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Abstract: Type Il photodynamic therapy (PDT)
is an experimental modality for cancer treatment
based on the combined action of a photo-
sensitizer, a special wavelength of light and
singlet oxygen (*O,) generation. The cell killing
is caused by the reaction of cellular acceptors
with 0., A mathematical model has been
previously developed to incorporate the
macroscopic kinetic equations for 1O, generation,
photosensitizers in ground and triplet states,
oxygen (302), and tissue acceptors along with the
diffusion equation for the light transport in
tissue. Accurate estimation of the tissue oxygen
changes during PDT is influenced by initial
oxygen concentration ([302]o) and blood flow, so
that incorporation of different [302]o and blood
flow changes in our model allows a better
calculation of the O, generation. In this study,
the effects of [302]o, as well as the changes of the
blood flow during PDT, on the magnitude of 'O,
generation is studied.
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1. Introduction

Photodynamic therapy (PDT) is inherently a
dynamic process and all key components
(photosensitizer, light, and oxygen) interact on
time scales relevant to a single treatment [1-5].
The spatial distribution of light in tissue is
determined by the light source characteristics
and the tissue optical properties (absorption and
scattering coefficients) [1, 2, 6, 7]. The tissue
optical properties, in turn, are affected by the
concentration of photosensitizer, as well as the
concentration and oxygenation state of the blood
in the tissue [1, 8, 9]. The distribution of oxygen
(30y) is altered by the photodynamic process,
which consumes 30,, and also by changes of
blood content/flow due to vascular damage [1-4,
9]. In type Il PDT, the amount of generated
singlet oxygen (*O) is presumed to be predictive
of PDT tissue damage and efficacy. Based on a

complete set of kinetic equations, which describe
the PDT photochemical processes, a macroscopic
model has been developed previously to estimate
the concentration of O, generated during PDT
and to evaluate the treatment outcome [1, 2, 10,
11]. In this study, several improvements of the
model formulations have been made to consider
blood flow changes during Photofrin-mediated
PDT and to include different initial oxygen
concentration ([30;]o) for both tumor and normal
tissues.

2. Methods

2.1 Photodynamic equations

By simplifying and combining the energy
transfer processes in PDT, a set of equations are
produced, which describes the creation of O,.
These equations are dependent on various
parameters such as the light source (LS), optical
absorption (pa) and scattering (p's) coefficients
of tissue and photochemical parameters (& o, g,
p) of the photosensitizer [1, 2, 12]. The spatial
distribution of light fluence (¢) in the tumor is
calculated based on the diffusion approximation:

1

uaqﬁ—v.( 'V¢J =LS 1)
3 S

Temporal distribution of photosensitizer (So),
30, and !O; concentrations are obtained by
solving a set of coupled time-dependent

differential equations [1, 2]:

415, {ga ¢([S°]+5)[3OZ]J[SO]=0 (2)
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where, ['Oz]x is defined as the !O;
effectively leading cell death. g represents the
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ratio of triplet state (T) phosphorescence to
reaction between T and 30,. o is the ratio of
photobleaching to reaction between 'O, and
cellular targets. & denotes the initial oxygen
consumption rate and ¢ is the low concentration
correction parameter. g is the oxygen perfusion
rate to tissue.

For Photofrin-mediated PDT, ¢ = 3.7x1073
cm? mWtst g=11.9 uM, ¢ = 7.6 x10° pML, g
=go = 0.7uM/s and ¢ =33 pM. [Sglo = 7 uM and
¢ is considered to be in the range of 25-150
mW/cm? [1, 2].

2.2 Simulation of the influence of different
[*O:]o

Oxygen supply and diffusion into tissues are
necessary for survival. The 30, partial pressure
(pO2) is a key component of the physiological
state of an organ and results from the balance
between 30, delivery and its consumption [13].
Tissue oxygenation is severely disturbed during
pathological conditions such as cancer, which are
associated with decrease in pO-, i.e. ‘hypoxia’.
pO, has been reported to be 30-35 mmHg in
solid tumors and 40-50 mmHg in venous blood
[13, 14]. Based on these values O, concentration
is calculated to be in the range of 40-65 pM.

We have used a broad range of 5<[302]o<60
MM in our simulations to account for the
influence of the different [*0z]o as well as
hypoxia on our calculations.

2.3 Simulation of blood flow changes during
PDT

Oxygen delivery is dependent on the
metabolic requirements and functional status of
each organ.Due to the PDT oxygen consumption,
there is an immediate need for additional 30, in
tissue. It is reported that the increased 0, and
nutrient delivery are accomplished by increasing
blood flow [15, 16]. The increase of the blood
flow has been measured in vivo for MLu-
mediated PDT [9]. As shown in Fig. 1-A, in non-
sensitized control mice, minor fluctuations in
blood flow was detected during illumination. In
PDT-treated animals (Fig.1-B), a rapid increase
in blood flow occurred during the first 10
minutes of the treatment. It is reported that this
increase was consistent among animals, and the
peak occurred within the first ~1 to 10 min of

treatment. Following the PDT-induced increase,
relative blood flow decreased.
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Figure 1. Averaged traces of relative blood flow
normalized to pre-illumination values for (A) 10
control mice illuminated without photosensitizer and
(B) 15 MLu-PDT treated mice; the illumination
performed at 135 Jicm? and 75 mW/cm?. Relative
blood flow was calculated as the percentage of the
baseline value, measured in the same animal over the
15 min before PDT. The points are the averaged
values and the gray bars are standard deviations. (C)
Simulated normalized oxygen supply rate; the blue
solid line shows the best fit to the data. Figures A and
B are taken from reference [9].
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The published in vivo results have been used
in our macroscopic model to simulate the blood
flow changes during PDT. For this reason, g was
considered to be time dependent. It should also
change vs. time similar to blood flow. The g
function has been obtained from the best fit to
the data in Fig.1-B:

=g 0.99t"+1.09t"*+0.05t'2+0.18t'+0.32 ©)
® 1441.16t°+0.18t%+0.241+0.31

where t' = (t - 750)/632.1 is normalized by mean
750 and standard deviation 632.1 (with 95%
confidence bounds). The temporal changes of
normalized g (9/go) and the fitting curve to the
data have been shown in Fig.1-C.

3. Use of COMSOL Multiphysics

The forward calculation of the macroscopic
kinetic equations was done in COMSOL
Multiphysics 5.0 for the modeling of [20,] and
[*O2] generated during PDT. The finite-element-
based calculation was implemented within
COMSOL by varying the input parameters, such
as [*0;]o and ¢. COMSOL was run on an iMAC
OSX version 10.9.5 (Processor 3.1 GHz Intel
Core 17 and Memory 16 GB 1600 MHz DDR3).
The calculation time was in seconds for coupled
differential equations.

4, Results and discussion

A broad range of 5 < [30,],< 60 UM has been
considered in the simulations to investigate the
effects of the [20,], on the [*O,] calculation. Fig.
2 shows the temporal changes of ['Og],
calculated for three fluence rates of ¢ = 25, 75
and 150 mW/cm?; PDT treatment time has been
considered to be 4000 s. Based on the results, in
the well-oxygenated tissue such as 30-60 uM,
[}0,]o has low influence on the amounts of
calculated [*O2]. There is maximum 14%
difference between [*O;] obtained for [*0,], =30
UM and [*03]o = 60 uM. When [30;], becomes
limiting (5-20 pM), small changes in ¢ or [*0]o
have large effects on the generation of [*0,].

The effect of the blood flow changes during
PDT on the calculation of [30,] and [*O2] was
investigated. The simulations have been done for
¢ =75 mW/cm? and well-oxygenated conditions,

when 30< [30,]o< 60 uM. The temporal changes
of normalized g to go has been shown in Fig. 3.
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Figure 2. Temporal changes of the singlet oxygen
concentration ([*O,]) calculated for initial oxygen
concentration ([30]o) ranges from 5 to 60 uM and
fluence rates of 25, 75 and 150 mW/cm?,
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Figure 3. Temporal changes of the normalized g to go
during PDT. The simulation has been done for light
fluence 75 mw/cm?.

Fig. 4-A shows the temporal changes of [30,]
for different [30,],. The dashed lines show the
results obtained without considering blood flow
changes and the solid lines show the amounts of
[20,] calculated with the model incorporating the
blood flow changes. Based on the calculation
results, there is an immediate drop of [*0;] at the
beginning of the treatment (within 100-150 s). In
the model, which includes blood flow changes
during PDT (see solid lines), [?0O,] increases
slightly after ~ 100 s and it reaches ~ 77%, 67%,
56% and 0.45% of its initial value for [30,], =
60, 50, 40 and 30 uM, respectively. This oxygen
recovery might be due to the increased 30,
delivery accomplished by increasing blood flow.
In the model that does not consider the blood
flow changes, [20,] (dashed lines) shows a
sharper decrease and less recovery at the
beginning of PDT. After about 1200 s, [30;]
shows the same recovery behavior for the two
models.

The singlet oxygen concentration has been
calculated by using the model incorporating the
blood flow changes. Fig. 4-B presents the results
of the calculation for [30,], = 30, 40, 50 and 60
UM. The amounts of [*O,] has been compared
with those calculated without blood flow
changes, which shows a close agreement
between the two models. This close agreement
might be due to the similar average [30.]
obtained by the two models.

= [’0,], = 60 uM
= = [’0y)o = 60 uM
e [20,]p = 50 M
= e [PO,]p = 50 M
—— [’0], = 40 uM
— — ['04)o = 40 UM
— (03], = 30 UM
= = [0,), = 30 uM

Lecartl
0 500

1000 1500 2000 2500 3000 3500 4000

Time (s)

B 9 —Trom-com
12} = = [0y = 60 pM
e 2031 = 50 pM

11} = — [*0,], = 50 pM
— [}0,], = 40 pM

1.0 — — [f0,], = 40 uM
e [*03]p = 30 M

09 _ 0,1, = 30 uM

['0] (mM)

e
=

0.4}

0.3

0.2}

01}

500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 4. Temporal changes of (A) oxygen
concentration ([30-]), (B) singlet oxygen concentration
([*O.]). The solid lines present the data obtained by
using the macroscopic model incorporating blood flow
changes during PDT. The dashed lines show the
amounts of [30,] and ['O,] without considering blood
flow changes. Initial oxygen concentrations ([30.]o)
ranges from 30 to 60 pM. The fluence rate is
considered to be 75 mw/cm?,

6. Conclusions

The model formulations have been improved
to consider [30,], for both tumor and normal
tissues during PDT. The simulation results show
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that in the well-oxygenated tissue, the exact
estimation of [20,], will have little influence on
treatment efficacy. When the amounts of [30,],
becomes limiting, small changes in ¢ or [*0z]o
have large effects on the generation of [*O,]. The
same amount of [*O,] was calculated by using
the model incorporating blood flow changes.
However, modeling of the blood flow changes
during PDT will be further improved based on
our future in vivo mice studies.
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