
HAL Id: hal-01624184
https://hal.science/hal-01624184

Submitted on 1 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Simulation of nanoparticle-mediated near-infrared
thermal therapy using GATE

Vesna Cuplov, Frederic Pain, Sébastien Jan

To cite this version:
Vesna Cuplov, Frederic Pain, Sébastien Jan. Simulation of nanoparticle-mediated near-
infrared thermal therapy using GATE. Biomedical optics express, 2017, 8 (3), pp.1665-1681.
�10.1364/BOE.8.001665�. �hal-01624184�

https://hal.science/hal-01624184
https://hal.archives-ouvertes.fr


Simulation of nanoparticle-mediated
near-infrared thermal therapy using GATE

VESNA CUPLOV1,* FRÉDÉRIC PAIN,2 AND SÉBASTIEN JAN1

1IMIV, CEA, Inserm, Université Paris Sud, CNRS, CEA/Service Hospitalier Frédéric Joliot, F-91401,
Orsay, France
2IMNC, CNRS, Université Paris Sud, Université Paris Saclay, F-91405, Orsay, France
*vesna.cuplov@gmail.com

Abstract: Application of nanotechnology for biomedicine in cancer therapy allows for direct de-
livery of anticancer agents to tumors. An example of such therapies is the nanoparticle-mediated
near-infrared hyperthermia treatment. In order to investigate the influence of nanoparticle proper-
ties on the spatial distribution of heat in the tumor and healthy tissues, accurate simulations are
required. The Geant4 Application for Emission Tomography (GATE) open-source simulation
platform, based on the Geant4 toolkit, is widely used by the research community involved
in molecular imaging, radiotherapy and optical imaging. We present an extension of GATE
that can model nanoparticle-mediated hyperthermal therapy as well as simple heat diffusion
in biological tissues. This new feature of GATE combined with optical imaging allows for the
simulation of a theranostic scenario in which the patient is injected with theranostic nanosystems
that can simultaneously deliver therapeutic (i.e. hyperthermia therapy) and imaging agents (i.e.
fluorescence imaging).
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1. Introduction

Standard cancer therapy is invasive, painful and its side effect and toxicity impact patient’s
life [1]. An ideal therapy assumes that the anticancer agent only destroys the tumor cells
allowing for normal tissue to remain unaffected. Unfortunately, cumulative toxicity in healthy
tissue cannot be avoided. An innovative application of nanotechnology for biomedicine in
cancer therapy [2] allows researchers to deliver anticancer agents directly to tumors and target
treatments to individual cancer cells. Cancer cells show signs of apoptosis when they are exposed
to temperatures that reach 41-47◦C; for temperatures above 50◦C cell proteins are denaturated
[3]. This fact is put into practice in hyperthermal therapy using light-absorbing nanoparticles
preferentially localised inside the tumor. This minimally invasive approach to cancer treatment
uses nanoparticles that will induce a temperature increase in the tumor when light (i.e. laser) is
applied. There have been many in vivo demonstrations of the use of nanoparticles in hyperthermal
therapy and diagnostic imaging leading to promising results. Popp et al. [4] have shown that
the average mice murine melanoma tumor volume decreases after gold nanorods injection and
near-infrared light treatment. Gold nanorods are promising hyperthermia agents for in vivo
photothermal ablation of solid tumors in xenografted mouse tumor model [5] or deep-tissue
malignancies [6]. Hirsch et al. [7] have shown that exposure to low doses of near-infrared
light in solid tumors treated with metal nanoshells reached temperatures capable of inducing
irreversible tissue damage. Gobin et al. [8] reported that the use of near-infrared nanoshells
significantly increases optical contrast in mice tumors for optical coherence tomography and
allows photothermal ablation of tumors with increased survival. A clinical trial for nanoparticle-
mediated hyperthermia has already been conducted [9] and involved magnetic nanoparticles
combined with radiation therapy for treatment of patients with recurrent malignant glioma.
Patients were exposed to an alternating magnetic field to induce particle heating. A human
clinical pilot study of commercialized gold nanoshells (AuroShell) is currently ongoing [10].
Patients with refractory and/or recurrent head and neck tumors have been enrolled and will be
treated with an infusion of AuroShell particles followed by laser illumination for photothermal
ablation of target lesions. Despite the numerous cellular (in vitro) and animal (in vivo) studies
that have been performed (see [11] for a gastrointestinal cancer review), conducting clinical
trials regarding photothermal therapy using nanoparticles remains very challenging because
quantitation and control of hyperthermal effects depend on many factors such as the nanoparticle
optical and thermal properties, the biodistribution within the tumor [12] and the biological tissues
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and light illumination properties. In order to investigate the influence of these parameters on the
spatial distribution of heat in the tumor and healthy tissues, simulations are required, similarly to
their use in dosimetry and treatment planning for radiative approaches. One of the main risks
of nanoparticle-mediated near-infrared laser ablation in the treatment of tumor is damaging the
healthy tissue around the tumor. Experimental data are mandatory in order to validate simulations
of the temperature increase within the tumor and surrounding tissues and select the most
promising laser settings and gold nanoparticle concentration [13, 14]. Several thermal simulation
tools have been developed in software packages for clinical hyperthermia [15]. The visualizer for
electromagnetic dosimetry and optimization software (VEDO) [16] has been designed to simulate
realistic electromagnetic thermal therapy for cancer [17, 18]. Available simulation softwares
for ultrasound hyperthermia planning include Field II [19, 20], Focus [21] and k-wave [22].
A physics interface for the bioheat equation is provided in the heat transfer module of the
licence based COMSOL Multiphysics [23] simulation code in which the light propagation is
modeled using the finite element method; therefore the result precision and computing time
depend on the grid size. The propagation of photons in COMSOL is described using the diffusion
approximation of the radiation transport equation, which is limited to systems where reduced
scattering coefficients are much larger than their absorption coefficients. Diffusion approximation
and Kubelka-Munk model (propagation of light through a diffuse scattering medium with no
absorpion) are based on assumptions that are often not true for light scattering in tissues during
phototherapy [24]. Light propagation in biological tissues using Monte-Carlo simulation could
provide more accurate results than the analytical method using diffusion approximation if
we consider multi-layered systems with non negligible absorption coefficients. The Geant4
Application for Emission Tomography (GATE) open-source simulation platform, based on
the Geant4 toolkit, has been developed since 2001 [25–27] by the OpenGATE collaboration
(www.opengatecollaboration.org) and is currently widely used by the research community
involved in molecular imaging, radiotherapy and optical imaging. We present an extension of
GATE so that it can model nanoparticle-mediated hyperthermal therapy as well as simple heat
diffusion in any material or biological tissue assigned with optical and thermal properties. The
advantage of using GATE is the possibility to simultaneously model accurate optical photon
transport in tissues (using precise scattering models such as Rayleigh and Mie and boundary
effects in complex geometries) and thermal therapy. In addition to these new developments, the
modeling of theranostic scenario using GATE is implicit as nanoparticles can be described as
a hyperthermia agent as well as a diagnostic probe (i.e. fluorophore, positron emitter) which
can be used for tumor imaging (i.e. optical imaging, Positron Emission Tomography). There
is currently no integrated software platform allowing for the in silico simulation of theranostic
scenarios involving hyperthermia that could help for designing, optimizing, testing and validating
protocols targeting different realistic clinical applications.

2. Theory

Hyperthermia is a cancer therapy in which the tumor is heated in the temperature range of
40-50◦C. It has been demonstrated that cancer cells within the tumoral environment are more
vulnerable to heat than healthy cells [28]. Nanoparticles as hyperthermia agents allow for a
controlled distribution of heat within a target tissue avoiding damage to surrounding healthy
tissues. They can also deliver anticancer agents directly to the tumor because these objects
can encapsulate drugs in the same manner as other theranostic particles such as liposomes,
dendrimers, micelles or coloidal particles. When gold nanoparticles (GNPs) are excited at their
plasmonic frequency by near-infrared (NIR) photons, electrons of their metallic surface oscillate
collectively. This phenomenon called surface plasmon resonance induces a strong absorption of
the incident light which can be measured using a UV-Visible absorption spectrometer (for an
example of nanoparticle absorbance spectrum, see Fig. 1 in [29]). One drawback of phototherapy
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is the limited penetration depth of light in tissue. In order to maximize it, one needs to work in
the NIR window which is limited by the light absorption of blood at short wavelengths and the
light absorption of water at long wavelengths, i.e. range of wavelengths from 650 to 1350 nm.
Nanotechnology for biomedicine offers the ability to tailor GNPs such that their peak plasmonic
(or extinction) wavelength is located within the NIR biological window and that they possess the
largest yield of photon absorption to heat generation.

2.1. Nano material and photon extinction: a Monte-Carlo simulation

For in vivo nanoparticle-mediated hyperthermal therapy, approximately 108 particles are injected
for a 1 cm diameter tumor [7]. Consequently, modeling each individual nanoparticle-photon
interaction within a tumor is not reasonable and would clearly be computationally demanding.
Here, we propose another approach that relies on the definition of a material with a property
called NanoAbsorptionLength (La) and an optical photon physics process called NanoAbsorption.
In GATE, each optical photon is transported following a step length which is randomly sampled
using the mean free path (or interaction length) of each physics process associated to the optical
photon (i.e. Rayleigh/Mie scattering, fluorescence, physics processes at the interface between
two media), including the NanoAbsorption process. The mean free path of the optical photon
interaction with the nanoparticle-infused medium is La. It represents the average distance an
optical photon can travel in the nanoparticle-infused medium before being absorbed. The inverse
of the absorption length is referred to as the absorption coefficient (µa). This coefficient is
a function of the density of nanoparticles in the medium (N in number of NPs/m3) and the
nanoparticle absorption cross-section area (Cabs in m2):

µa = N×Cabs. (1)

Nanoparticle properties (i.e. Cabs) are usually wavelength dependent and can be found in the
literature [30]. The nanoparticle-infused material absorption length values are added by the
GATE user in the material definition XML file. Other properties of the nanoparticle-infused
tissue can be added, such as scattering or fluorescence if a theranostic scenario is considered.

2.2. Heat generated by nanoparticles

The GATE code simulates the absorption of optical photons by the nanoparticle-infused tissue
and the diffusion of the deposited photon energy (or heat) in biological tissues. The code provides
a voxelized energy map (photon deposited energy in eV). The deposited energy is then converted
(in an automated post-processing step) into heat following the work from Qin and Bischof [30].
In their review, they focused on the thermophysical and biological responses of media heated by
laser activated gold nanoparticles. With a concentration N (number of NPs/m3) of nanoparticles,
the heat generation [30] is given by:

Qheat = N×QNP = N×Cabs× I (2)

where QNP is the heat generated by a single nanoparticle, Cabs is the nanoparticle absorption
cross-section area and I is the local laser irradiance (in W·m−2) within the nanoparticle-infused
tissue. The temperature increase at the center of the tumor is given by the following equation [30]:

∆T =
N×R2×Cabs× I

2k
(3)

where R is the tumor radius and k is the thermal conductivity of the nanoparticle-infused tissue
in W·m−1·K−1. The 3D energy map is voxelized (the voxel size is a parameter of the simulation)
and therefore Eq. (3) can be scaled to reflect the heat increase in temperature per tumor volume
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unit (i.e. per voxel). In that case, R is replaced by the voxel half-size and I becomes the light
irradiance per voxel (Ivoxel):

Ivoxel = voxel× 1.6×10−19

tlaser× areavoxel
(4)

where voxel is the GATE simulation energy map voxel value in electronvolts, tlaser is the light
(i.e. laser) illumination duration in seconds, areavoxel is the voxel surface in m2 and 1.6×10−19

is the conversion factor between electronvolts and joules.

2.3. Heat diffusion in biological tissues: an analytical simulation

The mathematical model that best describes the thermal behavior in biological perfused tissues
is the Pennes bioheat model [31, 32]:

∂T
∂ t
=

k
ρc

∇
2T +

ρbcb

ρc
wb(Ta−T )+Q with T = T (x,y,z, t). (5)

The first term of the equation describes the transfer of energy between objects in contact (i.e.
conduction); the second term accounts for the effects of blood perfusion in tissues. As the blood
leaves the biological tissue, it carries away the heat and therefore acts as an energy sink in
hyperthermia therapy. k, ρ and c are the biological tissue thermal conductivity, density and
specific heat. Values for blood are given by ρb and cb; wb is the tissue blood perfusion rate which
represents the volume of fluid (i.e. blood) that passes per unit time and per tissue volume. It is
given in s−1[mm3

blood mm−3
tissue]. Q represents the energy deposition by any external heat source such

as the metabolic heat production in tissues. In this work, we consider Q = 0. Ta is the temperature
of blood in the main arteries which is assumed constant and equal to 37.3◦C. T is the local tissue
temperature, which is a function of the spatial position and the time. To model the heat diffusion
in biological tissues, Eq. (5) is solved analytically via Fourier transformations and convolution
theorem. After taking the Fourier transform of the spatial variable of Eq. (5) with Q set to 0, we
obtain:

F (
∂T ′

∂ t
) =

k
ρc

F (∇2T ′)− ρbcb

ρc
wbF (T ′) where T ′ = T −Ta. (6)

Using basic properties of the Fourier transform, Eq. (6) becomes an ordinary differential equation:

∂

∂ t
F (T ′)+ (ω2K1 +K2)F (T ′) = 0 with K1 =

k
ρc

and K2 =
ρbcb

ρc
wb. (7)

ω is the Fourier transformation variable and K1 is the tissue thermal diffusivity in m2·s−1.
Equation (7) is equivalent to:

∂

∂ t
[e(ω2K1+K2)tF (T ′)] = 0 (8)

whose solution via partial integration with respect to t yields

F (T ′) = c(ω )e(ω2K1+K2)t with c(ω ) =F [T ′(x,y,z,0)]. (9)

c(ω ) is the Fourier transform of T (x,y,z,0)−Ta with T (x,y,z,0) being the initial temperature
distribution or initial condition. Taking the inverse Fourier transform of Eq. (9) and applying the
convolution theorem for Fourier transformations, we obtain the analytical solution to the Pennes
bioheat equation (Eq. (5)):

T (x,y,z, t) = [T (x,y,z,0)−Ta]⊗
1

(4πK1t)3/2 ex2+y2+z2/4K1t × e−K2t +Ta. (10)
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As a summary, the solution of the diffusion equation is equivalent to convolving the initial
conditions (3D energy map) with a Gaussian with a standard deviation σ =

√
2tK1. The blood

perfusion term appears as an exponential function. The implementation of the heat diffusion in
GATE is performed using the Insight Segmentation and Registration Toolkit (ITK) which is an
open-source, cross-platform system that provides developers with an extensive suite of tools for
image analysis [33]. GATE and ITK are linked.

2.4. Hybrid Monte-Carlo and analytical simulation: a dynamic process

During NIR light illumination of a biological tissue, the thermal heat produced by the optical
photons deposited energy does not accumulate locally in the tissue; it diffuses in biological tissues.
This dynamic effect has been taken into account in the GATE code following the procedure
described in Fig. 1. The biological tissue is illuminated for a duration of n seconds. The simulation

n/p second frame

………….......
Laser total illumination time : n seconds

(p-1) x n/p second diffusion

…
..
..
.

(p-2) x n/p  second diffusion

Final image (absorption
and diffusion of heat) at 
the end of the laser 
illumination :  

Sum of the last
absorption frame (p)
and all diffused frames.

time

Laser OFF

n/p second frame n/p second frame

Photon
absorption

map

Photon
absorption

map

Photon
absorption

map

frame 1 frame 2 frame p 

Photon
diffusion

map

Photon
diffusion

map

Fig. 1. Procedure implemented in GATE in order to account for the diffusion of heat
during illumination. In this schema, the n seconds simulation is sampled into p 3D photon
absorption maps; each simulation sample corresponds to a laser illumination duration time
of n/p seconds.

of the optical photons absorption by the tissue produces an absorption map in which optical
photons deposited energy is accumulated and does not take into account the fact that the heat
diffuses during light illumination. This accumulated absorption map is sampled (discretized)
into p time frame images by setting the simulation parameter setNumberOfTimeFrames to p.
Each of the p sample images is diffused for a duration of [1, 2, ..., p−1]×n/p seconds. The
final voxelized image illustrating the heat distribution in the tissues at the end of the illumination
time is obtained by adding all diffused images to the last n/p seconds illumination image.
This heat map will then diffuse in the biological tissues by setting the simulation parameter
setDiffusionTime to the value of interest. At a certain point in time after the initial temperature
boost induced by nanoparticles, the temperature of the tissues will go back to its initial value
due to diffusion. This boundary condition is taken into account in a post processing-step of the
GATE simulation.
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3. Methods

3.1. Validation of the heat diffusion in GATE versus an analytical simulation code

In this section, the heat diffusion implemented in GATE is compared to an analytical code that
solves the diffusion equation via the finite difference method where continuous derivatives are
replaced by their finite difference approximations. This method is applied on the following
general convection-diffusion heat transfer equation [34]:

∂T
∂ t
=

k
ρc

∇
2T −u∇T +Q (11)

where u is the blood velocity (in m·s−1) considered as uniform. Q represents the thermal capacity
of external sources. The Pennes model from Eq. (5) can be derived from Eq. (11) in which the
second term, describing the heat transfer in blood vessels, is modeled to be proportional to the
difference between the arterial temperature and the temperature at a given location [35]. The
partial differential Eq. (11) is discretized in space (i) and time (t) in order to find an approximate
solution that satisfies initial and boundary conditions:

T (i, t +∆t) = T (i, t)+K1
∆t
∆x2 [T (i−1, t)+T (i+1, t)−2T (i, t)]

+ u
∆t

2∆x
[T (i−1, t)−T (i+1, t)]. (12)

The benchmark used to validate the heat diffusion process between the two analytical simulation
codes is shown in Fig. 2 and consisted of a cubic phantom of 42×42×42 mm3 made of a material
defined with a NanoAbsorptionLength La = 30 mm. The phantom is illuminated during 1000
s by a 0.2 mm radius cylindrical source of 690 nm wavelength optical photons with a photon
flux of 1000 counts per second. The source direction is set perpendicular and positioned towards
the phantom surface. At the end of the illumination time, the absorbed photon map (voxelized
image) is used as a static image of the initial energy distribution within the phantom (initial
conditions). After setting the simulation parameter setDiffusionTime to 100 s and using a thermal
diffusivity of 1 mm2·s−1, the new energy distribution within the phantom is derived from the
initial conditions. Taking into account the symmetry of the problem, the solution to the heat

  

optical
photon
source

y

x

Phantom made of a nano material

3D energy map

Voxels
of interest
for the
validation

Fig. 2. Validation benchmark for the heat diffusion process.

diffusion equation via finite difference method was implemented in MATLAB allowing for
diffusion only along one dimension (x axis) for simplicity. This numerical method approximates
the temperature at given grid points with a spacing of ∆x = 2.1 mm and the time evolution is
computed with a time step of ∆t = 0.1 s. 1000 time steps were computed to follow the diffusion
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of heat up to 100 s post illumination start. The blood velocity u was set to 31.75 cm·s−1 [36].
Boundary conditions were set to the values obtained following the GATE simulation (i.e. the
minimum voxel value in the GATE output image).

3.2. Thermal diffusivity in biological tissues

Thermal diffusivity is a material specific property that measures its ability to conduct heat.
Human biological tissues thermal diffusivities were calculated from their corresponding thermal
conductance, density and heat capacity extracted from the IT’IS material parameter database [37].
Figure 3 shows the range of human biological tissues thermal diffusivity. The dashed-dotted line
represents the diffusivity mean value (0.131 mm2·s−1) and the two dashed lines are the standard
deviations (± 0.013 mm2·s−1). Most biological tissues have a thermal diffusivity value close
to the mean except skin/fat, connective tissue, breast gland and pancreas which are more than
one standard deviation away from the mean value. The validation benchmark from Fig. 2 is
used to evaluate the effect of an underestimate or overestimate of the thermal diffusivity on the
biological tissue heat (in eV) .
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Fig. 3. Thermal diffusivity values of human biological tissues.

3.3. Validation of heat diffusion with experimental data

Figure 4 shows the benchmark used to validate GATE against experimental data. It consisted
of a parallelepipedic phantom of 4×4×1 cm3 made of a common thermoplastic polymer, the
acrylonitrile butadiene styrene (ABS), whose density is 1.05 g·cm−3. Illumination was achieved
using a 633 nm laser coupled to a 0.96 mm diameter fiber and a 0.48 numerical aperture (NA).
The maximal half-angle (θ ) of the light cone that can exit the fiber is given by:

NA = n× sin(θ ), (13)

where n is the ABS refraction index (i.e. 1.4 [38]). It was inserted 1 mm under the surface of
the phantom, which pointed towards a Gobi 640 low noise thermal camera (Xenics, Louvain,
Belgium) recording 3 images per second. This camera, which has a resolution of 0.1◦C, provides
an accurate measurement of temperature at the surface of the phantom (within 100 µm). The
total power at the fiber exit was measured to be 150 mW. The experimental acquisition started
with images of the phantom recorded for 10 seconds, followed by 30 seconds laser illumination.
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When the laser was switched off, images were recorded for 1 more minute. The phantom initial
temperature, measured from the data using a 2D region of interest (ROI) of 0.5×0.5 mm2

positioned at the center of the phantom surface, was 26.9◦C. The phantom thermal diffusivity
(K1), extracted from the data using Eq. (12), was 0.32 mm2·s−1. The phantom absorption
coefficient was also extracted from the data using the thermal image recorded before the laser
was switched on (image 1) and the thermal image recorded one second later (image 2). A 0.96
mm diameter fiber coupled laser, delivering a power of 150 mW, generates 6.6×1019 photons
per second per cm2. The heat added to the ABS phantom after one second of laser illumination
is given by:

Q = m×Cp×∆T (14)

where m is the mass of ABS material between the laser fiber and the phantom surface, Cp is the
ABS heat capacity (1280 J·kg−1·K−1 [39]) and ∆T is the change in temperature between images
1 and 2 (i.e. 0.44 ◦C at the center of the image). Q is found to be equal to 0.936 J. Knowing that
the energy of a 633 nm photon is 3.1×10−19 J, the number of photons absorbed by the ABS
material after one second illumination is 3.02×1018. Finally, the ABS absorption coefficient
(µa) is calculated using the Beer-Lambert law:

N = N0 e−µax (15)

where N0 corresponds to the number of photons generated by one second laser illumination and
x is the distance traveled by the photons (i.e. 1 mm). The phantom absorption coefficient at 633
nm wavelength was found to be 3.08 mm−1 which corresponds to an absorption length of 0.32
mm. The ABS refractive index is 1.4 [38] and the Mie scattering coefficient µs is set to 4.625
mm−1 ( [40] with the ABS optical anisotropy parameter (g) set to 0.6). As the GATE simulation

  

   

laser
Thermal camera

1mm

3D Phantom made of ABS.

Optical fiber

Fig. 4. The experimental benchmark consists of a phantom made of acrylonitrile butadiene
styrene in which an optical fiber is introduced 1 mm under the phantom surface pointing
towards a thermal camera.

output is a 3D matrix of the optical photon deposited energy, a conversion to temperature is done
in a post-processing step. From Eq. (14), the voxelwise conversion factor to obtain the 3D matrix
of temperature is:

voxel(◦C) = voxel(eV)× f conversion (16)

fconversion =
1.6×10−19

mvoxel
ABS (g)×Cp(J·g−1·◦C−1)

,

where mvoxel
ABS , the mass of ABS in a 0.5×0.5×0.5 mm3 voxel, is equal to 0.131×10−3 g and

the ABS heat capacity is equal to 1280 J·kg−1·K−1. In this section, the diffusion of heat within
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the phantom is due to thermal conduction only; no perfusion term is considered. After the
laser light is turned off, the temperature difference in the phantom decreases over time until
a thermal equilibrium is reached. At the end of the experiment, the phantom temperature is
uniform and equal to its initial temperature (i.e. 26.9◦ C extracted from the experimental data).
This is the boundary condition that is taken into account in the post-processing step of the GATE
simulation. In the simulation, we modeled the laser fiber as a photon beam generating 6600
photons per second with a light cone half-angle θ of 20◦. This corresponds to a photon flux of
9.12×105 photons per second per cm2. In order to reproduce the experiment (i.e. 6.6× 1019

photons per second per cm2) a photon flux scaling factor of 7.2×1013 is used in a post-processing
step. The ABS total scaling factor is 7.2×1013 × fconversion, which is equal to 0.07. The GATE
simulation provides a voxelised map of the heat distribution inside the 3D phantom and the
experiment provides a serie of thermal images. The comparaison between both outputs is not
immediate because we do not simulate the thermal camera nor its response. To provide an
absolute comparison of both results (thermal camera and heat distribution in the phantom), the
simulation result was calibrated using the data (i.e. after 5 seconds of illumination, 1eV would
correspond to 31.52◦C/eVGAT E ). In replacement to the ABS total scaling factor (i.e. 0.07), a
calibration factor of 0.05 was used.

3.4. Validation of the nanoparticle mediated hyperthermal therapy with in vivo mouse
data

In this section, we compare our simulation results to the experimental results obtained by Hirsch
et al. [7]. In their work, 5 mice were inoculated with canine transmissible venereal tumor cells.
The cells were grown until the tumor reached a diameter of approximately 1 cm. Then, NIR-
absorbing gold-silica nanoshells (20-50 µ l) were injected into the tumor volume. Control tumor
sites received a saline injection. After injection, tumor sites were exposed to NIR light (820 nm)
using an optical fiber with a 5 mm spot diameter and an irradiance of 4 W·cm−2. Temperature
profiles were monitored using a phase-sensitive, fast-spoiled gradient-echo MRI. Figure 5 shows
the measured temperature rise obtained by Hirsch et al. in a region of interest at 0, 1, 3 and
6 minutes post illumination start, for nanoshell treatment (a) and control treatment (b). The

Fig. 5. Figure extracted from Hirsch et al. [7] showing the measured temperature rise in a
region of interest at 0, 1, 3 and 6 minutes for nanoshell treatment (a) and control treatment
(b) plotted as a function of depth from skin surface.

GATE simulation benchmark consisted of the MOBY digital mouse phantom [41] in which a
1 cm diameter spherical tumor was inserted under 1 mm of mouse skin tissue. The phantom
tumor was infused with 35 µ l (middle value in the range of 20-50 µ l from [7]) of NIR-absorbing
gold-silica nanoshells (55 nm core radius and 10 nm thick shell); which corresponds to a density
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of 8.7×1020 nanoparticles per m3. The absorption cross-section area (Cabs) is equal to 3.8×10−14

m2. Following Eq. (1), the nanoparticle-infused tumor absorption coefficient is found to be
0.167 mm−1, which corresponds to an absorption length of 6 mm. The mouse skin tissue has a
scattering coefficient of 2 mm−1 [42] and a scattering anisotropy of 0.8. The literature quotes
an absorption coefficient around 0.08 mm−1 for the mouse skin [43] at 820 nm wavelength.
Considering a mouse phantom thermal conductivity of 0.5 W·m−1·K−1 [44, 45], a specific heat
of 3000 J·kg−1·K−1 [46] and a density of 1 g·cm−3, the mouse thermal diffusivity is set to 0.17
mm2·s−1. The mouse is illuminated during 60, 180 and 360 seconds by a NIR light (820 nm)
fiber of 5 mm diameter. For each simulation, the number of time frames are set to 60, 180 and
360 in order to account for the diffusion of heat during illumination (see section 2.4). In the
Hirsch et al. study, the NIR light irradiance was set to 4 W·cm−2, which corresponds to a photon
flux of 3.2×1018s−1·cm−2. In these simulations, we modeled a 5 mm diameter photon beam
generating 20000 optical photons per second, which corresponds to a photon flux of 105 photons
per second per cm2. A photon flux scaling factor of 3.2×1013 is applied in a post-processing
stage to avoid the generation and tracking of more than 1018 photons. The simulation images
voxel size is set to 0.25×0.25×0.25 mm3. The voxel values in these images are in the unit of
the photon deposited energy (eV). Therefore, in addition to the photon flux scaling factor, a
conversion factor, given by Eqs. (3) and (4), is needed:

voxel(◦C) = voxel(eV)× 1.3×10−12

time(s)
with time = [60, 180, 360]. (17)

The value of the blood perfusion rate is highly dependant on the tissue type and state. From
the literature, one can extract a range of perfusion values, such as a blood perfusion rate in the
mouse tissue (0.004 s−1) and in the mouse tumor (0.0004 s−1). The simulation was performed
for both values of the blood perfusion rate.

4. Results

4.1. Validation of the heat diffusion in GATE versus an other analytical simulation code

This validation concerns the heat diffusion process only and was performed by comparing two
analytical simulation codes which solve the heat diffusion equation respectively via Fourier
transformations and convolution theorem (GATE implementation) and via finite difference
method (MATLAB implementation). Figure 6 shows the radiant energy (in eV) in the voxels
located in the middle of the XY plane of the phantom from Fig. 2 for both simulation codes. There
is a good agreement between both implementations. The relative error between both simulations
ranges from -1.31 to 4.0%. This validates our approach of using the Fourier transformations and
convolution theorem to solve the heat diffusion equation analytically.

4.2. Thermal diffusivity effect in biological tissues

In this section, we study the effect of the thermal diffusivity value on the biological tissue heat.
Figure 3 shows that most human biological tissues have a thermal diffusivity value close to
a mean value except for a few outliers: skin/fat, connective tissue, breast gland and pancreas.
Following the same benchmark as for the previous section (Fig. 2), the effect of the thermal
diffusivity value on the tissue heat has been estimated by comparing the simulation using the
true or a mean diffusivity value for the outliers. Figure 7 compares the heat as a function of the
diffusion time for the voxel located at the center of the XY plane of the phantom from Fig. 2
when using the true or the mean value of the thermal diffusivity. The relative differences in heat
( true−mean

true ) for skin/fat, connective tissue, breast gland and pancreas are 13.5%, -10.5%, 9.6%
and -6% respectively. These relative errors are systematic errors which can be considered as a
measure of accuracy. The maximum systematic error is 13.5% and is obtained when the tissue
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Fig. 6. Validation of the heat diffusion in GATE versus MATLAB. (A) Radiant energy (in
eV) in the voxels located in the middle of the XY plane of the phantom from Fig. 2 for both
simulation codes. (B) Relative error in % between GATE and MATLAB.

thermal diffusivity value in the simulation is 34% greater than its true value (that corresponds to
skin/fat tissue). Figure 8 shows the linear relationship between the relative change in heat and
the relative change in the biological tissue thermal diffusivity value. For most of the biological
tissues from Fig. 3, using a mean value for the thermal diffusivity induces a systematic error
on the heat below 5% as shown by the dashed region in Fig. 8. In the GATE simulation code,
the thermal diffusivity of the organ of interest (i.e. healthy tissue plus a tumor) will be set to a
value that would best represent the mixture of a tumor tissue surrounded by healthy tissues. The
systematic error associated with the diffusivity value used in the simulation can be estimated
from Fig. 8.

4.3. Validation of the heat diffusion with experimental data

Figure 9 shows the phantom heat as a function of the acquisition time and the relative error
between the experimental data and the simulation. The GATE simulation and the experimental
data are in good agreement. The relative error between the data and the GATE simulation ranges
from -0.86 to 5.15%.

4.4. Validation of the nanoparticle mediated hyperthermal therapy with in vivo mouse
data

Biological tissues are perfused with blood vessels. The effect of thermal heat dissipation by
blood is considered in this section. In GATE, the analytical solution to the heat diffusion follows
Eq. (10) with the presence of a blood perfusion term. Figure 10 shows the temperature rise as a
function of the depth from skin for a region of interest at the center of the tumor site for 1, 3 and
6 minutes of nanoshell-mediated near-infrared thermal therapy treatment. Thermal profiles show
a good qualitative agreement between the simulation and the experimental data published by
Hirsch et al. [7]. The dashed lines correspond to the simulation results with a thermal diffusivity
of 0.17 mm2·s−1 and no blood perfusion. The hashed bands illustrate the effect of the blood
perfusion term. The band upper limit correponds to the tumor blood perfusion rate value (0.0004
s−1) and the lower limit corresponds to the tissue blood perfusion rate value (0.004 s−1). The
agreement between the GATE simulation and the mouse in vivo data is good, all the more as most
of the simulation parameters (mouse absorption and scattering coefficients, thermal conductivity,
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Fig. 7. Heat (in eV) as function of the diffusion time at the center of the XY plane of the
phantom when using the true or a mean value for the tissue thermal diffusivity.

specific heat and blood perfusion rates in tissue or tumor) were taken from the literature and not
specified in [7].

5. Discussion

Hyperthermal therapy has been developed as a new module of the GATE open-source simulation
platform. This new hybrid Monte-Carlo and analytical simulation module allows for a wide
range of applications going from localized hyperthermia (i.e. skin hyperthermia or direct heating
with a fiber coupled laser) to more complex nano-mediated near-infrared hyperthermal therapy.
The Monte-Carlo simulation models the absorption and scattering of optical photons by the
medium of interest (i.e. biological tissue). The analytical simulation models the diffusion of heat
in the biological tissue by solving the Pennes bioheat equation. The solution to this equation,
obtained via Fourier transformations and convolution theorem, was found to be equivalent to the
convolution of the initial conditions with a Gaussian function whose standard deviation is related
to the tissue thermal diffusivity. The blood perfusion term appears as an exponential function in
the solution as described in Eq. (10). The validation of this solution (see Fig. 6) was performed
by comparing GATE to an other analytical simulation code in which the solution of the diffusion
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Fig. 8. Relative change in heat as function of the relative change in the biological tissue
thermal diffusivity. For most of the biological tissues, the associated relative change in heat
is below 5% and is shown by the dashed region.

equation was obtained via the finite difference method where continuous derivatives are replaced
by their finite difference approximations. The maximum relative error between both analytical
simulation codes was found to be 4%. The tissue thermal diffusivity plays an important role in
the simulation of the heat diffusion. In GATE, the thermal diffusivity of the organ of interest
(i.e. healthy tissue plus a tumor) is set to a value that best represents the mixture of a tumor
surrounded by healthy tissues. This value depends on the light wavelength and is difficult to
find in the literature. Figure 3 has shown that most human biological tissues have a thermal
diffusivity value close to a mean value (i.e. 0.131 mm2·s−1) except for some outliers (skin/fat,
connective tissue, breast gland and pancreas) which are more than one standard deviation away
from the mean value. We studied the effect of overestimating or underestimating the tissue
thermal diffusivity by looking at the heat in the region of interest obtained when using the true
value of the tissue thermal diffusivity or the mean value. Figure 8 shows that for most of human
biological tissues the relative change in heat as function of the relative change in the thermal
diffusivity value is below 5% except for the outliers for which the relative change in heat is
between -10.5% and 13.5%. Figure 3 shows that a systematic error exists when one does not
use the true value of the thermal diffusivity. When the thermal diffusivity value is overestimated
(underestimated) by 34% (18%), i.e. skin (connective tissue), the relative change in heat is 13.5%
(-10.5%). When local hyperthermia is used for cancer near or on the skin, the region of interest
can be associated to the true skin thermal diffusivity. In nanoparticle-mediated hyperthermia
therapy, the treatment heats a larger part of the body such as an entire organ and the illumination
light is delivered directly at the tumor site using an interstitial laser. In this application, it is
reasonnable to use a mean value of the thermal diffusivity for a region of interest composed of
the tumor and surrounding tissues. Localised hyperthermal therapy has been first demonstrated
in a phantom made of acrylonitrile butadiene styrene (ABS). As shown in Fig. 9, the GATE
simulation code was able to reproduce the relative temperature changes as a function of the
acquisition time. The maximum relative error between the data and the GATE simulation was
found to be 5.15%. This discrepancy could be explained by the metallic part at the extremity
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Fig. 9. Validation of the heat diffusion with experimental data. (A) Temperature kinetics in
the ABS phantom described in Fig. 4 as function of the experiment acquisition time. (B)
Relative error between the simulation and the experimental data.

of the laser fiber which could serve as a heat reservoir. This was not implemented in the GATE
simulation. The thermal camera provides an accurate measurement of temperature at the surface
of the phantom. Measuring the temperature inside the phantom (or biological tissues) with a
thermocouple is invasive and limited to a few located points. It may suffer from a poor spatial
resolution due to the diameter of the thermocouple and the uncertainty of its location within the
phantom. This underlines the great interest of a coupled optical-thermal simulation tool for the
estimation of temperature changes distribution inside tissue volumes. In vivo nanoshell-mediated
near-infrared thermal therapy of tumors in mice (work from Hirsch et al. [7]) has been simulated
using GATE. Figure 10 shows the simulated and measured temperature rise in the mouse tumor
as a function of the depth from skin at 1, 3 and 6 minutes of nanoshell-mediated near-infrared
thermal therapy treatment. The simulation results are reported in terms of temperature rise bands
which are obtained by varying the mouse blood perfusion rate in a range of [0.0004, 0.004]
s−1. The lower (upper) bound corresponds to the temperature rise obtained when the blood
perfusion rate is equal to the tissue (tumor) blood perfusion rate. In the Hirsch et al. study,
temperature profiles were monitored using a phase-sensitive, fast-spoiled gradient-echo MRI
and the temperature dependence of the proton resonance frequency shift [47]. They reported
that the average temperature increase of the nanoshell-treated tumors was 37.4 ± 6.6 ◦C on
near-infrared exposure of 4-6 minutes, which leads to an accuracy of 17.6% in the value of
the temperature rise. They also explained that observed variances in temperature change could
be due to different nanoshell distributions within the tumor, the source-to-skin distance of the
laser fiber as well as the placement of the MR plane for observation. Despite several sources
of experimental systematic errors, the GATE code reproduces the experimental data published
by Hirsch et al. [7] reasonably well. The experimental data are within the blood perfusion rate
bands representing the range of simulated temperature rise (see Fig. 10).

6. Conclusion

We have extended the GATE Monte-Carlo simulation platform so that it can model the diffusion
of heat in perfused biological tissues. We have demonstrated that a nanoparticle-mediated near-
infrared thermal therapy could be accurately simulated with GATE and reproduced experimental
data published elsewhere [7]. This new feature of GATE combined with optical imaging (i.e.
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Fig. 10. Temperature rise as a function of the depth from skin for a region of interest at the
center of the tumor site at 1, 3 and 6 minutes of nanoshell-mediated near-infrared thermal
therapy treatment.

fluorescence) allows for the simulation of a theranostic scenario in which the patient is injected
with theranostic nanosystems (iron oxide nanoparticles, quantum dots, carbon nanotubes, gold
nanoparticles and silica nanoparticles) that can simultaneously deliver therapeutic (i.e. hyper-
thermia therapy) and imaging functions (i.e. fluorescence imaging). To our knowledge, GATE
is the first theranostics in silico modeling platform. It includes the ability to model multimodal
imaging (PET, CT, SPECT, optical imaging) and therapy protocols (hyperthermia, radiation
therapy) and their interactions within the same modeling framework, based on the development
of a hybrid modeling approach combining Monte-Carlo and analytical simulations. These new
GATE features will certainly play a major role in designing, optimizing and assessing the efficacy
of theranostics protocols.
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