International Journal of Applied Engineering Research ISSN-@%62 Volume 13, Number 7 (2018) p{¥.644775
© Research India Publications. http://wwipublication.com

Three-dimensional FTn Finite VolumeAnalysis of Short Pulse Laser
Propagationthrough Biomedical Tissue Phantoms

Kamel Guedri 1?2, Abdessattar Bouzid®, Abdelaziz Nasr?, and Abdulmajeed S. AtGhamdi !

"I Mechanical Engineering Department, College of lBegring and Islamic Architecture,
Umm AlQura University, B. Po 5555, Makkah, 21955, Saudi Arabia.
2UR: MEER, Faculty of Sciences of Gafsa, University of Gafsa, 2112, Gafsa, Tunisia.
3 Electrical Engineering Department, College of Engineering and Islaknchitecture,
Umm AlQura University, B. Po 5555, Makkah, 21955, Saudi Arabia.

" Corresponding author; &nail: kamel.guedri@enim.rnu.tn

Abstract Thus, the study of shepulse laser propagation through
scatteringand participating media has received considerable
recent interest mainly due to its applications in thermal
ngineering and biomedical diagnosis such as optical
omography and remote sensing of oceans. Also, this
echnique is largely used on the processihgrocessing of
treatment of metallic material€][ microstructureq4], laser
surgery[1] and photodynamic theragy]. The laser is also
the excitation source in puol
labeling[1-4]. It is also applied to a humber of higiecision
éraedical treatments such as ophthalmology, neurosurgery, and
corneal surgery F4].

In this paper, a thredimensional biomedical tissue phantom
subjected to a shepulse laser has been dted. The Fh
Finite Volume Method has been applied to solve the transien
radiative transfer equation for isotropic and anisotropic ti:ssuet
phantom. Both Curvedline Advection Method (CLAM) and
STEP schemes have been investigatds: transmittance and
reflectance radiative signals have been analysed. present
predictions are confirmed by comparison with the solutions of
the Monte Carlo method. The CLAM predictions proved that
a decrease of the false scattering and ray effects are obtain
and a good agement with the reference solutions has been
achieved. However, the STEP results are slight mismatching o analyzethe influence of laser ight onbiomedical tissug,

the solutions of the reference method. Then, the effects of théhe solution of the Transient Radiative Transfer Equation
optical thickness, the albedo, and the asymmetry factor of th€ TRTE) is necessaryThus several numerical methods have
tissue phantom on the inatlve signals have been examined. beenestablishedind appliedo studythe lightpropagationin

The results proved that a decrease of the peak transmittance tisese types ofparticipating mediums The Monte @rlo
obtained when the optical thickness or the asymmetry factoMethod [69], the integral equation (IE) formulation [1@],

of the tissue increases. However, this peak increases when tlamd the Discrete Ordinates Method {18] have been
albedo increases. developedto solve the TRTE and tevaluatethe transient
radiation transportAmong these methods)e Finite Volume
Method (FVM) has ben alsoformulatedandapplied[16-30].

This methodhas beemeveloped foboth steady and unsteady
radiative transfemproblems[16-30]. While the FVM has a
good compromise between accuracy, flexibility, and moderate
INTRODUCTION computational time it suffers from rayeffect and false
Most humanskin cancers can be effectively treated if they are scattering [2680].

detected earlly: However, left untreated, skin cancer can b%everal fgh order differencing spatial discretization scheme
fatal. Thus, it $ important to develop methods for an early such as MINMOD. CLAMMUSCL andSMART. have been

optical detection of skin abnormalities. One of the most .
. . ) .~ proposed an@éxaminedto decreasehe ray effect[23-30]. In
applicable methods is to subject a skmutse laser on the skin another hand, the angulanultiblock technigie and the non

go analyﬁe the te_mpc()jral Vs;?t'on n tlr?e rad_latllve S'gnaftureﬁ.miform FTn FVM angular discretizatiohave been proposed,
ue to the associated mogdtions In the optical properties developed andpplied to decrease the false scattefy30].
“Phe first methodis formulated by using finer angular grids in
tically thick zones. Th&Tn resultsproved that a dwease
the false scattering is obtained in 3D cases and a good
agreement with the reference solutions is achie{22t
e24,29,3(]). In additionsthe results of the combination between
the FTh FVM and the bounded higlesolution CLAM
' schemes showed thateti-Th FVM produces more uniform
distribution of the discretized control angles than the uniform
FVM angular discretizatiofi22-24]. Thus, in this paper, the
transient radiative transfer equation is solved using this
Tombination of schemes tmalyzethe efects of a shorpulse

Keywords: radigive heat transfershortpulse laser tissue
phantomthe FTn Finite Volume Methgdhe CLAM scheme

in the skin. In addition,@me of studies of ib-heat transfer o
phenomenon are expensive and becomes dangerous for t%
tested living body especially where itssbjected to a shert

to surrounding healthy cells by its lower heffected zone
[1,2. Also, during irradiation of the human skin by laser
different types of interaction may occur, amongathihermal
effects have a larger contribution. Therefore, a detailed
understanding and analyze of H#ieat transfer is required to
design a new method which can ensure accurate solution
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laser subjected to igotropicand isotropic thre€limensional

3w o w )
tissue phantoms. The influences of the main optical b, =% Zowd- —gcos’g'DW- gsin’g'DW (6)
¢

parameters are examined.

MATHEMATICAL FORMULATION
Transient radiative transfer equation

In the present work, a threedimensional rectangular
absorbing and scatterifomedical tissue phantosubjected

to a shorpulse laselis considered.The physical system is

described bythe solution of theTransientRadiative Transfer
Equation (TRTE) as follows [333]:

1 U'd(r,' 1t)+ pd(sv '1t)
it B
= -bld(s,' 1) $d(s,',t) (s, ", D

c ()

med

wherel is the intensity in any directiaq, Crneqis the speed of
light in the medium gneq= c/n), c is the speed of light is the
speed of light in vacuurmm the is the refractive index of the
medium, and is the time.

In Eq. (1), b =k, +s_is the extinction coefficient of the

tissue wherea, and Us represenits absorption and scattering
coefficients, respectively. The collimate®i, and diffuse S,
radiation source terms are given as follows

S(r) ,)=k_l,(s,D

s . . )
+ Sl "R -
4p 4p
‘ _Ss e r A N N
S,(r," ,t)=— nld(s, JF( - )d ?3)

4p 4p
In the above equationk, definesthe blackbody intensitgnd

A denotes the scattering phase function and describes the

probability of a ray from one control angl€, will be
scattered into a certain other control angle,

For linear anisotropy, Eq. (1) can be expressed

1 I 1! W M .
__ “—d+—”—d=-|; +(1- wl, +—al,F"'DW+s
b ., W b ps 4p 1=
(4)
In the presentpaper the scattering phase function is
approachedby a series in terms

[33,34]. Therefore the TransientRadiative Transfer Equation
becomes

1 Wy,
bCh:med m

||
.}.ilh’l_d:-brlnhlj
b ps

+S, 5)

where the modified extinction coefﬁcien&(zm is asfollows

4p =~ 4p
In Eq. (5), he modified source term &s follows

ew

M s , M . . .
6 4 I\DW gcosg a I cosg DW
S=awl, g @ )
€ +gsing 4 I'singcog 'j-')j DW
g g d.ﬂ;..ld beod ')

Discretization of the TRTE using the FThFVM

Eq. (1) B integrated over a typical control volunv,(Figure

1), and a FTn noaniform control angIeDW (Figure 2)as
follows

T 1 ,
i N ifrdt dvaw +— i ALEJF dtadvd \
DWVP 6 U.t bDWp D ﬁ (8)
=f (M) s,)ddvd w
DWVp D
where the dimensionless timg =53c3t and the

dimensionless tengpal stepDt” = b3 ¢, 3 Dt.

» T

We

» B

Figure 1. A typical 3D control volume.

\NZ
Control angls D W

of

Figure 2. A typical FTn FVM control angle.
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Using the Finite Volume Method (FVM), the distribution of In the developed imouse code, the Forward Euler scheme or
the directions is free. Moreover, uniform and amiform the secalled the Explicit scheme is applied. This temporal
control angles can be applied. Both the polar and thescheme is a Sl order numerical procedure, in which the
azimuthal angles can be uniformly or rRoeniformly temporal dependent variable in the time instant ( deat a
subdivided. The standard FVM us@&@#xN; control angles  given point (as example for the TRTE: the radiation intensity
and subdivides uniformaly the polar and the azimuthal angles i , . . t+Dt )
into N¢ andNg, respectivelyHowever, the Fii FVM employs @t Néw time instan +  aeel ) can be determined
n(n + 2) control angles and subdivides the polar ang|ee><pI|C|tIy from the current time instant) solution values (as
uniformly into an even numben, and the azimuthal angle example for the TRTEZ®), according to (for the TRTE
nonuniformly into the numbers of the arrangement of 4, 8, example) [35]:
12, ..., 2, 2n, ..., 12, 8, 4 in each level of thelar angle as
presented in Figure 2 [224, 30]. 1 t+he gt t
— 0 —— =F(,]) (12)
In another hand, for spatial discretization of the TRTE, C Mt
different spatial discretization schemes may be used to relate
the radiation intensities on the interfacés the radiation W h e ros thedime step ands the temporal derivative 6D
intensity at the grid node The Curved.ine Advection at the instantg divided by the propagation speed of light
Method (CLAM) scheme differs from the STEP scheme by within the mediumgaeq
;hoe].|n_tre;]rgoltf;\]téonst?ségteg(s:gf;én Ssse%ectl\]:\l/id éﬁzrfi?&g? OneThis temporal scheme is easier to apply and computationally

downstream node and one upstream node (Figure 3). Thusrpore efficient than the Backward Euler (Implicit) scheme,

using this scheme, the intensity at the west interfact, for V\’/herg the SO'““_OFIHM is determined by resolving a seft o
a radiation beam traveling the positieairection (Figure 3), quations containing both the current and I_atter_ state. It is also
can be expressed by noted that the explicit ogbye hem
comparison to the implicit scheme, in order to reach
[, =1 9) numerical stability.

c
med

An in-house FORTRAN program was established.e Th
discrete set of algebraic equations is resolved by means of the
gidiagonal matrix algorithm. In all calculations, for each
instant, the iterative procedure is terminated when the
following convergence is attained

The CLAM scheme involves three grid noddsnsil: one
downstreamrmode and twaipstreammodes (Figure 3). In high
order resolution schemes, such as the CLAM scheme, th
interpolation expression must verify the constraint of the
Leonard normalized variable formulation (NVF) {22, 30].
Thus, usingthis spatial scheme, the intensity at the west
interfacew, ly, for a radiation beam traveling the positixe ‘
direction (Figure 3), can be expressed by

¢10° (13)

k k-1
[NENTS TN

wherek defines the number of iteration.

P Tww TP T ww P Tww RESULTS AND DISCUSSION
Problem description
Iy The present case is often considered in medium subjected to
shortpulse laser. The medium is a biological tissues phantom
' W ! W ' P ! E X which is represented by a cubinctosure of sidd=1 m, as
. - ; - £——e ; —> shown in Figure 4.
1 Iww 1 1 \ Z
Figure 3. Upstreamand downstream nodes of W canitr J—
volume forx-direction. ' :
It is noted that the coefficients for other interfaees, n, b L
=1m

andt and for y and @irections (Figure 3) can be determined
without any new design. More details about this scheme can Laser beam
be found in [2224,30].

[T,

The boundary ardiffusely emitting and reflecting the light, A
and so the boundary condition, at any walis given by L=1m ¥
1l-e . |._ L=1 _.‘
I, =y +—" fl,[N,[DW (11) "
P any<0 Figure 4. Schematic of the test case.
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The enclosure has a scattereigsorbing and neamitting Validation of the present model
homogeneous tissue. The tissue is exposed to an incident Ias%r this secion. a biomedicaltissue phantomwith tical
source propagating alongdirection at the bawdary &= 0,y, ) ' P mwith an op 'Cfa
2), the emitting wall location. However, the other boundariesthickness ¢ = AL =10and an albed#=0.5, is
are nonreflecting and nosmmitting (cold). The medium is considered. The transmittance and reflectamigealsfor both
cold, as habitually considered in studies of light propagationSTEP and CLAM schemes of the FTnFVM a@mpare to
in biological tissues, and the scattering is definedtiy  the MC reference solutien[39] in Figures 5 and 6. The

HenyeyGreenstein phase function [33;39] as follows simulationsare computedusing 50x20x20 control volumes.
However, he FT8FVM is used for angular grid. Both
F(q' q")— 1 1- g2 (14) isotropically scattering mediumg(= 0) and moderately

' 40 1+ gz i 29(q' C-qr)l.s forward scatteringissue(g = 0.3) areexamined

) i ) . The transmittance from the boundaryat L, is initially
The shorpulse laser has an intensity with a Gaussiangqual to zero, because photons must travel throughout the
expression in time and it is uniform in space as follows [38] 1 edium before they arrive at the boundary opposite to the
N laser source, ax = L, (Figure 5). The photons travel the
| (x=0.1t) o expg 4In(2)t_3tp ; g 0 & % (15) medium at .the spegd of light, 'and thu§ those that are not
c 0 8 tp a scattered in the tissue require a time= L/c = 3.33
nanoseconds to reach that boundary. Tk, transmittance
wherel, is the maxinum radiation intensity of the laser pulse, signalis different from zero only after this time. It is also
which happens dt= 3t, = 1.5b ges After 6, the biomedical  noted that the transttance is negligible close to this time and
tissue is free from irradiatiof37-39]. it becomes significant a little later, due to the Gaussian nature

For all computations, the time step was considered asOfthe incident laser pulse.

abDx . ,
Dt = —— where the stability parametarwas fixed to 0.5.

Cmed
6.0x10° — T T T T T
. . (a)
5.0x10 : -
i . g = 0 (isotropic tissue)
4.0x10° .
)
o =
g ;
£ 3.0x10° | — Monte Carlo method ' 4
= Present FTn FVM resuits:
g i —— CLAM scheme
© 20x10°f ------ STEP scheme
}_
1.0x10°
0.0 . 1 ) 1 ; ) ) ) )
3.0 3.2 34 3.6 38 4.0 4.2 4.4
t (nanoseconds)
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Figure 5. Predicted transmittance fdr =10and w=0.5.
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Figure 6. Predicted reflectance faf =10and w=0.5.

Figure 5 shows that the transmittance has a Gaussian lika small overestimate of the peak value of the transmittance
shape and it presents a sharp peak, due to the collimateahd reflectance. This is verified for both transmittance and
radiation part that is able to reach the boundary at L reflectance signals. The simulations are satisfactory,
without being fully absorbed. Downstream of the peak of particularly for isotropic tissueg(= 0) and the peak of the
transmittance, the signal shows a sharp decrease, but it do&mnsmittance and reflectaneeere overestimated by about 5
not go down to zero. Howevehe transmittanceests positive  and 5%, respectively. However, STEP predictions exhibit
for a more time bcause of the impact of the diffuse part from large overestimate, especially for the reflectance signals. The
scattering in the tissue, that is, photons scattered in th6& TEP6s predictions aregn@d sa
medium take longer time to reach the boundary. Figdbe 5 where the peak of the reflectance waerestimated by about
proved that, when forward scattering is taking into account,10% (Figure €éb). Thus, finer spatial grid is needed to obtain
the peak of the transmittancégmsal increases because the satisfactory results.

larger number of photons that are scattered forward.

Figure 6 shows that the reflectance profilex atQ, is totally
due to photons that are scattered backward. Therefore, th
increase of the asymmetric factgr,decreases ¢hreflectance  While all conditions are the same in the last case, the effects
(Figure 6b). It is noted that before 0.3 nanoseconds, theof the optical thickness in the transmittance aeffectance
intensity of the ultrafast laser is negligible and it increasesfor g biomedical tissue witd = 20are plotted in Figures 7
after this time where it attains its highest value at 0.5nq g, Itis shown that an increasefofdecreases the width of
nanoseconds for =10. Thus, a rapidly incase of the the Gaussian laser pulse. In this case, while the sameaangul
reflectance is obtained after 0.3 nanoseconds, Hre  grid of the last case is used, a finer grid in the collimated
reflectanceattains its maximum value just after the peak of direction was employed. The spatial grid being 200x20%20 to
the Gaussian pulse happens. After the maximum value, a slowbtain satisfactory results of the transmittance and reflectance
decrease of the reflectance is observed due to the decreasedijnals.

the number of back scattered photons that reachxthe 0

boundary.

gffects of the optical thickness

By comparison to the Monte Carlo (MC) reference solutions
[39], it is shown in Figures 5 and 6 that the CLAM signals are
in comparatively good agreement with the MC results, despite
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3.0x10° : . . .

(@)
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Transmittance
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0.0 1
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0.0 = = 1 1 1
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Figure 7. Predicted transmittance fdr = 20and w=0.5.

The increase of the optical thickness decreases theptical thickness { =10) and an increase of the
transmittance signal due to stronger optical thickness of thgransmittance signals is then obtained.

tissue (Figure 7). In facthe transmittancés decreased four )

times of magnitude thaim the last case, and it is obtained Figure 7b shows that the forward scattered photans 0.3)
earlier because the decrease of the pulse width indicates th#pplies the asymmey of the transmittance signal. In addition,
the peak of the laser pulse is also achieved earlier. Thereforé Slow decrease of the transmittance after its highest value has
the first photons, in the case of high optical thicknessPeen detected. A clearly decrease in the slope of the

(£ =20) arrives to the boundany= L earlier than for small transmittance profile at time» 3.7 nanoseconds is predicted.
This is can be explained kthe fact that that the principal
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effect of the collimated radiation part before this time, in By comparison to the Monte Carlo (MC) reference solutions,
contrast to the principal effect of the diffuse part thereafter.same conclusions can be cited here. The CLAM signals are in
The reflectance signal presents approximately the same peatomparatively goo@ggreement with the MC results and this is
for both optical thicknesses of thiedue, but it happens earlier satisfactory, particularly for isotropic tissug% 0). However,
whenT increases, due to the shorter incident lgsdse width ~ STEP results show relatively large owstimate, especially
(Figure 8). for the reflectance signals (Figureb®

4.0x1 0-2 y T g T r T y T r T T T T T

(a)

; =0 (isotropic tissue
3.0x10” g=0{ P )

2.0x10°

Reflectance

1.0x10*

0.0
00

2.0x10*

1.5x10°

T

1.0x10° |

Reflectance

5.0x10°

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

t (nanoseconds)

Figure 8. Predicted reflectance fdf = 20and w=0.5.
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Effects of the asymmetry factor transmittance is important, while the collimated part has an
insignificant ole. In fact, the transmittance fok=20 andy =

Figures 9 and 10 represent tieenporal transmittance signals 0.5was of the order of 19 while in the case ofU=20, ¥ =

of the radiation leavingrom the boundary opposite to the 0.9), with a much higher scattering albedo, the order of

Iaser- source, & = L, and the reflec'Fance signals »at= 0, magnitude increases with the asymmetry factor from, 10
obtained for# =20and w=0.9 using the same angular the case ofg = 0 (isotropic medium), up to £dn the case of

grid as previous case and (200x50%50) control volumes folstrongly forward medium witly = 0.9.

spatial grid. Far different values of the asymmetry factor

have been investigated = 0 (isotropic medium)g = 0.3,g =

0.6, andg = 0.9 (strongly forward scattering medium). It is Etfects of the albedo

also noted that a normalization of the scattering phase

function is needed to obtain isactory predictions, as The increase of the albedo decreases the sharp peak of the
discussed elsewhere [&%]. In this work, the method transmittance. In fact, Figure 10 shows that no sharp peak for

proposed by Hunter and Guo [40] was applied. the opticalparameters({=20,¥ = 0.9) is observed, due to the
dominance of the diffuse radiation part. The highest

For all test cases, the CLAM results are in good agreemenfransmittance happens progressively earlier, and it is more
with the MC reference solutions. Only in the case of stronglymarked, agy increases. Figure 7 shows that the peak of the
forward sattering medium, the differences are a little higher, (eflectance is obtained at the same timsenked for the case
with the peak of the reflectance being unrdstimated by  ((j=20, ¥ = 0.5). Thus, this peak is independent of both
approximately 10% (Figure 1@). It is also noted that the MC  harameters: the albedo, and the asymmetry factag, and it
solutions display small oscillations due to its statistical naturegepend only on the optical thickness of the tissue. The
which can be dereased by additional computing time. increase of the asymmetry factor demses the reflectance

In the case of strongly forward scattering medili#n20, ¥ = signal. This decrease is slower after the maximum is obtained
0.9) the impact of the diffuse radiation part to the (Figure 10).

3.00107 T T T T T T 1.5x10°
o 20x107 ° 1.0x10" F
2 o
c =
5 I
b= £
£ E=
7 5
c i c
T 1.ox10” | S 50x107 |
= -
0.0
0.0
2
2 3
15x10* . : . T : . 1.5x10°
s | 1oxt0” |
o 10x10 o V"
Q 2
s @
E =
E &
a c
o L
5 5.0x10% [ g soxt0
l—
0.0
0.0 2.0
2 3 ’

Figure 9. Influence of asymmetry factor ohe predicted transmittance fér= 20and w=0.9.
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Figure 10.Influence of asymmetry factor on the preditteflectance fod =20and w=0.9.
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