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Here light propagation and radiation transfer of ultrafast laser pulses in heterogeneous biological tissues
are simulated by use of the discrete-ordinates method �DOM�. Formulations for solving the time-
dependent radiation-transfer equation are deduced for three-dimensional geometries incorporating the
Fresnel specularly reflecting boundary condition and characteristics of ultrafast laser pulses. The
present method can treat both the incident laser intensity and the scattered radiation intensity from the
walls of the targeted tissue as two components, i.e., a diffuse part and a specular part. Reflectivity at
the tissue–air interface is calculated by use of Snell’s law and the Fresnel equation. The high-order S10

DOM method is found to be adequate for describing the propagation and transfer of ultrafast laser
radiation in heterogeneous tissues. The time-dependent radiation field in the tissue as well as the
temporal radiation intensity profiles at the boundaries can be obtained simultaneously. The absolute
values of the logarithmic slope of the temporal reflectance and transmittance at various detector positions
are found to converge to a constant value in a homogeneous tissue model. With the inclusion of a small
inhomogeneity, such a value will change in line with the property of the embedded inhomogeneity. The
orientation of heterogeneity of the tissues also substantially affects the radiation intensity at the bound-
aries. The effect of the Fresnel boundary in the modeling is pronounced. The simulated transmitted
signals are broadened and amplified under specularly reflecting boundary condition as compared with
those under diffusely reflecting boundary conditions. © 2003 Optical Society of America

OCIS codes: 170.5280, 170.6920, 030.5620, 140.7090, 000.4430.
1. Introduction

Recent research has suggested that light scattering
and absorption can provide a valuable, noninvasive
means of quantitatively probing tissue morphology.1–6

Light radiation absorption has been broadly applied
to applications in biomedical treatment such as la-
ser surgery7,8 and photodynamic therapy9–10 �PDT�.
The laser is also the excitation source in fluorescence
imaging, scanning, and labeling.11,12 Fundamental
to these laser applications is laser radiation propa-
gation and transfer in biological tissues, which is de-
scribed by the radiation-transfer theory.

Modeling of light transport has traditionally been
performed with either the Monte Carlo �MC�
method13–15 or deterministic methods based on the
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diffusion approximation �DA�.16 Generally the sta-
tistical MC method is time consuming, and its results
are subject to statistical errors. The diffusion theory
presumes that the scattering predominate and that
the medium be optically diffuse so that the angle-
dependent radiant intensity is replaced by an angle-
independent photon flux and the Boltzmann
radiative-transport equation is simplified as a diffu-
sion equation. However, the diffuse approximation
is hardly applicable to heterogeneous biological tis-
sues with nonscattering or low-scattering regions;6
moreover, experiments17 have shown that it fails to
match experimental data when the tissue sample is
not optically diffuse. The development of accurate
simulation of radiation transport in heterogeneous
media is in demand.

The discrete-ordinates method �DOM� has become
one of the most popular methods for solving Boltz-
mann transport equations for radiation transfer and
neutron transport. This is because �1� the DOM can
be accomplished to high-order accuracy, �2� the deri-
vation of DOM schemes is relatively simple, and �3�
the DOM is compatible with the finite-difference or
finite-element schemes for specular or diffuse phe-
nomena. Studies on almost every aspect of the
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DOM applicable to multidimensional radiative heat
transfer have been reported.18–21 However, most of
the previous DOM algorithms focused on the solution
of steady-state radiation-transfer equations �RTEs�
because the effect of time-dependent light propaga-
tion is negligible in traditional heat-transfer prob-
lems.

With the advent of the ultrafast laser and its broad
applications in biomedical technologies, the study of
time-dependent laser radiation transfer incorporat-
ing radiation propagation with the speed of light
has become increasingly important. Recently the
time-dependent DOM method has been explored to
one-dimensional22,23 and multidimensional geome-
tries.24,25 Yet the media were not characterized
tissues. Fresnel’s reflection was not taken into ac-
count, nor was the ultrafast laser pulse considered in
these studies. Klose et al.6 used a DOM algorithm
as a forward model for optical tomography. But the
DOM there is time independent �steady state� and
has only 24 discrete ordinates �equivalent to the S4
quadrature scheme� in the spatial angle direction.
The DOM S4 method is easily subjected to the ray
effect and false scattering as pointed out by Chai et
al.26 because of the limited number of discrete ordi-
nates. Instead, high-order quadratures such as S8
�80 discrete ordinates� and S10 �120 discrete ordi-
nates� are more commonly adopted in the radiation
heat-transfer community. Nevertheless, to our
knowledge these high-order schemes have not been
applied to the study of ultrafast-laser-radiation
transfer in heterogeneous tissues.

In the present study the time-dependent DOM is
formulated for ultrafast-laser-radiation transfer in
anisotropically scattering, absorbing, and emitting
tissues in three-dimensional �3D� rectangular enclo-
sures. The S10 quadrature scheme is adopted in
most calculations. Both the temporal radiation in-
tensity on the boundaries and the radiation field in-
side the tissue are computed. The novelty of the
present method involves the incorporation of the
transient effect, the Fresnel effect, and the heteroge-
neous effect. In this study we aim at the develop-
ment and demonstration of an accurate radiation-
transfer modeling for ultrafast laser applications in
biomedical systems that span a broad range from the
forward model in optical tomography, fluorescence
excitation and imaging, laser welding and surgery, to
PDT, and so on. Different application requires dif-
ferent information. For example, the prediction of
temporal radiation intensity along the boundaries is
needed in optical tomography, whereas the knowl-
edge of radiation energy deposition and�or irradiance
is paramount in fluorescence excitation, laser tissue
welding, and PDT. The emphasis of most studies in
photon migration has been placed on the identifica-
tion of boundary radiation intensity. Few studies
have addressed time-dependent radiation deposition
and�or irradiance, which are extremely influential
for fluorescence imaging, microscopy and spectros-
copy.

With the incorporation of the transient effect, i.e.,

radiation propagation with the speed of light, the
present study focuses mainly on applications of laser
propagation and energy transfer for times of the or-
der of those required for radiation to travel along with
a path length through the geometry being considered.
A typical time order can be calculated with a simple
formula, t � L�c, in which L is the characteristic
length and c is the speed of light in the medium. For
example, the considered tissue depth is usually in the
range from several millimeters to dozens of millime-
ters; the time scale is then of the order of dozens of
picoseconds �the refractive index is �1.40 for tissue�.
Even with the consideration of pulse broadening in
strongly scattering tissue, the time is of the order of
1 ns. Within such a time scale, heat-diffusion and
heat-capacity effects are generally negligible such
that the medium can be generally treated as “cold”.

An important concern of this study is the Fresnel
boundary effect that is induced at the tissue–air in-
terface owing to the difference of refractive indices
between air and biological tissue. The reflectivity
and transmissivity at the interface are described by
the Fresnel equation. With the use of Snell’s law
and the Fresnel equation, the specular reflectivity at
each discrete angle direction can be calculated. For
the sake of comparison, however, the reflection at the
interface is assumed to be either specular or diffuse.
If the reflection is assumed to be diffuse, diffuse re-
flectivity at the interface is an average of the pre-
dicted specular reflectivity at all directions. This
diffuse approximation is examined as compared with
the Fresnel specular boundary condition.

Another important concern is the heterogeneity of
tissues. A good model must be capable of handling
heterogeneity without increasing difficulty and com-
plexity. This is an important trait of the present
method. To study the influence of heterogeneity,
two tissue models will be considered. The first one is
a two-dimensional �2D� multilayered tissue phantom.
The influences of tissue heterogeneity and the
Fresnel boundary will be quantitatively examined
after a benchmark comparison between the present
DOM S10 method and several other numerical tech-
niques. The second model is a 3D rectangular tissue
phantom with a small inhomogeneous zone embed-
ded in the center. The characteristics of the tempo-
ral radiation field and the temporal distribution of
reflectance and transmittance will be discussed.
The influence of inhomogeneity absorption property
on the logarithmic slope of temporal signals will be
scrutinized.

2. Mathematical Models

A. Governing Equations

Consider a collimated laser-pulse incidence upon a
3D rectangular biological tissue as shown in Fig. 1.
The laser radiation transfer can be described by the
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time-dependent RTE formulated in each discrete-
ordinate direction ŝl as

1
c
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where �l, �l, and �l are the three direction cosines, Il

is the radiation intensity, 	e is the extinction coeffi-
cient that is the sum of absorption coefficient, 	a and
scattering coefficient 	s, c is the speed of light in the
medium, and t is the time. Sl is the radiative source
term and can be expressed as
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in which the scattering albedo is 
 � 	s�	e, 
il is the
scattering phase function 
 �ŝi 3 ŝl�, Ib is the black-
body emitting intensity of the tissue, and Sc

l is the
source contribution of the collimated laser irradia-
tion. The original integral term in Eq. �2� is repre-
sented by a sum of in-scattering radiation intensities
in all discrete-ordinate directions. A quadrature set
of n discrete ordinates with the appropriate angular
weight wl �l � 1,2, . . . , n� is used. The choice of
quadrature scheme is arbitrary, and studies on
quadrature selection have been made by a number of
researchers.19–21

The laser source Sc
l in Eq. �2� is the driving force of

the scattered laser propagation and transport in tis-
sues. It is the in-scattering contribution of the col-
limated laser intensity in the discrete-ordinate
direction ŝl,

Sc
l �




4�
Ic
��c�l � �c�l � �c�l� , (3)

where ��c, �c, �c� represents the collimated laser-
incident direction. The normally incident laser in-
tensity is distributed inside the tissue as

Ic� x, y, z, �c, t� � I0� x � 0, y, z, t � x��c�c��

� exp� � 	e x��c����c � 1� , (4)

in which � is the Dirac delta function and I0 is the
laser-beam intensity irradiated at the surface of the
tissue. In general, the incident laser beam is of
Gaussian profile in both time and spatial domains.
Duhamel’s superposition theorem25 can be used to
incorporate the effect of pulse width and shape of the
ultrafast laser beam. It should be mentioned that
Duhamel’s theorem could be applied only to a linear
system. The transient RTE is linear when only the
radiation intensity is concerned as in the cases stud-
ied in the present paper. Since most transient
radiative-transfer problems deal with ultrashort time
scale and address the propagation of laser radiation,
the medium emission is usually negligible, or the
temperature of the medium is treated as “unchanged”
during a short time.

B. Boundary Conditions

The boundaries are the tissue–air interfaces and as-
sumed to be cold such that there is no radiation emis-
sion from the boundaries. We treat the interface as
a plane surface. It can reflect and refract incident
radiation. The refraction and reflection obey Snell’s
law and the Fresnel equation, respectively. Because
the refractive index of tissue is greater than that of
air, total reflection occurs when the incident angle �i
of an internal radiation is not less than the critical
angle �cr� sin�1 �nair�nT�. When �i � �cr, the reflec-
tivity is calculated by Fresnel’s equation as

� �
1
2�tan2��i � �r�

tan2��i � �r�
�

sin2��i � �r�

sin2��i � �r�
� , (5)

where �r is the refraction angle predicted by Snell’s
law.

In the Fresnel boundary condition, the reflection
must be specular. However, the actual reflection at
the interface may consist of both diffuse and specular
components because the actual interface is not a
smooth plane but one with a certain degree of rough-
ness. The present method can treat both specular
and diffuse components. For example, the diffuse
intensity at wall with x � 0 is

Iw
d � εw Ibw �

�w
d

� �
�l �0

n�2

wlIl��l� , (6)

and the specular intensity is

Iw
l � �w

sl I�1 . (7)

Here �w
d is the diffuse reflectivity of the interface

and �w
sl is the specular reflectivity at direction ŝl.

For comparison, the reflection is assumed to be either
purely specular or purely diffuse in the present cal-
culations. The diffuse reflectivity is a hemispherical
average of specular reflectivity.

Fig. 1. Three-dimensional geometry and coordinates system.
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C. Numerical Schemes

The finite-volume approach18 is employed to solve the
transient RTE in its discrete-ordinate format. The
positive scheme20 is used to relate the upstream and
downstream intensities in a control volume cell.
The numerical schemes were introduced in a recent
publication of Guo and Kumar.25 Hence the details
are not repeated here. However, it is worth pointing
out that several new features have been added in the
present study. These include Fresnel reflection, cal-
culation of reflectivity, and treatment of characteris-
tics of ultrafast laser pulses. In addition, the
current subject of study is heterogeneous tissues or
tissue phantoms with specific optical depths that are
much larger than those considered in Guo and Ku-
mar.25 Further, the previous study focused on the
examination of numerical accuracy and sensitivity of
the transient DOM algorithm with various quadra-
ture schemes �from S8, S10, S12, S14, to S16� and time
steps.

The number of discrete ordinates is n � N � �N �
1� in an SN scheme. In the present study, the S10
scheme is adopted and its quadrature sets and cor-
responding angular weights are taken from the code
TWOTRAN.21 Thus we have to solve 120 coupled
discrete-ordinate RTEs. It took �8 h in the calcu-
lation for a 3D inhomogeneous problem with grid size
of 27 � 27 � 27 when a Dell personal computer �PC�
with 1 CPU of Pentium III 500-MHz Xeon was used.
If we lessen the order of the SN scheme, the CPU time
will be certainly reduced. For example, it took only
1.3 h when a S4 scheme was used. However, this
will affect accuracy. There is a trade-off between
accuracy and efficiency for different applications.
For example, accuracy is of the highest priority in the
study of laser treatment and fluorescence imaging,
whereas both accuracy and efficiency are important
in optical tomography. With the rapid advance of
computational technologies such as parallel compu-
tation and high-performance computers �currently
2.8-GHz Pentium IV PCs are available�, efficiency
will not be a problem in the near future.

3. Results and Discussion

At first, the present method is evaluated by means of
a benchmark comparison in the study of ultrafast
laser transport through a 2D rectangular enclosure
with four different layers as shown in configuration I
in Fig. 2�a�. Four types of brain-tissue phantom are
employed in the study, i.e., skull, cerebrospinal fluid
�CSF�, gray matter, and white matter. The optical
properties of the four various tissues are assumed as
follows. For skull tissue, 	a � 0.005 mm�1 and 	s �
1.6 mm�1. For CSF tissue, 	a � 0.001 mm�1 and
	s � 0.01 mm�1. For gray matter, 	a � 0.015 mm�1

and 	s � 0.60 mm�1. For white matter, 	a � 0.01
mm�1 and 	s � 1.2 mm�1. These values were used
by several investigators27 in a brain model. The
present tissue model may serve as a benchmark
model for others. The refractive indices of the four
layers are assumed to be constant at 1.4. To study

the effect of layer orientation, configuration II is ar-
ranged by means of exchanging the positions of the
CSF and gray-matter layers in configuration I. The
thickness and lateral width of the configurations are
35 and 20.2 mm, respectively. Eight detectors along
the boundary of each configuration are selected for
outputting temporal signals.

Figure 3 shows comparisons of normalized trans-
mittance at three selected detector positions between
the DOM S4 and S10 methods, DA, and MC method.
It is seen that the S10 model gives the closest match
with the MC predictions for all detector positions.
The DA predictions differ from the MC ones in most
time domains. The S4 model also predicts relatively
narrower transmitted distributions. The modeling
of radiation transfer produces very smooth curves.
However, the temporal profiles predicted by the MC
method are slightly jagged in almost all detectors,
although we have used a large number of photons
�2 � 108� in the MC simulation. Further increasing
the photon number will reduce the oscillation, but the
improvement is very slow as compared with the rapid
increase of photon number.

Then the influence of the Fresnel specularly re-
flecting boundary condition is examined in Fig. 4,
where the temporal transmittance data are normal-
ized by use of the corresponding peak values under
diffusely reflecting boundary conditions. It is seen
that the predicted magnitude of the transmittance
under specularly reflecting conditions is greater than
that under diffusely reflecting conditions. Also, the
peak position for specular boundary shifts to a later
time. At detector 5, which is located at the boundary
of the CSF layer, the specular signal has an obvious

Fig. 2. Two-dimensional multilayered configurations: �a� con-
figuration I, �b� configuration II.

2900 APPLIED OPTICS � Vol. 42, No. 16 � 1 June 2003



large broadening. In weakly scattering and absorp-
tion regions such as the CSF layer, light transport is
decided mainly by its boundary condition. The re-
sults reveal that the radiation-transfer boundary is
an important factor for the accurate prediction of
photon transport in heterogeneous tissue. In all the
calculations below, the Fresnel specularly reflecting
boundary condition is used. In the popularly

adopted DA for photon migration in tissues, however,
the Fresnel specular boundary condition cannot be
incorporated.

Comparison of reflectance and transmittance be-
tween the two configurations is exhibited in Fig. 5,
where results are normalized by the corresponding
peak values for configuration II. At detector 1, the
difference is invisible in this figure because the first
skull layer in these two configurations is quite dense
and the original impulsive laser pulse dominates the
reflection. However, the difference in predictions
between these two configurations is quite large for
detectors from detector 2 to 7. Even though the
overall optical properties along the pathway between
the laser-incident spot and detector 8 are identical for
these two configurations, there exists an appreciable
difference of transmittance between these two cases
at detector 8 because of the different orientation of
CSF and gray-matter layers. This means that the
orientation of the heterogeneous layers strongly af-
fects the temporal signals. To determine the inter-
nal structure, the use of signals from just detectors 1
and 8 will not be sufficient.

Further inspecting the prediction differences at de-

Fig. 3. Benchmark comparisons of temporal distributions of
transmittances between DOM S4 and S10 methods, DA, and MC
method for ultrafast laser transport in 2D multilayered configura-
tion I.

Fig. 4. Comparison of temporal transmittances between the
Fresnel specular boundary and diffuse boundary conditions for
configuration I.

Fig. 5. Comparison of temporal reflectance and transmittance
between configuration I and II.
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tector 8 and comparing these differences between
Figs. 4 and 5, we find that the influence of tissue
heterogeneity is even smaller than the effect of the
modeling boundary condition, i.e., either specular
surface or diffuse surface. A model incorporating
inadequate interface conditions may lead to errone-
ous pictures. This strengthens our motivation in
the present study to develop an accurate model by
incorporating all realistic physical conditions.

The present method is finally applied to study the
characteristics of ultrashort-laser-pulse transport
through cubic tissue phantoms as shown in Fig. 1.
The cubic side length is L � W � D � 10 mm. A
small inhomogeneous zone with a side length of 1.2
mm is embedded at the center of the cube. In the
inhomogeneous zone, the absorption coefficient var-
ies from 	a � 0.01, 0.02, 0.05, 0.10, 0.20, to 0.50
mm�1, and the reduced-scattering coefficient28 is
kept at 	�s � 1.00 mm�1. In the surrounding tis-
sue, 	a � 0.01 mm�1 and 	�s � 1.00 mm�1. The
inhomogeneous zone with a larger absorption may be
attributed to a malignant tumor, a concentrated pho-

tosensitizer, or an abnormality with an embedded
fluorescent dye.

Figure 6 manifests the influence of inhomogeneity
on the time-dependent reflectance and transmittance
profiles. The temporal reflected or transmitted sig-
nals are normalized by use of the corresponding peak
values in the case of the inhomogeneous model at all
seven detector positions. In both the homogeneous
�	a � 0.01 mm�1 in the inhomogeneous zone� and
heterogeneous �	a � 0.50 mm�1 in the inhomoge-
neous zone� cases, the time with peak reflectance
and�or transmittance and the broadening of the sig-
nal pulse width vary with the change of detector po-
sition. The distance between the laser-incident
point and the detector, as well as the medium prop-
erty between the source and detector, is an important
factor for deciding the peak position and the pulse
broadening. As the distance increases, the time of
peak position, as well as the broadening of the pulse,
enlarges. The difference in the temporal transmit-
tance between the homogeneous medium and the het-
erogeneous one is obvious from detector 4 to 7.
However, the difference from detector 1 to 3 is slight

Fig. 6. Comparison of temporal reflectance and transmittance
between homogeneous model and inhomogeneous model with a
small inhomogeneity �	a � 0.50 mm�1�.

Fig. 7. Effect of absorption coefficient of the inhomogeneity on the
temporal transmittance profiles.

Fig. 8. Absolute value of log slopes of reflectance and transmit-
tance at different detector positions for both homogeneous model
and inhomogeneous model with a small inhomogeneity �	a � 0.50
mm�1�.

Fig. 9. Relationship between AVLS and absorption coefficient in
the inhomogeneity.
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in Fig. 6, but it will be visible if the signals are plotted
in a logarithmic scale.

The absorption coefficient of the inhomogeneity
may vary widely. The effect of varying absorption
coefficient on the temporal transmittance profiles is
demonstrated in Fig. 7. With the increase of ab-
sorption, the amplitude of the signals at the se-
lected detectors is reduced and the difference in the

signals between the normal homogeneous and in-
homogeneous cases enlarges. Even with a minor
increase of absorption �e.g., 	a � 0.02 mm�1�, the
difference is still visible. A quantitative analysis
may help identify how to effectively enhance image
contrast by injection of absorbing materials into
targets.

Figure 8 shows the absolute values of logarithmic

Fig. 10. Contour plots of divergence of radiative heat flux in Y–Z planes for inhomogeneous model with a small inhomogeneity �	a � 0.10
mm�1� at the center.
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slope �AVLS� of the temporal reflectance and trans-
mittance for homogeneous and inhomogeneous mod-
els. The values of the AVLS converge to different
constant values for homogeneous and inhomoge-
neous cases, respectively. Such a difference in the
AVLS between the two different tissue models is de-
tectable at all seven detector positions. The con-
verged AVLS is purely a function of the medium
property and is insensitive to the input laser pulse
strength.

The AVLS versus absorption coefficient in the in-
homogeneity is plotted in Fig. 9. It is found that the
AVLS is almost linearly proportional to the absorp-
tion coefficient of the embedded inhomogeneity.
This AVLS may be a perfect indicator for detecting
the inhomogeneous absorbing zone. To our knowl-
edge, such a finding has not been reported in the
literature for heterogeneous tissues with a finite
thickness and a small inhomogeneity. It may be ex-
plored for early detection of small tumors. Further
detailed theoretical and experimental investigation
will follow in the near future.29

The present method can be used to obtain the time-
dependent radiation field that is routine in fluores-
cence imaging, laser treatment, and PDT. Figure 10
shows six contour plots of divergence of radiative heat
flux �equivalent to energy deposition rate� at Y–Z
planes at three selected optical axis positions �X�L �
0.25, 0.50, and 0.75� for two selected time instants
�t � 100 and 200 ps�. The time needed for the laser
impulse passing through the medium is t � L�c �
46.7 ps. Thus the deposited energy shown here is
the radiation due to multiply scattering events. It is
seen that each profile is nearly symmetric against the
y and z axes. There is a gradual decrease in diver-
gence of radiative heat flux from the square center to
the corner for all the planes because the original in-
cident laser passed through the square centers. At
the plane of X�L � 0.50, the divergence of radiative
heat flux is greatly concentrated at the central inho-
mogeneous zone because a relatively strong absorb-
ing inhomogeneous zone is embedded. The
magnitude of the central plane energy deposition is
much larger than those at the planes of X�L � 0.25
and 0.75 even though the plane of X�L � 0.25 is closer
to the incident laser spot. This quantitative analy-
sis is useful for the application of ultrafast lasers in
photodynamic therapy. Such a concentration of en-
ergy deposition at the cubic center does not exist for
the homogeneous medium model. An irradiance
field can be easily derived from the radiation deposi-
tion field, and vice versa.

The shapes of the logarithmically varied temporal
divergence of radiative heat flux at different optical
axis positions are compared in Fig. 11. Comparison
is also conducted between the homogeneous and in-
homogeneous models. It is seen that the peak mag-
nitude of divergence of radiative heat flux decreases
with the increase of the X position for the homoge-
neous model. With the presence of an inhomogene-
ity, however, the peak value at the inhomogeneous
zone position �X�L � 0.5� has an abrupt increase even

though the irradiance is much lower at X�L � 0.5
than at X�L � 0.25. At X�L � 0.5, the difference in
divergence of radiative heat flux between inhomoge-
neous and homogeneous models is large. At X�L �
0.25, however, such a difference is nearly invisible.
At X�L � 0.75, the radiation energy deposition de-
clines substantially. After passing the peak value,
the radiation deposition decays in a nearly exponen-
tial form.

4. Conclusions

The discrete-ordinates method �DOM� has been de-
veloped to study ultrafast-laser-radiation propaga-
tion and light energy transfer in 3D scattering,
absorbing, and emitting media subject to specularly
and�or diffusely reflecting boundary conditions.
The time-dependent radiation field such as the radi-
ation energy deposition rate and irradiance inside the
tissue, and reflectance and transmittance at the
boundary, can be predicted accurately and simulta-
neously by the present method. Three-dimensional
simulations are conducted for both the homogeneous
model and the inhomogeneous model with a small
inhomogeneity embedded in the center of the homo-
geneous tissue. It is found that the peak position
and temporal shape of the reflectance and�or trans-
mittance are greatly influenced by the presence of the
inhomogeneous zone. The time-dependent AVLS of
the reflectance and transmittance at the boundaries
converges to a constant value after a period of im-
pulse irradiation for a finite-thickness tissue. This
constant value varies when there is an embedded
inhomogeneity. But the value is irrelevant to the
detector position. Further, it is almost linearly pro-
portional to the absorption coefficient of the small
inhomogeneity. With the presence of an absorbing
inhomogeneous zone such as malignant tumors em-
bedded in healthy tissue, the change of AVLS may be
detected, and this concept may be used for the design
of a new technique for detecting small tumors or ab-
normalities.

Simulations in 2D heterogeneous configurations

Fig. 11. Comparison of temporal profiles of divergence of radia-
tive heat flux at different optical axis locations with different ab-
sorption coefficients in the inhomogeneity.
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are made of four different tissue layers. The orien-
tation of heterogeneity of the tissue significantly af-
fects the radiation field and radiation intensity at the
boundary. The Fresnel specularly reflecting bound-
ary effect is even stronger than the effect of the in-
ternal structure difference at some detector positions.
The reflectance and transmittance under the specu-
larly reflecting boundary condition are greater than
those under the diffusely reflecting boundary condi-
tion. The boundary effect is particularly obvious in
the less scattering and absorbing CSF layer. Ade-
quate incorporation of radiation-transfer boundary
conditions is extremely important for accurate pre-
diction of photon transport and light imaging wher-
ever tissue–air interfaces are present.
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