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ABSTRACT § unit vector into a given direction.

This paper presents the modified method of characteristics T hemispherical transmittance

for simulating the transient transport of light in an absogband t time.

scattering medium exposed to collimated light. This metisod t. pulse peak time.

based on the method of characteristics that follows phattorg tp pulse width.

their pathlines. After showing the validity of the methodst X, Y,z Cartesian coordinates.
used to solve for the transient transport of light in humain.sk B extinction coefficient.

Skin has been modelled as a seven layer medium with different @ polar angle.

scattering and absorbing coefficients and scattering agtrgm
factors. The angular distribution of reflected light fromirslks
presented. This technique could be used as a tool for degigni
various biomedical applications.
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rw position vector of a point on the boundary.
s geometric path length.

*Address all correspondence to this author. 1

absorption coefficient.
wavelength.

direction cosine.|{= cosd)
Stefan-Boltzman constant.
s Scattering coefficient.
optical distance.

azimuthal angle.
scattering phase function.
scattering albedo.

solid angle.

speed of light in the medium.
scattering asymmetry factor.
radiation intensity.

blackbody radiation intensity.
collimated radiation intensity.
diffuse radiation intensity.
thickness.
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INTRODUCTION

refractive index Traditional analysis of thermal radiation neglect the {ran
hemispherical r-eflectance sient effect of light propagation, due to the large speedgtit|
position vector compared to the local time and length scales [1]. Of lateh thié

advent of ultra-short pulsed lasers this assumption is ngdp
valid. Ultrafast lasers are used in a wide variety of apfilice
such as thin film property measurements, laser assistea-micr
machining, laser removal of contamination particles fram s
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faces, optical data storage, optical ablation and ablatiqroly-
mers [2].

Short-pulse lasers are also used in remote sensing of the at-

mosphere, combustion chambers and other environmentfiwhic
involve interaction of the laser beam with scattering and ab
sorbing particles of different sizes. Particle size disttions
and their optical properties can be reconstructed from oreas
ing transmitted and reflected signals from short-pulsa$i&g.
Another interesting application of short-pulse lasersnis i
biomedical optical tomography where their use can potiyntia
provide physiological and morphological information abthe
interior of living tissues and organs in a non-intrusive mam
Optical imaging using infrared radiation can also be usead fo
other applications such as real time non-invasive momi¢pdf
cryopreservation [2] and inspection of meat products f@mex
ple [2]. Yamadeet al.[3] have described a technique to compute
the properties of a tissue based on temporal intensity measu
ments and an inverse method in order to determine the hdalth o
the tissue. The complexity is further increased by the diffjc
to model radiative properties of tissue and their spatightian.
Various methods have been developed to simulate tran-
sient radiation transport in absorbing and scattering enetihe
Monte-Carlo method is often used to simulate such problems
because of its simplicity, the ease by which it can be applied
to arbitrary configurations and its ability to capture reby$-
ical conditions [4]. However, it has inherent statisticaloes
due to its stochastic nature [1]. It is also computationtitye
consuming and demands a lot of computer memory as the histo-
ries of the photons have to be stored at every instant of tithe [
Thus, the Monte-Carlo method is ruled out in practical zaili
tions such as real-time clinical diagnostics where comtjurtal
efficiency and accuracy are major concerns [5]. The backward

or reverse Monte Carlo has been developed as an alternative

approach when solutions are needed at particular locatinds
times [6, 7]. The method is similar to the traditional Montartd
method, except that the photons are tracked in a time-ravers
manner. The photon bundles are traced from the detectoeto th
source rather than from the source to the detector as in the co
ventional Monte Carlo method. There is no need to keep track

media has been questioned [19]. Indeed, Elaletdil. [19] have
shown that the diffusion approximation fails to describeéhbo
short-time and long-time radiation transport in thin sledy$oth
weakly and strongly absorbing cases. In the case of thitddssla
the diffusion approximation fails for short times. The arth
have also shown that the diffusion theory always fails taljmte
the long-time behavior of transmitted pulses in thin slabese
optical depth defined by = 05(1— g)L is less than eight.

Recently, the modified method of characteristics has bee
developed as an accurate technique to solve the equation f
phonon radiative transfer (EPRT) [20]. The method was ex-
tended to solve the radiative transfer equation (RTE) fahbo
steady and transient problems in homogeneous media with di
fuse surfaces and incident intensities [21]. In this paperex-
tend the method further to solve the transient radiativastra
fer equation for a medium irradiated by a collimated ultnars
pulse laser beam. Then, itis used to simulate transiertttlighs-
port in skin modelled as a multilayered turbid medium.

METHOD OF SOLUTION

The governing equation for radiative heat transfer is the ra
diative transfer equation. It is an energy balance on th&a+ad
tive energy in the directio8 within a small pencil of rays. The
change in intensity at any location in space is found by sumgmi
up the contributions from emission, absorption, scattgaiway
from the directiors, and into the direction &. It can be written

as [1],

19 (r,&1)
at

—og(r)hh(r,51)+

K)\(r)l)\(r,é,t)

(8,940

+§-|:||)\(I',§,t) = K)\(r)lm(né,t) -
/ X

wherek, andog, are the linear absorption and linear scattering
coefficients, respectivelyl, andc are the intensity in thé di-
rection and the speed of light in the medium, respectivelye T

(1)

of photons which do not reach the detector and so the reversescattering phase functiah, (5, 8) represents the probability that

Monte Carlo method is much faster than the traditional Monte
Carlo method. The method was successfully applied byetu
al. [7] to simulate transient radiative transport in a non-&nmt,
absorbing, and anisotropically scattering one-dimeraistab
subjected to ultra-short light pulse irradiation.

Other techniques include the integral equation solutien [8
11], the discrete ordinates method in 2-D [12,13] and 3-0,[14
the finite volume method [15, 16], the radiation element rodth
[5] and the diffusion approximation [17,18]. The diffusiap-
proximation has been extensively used in biomedical agplic
tions in order to simplify the radiative transfer problemow#
ever, its validity for transient light transport in highlgattering

radiation propagating in directiofy be scattered into the cone
dQ around the directio. The first term on the right hand side
represents the contribution from emission in &wirection. The
second and third terms represent attenuation by absoratidn
scattering, respectively. Finally, the last term représére aug-
mentation of radiation due to in-scattering.

To solve the radiative transport equation for collimated-ir
diation, the intensity is split into two parts, (i) the ratitie scat-
tered away from the collimated radiation and (ii) the rerirajn
collimated beam after partial extinction by absorption andit-
tering along its path. The contribution from emission isalsu
negligible compared to the incident and scattered intgnEltus,
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the intensity for a gray medium is written as

The collimated remnant of the incident irradiatipfr,t) obeys
the equation of transfer

1ol(r,5t) . n “
E%—FS'E”C(LSJ) = _BIC(r7S7t) (3)
subject to the boundary condition
le(rw,5,t) = 1i(rw,t)8[5— &(rw)] (4)

The solution of these equations is given by [22]

le(r,5t) = li(rw,t —s/c)d[6— &(rw)] x

exp[—/OSB(r—s’é)ds’} H(t—s/c) (5)

wheres= |r —ry| andH is the Heaviside step functioki(u) =
0if u<0andH(u) =1 if u>0). Substituting Equations (2)
and (3) into Equation (1) for a gray medium gives the govegnin
equation for the noncollimated radiation intendity

LY 15 D1g(r, 88 = ~B(0)Ialr 30 + k()5
+ 2 [ 14(r.3,00(8.900 + 0S50 ©)
U Jan
where
Sr80 =4 [ raveEse @

Note that Equations (3) and (6) sum up to give Equation (1).

MODIFIED METHOD OF CHARACTERISTICS

The method of characteristics consists of transforming the
radiative transport equation, an integro-differential&ipn into
an ordinary differential equation along the photon pa#ginThe

need not be repeated here [23—-25]. Consider a Cartesiadi€oor
nate system, the characteristic in physical space is dedised

%X = csinBcosp (8)
%y = csinBsing 9
%Z = ccosh (20)
By definition, the total derivative Dt can be written as
D o0 dxod dyo dzo
Dt~ ot dtox doy oz )

Then, along the characteristic curvegxyy, z t) space, Equation
(6) simplifies to

%DEI a(r, 80 =K(N)lp(r,51) — B(r)la(r,51)
o [ Ja(r.8,09(8,89d0 +05(1)S(r, 81 (12)

Thus, a partial differential equation is converted inteethordi-
nary differential equations and one integro-differenéigliation
intime. Figure 1 shows a 3-D computational cell in Cartesian
ordinates. To solve Equations (8) to (12), the radiatioerisities
and temperatures are initialized at all points in the corpanal
domain. Then, for a given polar anglg, an azimuthal angle
@, and for all internal grid pointéxa, Yo, Z:) where photons are
present at timé -+ At, the position of the photon at time t is cal-
culated as

Xn = Xa — CSINB, cOSM At (13)
Yn = Yp — CSiNB, sin@ At (14)
Zy = Z. — CCOSOpAt (15)

The values of the variabldg at (xn,Yn,zn) and timet are ob-
tained by Lagrangian interpolation using their valuesraeti at
the eight corners of the computational cell in whigh, yn,zy) is
located (Figure 1). Then, Equation (12) is solved by thetfour
order Runge-Kutta method at locatior, yb, z:) and timet + At.
The integral on the right hand side of Equation (12) is edttha
by the 3/8 Simpson numerical integration. Finally, the bbun
ary conditions are imposed. The calculations are repeated f
all the discretized values of polar and azimuthal angles els w
as discretized wavelengths in case of spectral calcuktidhe
spectral dependencies can be accounted for by using thdieabdi

advantages and disadvantages of the modified method of char-method of characteristics at multiple wavelengths or in loioa-

acteristics have been summarized by Pilon and co-workets an

3

tion with band models [1].
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(Xi,Yj+1:Zks1) t+ At
(XaYbiZe) =
pathline (Xi+11Yj+1aZk+1)
(Xi2¥i Zes1) (Xiv1, Y Zis)
'/" i (Xn:yna Zn)
-------------------- (Xiv1,Yie1,2)
Z
X (XiYjZ) (Xi+1,Y},Z)

Figure 1. TYPICAL COMPUTATIONAL CELL USED FOR INVERSE
MARCHING METHOD CONTAINING THE PATHLINE OF THE PHO-
TONS.

RESULTS AND DISCUSSION

The problem of light transport in a multilayer slab of skin
exposed to collimated laser light is considered. For vélida
purposes, transient light transport in a homogeneous s&h w
first simulated. The numerical results obtained with the imod
fied method of characteristics were compared with the reseHt
ported by Wu [11]. For the sake of clarity, spectral depecaEn
were not considered in these cases.

Transient radiative transfer in a plane, parallel, non

emitting, absorbing and isotropically scattering media
Consider a plane parallel slab of an absorbing and isotropi-

cally scattering medium with constant and uniform opticalp

erties exposed to time-dependent collimated radiatiorhaas

in Figure 2. In this case, Equation (5) simplifies to

le(2,8,t) = Ii(t —z/c)d[5— &]eP? (16)

where&; corresponds to cdbs= 1, while the incident radiation is
a truncated Gaussian distribution with a peak intensity-at.
and pulse width, expressed as

li(t) = loexp l—4|n2<t t_tc

2
)], O<t <2t 17)
P

t>2t.  (18)

Moreover, the source term defined in Equation (7) simplifies t

] li(t—2z/c)e P H(t — z/c)

Szt = o

(19)

00

Lz,

T=0K,e=1

Figure 2. PARALLEL BLACK WALLS SEPARATED BY AN ABSORBING
MEDIUM AND EMITTING MEDIUM.

Equation (12) then becomes

1Dl4(z51)
c Dt

- Os ~
—pl t)+—= /[ | ,1)dQ;
Bla(230)+ 3= [ la(z3,0)d0+

Og —Bz
E{Ii(t_z/c)e PZH(t—z/c) (20)

with § dependent only on the polar andle and the boundary
conditions beindq(z= 0,cos8 > 0,t) = 0 andlyq(z=L,cos0 <
0,t)=0.

To solve the problem using the modified method of char-
acteristics, a spatial discretization of 101 points alohg t
z—direction for the case ofp = 0.5 and 201 points for the case
of 1. = 5.0 is used. The mean change in the results obtained b
using a discretization of 201 and 301 points for the two cases
spectively was less than 1%. An angular discretization of 12
directions per octant is used. An angular discretizatioh8#f 1
angles per octant resulted in a mean change of less than T in t
reflectance. Thus, a converged solution in terms of bothgigiel
and number of directions has been achieved. The time interv
At had little effect on the numerical results as long\as< Az/c.
Thus, it was set equal thz/c whereAz=L/(N,— 1) andN; is
the number of gridpoints in thee-direction. After solving for the
intensities in all directions at every grid point, the hephierical
reflectance and transmittance are computed using the folpw
formulae :

R(t)

0
_— / la(0. )i/l (21)

and

T(0) = 20 a(L O+ Lt~ L/c)e PHIE - L/o) 1
@2
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Figures 3 and 4 compare the transmittance and reflectance ofLIGHT TRANSPORT IN SKIN

two slabs computed by Wu [11] by solving the integral equatio

with those obtained with the modified method of charactesst
Good agreement is observed and the mean error was less thardiation is incident on the surface of the tissue and the mea
5% in all cases. Thus, the present method can be used tdyeliab sured reflectance and transmittance provides informatiouta

solve ultra-short pulse laser transport in turbid mediduidiog

skin.

Transmittance

1.00%

0.75%

0.50%

0.25%

= Present Method

— Wu [11]

Nondimensional Pulse Width =.

1, =5.00

0.00%

Dimensionless Time (Bct)

40

Figure 3. TIME-RESOLVED HEMISPHERICAL TRANSMITTANCE

Reflectance

2.50%

2.00%

1.50%
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—Wu, [11]
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I I > alaase ool

0.00%
0.0
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Dimensionless Time (Bct)
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Figure 4. TIME-RESOLVED HEMISPHERICAL REFLECTANCE FOR

Many therapeutic and diagnostic techniques in medicine de
pend on interactions of light with tissues. In most cases, ra

the medium. Numerous models have been developed that predi
the distribution of light in tissue. Radiative transportaigh
skin plays a very important role in all these application$igtst
must first pass through the skin before it reaches other parts
the body. It is also important when skin is the site for photob
ologic reactions to treat various disorders. Central taioteng
radiative transport in skin is the development of a modelcivhi
captures the various spatially varying properties of the.skhe
major chromophores present in the skin are normally confines
to distinct layers [26]. For example, melanin is usually firoed

to the epidermis and stratum corneum while hemoglobin is usu
ally confined to the vessels of the dermis [26]. Thus, the skir
can be modelled as a layered media each having differemtthic
ness and optical properties. The layers are assumed to lave t
same refractive indexn(= 1.4) but different number density of
absorbers and scatterers uniformly distributed in eacr [E7].
The diffusion approximation with an equivalent isotropzat
tering coefficient is commonly used to analyze problemslinvo
ing light transport in tissue [28]. This approach, even tftou

it can predict the transmittance and reflectance of highllyidu
media, it cannot predict the shape of the angular profile ef th
reflected or transmitted intensities. Knowing the angutafile

of the intensities could be valuable in designing opticalicks

for biomedical applications.

The modified method of characteristics can solve the com
plete radiative transfer equation without making any apiona-
tions. It can also predict the angular intensity profile il
cations in the domain. We have used the modified method ©
characteristics to model the transport of light througm dlased
on a model and optical properties successfully used by 2¢ng
al. [29] for reconstruction of thén vivo autofluorescence spec-
trum of skin. The authors modelled skin as a seven layere!
structure whose thickness and optical properties at wagéie
442 nm are reproduced in Table 1. The total thickness of the
skin model was 2nm The skin is in contact with a medium
matching its refractive index in which the source and theclet
tors are submerged. If the skin sample were exposed to air, th
the mismatch in refractive index would have to be taken iicto a
count. Indeed, a photon that reaches the air-skin intedibes
angle greater than the critical angle defined®by-= arcsir{1/n)
wheren is the refractive index of the medium, would be reflected
back into the tissue. The critical angle for the air-skireiface
is 41.8° [27]. In spite of varying refractive indices within the
skin, reflection and refraction effects at the interfacesewet
taken into account as the change in the refractive index egs v
minimal. Instead, only the speed of light= co/n, was varied
in each layer based on the refractive index. Had there been

Copyright © 2004 by ASME



larger change in the refractive indices at the interfades the
RTE would have had to be solved in each layer separately. At
the interfaces, various boundary conditions can be useedbas
on whether the interface is optically smooth, partiallyfuke or
specular. For example, if it were optically smooth and specu
lar, the rays would be reflected and refracted according &i’'Sn
laws and the transmitted and reflected intensities compsied)
Fresnel’s equations [1].

The Henyey-Greenstein phase function was used to account
for the anisotropic nature of scattering by the tissue arekis
pressed as

1-¢?
[14 g2 — 2gcosO]3/2

®(O) = (23)

where, g is the asymmetry factor. A plot of the Henyey-
Greenstein phase function fgr= 0.9 andg = 0.75 correspond-

ing to the stratum-corneum and top layers of the dermis iszaho

in Figure 5. One can see that all layers of the skin are styongl
forward-scattering, particularly the stratum-corneunigufe 6
shows the profile of the back scattered radiation for the same
values ofg.

A grid was generated such that the interfaces between the
skin layers fell on grid points. A discretization of 10 grapts
in each layer and 1R 1 angles per octant was used. In a second
test, a discretization of 20 gridpoints in each layer and 12an-
gles per octant was also used. The mean difference in the com-
puted reflectance was about 2% and the solution was condidere
to be converged in terms for 10 grid points per layer. Two iothe
tests, both with a discretization of 10 gridpoints in eagtetebut
one with 30x 1 angles per octant and another with>36 angles
per octant were performed. The mean difference in the cosdput
reflectances was less thar'b% and the solution was considered
to be converged in terms of directions for 8A angles per oc-
tant.

Figure 7 shows the angular profile of the reflected light at
various times. The peak of the reflectance occurs around 6.5p
and so the angular reflectivity was plotted at this times ahdro
times where it reaches half and one quarter of its maximum
value. The angular profile of the reflected intensity changés
time and becomes more forward scattering as time progresses
This can be attributed to the fact that the major contributio
the reflectance is initially due to photons which have beakba
scattered by the topmost layers of the tissue and have not un-
dergone many scattering events. Therefore the directiomal
file of the reflected intensity at earlier times resembledotinek-
scattering profile fog = 0.9 shown in Figure 6.

On the other hand, photons which arrive long after the inci-
dent pulse has died down ¢at 9ps it is about 02% of its peak
intensity), are those which have undergone multiple scate
events in the tissue and so the angular profile of the infessit

6

radiation

inciden

Figure 5. THE HENYEY-GREENSTEIN FUNCTION FOR g = 0.9 AND
g=0.75

incident, radiation

Figure 6. PROFILE OF THE BACKSCATTERED RADIATION USING
THE HENYEY-GREENSTEIN PHASE FUNCTION FOR g = 0.9 AND
g=0.75frm/2<B<T

closely resembles a strongly forward scattering mediunwsho
in Figure 5.

Further simulations were carried out to test the influence o
the scattering asymmetry factgiin various layers of the tissue
on the reflected signal. Figure 8 shows the hemispherical re
flectance as a function of time for a pulse width of 2 picoséson
for a discretization of 10 grid points in each layer and<3Dan-
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gles per octant. The scattering asymmetry fagtaras changed
to —0.5 in the upper blood plexus, the dermis and the lower blood ~4.5ps
plexus. Practicallyg can be varied in tissue by various means < S.4ps
such as injection of microbbubles or microspheres into thed :s'zpz
stream to increase backscattering [30, 31]. A cream cadntain +9.psp
back scattering particles (typically nano- or micro-paets) can | cos/lo 9
also be applied onto the skin. It was seen that changing ttme-as 02+
metry factor (tog = -0.5) in the lower layers of the tissue rich
in blood vessels, namely the blood plexus, does not resut in
significant change in the reflectance. At the wavelength @f 44
nm, only changes in the topmost layers are detectable inéae m
sured reflectance. Figure 8 compares the reflectance ofithimsk
which the stratum corneum is strongly backscattergg (-0.9) ‘ t— o0 ‘ ‘
with that of normal skin. -0.06 -0.04 -0.02 0.00 0.02 0.04 0.0
In general, the scattering properties of the skin are direct | sing/lo
related to the cells and their internal structure [32]. Tusld be
used in tissue diagnostics. For example, Maieal. [33] have
proposed a possible correlation between blood glucoseetenc

P
D
x

Figure 7. ANGULAR PROFILE OF REFLECTED INTENSITY AT VARI-

tration and the reduced scattering coefficient of the tiskight OUS TIMES.
scattering occurs in tissues because of the mismatch of ioide

refraction between the extracellular fluid (ECF) and the mem 80%
branes of the cells composing the tissue [33]. The refradtiv

dex of ECF changes as a function of glucose concentration and 70%-

so any change in the glucose concentration can be detected by

observing the changes in the reflectance. 60%-)

50% -

Skin with back scatterers in|t
40% / stratum corneum

30%

CONCLUSION

The modified method of characteristics has been extended
to solve transport of a collimated ultra-short pulse lasearb
in highly scattering media. Good agreement has been olzberve 20%1
with reported results for the same case obtained by Wu [11] by
solving the integral equation. Then, the method has beahtose
solve for the light transport in human skin modelled as aseve 0% ; ‘ ‘ ‘ ; ‘ ‘
layer medium. The angular variation of light reflected frddms 0 2 4 6 8 10 12 14 16
has been presented. Even though only 1-D geometries and sim- Time (ps)
ple boundary conditions were considered, this method can be
easily extended to handle more complex geometries and bound
ary conditions. This could be a potential design tool foicas
biomedical applications ranging from optimal placemenitgjft
sources and detectors for tomographic applications taqdesxi
advanced sunscreens. Since this method is fully expltaitan
_be eafsily adapt_ed f_or parallel computing. This would b_ea/le_xlel thermal radiation transport and laser applications®d-
in various applications, such as real time tomographicyasis| vances in Heat Transfeg3 , pp. 187—294.
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to detect tumors and other malignancies in the human body. imaging,in biomedicine”. Annual Review of Heat Trans-
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[4] Guo, Z., Kumar, S., and San, K.-C., 2000. “Multidimen-

Reflectance

Regular Skin

10% 4

Figure 8. TIME-RESOLVED HEMISPHERICAL REFLECTANCE FOR A
SLAB OF SKIN.
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