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ABSTRACT
Time-resolved optical imaging technique offers the
promise for development of safe, noninvasive, and inexpensive
clinical imaging modalities with diagnostic ability. However,
the presence of mismatched refractive-index boundaries in a
soft tissue will tremendously change light propagation path,
which in turn, makes the optical image obscure if not
indiscernible. In this article, a time-resolved Monte Carlo
model,
which
takes
into
account
the
photon
reflection/transmission behavior at the mismatched refractiveindex boundaries, is developed to investigate transient light
propagation in biological tissues with embedded tumors and
blood vessels. The results show that the temporal reflection
signal displays two peak values when refractive-index
mismatched foreign objects, such as tumors or blood vessels,
are embedded in the tissue. One peak is a direct result arising
from the pulse nature of the incident laser light, and the other is
due to the backscattering from the refractive-index mismatched
boundaries. This suggests that the occurrence of the “second
peak” be an indication for the location and size of tumors
inside the tissue.
INTRODUCTION
Early diagnosis is important for reducing the morbidity of
various cancers. Currently, chest X-rays, computed tomography
(CT) and mammography are the most common means for the
diagnosis. However, these methods can induce radiation
exposure and/or be costly. Therefore, a new non-invasive,
radiation exposure free, and low-cost diagnosis method needs
to be developed.
Optical imaging method is an excellent candidate for
providing an alternative imaging modality [1]. Among them,
near-infrared (NIR) optical imaging has become increasingly
attractive in recent years because NIR radiation could be non-

ionizing and the approach can lead to devices that are very
compact and cost-effective [2]. In the time-resolved NIR
optical imaging, an optical signal that is transmitted through or
reflected from a biological tissue will contain time-of-flight
information, which in turn yields spatial information about
foreign objects, such as tumors, inside the tissue. Such a timedomain optical imaging can be conducted with ultrashort pulse
lasers due to the ultrashort interaction time and high intensity.
Several studies have reported on the feasibility of determining
optical properties of thick turbid media from time-resolved
light scattering measurement via simply applying the diffusion
theory [3-7]. Recently, the possibility for detecting the
inhomogeneity of a turbid medium was investigated by
analyzing the temporal signals at the decaying tail of the
backscattered laser pulse [8, 9]. In the above two studies,
however, the refractive indices of tumors are assumed to be the
same as that of the surrounding tissues. Under this assumption,
light propagation will not be deflected when the photon
transmitted from one medium to another.
In the time-resolved optical imaging approach, the
transmitted or backscattered signals are rather sensitive to the
distribution of optical properties inside a biological tissue. It is
well known that, the optical properties of blood, such as
absorption coefficient, scattering coefficient, and refractive
index, differ from those of the surrounding tissues. If the vessel
diameter is much smaller than the mean free path (MFP) of
photons in a tissue, contribution from these vessels to the light
propagation can be collectively represented by a continuum
model [8, 9]. In fact, tumor growth and survival depends on the
blood supply; therefore, tumors are usually situated near some
relatively large blood vessels [10]. The light propagation will
thus be distorted radically by the presence of those large blood
vessels and tumors. As a result, the transmitted or backscattered
signals may become so obscure that they cannot be filtered
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from noise. Under these circumstances, the effects of large
blood vessels on light propagation must be well understood in
order to effectively detect and diagnose tumor cells.
Unfortunately, up to date, little attention has been paid to the
role of the refractive-index mismatched boundaries (tissueblood boundary or tissue-tumor boundary) in the time-resolved
optical imaging. This situation has created a need for probing
into such important issues.
In this paper, a 3D time-resolved Monte Carlo method is
formulated to model transient laser radiation transfer in a tissue
with embedded large blood vessels and tumors. The Monte
Carlo computer code developed is first validated with
published data and then is employed to simulate the transmitted
and backscattered signals. To understand the effects of the
different refractive indices of the tissue, vessels and tumors on
the temporal characteristics of the transmitted and
backscattered signals, several tumor and vascular models are
investigated. The results will be compared with the case of a
tissue without embedded foreign objects.

NOMENCLATURE
c
speed of light in a medium, m/s
c0
speed of light in vaccum, c0 = 3 × 108 m/s
g
anisotropy factor
refractive index
n
N
photon number in Monte Carlo simulation
p(cos θ )
phase function of single scattering, 1/sr
rl
spot radius of laser beam, m
R
reflectivity
s
photon stepsize, m
t
time, s
W
photon weight
x,y,z
Cartesian coordinates, m
Greek symbols
δt
time step
ξ , ξ1 , ξ 2
random number uniformly distributed in the
interval (0,1)
θi
angle of incidence, rad
θt
angle of transmittance , rad
μa
absorption coefficient, m-1
μs
scattering coefficient, m-1
μt
attenuation coefficient, m-1
μx , μ y , μz
direction cosines
Subscripts
i
l
p

initial
laser
pulse

sp

specular

PHYSICAL MODEL
Three geometrical configurations of a tissue with
embedded tumor and vessels as shown in Fig. 1 will be
considered: (a) a rectangular tissue embedded with a spherical
tumor located at the tissue center; (b) a rectangular tissue
embedded with a spherical tumor and a single large blood
vessel; (c) a rectangular tissue embedded with a spherical
tumor and two large countercurrent blood vessels. The
rectangular geometries of the tissue in all configurations are
identical. The dimensions of the tissue, the diameters and
locations of the blood vessels and tumor, and the centerline to
centerline distance of the vessels and tumor will be described
later.
The light propagations in the tissue are described using a
3-D Cartesian coordinate system with its origin located at the
front-left-top corner of the tissue. The cross sectional views at
the midpoint in the x-direction are also shown in Figs. 1 (a),
(b), and (c). For all cases, the incident Gaussian laser beam is
along the z-direction and the peak coincides with the center of
the top surface of the rectangular tissues.
MONTE CARLO SIMULATION
Monte Carlo methods have been widely used in steadystate simulations of radiative heat transfer [11-19]. General
reviews by Siegel and Howell [20] and Modest [21] provided
the details for implementation of the method. By incorporating
into the time-of-flight concept, the Monte Carlo method can
also be used to address transient laser-tissue interactions [2224].
In principle, the Monte Carlo method can handle nearly
each physical problem as long as it can be represented by the
appropriate probability distributions. In this approach, radiative
transfer is simulated by tracing the movements of a statistically
large number of radiative energy bundles. As each bundle
proceeds from its initial location through a biological tissue, it
experiences scattering, reflection and absorption. Upon
completion of the simulation, the result of radiative transfer is
determined based on the average behavior of the set of
individual energy bundles. Thus, the difficulties in solving the
time-dependent, integro-differential radiative transfer equation
and the complexity in dealing with the Fresnel reflection and
anisotropic scattering can be avoided.
For brevity, only the necessary equations are presented
here. Interested readers should refer to the references [20, 21,
28]. In the following description, the term “photon” does not
mean “a single photon” but represents a photon bundle. The
launch position of a photon is calculated as
⎧ x = rl ξ1 cos(2πξ 2 )
⎪⎪
(1)
⎨ y = rl ξ1 cos(2πξ 2 )
⎪z = 0
⎪⎩
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Figure 1

Three physical models: (a) a rectangular tissue embedded with a spherical tumor located at the tissue center; (b) a
rectangular tissue embedded with a spherical tumor and a single large blood vessel; (c) a rectangular tissue embedded
with a spherical tumor and two large countercurrent blood vessels
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where ξ1 and ξ 2 are random numbers in the interval (0,1). For
a temporally square pulse, the initial time of the incident
photon is calculated by
ti = ξ ⋅ t p
(2)
Calculation of the random number ξ1 , ξ 2 and ξ can be found
in Ref. [29]
Since the beam incident direction is perpendicular to the xy plane, the initial direction cosine is [0,0,1]. Let the refractive
indices of the ambient medium (usually air) and tissue be n1
and n2, respectively, the specular reflectance (Rsp) is computed
as:
(n − n )2
Rsp = 1 2 2
(3)
(n1 + n2 )
The photon weight, set initially at 1, is reset at the tissue
surface by the Rsp
W = 1 − Rsp
(4)

Equations (1), (2) and (4) give the initial position, time and
weight of a photon. The states are updated with the step size of
the photon, s, between interaction sites which are sampled
according to the following relation:
s = − ln(ξ ) / μt
(5)
The attenuation coefficient μt = μa + μ s is different among the
tissue, tumor and blood.
For temporal analysis, the total time of flight of a photon
traveling inside the medium is determined by summing the time
increments converted from the step sizes divided by the speed
of light
s⋅n
δt =
(6)
c0
where c0 is the speed of light in vacuum, and n is the refractive
index of the medium that the photon is currently traveling in.
The new position of the photon is updated with the current
position (x, y, z)
⎧ x' = x + μ x s
⎪ '
(7)
⎨ y = y + μy s
⎪ '
⎩ z = z + μz s
At each interaction point, the photon weight decreases due
to absorption and is determined by
W' =W

μs
μt

The anisotropy factor γ, whose value is between –1 and 1,
characterizes the angular distribution of scattering. The value of
0 indicates isotropic scattering, and a value near 1 indicates
very forward-directed scattering.
Depending on the step size s, the photon may hit the
tissue-blood, or tissue-tumor, or tissue-ambient boundary. If the
boundary is refractive-index mismatched, the photon will
experience reflection or refraction. To determine whether or not
the photon is reflected by the boundary or transmitted into
other side of the boundary, the random number ξ is generated
[29]. The reflectivity function R(θi) is calculated by Fresnel’s
law [28]
1 sin 2 (θ − θ ) tan 2 (θi − θt )
R(θ i ) = [ 2 i t +
]
(11)
2 sin (θi + θ t ) tan 2 (θi + θ t )
If ξ ≤ R(θ i ), then the photon is reflected; otherwise, the
photon is transmitted if ξ > R(θ i ). The reflection/transmission
algorithm at a refractive index mismatched boundary is
described in detail elsewhere [25].
To terminate the propagation of photons, a technique
called Russian roulette [28] is adopted. With the Russian
roulette a photon will not survive if its weight is below the
threshold value (it is set to be 0.0001 in this work). When this
occurs, tracing of that photon is terminated, and a new photon
is introduced.
The statistical numbers of photons backscattered from the
incident surface and transmitted through the back surface are
computed respectively based on the residual weight of those
photons arriving at the surfaces. The results are converted to
the reflectivity and transmittance.
RESULTS AND DISSCUSSIONS
The time-resolved Monte Carlo computer code in this
study is developed based on a well justified Monte Carlo code
for steady light transport [25, 26]. The credibility of the present
code for the transient laser propagation in biological tissues is
first verified by comparing with the results reported in Ref.
[24]. The following data are employed in the simulation:
model dimension: 10mm×10mm×10mm
laser pulse width: t p = 10 ps (square pulse)

laser spot radius: rl = 1.0 mm (Gaussian profile)
refractive index: n = 1.33
scattering coefficient: μ s = 0.997 mm −1

(8)

When scattering takes place, the deflection angle θ (0 ≤ θ < π )
is sampled statistically according to Henyey and Greenstein’s
scattering phase function [30]:
1− γ 2
p(cos θ ) =
(9)
3/ 2
2 (1 + γ 2 − 2γ cos θ )
The azimuthal angle φ (0 ≤ φ < 2π ) is calculated as:
φ = 2πξ
(10)

absorption coefficient: μa = 0.003 mm −1
The total number of emission photons used in this simulation is
106. It can be seen from Fig. 2 that the reflectivity at the center
of the laser spot calculated by the transient Monte Carlo
computer code agrees well with those in [24].
In the following numerical analysis, the dimensions of the
rectangular tissue are 20mm×20mm×10mm, the total energy of
the incident laser is 1 J, and the pulse width of laser is 10 ps.
The optical properties of the tissue, blood and tumor are listed
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in Table 1. These properties are chosen according to the general
optical data in the visible and near-infrared spectrum [27]. The
total number of emission photons used in the simulations is 107,
unless otherwise mentioned. Figure 3 shows the locations of
the detecting points on the top and bottom surfaces of the
tissue. The detection point 7 is located at the center of the top
(bottom) surface, and other points are equally spaced.
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Table 1 Optical properties of tissue, blood and tumor in the
NIR spectrum
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Figure 2 Comparison of the reflectivity for a tissue block
obtained from the present approach and that reported by Guo et
al. [24]
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Figure 3 Locations of the detecting points

Figure 4 Transient light energy distribution in the tissue
without embedded tumor and blood vessel
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a direct result from the pulse nature of the incident laser light,
while the second one is due to the backscattering from the
refractive-index mismatched boundaries. Thus, the occurrence
of the “second peak” is a valuable indication for
detection/diagnose of tumors in a biological tissue. Since the
light propagation is changed by the presence of the refractiveindex mismatched boundaries in the tissue, the decaying tail of
the backscattered optical signal will become irregular and
unsmooth. This leads to the bread-down of the temporal logslope analysis, see Fig. 7 for the result at point 7.
Figure 8 shows the reflectivity and transmittance as
functions of time for the case of Fig. 1(b), in which one blood
vessel of 2 mm in diameter is embedded to the left side of the
tumor. The size of the tumor is the same as that in the previous
case. The centerline-to-centerline distance between the tumor
and the blood vessel is 3.5 mm. Again, the temporal reflectivity
curves exhibits two peaks. The results are similar to those in
Fig. 6.
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Figure 4 shows the transient light energy distribution over
the cross section at the half y length for the tissue without
foreign objects. The transient nature of the ultrashort laser light
transport is clearly exhibited. Even after the laser pulse is
turned off, the laser light continues to propagate into deeper
part of the tissue. The normalized reflectivity and transmittance
as functions of time are presented in Fig. 5. It is evident that the
closer the detecting point to the center of the laser spot is, the
stronger the reflection/transmittance signals is detected. The
delay times of the transmittance signals shown in Fig. 5(b)
indicates, as expected, that no transmittance can be detected
until the photons arrive at the bottom surface of the tissue
block. For the tissue thickness considered here, the
transmittance is one order smaller than the reflectance.
The reflectivity and transmittance as functions of time
presented in Fig. 6 are for the case where a tumor of 4 mm in
diameter is embedded at the center of the tissue, see Fig. 1(a).
Contrary to the previous case without any embedded object, the
temporal reflectivity curves display two peaks. The first one is
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Figure 5 Reflectivity and transmittance as functions of time for
the tissue without embedded tumor and blood vessel: (a)
reflectance signals; (b) transmittance signals
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Figure 6 Reflectivity and transmittance as functions of time for
the tissue with one tumor of 4 mm in diameter: (a) reflectance
signals; (b) transmittance signals
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Figure 7 Irregular decaying tail of the backscattered optical
signal (in log scale) due to the presence of the refractive-index
mismatched boundaries (for the case that the tissue is
embedded with a tumor at the center
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Figure 8 Reflectivity as a function of time for the tissue with
one tumor of 4 mm in diameter located at the tissue center and
one blood vessel of 2 mm in diameter located to the left side of
the tumor

Figure 9 shows the reflectivity and transmittance as
functions of time for the case of Fig. 1(c), where one more
blood vessel of the same size is embedded in the tissue. The
centerline-to-centerline distances between the blood vessels
and the tumor are identical, 3.5mm. Once more, the results in
Fig. 9 are quite similar qualitatively and quantitatively to those
in Figs. 6 and 8. The similarity indicates that the occurrence
and the values of the “second peak” essentially result from the
embedded tumor and are not influenced by the presence of
blood vessels. Therefore, the occurrence of the “second peak”
could be a reliable indication of tumors in the biological tissue.
It is noted here that the tumor cells have the higher absorption
coefficient than the tissue and blood vessels.

Figure 9 Reflectivity as a function of time for the tissue with
one tumor of 4 mm in diameter located at the tissue center and
two blood vessels of 2 mm in diameter located on the two sides
of the tumor
CONCLUSIONS
In this study, three tumor/blood vessel configurations are
considered to study the effects of the mismatched refractiveindex boundaries on ultrafast laser light propagation in
biological tissues. The time-resolved Monte Carlo simulation,
which incorporates the photon reflection and transmission
behavior at the refractive-index boundaries, is performed to
investigate the transient light propagation in the tissue
embedded with tumors and large blood vessels. The numerical
code is validated through comparison of the calculated results
with the results in the literature. The transient light energy
distribution and the reflected/transmitted optical signals are
simulated. The results indicate that the temporal reflection
signals display two peak values when a tissue is embedded with
refractive-index mismatched foreign objects (e.g., tumors or
blood vessels). One is a direct result arising from the pulse
nature of the incident laser light, and the other is due to the
backscattered light from the refractive-index mismatched
boundaries. In addition, it is found that the values and the
duration time of the “second peak” only depend on the
embedded object with the highest absorption coefficient, and is
not influenced by the presence of other embedded objects (such
as large blood vessels). This suggests the occurrence of the
“second peak” be a reliable indication of the location and size
of tumors in biological tissues.
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