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Abstract: Photodynamic therapy is a treatment modality that can be used to treat various types of
lesions. To produce cell death, reaching a certain threshold dose of reactive oxygen species (ROS)
is required. The estimation of ROS production is of paramount importance to predict the depth of
necrosis and to ensure that the volume to be treated receives doses higher than the threshold. In this
study, we compared a theoretical model for PDT based on Monte Carlo simulations of light irradiance
and rate equations with a rat liver model. At the end of the simulation, necrosis depths and volumes
were estimated, as well as the photosensitizer (PS), oxygen, and ROS concentrations at each position
of the treated area. From the in vivo study, we obtained the ROS concentration threshold of about
1 mM for Photogem in rat liver. This proposed method can be used for any PS or tissue, including
tissues with multiple layers. The proposed method can be used to estimate parameters for any PS or
tissue, including layered tissues, as long as their parameters are known. In addition, other protocols
can be tested, or compared with the standard ones, providing the bases for analyzing a diverse range
of photodynamic treatment scenarios.

Keywords: photodynamic therapy (PDT); mathematical model; PDT rate equations; Monte Carlo
simulation; necrosis profile prediction; rat liver model

1. Introduction

Photodynamic therapy (PDT) is a procedure capable of treating several diseases and
inactivating microorganisms [1–3]. PDT is based on the combination of light, a photosen-
sitizer (PS), and molecular oxygen (3O2). The reactions that result from their interaction
produce reactive oxygen species (ROS,) such as superoxide anion (•O−

2 ), hydrogen perox-
ide (H2O2), hydroxyl free radicals (•OH), and notably singlet oxygen (1O2), in sufficient
quantities to promote cell death by necrosis or apoptosis, induced either by direct oxidative
damage of cell structures or imbalance between concentrations of ROS and antioxidants
within cells [4]. This process is only possible if the photosensitizer molecules absorb en-
ergy from light and produce ROS via either charge (type I mechanism) or energy (type II
mechanism) transfer processes [5].

The photosensitizer molecules that do not absorb enough light and thus do not par-
ticipate in the therapeutic action of PDT are eliminated by the organism along with the
photoproducts, without adverse effects. A good PS also has preferential pharmacokinetics,
that is, a different affinity for healthy and tumor tissues. Generally, PS molecules preferably
remain accumulated in the tumor tissue for longer times, and this fact along with the
targeted irradiation makes PDT a selective process [6].

Although PDT parameters, such as PS concentration, fluence (J/cm2), fluence rate
(W/cm2), and the interval between PS and irradiation (the drug-light interval, DLI) [7],
can be controlled at the beginning of a treatment session, quantifying the photodynamic
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dose delivered to the tissue requires a considerable additional effort. Both light and
photosensitizer distribution in the tissue have a heavy dependence on patients’ lesions’
optical and physiological parameters [8,9]. The literature describes that to produce cell
death a certain threshold dose must be reached. Patterson et al. [10] stated that to produce
cell death with PDT, the number of photons absorbed by the PS molecule per unit volume
should exceed a minimum value [10], defining this number as the threshold dose. This
definition was later expanded to consider the amount of singlet oxygen (as the main ROS for
most PS, type II mechanism) produced by this threshold dose to cause cell death [7,11,12].
Thus, this concept can naturally be further expanded for other ROS produced during PDT,
which is the basis of the present study’s approach [13–15]. To calculate the equivalent for a
ROS concentration ([ROS]) threshold (i.e., the minimum amount of ROS per area necessary
to induce cell death), the related PDT parameters have to be either calculated or obtained
for the tissue locally, such as light fluence rate, PS spectral absorption coefficient, and PS
and 3O2 concentrations. Whenever these quantities have a spectral or spatial dependence,
this dependence also has to be considered in the calculations.

Knowing how light propagates through the target tissue is another issue to be considered
in the photodynamic effect. However, it is not an easy task to accomplish, since light
propagation is dependent on tissue optical properties, and they can vary from site to site
and from patient to patient. For example, for human normal skin tissue, three main layers
can be considered: epidermis, dermis, and subcutaneous layer, each one with its own
optical properties [16,17]. Similarly, regarding skin lesions, such as non-melanoma skin
cancer, actinic keratosis, and Bowen’s disease, among others frequently treated with PDT,
each lesion type has its own specific optical properties, which can vary considerably from
those of normal skin. In this scenario, Monte Carlo simulations have become an alternative
and interesting way to determine light propagation in different biological media by solving
the Radiative Transport Equation (RTE) in two or three dimensions [18–20].

In order to estimate the photodynamic effect under more controlled conditions, it is
interesting to use a more homogeneous media. The healthy rat liver has been broadly used for
this purpose [14,20,21]. In rat liver, the necrosis profile produced by PDT is homogeneous, and
its borders can be easily identified. The results of an in vivo experiment such as rat liver PDT
can be used as a connection between the mathematical models that can predict photodynamic
dose and the actually observed necrosis profile in vivo [22]. In this kind of experiment, it is
interesting to define the PDT explicit dosimetry, which is to measure or calculate magnitudes
directly related to the photodynamic light dose. This is normally translated into the estimation
of the [1O2] generated or, more generally, the total [ROS] generated in the tissue. Neverthe-
less, explicit dosimetry can also be considered as the measurement of cell death profile in
animal models such as rat liver. Both mathematical and animal models have used explicit
dosimetry to bring together light fluence rate, [PS], and [3O2] in the resulting estimation of
photodynamic dose [7,12,23,24]. This improved understanding may not only contribute to a
better determination of photophysical parameters and necrosis profile, but also contribute
to clinical applications of PDT for liver cancer, such as in palliative hepatocellular carcinoma
treatment and other related diseases [25].

In the present study, we compared a mathematical model to predict the [ROS] generated
during PDT with the extension of the necrotic profile of an in vivo experiment in healthy
rat livers. The rate equations use the light fluence rate as an input, which for this study was
estimated using MCX (Monte Carlo eXtreme), a Monte Carlo simulations method accelerated
by Graphics Processing Units (GPUs), considering the optical properties of rat liver.

2. Methods and Materials
2.1. Animal Model

A total of three male Wistar rats (about 200 to 250 g of body weight) were used in this
study. The rats were kept under controlled conditions of temperature and humidity, with
ad libitum food and water access, and in a 12/12 h light/dark cycle. The experimental
procedures were approved by the local ethics committee (Internal Review Board for Animal
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Studies of the Department of Experimental Surgery of the Ribeirão Preto Medical School,
University of São Paulo). For the photodynamic therapy procedure, the animals were
anesthetized with an intramuscular injection of a combination of 100 mg/kg of ketamine
and 6 mg/kg of xylazine. A laparotomy surgery was performed to expose the liver and the
vena cava, where 1.5 mg/kg of Photogem (Photogem, Russia) was injected [26,27]. After a
DLI of 30 min [28], the liver was gently exposed to perform the irradiation.

The liver surface irradiation was performed using a laser diode emitting at 630 nm
(Eagle Heron, Quantum Tech, Brazil) coupled to an optical fiber. The treatment spot was a
0.2 cm2 circle defined by using a mask placed on the liver surface. The light was delivered
at an in-air fluence rate (irradiance) of 74 mW/cm2 for 34 min, totaling an in-air fluence
(i.e., light dose) of 150 J/cm2. After irradiation, the animals were sutured and received
2.2 mg/kg of analgesic intramuscularly (Banamine®, Coopers Brazil Ltda, Cotia, SP, Brazil).
Thirty hours after the end of the PDT procedure, the animals were euthanized, and livers
were removed, sliced, and sent for histological procedure. The histological liver slices were
stained with hematoxylin and eosin (H&E) and then scanned and digitized (Pannoramic
DESCK, 3DHISTECH, Budapest, Hungary) for further analysis.

2.2. In Silico Model
2.2.1. Monte Carlo Simulation

Light propagation into biological medium was studied using Monte Carlo eXtreme
(MCX), an open-access Monte Carlo simulation software available at http://mcx.space/ ac-
cessed on 14 December 2022) [18]. This software is one of the fastest Monte Carlo simulators
because it uses the massive number of parallel threads of Nvidia® GPUs [18]. The software
used to call the MCX functions and to plot and save the results was Matlab® (MathWorks,
Natick, MA, USA), using a personal computer with an Intel(R) Core i7-7700HQ at 2.8 GHz
processor, 16 GB of RAM and a graphics card NVIDIA GeForce GTX 1050 Ti of 4 GB.

The simulated medium consisted of a 10× 10× 3 cm3 cube with Cartesian coordinates
(x, y, z), respectively, and a resolution of 0.25 mm involving 400 × 400 × 120 voxels. The
light source was a disk with a 2.5 mm radius positioned at (5, 5, 0) cm. The number of
photons used was 108, and the simulations were performed 5 times for noise reduction.
Table 1 summarizes the optical properties of rat liver at the wavelength used in the study
(630 nm). In this table, µa, µs, g, and n are the absorption coefficient, scattering coefficient,
anisotropy factor, and refractive index, respectively. Given the small contribution of the PS
to the tissue optical parameters, it was disregarded in the estimation of light distribution
inside the liver (µa,liver >> µa,photosensitizer, therefore µa,total ≈ µa,liver). The values in Table 1
were obtained from direct assessment of graphs presented in Parsa et al. [29]. It must be
mentioned that those parameters may vary according to the obtaining method and used
technology as much as on the assumptions made [30,31]. They may also change during
PDT irradiation, which was not taken into consideration for the present study.

Table 1. Numerical values for the optical parameters of rat liver at 630 nm.

Wavelength Parameter Value [29]

630 nm µa 0.71 mm−1

µs 14.60 mm−1

g 0.95
n 1.37

2.2.2. Reactive Oxygen Species Estimation

As a predictive model for the generation of reactive oxygen species (ROS), we used
a well-known system of coupled differential equations [12,23,32–34]. This system takes
into consideration the different photochemical reactions present in both type I and II
mechanisms of PDT, initiated by the light fluence rate, Fex(

#»r , λ). Equations (1)–(3) describe

http://mcx.space/
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this model. A detailed description of the parameters and initial conditions used can be
found in Tables 2 and 3, respectively.

d[S0]

dt
= −σa(λ)

hc/λ
Fex(

#»r , λ)

(
φtγ

β + γ + [3O2]

)
[S0]

− µξFex(
#»r , λ)

(
[3O2]

β + γ + [3O2]

)
([S0] + δ)[S0] (1)

d[3O2]

dt
= −ξFex(

#»r , λ)

(
[3O2]

β + γ + [3O2]

)
[S0] + goxy

(
1 − [3O2]

[3O2]0

)
(2)

d[ROS]
dt

=
σa(λ)

hc/λ
Fex(

#»r , λ)

(
φtγ

β + γ + [3O2]

)
[S0] + ξFex(

#»r , λ)

(
[3O2]

β + γ + [3O2]

)
[S0] (3)

Table 2. Symbols, parameters, and definitions of Photofrin at 630 nm used in this study.

Symbol Definition Units

[S0] PS concentration in ground state µM
[3O2] Oxygen concentration in ground state µM
[3O2]0 Oxygen concentration in ground state at time zero µM
[ROS] Concentration of ROS µM
δ Low PS concentration correction term µM
goxy Maximum oxygen supply rate –
σa(λ) PS absorption cross section as a function of λ cm2

hc/λ PS activation energy as a function of λ J
Fex(

#»r , λ) Light fluence rate mW/cm2

Parameter (Units) Definition Value Reference

φt(a.u.) kisc
k f +kisc

0.831 [23]

µ(µM−1) kos
koa [A]

7.6 × 10−5 [35]

ξ(cm2mW−1s−1) S∆φt
koa [A]

kd+koa [A]
σa(λ)
hc/λ 3.7 × 10−3 [35,36]

β(µM)
kp
kot

11.9 [35]

γ(µM) kta [A]
kot

5.26 × 10−10 [15]

Table 3. Initial concentration of [S0], [3O2], [ROS], and fixed parameters.

Symbol Value (Units) Reference

Initial conditions
[S0]0 12 (µM) In this study
[3O2]0 100 (µM) [20]
[ROS]0 0 (µM) Typical

Parameters δ 33 (µM) [11]
goxy 0.7 (µM/s) [12]

The simulations were performed using the Photofrin parameters found in the literature,
assuming that this PS has similar photochemical parameters to Photogem, both being a
mixture of oligomers of hematoporphyrin derivatives (HpD). From now on, we will use the
acronym HpD in the text for both. The Equations (1)–(3) follow the description presented
by Sánchez et al. [15]. The light fluence rate, Fex(

#»r , λ), was considered a function of both
spatial position and wavelength. Finally, this system of differential equations was solved in
space and time, where the concentrations of PS, oxygen, and ROS were evaluated.

After performing Monte Carlo simulations for light propagation into the rat liver,
the first step was to estimate the light fluence rate, Fex(

#»r , λ), to be given as an input to
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the coupled differential equations. This was performed by multiplying the Monte Carlo
result (photons flux) by the energy of a single photon at the chosen wavelength, with
a numerical adjustment to consider the real irradiance of the light source. In a second
step, the numerical estimation for the system of coupled differential Equations (1)–(3)
were solved with the function NDSolve available in the commercial software Wolfram
Mathematica (Wolfram Research, Champaign, IL, USA), using the parameter values and
initial conditions of Tables 2 and 3. At the end of this process, the necrosis volume was
estimated considering an adjustment between the experimental data (necrosis profile in rat
liver) and the mathematical model to obtain a specific threshold of [ROS]. The schematic
diagram in Figure 1 exemplifies the sequence for solving the model. It can be observed that
Equations (1)–(3) were solved for each voxel. As a result, the spatial and temporal changes
of [S0], [3O2], and [ROS] concentrations can be estimated for each voxel.

Figure 1. Schematic pathway for estimating the necrosis volume by first estimating the light fluence
rate with the Monte Carlo simulation and second solving the couple differential equations of PDT.
The initial concentrations of PS and oxygen were considered homogeneous inside the simulated cube.

3. Results and Discussion
3.1. In Vivo

Figure 2 shows an example of PDT effects on rat liver using a laser light source with an
irradiance of 74 mW/cm2 and delivering a light dose of 150 J/cm2 when 1.5 mg/kg of HpD
was systemically administered. After the liver removal, as described in Section 2.1 (30 h after
irradiation), the signs of necrosis were clearly observed. Necrosis can be macroscopically
distinguished from healthy tissue by its whitish color. The necrosis measured approximately
0.6 cm in diameter. This and other necrosis features were similar for all three animals.
The larger diameter compared with the incident light beam spot (0.5 cm in diameter of
the opaque mask vs. the necrosis shown in Figure 2b) can be explained by the lateral
diffusion of incident photons as it propagates in the tissue. A liver slice centered in the
illuminated region was collected and used to estimate the depth of necrosis. In Figure 2b,
we observed that frontal illumination of liver surface resulting in a necrotic volume with
radial symmetry in depth.
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5mm

1mm

1cm

Figure 2. PDT of rat liver with 630 nm laser irradiation, where (a) shows the rat liver just after
necropsy, (b) shows a transversal slice used to measure the depth of necrosis, and (c) is a typical
histological image showing the transitions between necrotic and healthy tissue.

3.2. Light Propagation

The simulation of light distribution into the rat liver carried out using MCX is pre-
sented in Figure 3a. It shows the spatial photon migration at 630 nm. It can be seen that
there is an axial symmetry along the z axis, at the position (5, 5, z) cm, with a high variation
in the photons flux along the depth and along the x axis. It can also be observed that most
photons remain in regions shallower than 1.5 mm, as expected for visible wavelengths [37].
Figure 3b presents the depth profile of the light fluence rate in the cube center region,
considering three different values of irradiance: 75, 100, and 150 mW/cm2. The results
demonstrated that Fex(z, λ) decreases as a function of depth and that its surface value
dictates the light intensity distributed inside the tissue. Thus, the higher the irradiance at
the liver surface, the larger the number of photons available in deeper regions to perform
the PDT [38,39].
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Figure 3. (a) Photons flux in logarithmic scale, resulting from Monte Carlo simulation at 630 nm, and
(b) the light fluence rate as a function of depth (z axis) for three different irradiances.

3.3. Macroscopic ROS Model

In order to verify the dynamic model, the differential rate Equations (1)–(3) were
evaluated for each voxel. The Monte Carlo estimation of Fex(z, λ) was taken as an input in
the equations, using the parameters and initial concentrations stated in Tables 2 and 3. The
simulated cube was of 400 × 400 × 120 voxels, which in the millimeter scale is equivalent to
100 × 100 × 30 mm. The light dose was evaluated by multiplying the treatment time by the
light irradiance (75 mW/cm2). Figure 4 presents the behavior of [S0], [3O2], and [ROS] as
functions of depth and delivered light dose. It was observed that the concentrations of PS
and 3O2 decrease with light dose and increase with depth, whereas the opposite happens
for ROS concentration. This is the classical behavior for these concentrations, as previously
reported in the literature [12,24,40].

3.4. Necrosis Profile

The experimental necrotic profile can be seen in the histology slide image presented in
Figure 5a. This profile is our reference to know the portion of the tissue which reached a
minimum amount of [ROS] to obtain cell death, since this is the tissue that actually died by
necrosis. Thus, any [ROS] value observed within this region was sufficient to produce cell
death. Therefore, knowing the experimental necrotic volume allowed us to simply estimate
the [ROS] threshold based on the simulation model, which eventually was found to be
950 µM. This concentration threshold was used to generate the live–dead image shown in
Figure 5b, obtained using the theoretical prediction for each voxel of the 400 × 400 × 120
phantom cube.

By extrapolating the theoretical prediction for cases different from our in vivo experi-
ment, it was possible to evaluate the [ROS] profile in depth for different irradiance values
(Fex(z, λ)), as shown in Figure 6. This profile was calculated in the phantom cube center
for the line (5, 5, z) cm, and it is shown in Figure 6 along with a horizontal dashed line
representing the threshold dose of 950 µM. The same light dose of 150 J/cm2 was used
for all light fluence rates, yielding times of 2000, 1500, and 1000 s for the fluence rates of
75, 100, and 150 mW/cm2, respectively. At smaller depths, we can see from Figure 6 that
the [ROS] production is inversely proportional to the light irradiance, with an interesting
overlap of all curves for depths greater than 2.25 mm.
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Figure 4. Dynamic variations of: (a) [S0]; (b) [3O2]; and (c) [ROS] as functions of depth and delivered
light dose for a fluence rate of 75 mW/cm2 and a total light dose of 150 J/cm2.

Figure 5. (a) Histological H&E stained slide image for rat liver and (b) the necrotic profile obtained
from the mathematical model, considering a light fluence rate of 75 mW/cm2, a light dose of
150 J/cm2, and a threshold dose of 950 µM for [ROS].
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Figure 6. ROS concentration as a function of depth, calculated for different values of Fex(z, λ),
considering a total light dose of 150 J/cm2. The initial conditions and parameters of Tables 2 and 3
were used.

In the case of the ROS concentration profile seen in Figure 6, the superposition of all
curves after 2.25 mm can indicate that, considering the present threshold dose, the limit of light
penetration within the tissue was reached for this wavelength. Figure 4 also corroborates this
finding, where it can be seen that the other two photodynamic ingredients are both present
(PS and oxygen). Since the oxygen supply rate is also considered in the simulation, it is also
possible to see the difference in the ROS production for different irradiances under the same
conditions (light dose, wavelength, and optical properties) (Figure 6).The oxygen supply rate
used in this simulation is fixed and does not necessarily correspond to the real one. With that,
the results of (Figure 6) can also be altered for a higher oxygen supply. This difference is likely
related to the high oxygen consumption during PDT, which increases with irradiance without
providing enough time for oxygen to recover. For this extrapolation of our mathematical
model, for rat liver tissue, if lower values of irradiance are used, the ROS production in the
first 2 mm of tissue can be significantly improved.

Many studies have already sought to develop mathematical methods to better predict
PDT outcomes and estimate the resulting necrotic region. First, some in vitro studies using
different approaches obtained the singlet oxygen threshold for some PS and cell lineage.
Using Colo 26 multicell spheroids photosensitized by meta-tetra-(hydroxyphenyl)chlorin
(mTHPC), Coutier et al. [41] determined a threshold dose of reacting singlet oxygen of
7.9 ± 2.2 mM [41]. Using the same PS, nevertheless, using MAT-LyLu (MLL) rat prostate
adenocarcinoma cells irradiated with 652 nm, Dysart et al. [11] obtained a total amount
of 7.63 × 108 to 10.93 × 108 molecules of 1O2 per cell required to reduce cell survival by
1/e [11].

The study published by Wang et al. [12] used a fibrosarcoma tumor model treated
with Photofrin, with radially distributed light delivery due to interstitial illumination, and
light propagation based on the light diffusion equation. Considering only singlet oxygen
production, they obtained threshold values ranging from 0.5 to 1 mM [12]. A similar
study from Qiu et al. [42] with Photofrin but for radioactively induced fibrosarcoma and
superficial irradiation obtained a singlet oxygen threshold dose of 0.74 ± 0.25 mM [42].
The study published by Zhu et al. [7] was also based only on singlet oxygen generated
by benzoporphyrin derivative monoacid ring A (BPD), for which the irradiation was
performed using a 1 cm long cylindrical diffusing fiber. The authors observed in this study
a difference due to the drug-light interval (DLI), with threshold doses of 0.12 mM for a
15 min DLI and 0.72 mM for a 3 h DLI [7].

In a study similar to ours, Rocha et al. [14] also performed frontal illumination but used
bacteriochlorin as the photosensitizer and obtained a dose threshold of 11 mM of ROS based
on a mathematical–analytical one-dimensional model for light propagation [14]. Alternatively,
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the study of Ong et al. [13] measured PS and oxygen blood flow during PDT in a model
of radiation-induced fibrosarcoma (RIF) using the commercial photosensitizer Tookad and
irradiation on the surface of the tumor at 763 nm [13]. This study obtained a ROS concentra-
tion threshold of approximately 20 mM and was the first one to include ROS modeling in
addition to singlet oxygen. The Penjweini et al. [43] and Kareliotis et al. [44] studies used the
Monte Carlo method to obtain the spatial distribution of light in the tissue. The study from
Penjweini et al. [43] followed the variations of PS concentration and oxygen blood flow during
PDT, also with superficial/frontal illumination, in radiation-induced fibrosarcoma of mice
tumors treated with 2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide. Their conclusion was
that PDT depends on all parameters involved, such as tissue oxygenation, photosensitizer
uptake of the tumors, total energy, and light fluence rate [43,44].

The method here presented was capable of estimating the depth of necrosis and the ROS
spatial profile generated inside the liver tissue submitted to PDT (Figures 5 and 6). It was also
possible to simulate and analyze the dynamic evolution of PS, 3O2, and ROS concentrations
over time (Figure 4), which can lead to important conclusions on the analyses and creation of
protocols. Other studies have shown a correlation between PS photobleaching assessed by
superficial fluorescence and depth of necrosis [27,45]. This sort of experimental input might
provide further elements to the [ROS] threshold model estimate, potentially improving PDT
clinical protocols in the future.

Our method is also capable of simulating other types of tissues with Monte Carlo, for
example, tissues with multiple layers, given that the optical properties are known for each
layer. In addition, other PS molecules can also be studied if their photochemistry properties
are known, as shown in Table 2 for HpD. The mathematical model used was an extension
of a method described by Sánchez et al. [15], which can consider light sources with multiple
wavelengths activating the photosensitizer simultaneously (such as the sun, in daylight
PDT), and is based on the so-called PDT rate equations [15]. Since other protocols can
be simulated, it is possible to use this model to guide the development of new protocols,
analyze existing ones, or propose effective protocols for other types of lesions by seeking to
exceed the minimum threshold dose in the whole lesion.

4. Conclusions

Using rat liver as an animal model and a mathematical model based on the PDT
rate equations and Monte Carlo simulations allowed the comparison of theoretical and
experimental results, showing that it is possible to predict PDT outcome. The [ROS]
threshold obtained for Photogem, in this case, is close to the values for other PS, showing
that this approach is also validated as a direct method to obtain this threshold value. This
knowledge will help future studies in determining the PDT outcome. The same approach
could be used in other tissues and PS, on the condition that the tissue optical properties, the
PS photophysical parameters, as well as the threshold dose, must be known. The results
here obtained are totally dependent on the available data from the literature. This fact
reinforces the importance of basic studies to determine the photophysical characteristics of
photosensitizers to support these mathematical models that may lead to PDT dosimetry
and application optimization.
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