulAn

9%9696% 996969 %%6%69% %%6% % %%%69%9% %% %% %% Head Code%9%9%%%%9%%%6%9%%%6%9%%%%69% %% %%

N=1000; % number of photons
m=100; %1 chance in m of photon packet surviving

96909 % %% % % %% % % %% % % % &&% % % %% % % %% % % %% % % %% % %% %% % % % % %% % % %% % % % %% %% %
° o a v A a ° av o & o X A
ANUARILUSLINAU LN@L?NﬂWﬁQWﬂ@QU{]ﬁNWUﬁﬂJ@\TLLa\‘iﬂ‘ULu@L?J@

9%969%%96%% 9% % %% %96% % %% % %% %%%% %% %% INitialize 9%6969%9%9%9%%%%69% % %% %% 9%%%%% %% %%

x=0; % initialize position at x
y=0; % initialize position at y
z=0; % initialize position at z
mu_x=0; % initialize direction at x
mu_y=0; % initialize direction at y
mu_z=1; % initialize direction at z
W=1; % initialize photon weight

969%&&96% %% %% % % % % %% % % % % %6 % %% %% %% % % % % % %6 %% % %69 % % %6 % % % %6 &&969% % % %% %% % % % %
969996%696%9%%%% AN T VLAV UL ALAZ UL T UTUL DT (TURINTII) 9%96969696969%%%

if (0 <=2R&&(z<0.12) %boundary of skin

mu_a=2.7; %absorption coefficient
mu_s=187; %scattering coefficient

g=0.81; %expected value of cos theta %
ni=1;

nt=1.39;

9690&&96%0% % % %% % % %% % % %% % % % %% % % %% % %% % %% %% % %% % % %% % % %6 &&% % %% % % % % % % % %
o 1 e v
%9%8&&96%%%%%9%%%%% %% %% % F ID Y ﬂqﬁﬂﬁg NNAZENNN i‘Vﬂ,‘U%%%%%%%%%%%%%%%%%%%%%

mu_t=mu_a+mu_s;
Rsp=(ni-nt)A2/(ni+nt)A2;

theta=acos((1/(2*)*(1+(g"2)-((1-g/2)/(1-g+2*g*rand))"2)),
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I 11100000 dsemadenlasing NuRIANN/////11111177777777777777777777777
%6968RI6%6%6%%%%%%%%%%%%%F D MM NAINAAINAN 1T IR DI%968EI6%69696%696%6%6%%6%%%%

9%%&&I6%% %% %% %9%%%%%%%%% Plotting (Line 3-D Plot) %9%8&%9%%9%%9%%9%%9%%69%%9%%9%%%

figure(1)

xlabel(‘wideness(cm)’);
ylabel('Skin Depth (cm)?;
plot(Xo,Z0,'r0"); % marks origin
hold on

plot(Xo,Z0,'r); % marks origin
hold on

969688969999 %%69696%% %%696%%%6.% %9696 886996 %606%696%% % %9%9696%.% %9696 % %&&69%696%%% %%
%9969696%9%6%9%6%%%%% (I IAUALHUT U TLL Y VB ULUA YD ILANS T ULIIDLE D %98R969969%:%%9%9%%9%%%

plot(Xvec, -Zvec,'b.") % plots path
hold on

plot([-3 3],[0 0.0001],'r)

hold on

plot([-3 3],[-0.12 -0.1200001],r')
hold on

plot([-3 3],[-0.5 -0.500001],'r")
axis([-xtim xtim -zlim zlim]);

hold on

I1111T777777177777777777771777777777777777777777777777777777777777777777777777771171777777777777
11177 711777777777777777777777777777777777777771177777777777177777777777771111717777777777



3.4 FUABUNISNAFBUNSINITUVBIUUUIIABY
Aaudi 1

341  vedeuwuUaedassasinsindeuiivedineuiien

342  vedeuwuusiasslaonmsUisuiisunanissiassnisindeuiivesnnouly
Furenieide 39u fu Wodeuuuisfuuddui 3 Wuduvemesd

343 ahauuusiassweaiodeautu Ussneusetuiiond losu was
nénieans Tnetufinmsndouiivatliineu ismuulineusnan it
Tnewfinan 100 Tumewu 200 TWaewu 500 Tumew 1,000 Trnou quds
100,000 Tnlnou wazdiaswiandilg dsll

- SEETANINNAININTYANEF IR ILEATUR TS

[
=

- 538EAMUNINNISNTZABRIVD AT L uaTL
- SPULAINNINGNITNTEANUAIVDILLAINTUN AU D
- szgganuanveaansavga lWlutulletold

=
(N}

Skin Depth (cm)
5 |
T

I
o
T

08 | . . | L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
wideness(cm)
JUN 3.7 msnsrangivednneuluiieide
PUBLISH WTHE - & D sezrch Documentation nﬂ
ooy [ Wre @ 4] Figures - Figure 3 - o x
Mo G S liclCompare v G|GoTo ¥ File Edit View Insert Tools Debug Desktop Window Help - " ~
WA LS AU BEEF R R T -G BOMB S0
ELE BA Figure 1 - po—— _— b o« B =
GE b c ) winoows » 2 - o
Current Folder “6 100 > ® x
| Untitled3.m +
g -
%
50
B Heo
o}
Q
I E o L
= E -0.8 -06 -04 -0.2 0 02 04 06 08
g Photon distributjon on surface (cm)
- Figure 3 .

5UN 3.8 eauanIHan1591a89



345

3.4.6

34

PINUIULALATIEIIUILERN UV R Ul U LeLED TA8TATIETIANLLLY
AaNTkasAfeUIiNg I leide waraunielulilelte LasamuuuINuRD
NYURIMT

12000

10000

8000

6000

4000

2000

JUT 3.9 fog 1N TUTINNaINLUSNTUMNAKAY

Ly

Juiinuarlinsnging emaluduiusvessyeznisnszaneiivednneuuy
FuiI WiemiuinIsaUnsainsiamauas Jusiy



uni 4

NAN1SIYLAZN1SAUS19NE

mamimaauLLUU@i’ﬂaaaﬁwﬂauﬁaLm@%ﬁ?ugml,maamﬂu 300U fo PO 1
nageuwuUdaaslaesiaeansiadoufivediinouiien noud 2 nadeunuusiaadlaenis
Wisuidieunanissiassmsndsuiivediineuluduveaiede 3 du fu Wedeuvuiieatu
wituit 3 Juduvemedn poult 3 auuusiaswenileoaudy Ussnauseduiian
st wavndnanieans Inetuiinnsindouiivestninou fisuaulineusneqfisuslaguiy
910 100 Wimaw 200 Wmau 500 naw 1,000 Wnaw auda 100,000 Wnau wagImsIeh
ailld  iemensveznisiumivesinneuluidedenyusluduveand midears due
NeaeUi oA LRTTEENIINTZIENTHUNIUBIlRoY 3 dnvae fo srazaudndila
pouannsanzainluluturesfudedeld szavnmuinszarsvedwnouluimannuniou
avsviutuiiole wavseduiuRanls maunsenuduiusidedenunasiidauassa
Wiomszesfimunzadlunsiansiuwmiwenaseddotndedeinisaduaiole

4.1 wansvadausUUTIaaddngtaesnnsinfauilvasiinauAen

Tnonuusiaesisraslilineudsmisi diduusazadmesnissians sukuunis
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4.3.3 wan1suuiindnuiauaiuvasinneuluuuiuny X

4.3.4 wanstuiinsuuaiuvesiineuiitufioviauuga (i Z = 0)

1 wan1snszanenlvadlnnauluiliawaluszuiu (X,2)
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wuusaesldmsiwmedvenie o Tty waziloBevesnduideats nuinszeznns
nsraremvedlnneuagluseiu 0 fs 2 leumiuns fisrwaulnneu 100 TWaew 89 100,000 Tn
pou uarawAnilnouannsongquinluludedold dnnnanguil 4.3 nuiiisauauly
moution 1000 Tnlmeu Sslalannsanzqiiludsturesndunions uafldwiulnnoudous
10,000 Tlmauwuin IWmaummmmqLﬁﬁﬂlﬂﬁa%ﬁuﬂé’mﬁ:ama Failolsdesnisiagine
Maedsuiivasinouiitunamiioaisazaiisoiese i lansuinlnneuinnii 10,000
Tnlpou faguit 4.5
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NAIINNITASIIUUIADY LD INADULARBUNHIULLBLEBDYTIY 3 TU 2INLUUINADT LS1AIUITE
vanladn Wmeuanunsansarnudnlululledelddinisan 4.1

= o = d‘ - =i = b L A vy
19199 4.1 UuwﬂmamsLﬂaauwuaai‘mlmawmmmmzqamaﬂﬂimmmLuawalm

U ﬂ'1'iLﬂﬁauﬁmaﬂmlmauﬁmmmmqﬁﬂaﬁﬂiu%gwaqLf'jaL?ia(LeauaLzJMi)
Tinau 1 2 3 i 5 10 W
100 0.620 | 0.520 | 0.620 | 0.620 | 0.560 0.620 0.593
200 0.630 | 0.630 | 0.640 | 0.640 | 0.630 0.630 0.633
500 0.620 | 0.620 | 0.640 | 0.670 | 0.640 0.670 0.643
1000 0.650 | 0.640 | 0.680 | 0.650 | 0.650 0.650 0.653
2000 0.680 | 0.645 | 0.645 | 0.675 | 0.680 0.675 0.667
5000 0.700 | 0.675 | 0.700 | 0.675 | 0.700 0.675 0.688
10000 0.696 | 0.696 | 0.696 | 0.684 | 0.696 0.684 0.692
20000 0.696 | 0.696 | 0.696 | 0.695 | 0.696 0.695 0.696
50000 0.722 | 0.722 | 0.722 | 0.722 | 0.722 0.722 0.722
100000 0.722 | 0.722 | 0.722 | 0.722 | 0.722 0.722 0.722

9100151991 4.1 Lﬁaﬁﬁaaﬂaﬁlé’mﬁwmmmmmuLﬁsmwummgmsuauwiaz
$rusulnineudils A1 0.03 0.00 0,01 0.01 0.01 0.01 0.00 0,00 0.00 waz 0.00 AUSIFNY
dloAnduddulsyanivesmuutsiuvesnisivsiuiulnneufiunnseiuuras iy azle
Suusvansmnuuysiu 1y 6.15 0.69 2.95 1.76 2.14 1,68 0.75 0.06 0.00 0.00 tWasius
Funaldaisruaulnaeusaus 10,000 Ieeu nanséasseddnnoutsluazasaiiauustiu
MnAwnsgIutesun dufiswiulnney 50,000 Inpeu wae 100,000 Trnau ¢
SuUszansvesaundsiuiiandu 0.00 Wesidusn defumiduadiudesuumnnsgiu
ae Av 0.01 way AdNUsEANSvesmuLYsHuRaY 1.62 Wesidus wandfifiuin
wudassdinnugnisarindefie wangiunsdassnsiiunieddwneuluiede
FULUU

HaIINAITASILUUSIaenilofiansan nasnnstuiinidesainnisadisuuusians
FouLkaUULANRIAeS TTnsianuALanTaveLasasneNiinnes Fudlefieuiy
wnasnlanaease axldsruaulnmeuninndi 100,000 Inaeu Woad1ansinuans
Auduiiusseviteduulineutuarudnvesinneuluioodagud 4.10 Idaunis
ANUFUNUS A

y = 0.0171In(x) + 0.5327 (4.1)

anunsatauni1silulglunisiasginissesn1snseaneiivesdnnaunsatuedale
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nansUsvanansreNinesvessiuvadiUlineufinssaeiludod evsanudu
Tunnnia) dunaldirfisumis x = 0 9afinauvariudalinouiisuuaiulnneusin
ﬁqﬂ dlefinsanmsedeuiivesdwneudnfssiumadudunsennlinediineng uaziin
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thwaanuuusassiuiinasmssi 4.2 :nens1e dethdoyaildunduiume
dudosuuinigiuveudagsiuaulnaoudily 31 0.02 0.00 0.00 0.03 0.12 0.21 0.10
0.150.007 uaz 0.00 auasy deAnfuadulsyansvosnnunlsiuvesnistisiuaulal
mouflupnanstuLsaz iy axldduUssansauudsiu Wy 5.21 1.71 0.98 4.87 14.68 22.03
8.93 12.40 0.50 0.02 Wosidus dunaldfisviulnneuusasa nan1ssrassvasinmouLs
iuazﬂ%ﬁ@hLlfdiﬁumﬂmmmgmmaqmiﬂizmsJémaaIWmauTuLLmﬂ%qﬁ@hmﬂﬂfjwmmi
ﬂizmaﬁwaqmmaﬂuLLmﬁﬂLﬁﬁwé’LﬁaL?J"amﬂmiwﬁ 4.1 wafisuaulvneu 50,000 Trneu
wa¥ 100,000 luinay ﬁﬁﬁﬁmﬂizﬁwémaaﬂaﬁmLLﬂiﬁuﬁa&Jﬁqm 0.00 domuraduaidiu
Deauuunsgiuade Ao 0.06 lwufuns Loy Adulszaniuosanuulsiuade 7.13
Wostdud uandiifiuin wuusiassmuizauiunissrasenisiiunwedineuluieie
FuLUURswaulnnounnnii 10,000 Trneu

a Y

M1319% 4.2 Tuiinuan1siAdeunvesnunIvednnaunduivtisuugn (1 Z = 0)

U n1snszarefueslinouuut Ry (@uRums)

Tinau 1 2 3 q 5 L\ VN Wiy
100 0.5040 0.5900 0.504 0.561 0.540 .. | 0.561 | 0.540
200 0.5350 0.5350 0.535 0.542 0.555 ...| 0542 | 0.555
500 0.7400 0.7400 0.750 0.730 0.750 .. 1 0.730 | 0.750
1000 0.8340 0.7930 0.790 0.861 0.756 .. 0861 | 0.756
2000 0.9560 0.8010 0.801 1.116 0.763 .. | 1.116 | 0.763
5000 1.1160 0.8560 0.850 1.458 0.856 ... | 1.458 | 0.856
10000 1.1395 1.1395 1.163 1.460 1.163 .. | 1460 | 1.163
20000 1.1390 1.4580 1.458 1.460 1.139 .. | 1.460 | 1.139
50000 1.4590 1.4590 1.459 1.480 1.459 .. | 1.480 | 1.459
100000 | 1.5610 1.5610 1.561 1.560 1.561 .. | 1.560 | 1.561

HAIINNITASIRUUSIRedieRe1san nafiannnistuiindesninnisaiisuusiass
FouukaUULANRNAes STnsianuALaTaveLasasneNiinnes Fudefieuiu
wiasiLdanasase agldsmulnneuninnin 100,000 Tinou fetmisdeadnanuduiug
NALAAARS Imamammimmé{’mﬁuﬁ‘mﬂﬂi’l‘t/\liu;;ﬂﬁ 4.19
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NAINAITINN 4.2 F1UITOIATILNDMTLELNITNTENY LIBLADN LG NAINILTALE
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JUN 4.20 nswaniasnainIsluvessyegnisnsratefvediine

A15199 4.3 LEAAINISEBNALAUITMINTELTUNI9I19AT 093l

N EES Distance SD Mean
-1.5 0.0 1.5

100 -0.238 0.060 0.358 0.597 0.199 0.060
200 -0.254 0.025 0.304 0.558 0.186 0.025
500 -0.287 0.032 0.352 0.640 0.213 0.032
1000 -0.328 0.020 0.368 0.697 0.232 0.020
2000 -0.376 -0.006 0.364 0.740 0.246 -0.006
5000 -0.407 -0.006 0.395 0.802 0.267 -0.006
10000 -0.503 -0.000 0.494 0.998 0.338 -0.000
20000 -0.371 0.102 0.618 0.990 0.341 0.089
50000 -0.435 0.080 0.595 1.031 0.343 0.080
100000 | -0.532 0.030 0.593 1.125 0.375 0.030

WoMaNNIIANNALNUS eI Ul aUAUA LN zad Tun15NaAS 4Ele

Touasazla y

= 0.0825 In(x) + 0.1439 fien R*fo 0.9665 Juardiousuld
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5.1 a@3Unan1sidy

5.1.1 wansuassuLUUIIaaslngsiaainisindeuiivasiinouLien

naINNITAUUT AR dufivedwneuluideiBerianuty Inevaaeunis
\Aeuiivadlrimeuiiien nisiadoufivesiunoussdifiamauudy sufuadulsildannis
dutiues MladunsedeufivednnouvesusasTnnouluudasa Saflianiuasunlyl
willaufiu

5.1.2 wan1snadaun1snauiuvaslinaulasldinasdiunuivuvaailolde
nanuLileany

:4' ° Y o = & v & - i

WennaaukuuIaesiunasAiunuiludunauiloats nafelnneuliaunsanes
HUTUYBINDIAT G

5.1.3 HA1NN1591809N15:AF0UNVBI I WRaULdRINISRAaUNvaslWnaululiade
NIFEUIUNITUIUINADUAG

5.1.3.1 nanstudinlnpeuludiadeluszuny (x,2)

PneELTEsEIes U TReufUNd I UAe Wiodruulnnouiinty ndenu
Ay vildeuaunsalunsnsganainmsinae uitvesnneuiidiutuse Ssszesnns
nszarefvedlinaussansfianig ﬂzﬁuagﬁuﬁwé’uﬂizaw‘éms@mﬂ?iu warduUszansnis
avvieuveuieifousazussinn Fadlouvuasdldnisfimesveailod ofianes lusiu way
iodevosndniieans WuTEEENIINIEIEFIveslnnauagluseu 0 fs 1.96 WURLLAT
fisuulvneu 100 TWaey 89 100,000 Tnnou

5.1.3.2 pan1sUufinduuanuvestinaulundazseiuauEn (W 2)

desuureadulnnouasidnunnfiduvestuuuieduinns uay ﬂawammmm
Fudaluie lmuuLLau%uLuaLaaﬂamLuammkuuaaam winuilugrsveulnsEwinady
seuseszIuRImTsfuTuluty wavseesosywistulatufutwdodenawidoats 1in
amuansnegadiulddaiesannauuaniwessaitnmeuieessuindu viliiAe
msaeTteufuunsdiu sl uuadiuinneuinisnssre inadufisiudanasiieny
stuisduiadeduy detuiindrsyiumnuinvewsazsiuiulnneu wdakuammdiy
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Abstract. We have investigated a possibility of photon propagation into the human tissue model
(skin, fat, and skeletal musele) by Monte Carlo method using Matlab pregram. There were some
parameters of each tissue layer effecting on the light packet, for instance the absorption coefficient,
scattering coefficient, anisotropy factor and thickness. It was found that the photon distribution on
the surface of the human tissue and photon penetration into the huwman tissue under the propagation
of 100,000 photons were = 0.8580 em to + 0.7030 cm (served as tweo.detection points) and
0.7220 cm respectively. Therefore, the simulation result gave the photon penetration depth of
0.2220 cm at the skeletal muscle. These numbers could be primarily used as a standard for design
and construction of the tissue diagnostic instrument.

Introduction

The optical probes, such as the transmission and reflection probes have been widely used for the
biophotonic applications. In the biomedical point of view, the reflection probe ‘is generally used to
detect the reflection of photon intensity from the biological tissue. However, the reflection probe is
not easy to calibrate correctly and accurately, because the reflection of photon intensity depends on
the light absorption and tissue structures: Several studies have been tried to simulate the photon
behavior in a few layers of human tissue based on a principle of photon propagation using Matlab
[1-3]. Since the simulation. mode! for measurement of the photon reflection intensity from tissue
structure is suggested as a guideline to setup the position of point source and detector on the human
tissue, this research is aimed to study the simulation model of light-human tissue interaction under
the visible regime. The simulation.of the photon propagation-is expected to use for the precise
measurement of skeletal muscle conditions; such as contraction and relaxation in the human tissue.

Monte Carlo Simulation Model

Human tissue model was consisted of skin, fat and skeletal muscle, in the order, as shown in Fig.
1. Geometrical parameters of each tissue layer were summarized in Table 1 [4-6]. The incident
plane and propagation direction were defined as x-y axis and z axis, respectively. The visible light
with a number of photon N = 100, 200, ...., 100,000 was defined as a point source. The photon
distribution served as the detection points was observed on the tissue surface. Photon propagation in
the human tissue was calculated by a PC code of Monte Carlo simulation model using Matlab
program as shown in Fig. 2.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.scientific.net. (#108542227, Univ of Massachusetts Library, Amherst, USA-26/05/18,21:33:01)
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Fig. 1 Cartesian coordinate system for the photon-human tissue interaction.

Table 1 Geometrical parameters of the human tissue model.

Thicke€s Refractive Anisotropy Absorp.tion Scatten:ing
Layer# @ index factor coefficient coefficient
d (n) () (4,) (4,)
1: Skin 0.12cm n;=1.39 0.81 2.70 cm™ 187.00 cm’
2: Fat 0.38 cm ny=1.44 0.85 3.60cm’ 171.00 cm™
3: Muscle » n3 =137 0.90 11.20 cm™! 530.00 cm™
Launch_photon :‘ N\‘;f Last phot()\ﬁ\jiy——? Bdf J )
NGGRR D 4 4 ‘\\_\\\ /,,/’// n /
 Change ' | /3
S A AN NI
—direetion F.OAG
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>ZRonlette
Photon into tissue «
/J‘Y
<117;;S/mall weig\l.l\'gf.':»
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" Dead )
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<'~Iﬁit bounda&jL—»

next boundary

—— Reflection

N| .
[————> Move s —— Absorption & scattering

Fig. 2 Flowchart of Monte Carlo simulation for the photon-human tissue interaction.
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In detail, the initial photon was positioned at (x = 0, y = 0, z = 0) with initial photon
direction (x, =0, 4, =0, g, =1). When the photon packet was propagated into a medium, the
specular reflectance at the interface was determined as follow [2, 3]

~

= (. —8)

e 1
(n.+n) e

sp

where the subscript 7 and ¢ represent the incidence and transmission, respectively. The probability
density function p(o) is defined as a distribution of random variable o over the interval (0, 1).

The sampling probability distribution of the photon’s free path s (0 < s <) indicating a step size of
the photon packet was calculated by s = —~Ino/ y,, where y, = u, + 11.. When this step size was
moved forward, the position of photon packet was updated byx —>x+u s, y—>y+u, s
and z—>z+ . -s. On the other hand, the-fraction of photon-weight (AW = (u, /1, )W) was
decreased by the medium absorption. The photon weight was therefore updated by W — W —AW .
Photon weight (/) was initialized to_1-and it was decreased by RW( Wi=1-R)). The photon

packet with a new weight was possibly suffered. by the scattering  process. Deflection
angle (0 < @ < r) and azimuthal angle (0 <& <27) of the scattered photon were thus calculated by

Henyey and Greenstein function as follows [2, 3]
1 1=y f

cosd = —| 4 rdy | €952 2

e @

o0 =2rnc 3)

Photon directions due to the scattering were calculated as follows [2, 3]

: in6 D
M. = e (M 4. COSO — 4, SIN )+, €0S O (4)

R B

, sinfd E
H, = —\/_—z(,u‘ M. O8O~ [1 SINO)+ i, cost (5)
1-p;

78 =(—sin0cos§ 1—yf)+y__cost9 (6)

For a normal angle to the human tissue, Eqs. 4-6 were simplified as x =sinécosd,
L =sin@sind and g/ = (,u: /|y:|)cos 0. respectively [2, 3].

If a step size was long enough to hit the first boundary, a photon would cross over into the next

boundary. The probability of internal reflection was calculated by Fresnel’s formulas as follow
[2, 3]



Advanced Materials Research Vol. 1147 15

R :l[sm'(ii—/ll)+tan'(/lf—i,)J o

2|sin*(4 +4) tan’(4+A4)

where /4, is the incidence angle (4 = cos™ 4. ) and/ is the transmission angle as well as
nsin(4,) = nsin(4,) by Snell’s law.

Photon termination was dependent of the photon weight according to the Roulette formula as
2, 3]

mW if o< 1/m
. (8)
0 ifo>1/m

The current photon got a chance in m (m-=100 for this study) for surviving with a photon weight
of mW. The photon packet was completely terminated when-the photon weight was decreased to
zero. Photon absorption and/or Scattering was still executed if the photon weight was higher than a
defined threshold inside of the tissue (e.g., W =0.0001).

Results and Discussion

Computational results in terms of the photon termination point and photon distribution at a tissue
surface by single photon propagation into-an ideal tissue model are agreement well with Dominika
et.al. [7]. Computational results by 10,000 photons propagation into the human tissue (skin, fat, and
skeletal muscle) are shown in Fig 3. Fig: 3(a) and (b) show a difference between the propagation
contour of the bared tissue and tissue together with gold at the 3™ layer. The PC code is highly
accurate because the photon distributions cannot penetrate into the gold layer. A difference of

propagation contour from layer# 1 to 3 is also remarkably observed as a result of a variety of the
refractive indices for-each tissue layer.

0.2
0.1
0.0 | =
3 § S
0.2
0.3
04
0.6 N
b * Skeletal muscle Gold
-1 08 06 04 02 0 02 04 06 O08-=i & 108 06 -04 02 0 02 04 06 08 1
Photon distribution on surface (cm) Photon distribution on surface (cm)

(a) (b)

Fig. 3 Photon propagation in the human tissue (a) and in the human tissue with gold (b).
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’/ Fat

Photon penetration depth (cm)
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Fig. 4 Relationship between the number of photons and photon penetration depth as well as photon
distribution on surface of the human tissue.

After a validation is confirmed, the computational results by using the different photon numbers
(N) propagated in the human tissue-are displayed in Fig. 4. The benefit of this simulation model is
to use it as a guideline to setup the position of point source and photodiode on the human tissue. By
using the mathematical models of Fig. 4, the two detectors are suggested to place at - 0.8580 cm to
+0.7030 ¢cm on the human skin surface under a light source of 100.000 photons. Photon packet can
penetrate into the skeletal muscle at 0.7220 = 0.5000 = 0.2220 cm depth. However, in practice, the
light source in visible region gives much more photon numbers than this simulation. Substituting
the required photon-numbers (i.e.' 3.3202 x 10" photons at wavelength of 660 nm) in the
mathematical models-of Fig. 4. we get the precise position of point source and detector. For
example, the two detectors are suggested to place at — 1.0570 cm to +1.0570 cm on the human skin
surface. Therefore, precise diagnostic measurement of skeletal musele conditions, such as
contraction and relaxation in. the human tissue is possibly investigated because the photon can
deeply penetrate into the skeletal muscle at 0.8050 - 0.5000 = 0.3050 cm depth.

Summary

Photon propagation in.a multilayer of the human tissue model has been simulated and calibrated
to check the PC code of Monte Carlo.implementation. The number of photons at a point source
results in a change of the photon distributions and, penetration depth in the human tissue. The
computational result was indicated-that-the photon distribution-at the tissue surface under the
propagation of 100,000 photons was - 0.8580..cm and+ 0.7030 cm respectively. The photon
distribution at the tissue surface was definitely recommended to use as a position of photodetector.
On the other hand, the photon penetration depth into the tissue was 0.7220 cm. Therefore, the
photon packet could penetrate into the skeletal muscle at 0.2220 cm depth. This number was
enough to observe the contraction and relaxation states of the skeletal muscle.
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