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Computational Simulation
of Temperature Elevations
in Tumors Using Monte Carlo
Method and Comparison
to Experimental Measurements
in Laser Photothermal Therapy
Accurate simulation of temperature distribution in tumors induced by gold nanorods dur-
ing laser photothermal therapy relies on precise measurements of thermal, optical, and
physiological properties of the tumor with or without nanorods present. In this study, a
computational Monte Carlo simulation algorithm is developed to simulate photon propa-
gation in a spherical tumor to calculate laser energy absorption in the tumor and exam-
ine the effects of the absorption (la) and scattering (ls) coefficients of tumors on the
generated heating pattern in the tumor. The laser-generated energy deposition distribu-
tion is then incorporated into a 3D finite-element model of prostatic tumors embedded in
a mouse body to simulate temperature elevations during laser photothermal therapy
using gold nanorods. The simulated temperature elevations are compared with measured
temperatures in PC3 prostatic tumors in our previous in vivo experimental studies to
extract the optical properties of PC3 tumors containing different concentrations of gold
nanorods. It has been shown that the total laser energy deposited in the tumor is domi-
nated by la, while both la and ls shift the distribution of the energy deposition in the tu-
mor. Three sets of la and ls are extracted, representing the corresponding optical
properties of PC3 tumors containing different concentrations of nanorods to laser irradi-
ance at 808 nm wavelength. With the injection of 0.1 cc of a 250 optical density (OD)
nanorod solution, the total laser energy absorption rate is increased by 30% from the
case of injecting 0.1 cc of a 50 OD nanorod solution, and by 125% from the control case
without nanorod injection. Based on the simulated temperature elevations in the tumor, it
is likely that after heating for 15 min, permanent thermal damage occurs in the tumor
injected with the 250 OD nanorod solution, while thermal damage to the control tumor
and the one injected with the 50 OD nanorod solution may be incomplete.
[DOI: 10.1115/1.4025388]
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Introduction

In recent years, laser photothermal therapy using gold nano-
shells or gold nanorods has been tested as a hyperthermia
approach due to its ability to deliver and confine adequate thermal
dosage to tumors, which overcomes limitations of collateral
thermal damage to superficial tissue in traditional laser therapy.
Various studies [1–5] have demonstrated that the geometrical
parameters of gold nanoshells or nanorods can be tuned to
enhance laser absorption at a specific laser wavelength. The
underlying mechanism is plasmon resonances of gold nanostruc-
tures when their sizes are much smaller than the visible light
wavelength [6,7]. It has been suggested that the near infrared
(NIR) laser with a wavelength of approximately 800 nm may pen-
etrate into deep normal tissue with minimal laser absorption
before reaching the target tumor containing gold nanoshells or
nanorods [8]. Designing an optimal heating protocol in laser

photothermal therapy may be performed using theoretical
approaches to test effects of various parameters on the resulted
temperature field. However, accurate simulation of temperature
elevations in tumors relies on not only the laser power setting but
also a precise description of thermal, optical, and physiological
properties of tumors with or without nanorod deposition [9–12].

Various experiments have been conducted in the past several
years to evaluate the effectiveness of laser photothermal therapy
in cancer treatment both in tissue cultures and implanted tumors
in mice [2, 4–6, 13–22]. Most in vivo experiments performed on
mice involve injecting approximately 0.1–0.2 cc of nanoshell
solutions (concentration varies from 109 to 1011 nanoshells per ml
solution) into tumors. Typical laser irradiance at the surface
is 2–50 W/cm2 for the photothermal therapy to be effective
[13,14,23,24]. Laser spot size, which is chosen to cover the tumor
region laterally, varies from 1–5 mm [23,25]. Heating duration
varies over a wide range. It can be shorter than several minutes or
longer than 15 min [3,14,23]. Successful treatment outcomes are
illustrated by shrinkage of tumors following the laser therapy, as
well as observed tumor cell death in tissue culture.

Limitations of the previous studies include unknown tempera-
ture fields in the entire tumor during laser treatment. In most
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experiments, only one or two locations are measured, without
information on the temperatures at the tumor periphery. Other
approaches, such as infrared thermography imaging, are only
capable of measuring temperature profiles of the tumor surface
[24]. In light of this, a computational simulation may give a
detailed description of temperature distribution in the tumor and
help obtain a better understating of the three-dimensional heat
transfer in tumors during laser photothermal therapy.

Modeling laser-tissue interaction is beneficial for analyses
and optimization of the parameters determining laser energy
absorption. Traditionally, laser propagation in tissue can be
simulated either based on the diffusion approximation solution
approach considering the laser as a source term and the fluores-
cence effect of the laser beam [26] or based on stochastic analy-
ses, accounting for the statistical uncertainty of laser propagation
in tissue. One widely used stochastic analysis is Monte Carlo sim-
ulations in which the expected value of a certain random variable
is determined by running multiple trial runs to yield statistical
results [27]. Since it was first introduced [28], the Monte Carlo
simulation has been extensively used to simulate light transport in
media for various applications [29–37].

The Monte Carlo method, which is statistical in nature, simu-
lates a “random walk” of a large number of photons in a medium
that absorbs and scatters light [38]. It is considered a rigorous,
accurate, and versatile method to give a reliable prediction of laser
energy deposition [39]. A Monte Carlo simulation of light trans-
port is based on macroscopic optical properties that are assumed
to extend uniformly over small units of tissue volume. The simu-
lation does not consider details of radiant energy distribution
within the unit.

In a Monte Carlo simulation, laser irradiance on a surface is
represented by emitting a large quantity of photons. Once a
photon reaches the boundary surface, part of its weight will be
specularly reflected before the rest moves across the boundary. It
then undergoes a series of events of scatterings and absorptions,
as shown in Fig. 1, and the final volumetric heat generation rate in
tissue is determined by calculating the accumulated photon weight
per unit tissue volume. The trajectory of a photon in tissue is
determined by two key factors, the mean free path and the deflec-
tion angel for an absorption or scattering event. The rules of pho-
ton propagation are expressed as probability distributions for the
incremental steps of photon movement between sites of photon-
tissue interaction for the angles of deflection in a photon’s trajec-
tory when a scattering event occurs and for the probability of
transmittance or reflectance at boundaries [40,41]. The Monte
Carlo simulation requires information of the optical properties of
the medium, which include the absorption coefficient (la), the

scattering coefficient (ls), and the anisotropic factor (g). Optical
properties of tissues are typically determined by experimental
measurements of excited tissue sample [42]. For example, ls and
la of liver tissue is 10 times bigger than that of prostate or breast
tissue. Melanin in the skin and hemoglobin in the blood may
greatly enhance these two coefficients [43,44]. The anisotropic
factor is nearly constant (0.9� 0.97) for most tissues. An aniso-
tropic factor close to unity implies that most scattering events
result in forwarding motion of photons, rather than being scattered
back to the superficial layers of tissue. Since gold nanorod-
induced photothermal therapy is a newly developed nanotechnol-
ogy, none of the previous studies have quantified or measured
optical properties of tumor containing the gold nanorods used in
our previous studies [45].

Recent micro computed tomography (microCT) studies by our
group have suggested that a gold nanorod solution injected into
PC3 prostatic tumors results in an almost uniform distribution of
the gold nanorods in the tumors [45]. Therefore, it is reasonable to
assume that the nanorod-enhanced optical properties are uniform
in the PC3 tumor. In this study, we would like to develop a com-
putational algorithm of a Monte Carlo simulation of photon propa-
gation in a spherical tumor containing gold nanorods to calculate
laser energy deposition in tumors. The effects of la and ls on the
laser energy absorption in tumors will be examined. The laser
energy absorption distribution will be imported to a 3D mouse
model with spherical tumors implanted on its back to simulate
three-dimensional heat transfer during laser photothermal therapy.
The simulated temperature elevations in tumors will then be com-
pared to our previous experimental measurements of tumor tem-
peratures to extract the optical properties of PC3 tumors
containing gold nanorods of different concentrations.

Materials and Methods

Monte Carlo Simulation. The Cartesian coordinate system is
used in the Monte Carlo simulation to trace photon movements.
The z-axis is parallel to the direction of the laser irradiation.
Each photon is initially assigned a weight (W0) based on the laser
irradiance incident on the top surface of the tumor. After the
initial partial specular reflection on the tumor top surface, the step
size of the photon inside the tumor s is calculated based on sam-
pling of the probability for the photon’s free path s(0,1). Accord-
ing to the definitions of the absorption coefficient and scattering
coefficient, the step size is determined by

s ¼ �ðln fÞ= la þ lsð Þ (1)

where f is a random variable in (0,1]
After the photon moves a step size to its new location, attenua-

tion of the photon weight due to absorption by the tissue must
occur, depending on the absorption coefficient and scattering
coefficient. The amount of deposited photon weight, DWi at loca-
tion i, is calculated by

DWi ¼ Wi la=ðla þ lsÞ½ � (2)

Note that DWi is associated with the specific photon incident on
the tumor surface and the tumor location. As it will be shown
later, the deposited photon weights at each tumor location from all
the photons incident on the tumor surface will be added together
to represent laser energy absorbed by the tumor location per unit
time (watt). The photon weight decreases from its previous value
Wi to Wiþ1

Wiþ1 ¼ Wi � DWi

¼ Wi �Wi la=ðla þ lsÞ½ �
¼ Wi ls=ðla þ lsÞ½ � i ¼ 1; 2; 3;… (3)

Fig. 1 Possible path trajectories for incident photons on the
tumor top surface
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Before the photon moves to its next location, scattering occurs so
that the trajectory of the photon is determined by a deflection
angle h and an azimuthal angle W from its previous path direction.
A widely used probability distribution of the cosine of the deflec-
tion angle is as,

f ðcos hÞ ¼ 1� g2

2ð1þ g2 � 2g cos hÞ3=2
(4)

Based on Eq. (4), the cosine of the deflection angle is determined
by using a random variable f between (0,1]:

cos h ¼ 1

2g
1þ g2 � 1� g2

1� gþ 2gf

� �2
" #

(5)

Ignoring the asymmetric scattering in azimuthal direction gives a
constant probability density function and an azimuthal angle W
that is uniformly distributed within the interval [0, 2p], i.e.,
W¼ 2pf.

Therefore, as the photon moves from one location to the next in
tissue, the absorption and scattering events occur and the photon
weight decreases consequently. The propagation of the photon is
terminated when the photon weight is lower than a threshold value
of less than 0.1% of its initial value or when a photon is out of the
computational domain. In order to get a statistically meaningful
result, the trajectories of a large number of photons will be simu-
lated and the accumulated photon weight is stored in grid ele-
ments to calculate the volumetric heat generation rate distribution.

Simulation Parameters. The Monte Carlo simulation is per-
formed on a spherical tumor of 10 mm in diameter. As shown in
Fig. 2, laser energy is incident on a projected circular surface of
the tumor top surface with a spot size of 7 mm in diameter. In our
previous studies [45], 0.1 cc of a gold nanorod solution was
injected into the center of the tumor and it showed an almost uni-
form distribution of the nanorods in tumors after the intratumoral
injection. Therefore, the tumor is modeled as one entity with uni-
form optical properties. In this study, the laser irradiance incident
on the tumor surface is 1.6 W/cm2. Since the incident surface is a
circular area with a diameter equal to 7 mm, the total incident
laser power can then be calculated as I0¼ 0.615 W. The incident
surface on the tumor top surface is divided into N subsurfaces
(N¼ 952). The total number of photons projected onto each
subsurface N0 is 200, with a total of 190,400 (N*N0) photons
used, assuming that the laser irradiance is uniformly distributed

on the tumor top surface. Since all the photons should have the
same initial weight, the initial weight of each photon (watt) can
then be calculated as

W0 ¼ I0=ðN0 � NÞ (6)

The tumor volume is then divided into cubic elements. As
described earlier, the deposited photon weights DW in each cubic
element from all 190,400 photons will be added together to calcu-
late the total laser energy absorbed by that specific cubic element.
The volumetric heat generation rate in the specific cubic element
in the tumor in term of W/m3 is then determined by dividing the
deposited photon weight (watt) in the specific cubic element by
the cubic element volume (m3).

Since the Monte Carlo method is a stochastic approach, a large
number of photons are needed to obtain statistically repeatable
results. The total number of photons incident on each subsurface
(N) is increased from 200 to 2000 to test the sensitivity. The
numerical simulations suggest a very small difference (less than
1%) in the average specific absorption rate (SAR) value resulting
from the increase in the number of photons. The tumor volume is
divided into cubic elements (0.2�0.2�0.2 mm3 in each element).
We have tested the sensitivity of the element size by increasing
the number of the elements by 400% and found that it results in a
difference of 1% difference in the average tumor temperature.

Generation of a Mouse Model. A BALB/c Nu/Nu male mouse
from an albino laboratory-bred strain of the house mouse
(National Cancer Center, 3 months old) was scanned in a microCT
imaging system (Skyscan1173, MicroPhotonics, PA) to obtain the
geometry of the mouse model (Fig. 3). Due to the memory limita-
tion of our computer, the mouse model was reconstructed based
on 15 digital slices of the CT scans using ProE software. The
ProE file representing the mouse geometry was then imported
into COMSOL

VR

4.3 Multiphysics software package via the Live-
LinkTM interface.

Heat Transfer Model in COMSOL
VR

. The temperature eleva-
tion in prostate tumors was modeled using COMSOL

VR

Multiphy-
sics 4.3. Figure 3 depicts the computational domain for modeling
laser photothermal therapy in COMSOL

VR

with two tumors
implanted on the flanks. The two tumors are implanted into the
mouse model with 1/4 of the tumors inside the mouse body. To
mimic the experimental settings in our previous study, only one of
the tumors is heated using the 808 nm laser incident on the top
surface of the tumor.

The Pennes bioheat equation is used to simulate the steady state
temperature fields of the tumors and the mouse body [46]. They
are written as

Mouse body 0 ¼ ktissuer2Ttissue þ xqbcbðTb � TtissueÞ þ Qmet;tissue

(7)

Tumor 0¼ ktumorr2TtumorþxqbcbðTb�TtumorÞþQmet;tumorþQlaser

(8)

where Ttissue is mouse tissue temperature, Ttumor is tumor tempera-
ture, Tb is the temperature of the arterial blood and it is equal to
37 �C, kt is thermal conductivity of tissue, qb is blood density, cb

is specific heat of blood, and Qmet is metabolic heat generation
rate. Note that the specific absorption rate (SAR), represented by
Qlaser in Eq. (8), is calculated from the Monte Carlo simulation
and is only applied to the tumor subject to laser irradiance. The
bottom surface of the mouse body is assumed to be at a constant
temperature equal to that of a heating pad at 37 �C. All the other
lateral surfaces are assumed to exchange heat with the surround-
ing air (Tair¼ 20 �C) by convection. The overall heat transfer coef-
ficient (h) accounting for both natural heat convection and
radiation was calculated to be approximately 10 W/m2 �C.

Fig. 2 The left panel shows the subregions of the top surface
of a spherical tumor irradiated by a laser spot of 7 mm in diame-
ter. The right panel illustrates individual grid elements which
are 0.2 3 0.2 3 0.2 mm3 in volume in the tumor region.
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The computations were conducted using LiveLinkTM

COMSOL
VR

4.3 for finite element simulation of the temperature
distribution. The total quadratic tetrahedral elements in the three-
dimensional mouse model is 31,362 with a total number of degree
of freedom of 74,286. We have tested the sensitivity of the mesh
size by increasing the total number of the elements by 50% and
found that it resulted in a difference of less than 1% in the average
tumor temperature.

Extraction of the Optical Properties. Previous experiments
have been performed by our group to obtain temperature elevations
in PC3 tumors during laser photothermal therapy [45]. The details
of the experiment can be found in our previous publication.
Briefly, after the injection of 0.1 cc of a 250 OD gold nanorod
solution (2.1� 1014 nanoparticles per ml (NPS/ml)) into one of the
tumors, two fine copper-constantan thermocouples with a wire di-
ameter of 100 lm were inserted into the tumor to map the tempera-
ture elevations in the tumor. In order to place the thermocouple in
the tumor, a 22-gauge needle was inserted first and went through
the center of the spherical tumor all the way to the other end. The
thermocouple was inserted into the needle from one side until it
reached the other side. Then, the needle was pull out of the tumor.
The second thermocouple was fixed with the same procedures
except that it passed the center of the bottom surface of the tumor,
which was the interface between the tumor and the mouse body.
Then, the tumor was subject to laser heating using a Ti:Sapphire
laser at 808 nm incident on the top surface of the tumor. The laser
radiance at the tumor surface was fixed at 1.6 W/cm2 (an average
power of 0.6 W and a laser spot of 7 mm in diameter). After steady
state, the thermocouples were pulled to map the steady state tem-
peratures along the two tumor paths. The recorded temperatures at
various locations in the tumor will be used for extracting optical
properties in the PC3 tumors with the 250 OD nanorod injection.
Similar experiments were performed on implanted PC3 tumors
without nanorod injection or in tumors injected by 0.1 cc of a 50
OD nanorod solution. The 50 OD nanorod solution (3.2� 1013

NPS/ml) is less concentrated than the 250 OD nanorod solution.
Compared to the obtained experimental temperature measure-

ments inside the laser irradiated tumor, an inverse heat transfer
analysis was applied to extract the optical properties (la and ls)
of the prostatic tumors without or with the gold nanorods to the

808 nm laser. The SAR distribution was calculated via the devel-
oped computational algorithm of the Monte Carlo simulation of
photon propagation in a spherical tumor with nanorods, as shown
in the section of Monte Carlo Simulation. Then the SAR file was
imported to the tumor region to simulate the temperature fields of
the tumor and the mouse body. An objective function based on the
least square residual fit is defined by the following expression:

LSQðla;lsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1

Ui � Tiðla; lsÞ½ �2
s

M
(9)

where M is the total number of the measured temperatures along
the two tumor paths, Ui and Ti represent the experimentally meas-
ured and theoretically predicted temperatures, respectively, at
individual tumor locations. The experimental values used in
Eq. (9) are the average temperatures of all the tumors studied. The
values of the absorption and scattering coefficients were adjusted
until the objective function reaches its minimal. The obtained
absorption and scattering coefficients then represent the optical
properties of the tumors with or without nanorod depositions.

Results

Table 1 gives a summary of laser parameters for the Monte
Carlo simulation. The anisotropic factor g is assumed equal to 0.9
[39]. The spectral reflectivity at the tumor surface is calculated as
0.0298 [41], representing less than 3% of the initial photon
weight. The simulation is carried out so that both la and ls vary
within large ranges due to the uncertainty of the optical properties.
The size of the tumor has a volume similar to the average
tumor volume measured in our previous experimental studies
(691 6 62 mm3) [45].

The four panels in Fig. 4 demonstrate how the absorption coef-
ficient affects the laser energy absorption distribution in the tu-
mor. The tapered SAR pattern in the tumor is largely due to the
concave shape of the tumor top surface where the laser is incident.
Although scattering is considered in the model (ls¼ 1.5 cm�1),
laser energy absorption outside of the dominant absorption region
is minimal. The percentage shown at the bottom right corner in
each panel gives the total percentage of the laser energy absorbed

Fig. 3 The generated mouse model and the two embedded tumors. The thermo-
couple paths are illustrated in the spherical tumor as solid and dash lines.
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by the tumor. Increasing the absorption coefficient greatly enhan-
ces the total laser energy absorption by the tumor. The rest of the
laser energy is either specularly reflected on the tumor top surface
(2.98%), or it escapes from the tumor surface before its energy is
exhausted (59%–6%). The energy absorption increases monoto-
nously with la until it almost saturates when la exceeds 3 cm�1,
with only 6% of the laser energy escaping from the tumor surface.
On the other side, a continuous increase in the absorption coeffi-
cient higher than 3 cm�1 may shift the distribution of laser deposi-
tion in the tumor; however, it is a waste of the resource of
nanorods since the majority of the laser energy has been confined
in the tumor.

The effect of the scattering coefficient on the SAR distribution
is presented in Fig. 5 where the absorption coefficient is kept
unchanged as 1.5 cm�1. The scattering coefficient ls varies from
no scattering (0 cm�1) to significant scattering (30 cm�1). Clearly
with an increase in the scattering effect, the step size of individual
photons in the tissue will be greatly shortened, resulting in dimin-
ishing chance of the photons to escape from the tumor domain.
The major contribution of the enhanced scattering coefficient is to
shift most of the laser energy to the top region of the tumor.
Among all the laser energy escaping from the tumor surface, a
larger ls results in most of the laser energy escaping from the
upper hemispherical tumor surface rather than from the lower
tumor surface. Surprisingly, the scattering coefficient has a minor
effect on the percentage of the total laser energy absorbed by the
tumor, at approximately 74% over the range of the scattering coef-
ficient when the absorption coefficient is 1.5 cm�1.

The physical parameters and thermal properties of the mouse
tissue and tumor prostate used in the numerical simulation
from literature are given in Table 2. The thermal and physiologi-
cal properties of tissue have been reported in the literature

[39,47–49]. It is not clear how the blood perfusion rate in the
tumor changes during the heating. Previous experiments using the
same heating protocol [45,50] on PC3 tumors have demonstrated
permanent thermal damage to the tumors; therefore, it is reasona-
ble to assume that the blood supply to the tumors after 15 min of
laser heating may have ceased when the tumor temperatures were
recorded. In Table 2, the tumor blood perfusion rate and the meta-
bolic heat generation rate are, therefore, selected as zero. For the
250 OD case, 63 sets of ls and la are tested to obtain temperature
distributions in the tumor. The least square residual fit is pre-
formed to calculate the difference between the experimental and
theoretical temperature distribution in the laser irradiated tumor.
Figure 6 gives the obtained objective functions for different
combinations of the absorption and scattering coefficients. As
shown in Fig. 6, the objective function is the smallest when
la¼ 1.1 cm�1 and ls¼ 7 cm�1, which represent possible optical
coefficients of the PC3 tumors injected by 0.1 cc of the 250 OD
gold nanorod solution. Table 3 gives the three sets of the extracted
ls and la for the three cases. Both ls and la are higher in tumors
containing more nanorods. In the tumor tissue without nanorods
present, the absorption coefficient is 37% of that of the tumors
injected by 0.1 cc of the 250 OD gold nanorod solution.

The theoretical and experimental tumor temperature distribu-
tions during laser photothermal therapy are shown in Fig. 7 when
using the fitted optical properties of the tumor injected with the
250 OD nanorod solution. The two paths for the temperature map-
pings in the tumor are also illustrated on the right bottom of the
figure. The theoretical temperature predictions agree reasonably
well with the experimental measurements, having an average
deviation of less than 0.7 �C.

Since the experimental study only records temperatures at lim-
ited locations in the tumor, the theoretical simulation is used to

Table 1 Summary of the laser simulation variables

Anisotropic factor Scattering coefficient Absorption coefficient Laser irradiance Laser power Reflectivity

g ls (cm�1) la (cm�1) I0 (W/cm2) P (W) r
0.9 0–30 0.5–3 1.6 0.6 0.0298

Fig. 4 The effect of the absorption coefficient on the SAR distribution in the
spherical tumor while the scattering coefficient ls is kept unchanged as 3 cm21
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give a complete temperature field in the tumor. The SAR distribu-
tion generated from the Monte Carlo simulation (la¼ 1.1 cm�1

and ls¼ 7 cm�1) for the 250 OD case is depicted in Fig. 8(a).
Figure 8(b) shows the enlarged SAR contour map in the mouse

model, while the top view of the SAR distribution is illustrated in
Fig. 8(c). Using the fitted optical properties, the average SAR
induced by laser irradiance is 8.5� 105 W/m3 in the tumor, while
the volumetric heat generation rate in the mouse body is caused
only by local metabolism and blood perfusion effects. Table 4
shows how the laser energy is conserved using the Monte Carlo
simulation. As expected, only 35% of the laser energy is confined
in the tumor without nanorods, while it increases to 67% in the
tumor injected with the 250 OD nanorod solution. Since the tumor
is protruding from the mouse back, one sees significant laser
energy escaping from the tumor surface, especially from the bot-
tom half of the spherical surface (30–60%). The last column

Fig. 5 The effect of the scattering coefficient on the SAR distribution in the spher-
ical tumor while the absorption coefficient la is kept unchanged as 1.5 cm21

Table 2 Thermal and physiological properties obtained from
the literature [39,47–49]

x (s�1) Qmet (W/m3) qb (kg/m3) k (W/mK) cb (J/kgK)

Tumor 0 0 1060 0.5 3960
Mouse tissue 0.00018 450 1060 0.5 3960

Fig. 6 The obtained objective function values for various combinations of the
absorption and scattering coefficients in the 250 OD injection case. The objective
function is the smallest when la 5 1.1 cm21 and ls 5 7 cm21.
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Table 3 Extracted scattering coefficient ls and absorption coefficient la of the PC3 tumors
containing different nanorod concentrations

ls (cm�1) la (cm�1) ls/la

Without nanorod injection 5 0.41 12.19
Injection of 0.1 cc of 50 OD gold nanorod solution 6 0.8 7.5
Injection of 0.1 cc of 250 OD gold nanorod solution 7 1.1 6.36

Fig. 7 Experimental (symbols) and theoretical (lines) temperature distribution
profiles in the tumors during laser photothermal therapy in the 250 OD injection
case. Temperature mappings are along two tumor paths shown on the right bottom
of the figure.

Fig. 8 Panel (a) gives the SAR contour map along the centerline in the mouse
model, including the mouse body and the tumor. An enlarged SAR distribution in
the tumor in the 250 OD injection case is shown in panel (b). The top view of the
SAR distribution in the 3D structure of the mouse model is illustrated in panel (c).
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shows laser energy conservation in the Monte Carlo simulation
results.

The resulting temperature fields in the tumor for the three cases
during laser photothermal therapy are presented in Fig. 9. The
laser irradiance has a very minor effect on the temperature field of
the mouse body, which has a relatively uniform temperature dis-
tribution. With the heat generated in the tumor in the 250 OD
case, the tumor temperature is elevated significantly from its base-
line of 37 �C, varying from 47 �C on the bottom of the tumor to
68 �C on the top surface irradiated by the laser. Due to the laser
penetration in the tumor, the maximal temperature of 68 �C is
located 1 mm below the top surface, while the temperature at the
tumor center is approximately 61 �C. On the other hand, the maxi-
mal temperature of the tumor without nanorod injection is only
49.7 �C, located 2.1 mm below the top surface. 39 �C is the tem-
perature at the tumor bottom surface without nanorod injection. In
general, temperatures are lower in the tumor periphery than in the
tumor central region. The nonuniform temperature distribution of
the tumor temperature field again emphasizes the challenge faced
by clinicians to induce uniform thermal damage to the entire
tumor.

Discussion

Laser photothermal therapy has the potential for treating
local prostatic tumors. For prostatic cancer treatment, regional
hyperthermia has been considered minimally invasive due to
transurethral or transrectal access to the prostate. Temperature
elevations in tumors can be achieved via laser energy emitted
from a laser catheter inserted in the prostatic urethra. In addition,
cooling using cold water circulating inside the catheter may be

implemented to protect the sensitive prostatic urethra. Utilizing
near-infrared laser at 800 nm in wavelength provides an advantage
to minimize laser energy absorption by prostatic tissue near the
prostatic urethra, therefore, maximizing heat absorption by the tu-
mor with nanorods. This goal can be achieved by carefully design-
ing heating protocols via theoretical simulations before the actual
laser treatment. The predictive power of theoretical simulations
relies on accurate measurements of thermal and optical properties
of tumor tissue with or without nanorods present.

The Monte Carlo simulation allows calculation of reflection,
transmission, and absorption of photon weight in tissue. Our pre-
vious experimental studies have shown that the gold nanorods
used in our study are almost uniformly distributed in the prostatic
tumors after intratumoral injections. Therefore, the optical proper-
ties of the tumors can be assumed uniform in the calculation do-
main. However, the distribution of nanostructures may not always
be isotropic as in this study. It is not clear whether other kinds of
nanorods or nanoshells having different sizes and/or shapes will
result in the same deposition patterns as in our study. In a sys-
temic delivery, it is even more unpredictable since the nanostruc-
ture distribution in tumors depends on not only local blood
perfusion rate but also permeability of the vasculature and coating
on the nanostructures. Therefore, other image techniques are
needed to understand the possible heterogeneous distribution of
the optical properties in tumors for precise simulation using the
Monte Carlo method.

We have demonstrated the impact of absorption and scattering
coefficients on the thermal energy absorption in tissue. Typically,
a tissue region having both absorption and scattering cannot be
described by Beer’s law, which states that the laser absorption
is one-dimensional and laser irradiance decays following an

Table 4 Energy conservation in the Monte Carlo simulations for the three cases

Cases
Specularly reflected

energy
Absorbed by

the tumor
Escaping from the

bottom hemispheric surface
Escaping from the

top hemispheric surface Total

No nanorod 2.98% 35.52% 51.71% 8.97% 99.2%
50 OD 2.98% 55.50% 33.87% 6.92% 99.3%
250 OD 2.98% 66.08% 24.26% 6.02% 99.4%

Fig. 9 The temperature contours inside the tumor based on the obtained optical
properties of the tumor. (a) No nanorod injection, (b) the tumor is injected with
0.1 cc of the 50 OD nanorod solution, and (c) the tumor is injected with 0.1 cc of the
250 OD nanorod solution.
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exponential function. Previous studies have proposed an expres-
sion similar to Beer’s law via combining the absorption and scat-
tering together, leading to a definition of the effective attenuation
coefficient [27,28]

leff ¼ la þ ð1� gÞls (10)

Therefore, Beer’s law can still be used except that the absorption
coefficient in Beer’s law is replaced by the effective attenuation
coefficient leff. Based on this expression, the role played by
scattering is equivalent to an enhancement in absorption, while
the anisotropic factor g is considered as a factor that diminishes
the scattering effect when g is positive. Examining our simulation
following photons’ propagation in the tissue region, our model
can be used to assess whether Eq. (10) reasonably represents
propagation and absorption in the PC3 tumors used in our studies.
One finds that the energy absorbed deviates significantly from the
simple one-dimensional propagation and a majority of photon
energy may escape from the tumor surfaces, especially when scat-
tering is strong. Our result also illustrates that an increase in the
scattering coefficient has very little influence on the total laser
energy absorbed by the tissue region, unlike that predicted by
Eq. (10). It is possible that Eq. (10) may still be a reasonable esti-
mation of laser energy absorption if the considered domain is an
infinite plane perpendicular to the laser incident direction. There-
fore, Eq. (10) may still be valid under certain circumstances.
However, it would have led to inaccuracy if it were used to
describe photon propagation in the spherical structure described in
this study.

Since laser photothermal therapy is a newly developed tech-
nique in recent years, investigation of optical properties enhanced
by the presence of nanostructures is limited. Our study has
attempted to extract optical properties of PC3 tumors injected by
0.1 cc of either 50 OD or 250 OD nanorod solution, as well as that
of tumors without nanorod injection, using inverse heat transfer
analyses. The range of the obtained optical properties agrees in
general with several previous measurements by other groups. It
has been shown [51] that the extinction coefficient of nanorods
with transversal and longitudinal diameters of 13 nm� 47 nm is
dominated by absorption. This is in agreement with our Monte
Carlo simulation that the total laser absorption rate by the tumor is
more sensitive to the change of the absorption coefficient than
that of the scattering coefficient. Our results (la¼ 0.41 cm�1 and
ls¼ 7 cm�1) agree very well with several previous results of pros-
tatic tissue without nanorod injections. In Piao et al. it is reported
that the absorption coefficient as 0.34 cm�1 and the scattering
coefficient varying from 0.25 to 1 cm�1 for normal human pros-
tate tissue to laser at 830 nm wavelength [43]. The measured
absorption coefficients at 789 nm wavelength laser in prostatic tu-
mor samples (R3327at) is 0.6 6 0.3 cm�1, which is close to what
is determined in our study in tumors without nanorod injection
[52]. It is evident from previous studies that adding nanoshells or
nanorods increases the absorption and scattering coefficients in
tissue. Using a laser at 808 nm, gold nanoshell-enhanced thermal
deposition was studied by Feng et al. [39]. The extracted absorp-
tion and scattering coefficients are 2.15 cm�1 and 14.2 cm�1,
respectively [39]. Another study reported that the absorption coef-
ficient of PC3 tumors in the presence of nanorods is 3.07 cm�1

based on nanorod biodistribution and in vitro measurements [51].
In our study, the extracted absorption and scattering coefficients
of the tumors injected with 0.1 cc of 50 OD gold nanorod solution
to laser at 808 nm are 0.8 and 6 cm�1, respectively. When the tu-
mor is injected with 0.1 cc of a highly concentrated nanorod solu-
tion (250 OD), the extracted absorption coefficient of 1.1 cm�1 is
still smaller than that of the previous studies. The deviations
among different studies may be due to variations of nanorod/nano-
shell types and sizes and porous structures of tumors. Most impor-
tantly, the concentration of the injected nanorod solutions
influences the optical property enhancements in PC3 tumors.

One limitation of the theoretical simulation is the uncertainty of
the local blood perfusion rate and the responses of the blood flow
to heating. Typically, the normal response of tissue to heating is
to increase the local blood perfusion rate, as shown by previous
studies [53,54]. However, the responses are more unpredictable in
tumors. In this study, we assume that the vasculature of the tumors
is damaged during the laser photothermal therapy; therefore, it is
reasonable to assume that both the tumor blood perfusion rate and
metabolism are zero. With blood supply to tissue, local metabolic
heat generation rate is typically one or two orders of magnitude
smaller than the heat generation rate by external devices such as
laser, microwave, etc. However, the local blood perfusion rate, if
it is sufficient, would act as a heat sink to carry away the heat, and
it may have an order of magnitude similar to that of the heat
generation rate by external devices [54]. It is always difficult to
assess local blood perfusion rate without real-time simultaneous
measurements of tumor temperatures and blood flow rates. Mag-
netic resonance imaging (MRI) may be a suitable way to measure
them simultaneously.

Another limitation of the current work is the assumption of a
spherical shape of the tumor. It will impose a challenge to imple-
ment Monte Carlo simulation if a tumor is irregular in shape. It is
also difficult to embed a tumor with an irregular shape in the
imported 3D mouse body in the COMSOL

VR

software due to limi-
tations of computational memory and difficulty in meshing. In the
current study, the laser equipment used does not allow change in
the laser parameters. It is important to point out that the laser
beam size, laser power setting, and using a single- or multiple-
beam delivery system will result in different energy deposition
patterns desirable for target tissue. Future studies are warranted to
continue to improve the computational algorithms so that the
generated tumor geometry can be accepted by commercial finite
element software packages for heat transfer simulations.

The computer model developed in this study is capable of pre-
dicting laser-induced temperature elevations in a prostate tumor
by incorporating optical enhancements in the absorption and scat-
tering coefficients due to the presence of gold nanorods. The
Arrhenius integral [55] can be used to quantitatively assess ther-
mal damage based on measured or simulated temperature history
at various tissue locations. The obtained temperature contours in
the entire tumor have illustrated that the minimal temperature in
the tumor injected with 0.1 cc of 250 OD nanorod solution is still
larger than 47 �C. Incorporating this temperature and the 15 min
of heating time into the Arrhenius integral, one can assess thermal
damage to the entire tumor. Using the same heating protocol, the
occurrence of irreversible thermal damage in the entire tumor has
been confirmed by the histological results and tumor shrinkage
studies by our group [50]. However, without nanorod injection
into the tumor, the minimal temperature of the tumor is barely
39 �C, thus it is unlikely that a heating duration of 15 min is suffi-
cient to induced permanent thermal damage to some regions of
the tumor with only several degrees above 37 �C. Injecting 0.1 cc
of a 50 OD nanorod solution almost doubles the absorption coeffi-
cient from the 0.41 cm�1 in the control case to 0.8 cm�1, resulting
in 56% more laser energy confined in the tumor than that in the
control case. However, the minimal temperature in tumors
injected by 0.1 cc of a 50 OD nanorod solution is only 44 �C, and
it is unlikely to induce permanent thermal damage in the entire tu-
mor when the heating duration is only 15 min. Nevertheless, the
current study determines optical properties of tumor tissue with
nanorods present, and it is the first step leading to predicting 3D
temperature elevation contours in the entire tumor to assess ther-
mal damage following a designed heating protocol.

In summary, a computational Monte Carlo simulation algorithm
is developed to simulate photon propagation in a spherical tumor
to examine the effects of the absorption and scattering coefficients
of PC3 tumors on the generated heating pattern in spherical
tumors. The laser-generated energy deposition distribution is then
incorporated into a 3D finite-element model of a mouse body with
prostatic tumors implanted on its flanks to simulate temperature
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elevations during laser photothermal therapy using gold nanorods.
The simulated temperature elevations are compared with experi-
mentally measured temperatures in our previous in vivo experi-
ment in PC3 prostatic tumors to extract the optical properties of
the PC3 tumors containing gold nanorods of different concentra-
tions. Our study has shown that the total laser energy deposited in
the tumor is dominated by la, while both la and ls shift the distri-
bution of the energy deposition in the tumor. Three sets of la and
ls are extracted, representing optical properties of PC3 tumors
containing different concentrations of nanorods to laser irradiance
at 808 nm wavelength. With the injection of 0.1 cc of the 250 OD
gold nanorod solution, the total laser energy absorption rate is
increased by 30% from the case of injecting 0.1 cc of the 50 OD
nanorod solution and by 125% from the control case without
nanorod injection. Based on the simulated temperature elevations
in the tumor, it is likely that permanent thermal damage occurs in
the tumor injected with the 250 OD nanorod solution when the
heating time is 15 min, while thermal damage to the control tumor
and the one injected with the 50 OD nanorod solution may be
incomplete.
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