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Abstract: Photofrin-mediated photodynamic
therapy (PDT) is used after surgical resection at
the University of Pennsylvania to treat the
microscopic disease for malignant pleural
mesothelioma and to increase survival rate.
When Photofrin is exposed to laser light at 630
nm in well-oxygenated tissue, it produces reacted
singlet oxygen (['O,]s,) that kills cancer cells. As
[102],X is imperative to PDT treatment efficacy,
in this study we use COMSOL Multiphysics
software to simulate the distribution of [102]rx on
every point of the plural cavity surface that is
being treated. The geometry of the pleural cavity
that is used in this study was obtained during the
surgery using an infrared camera—based
navigation system (NDI). The initial Photofrin
concentration inside the pleural cavity and the
light fluence information used for the simulation
of [102]rx were measured during the treatment.
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1. Introduction

Type II photodynamic therapy (PDT) is
based on the photochemical reaction among a
photosensitizing agent (photosensitizer), light at
a specific wavelength, and tissue oxygen
concentration ([°0,]), which generates reacted
singlet oxygen (['O,]x) to cause cell death (1,2).
In the treatment of malignant pleural
mesothelioma at the Hospital of the University
of Pennsylvania, Photofrin-mediated PDT is
coupled with surgical resection of the tumor as
local treatment. As accurate light dosimetry is
imperative to PDT effect, an infrared camera—
based navigation system (NDI) is used to display
the cumulative light fluence on every point of the
plural cavity surface that is being treated (3,4).
The concentration of Photofrin photosensitizer
inside the pleural cavity is also measured using a

multi-fiber contact spectroscopy probe (5).
Although extensive work has been done to
monitor the light and photosensitizer distribution
on the surface of the plural cavity (4,6,7), the
spatial distribution of ['O,]x has not been
investigated.

As the primary mediator of cell damage
during type II PDT, 'O, is a good dosimetric
quantity to evaluate the treatment outcome.
Therefore, in this study, the distribution of
[loz]m on the surface of the plural cavity is
simulated by using the information that was
obtained during the treatment regarding the
geometry of the plural cavity, concentration of
Photofrin, and the distribution of light fluence.

2. Obtaining Geometry of Pleural Cavity
and Delivered Light Fluence

The treatment delivery wand is comprised of
amodified endotrachial tube filled with scattering
media and an optical fiber inside the tube to
deliver the light. The position of the treatment is
tracked using an attachment that has nine
reflective passive markers that are seen by an IR
camera. The collected position points were
processed and plotted as a three dimensional
volume of the pleural cavity using Matlab and
MeshLab software as published previously (8,9).
Light delivery information was calculated for the
PDT treatment using information regarding the
geometry of the cavity and the position of the
treatment delivery system. The cumulative light
fluence on every point of the cavity surface that
is being treated was found (3,4).

3. PDT Photochemical Equations

To obtain the corresponding temporal
changes of [So], [0,], and ['O.]x the
information of light fluence rate (¢) distribution,
and the measured Photofrin concentration are
passed to the following time (f)-dependent
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differential equations for a given treatment time
point (10-13):

dro,] $1So] )3 [*0,]
0,]=gl1-—2| (
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where, ¢ o, B, 0, and g are the Photofrin
photochemical parameters with definitions and
values presented in Table 1. [?0,], is the initial
tissue oxygenation concentration, which is
assumed to be 40 uM (14).

Table 1: Photofrin photochemical parameters (13)

Parameter Definition Value
Specific oxygen 3
(em’s'mW™")| consumption rate 3.7x10
o Specific s
(M photobleaching ratio 7610
B Oxygen quenching 11.9
(UM) threshold concentration| ’
6 Low concentration 3
(LM) correction
g Maximum oxygen 076
(LM/s) supply rate ’
’0,1o Initial ground-state 40
(M) oxygen concentration

4. Use of COMSOL Multiphysics®
Software

The NDI acquired volume was imported into
COMSOL Multiphysics (8,9). The delivered
fluence values were also imported into
COMSOL as 3D fluence clouds and were
assigned to their respective positions (X, y, and z)
on the NDI contour. Then, the forward
calculation of the macroscopic kinetic equations
(1)-(3) was performed in order to simulate ['O,]x
on the surface of the pleural cavity. Both
homogeneous and heterogeneous distributions
of the initial Photofrin uptake by the tissue was
considered in the simulations. In the

heterogeneous model, Photofrin uptake was
considered to increase linearly in the z direction
as [S¢]=0.047z- 0.011. Using this function, initial
Photofrin concentration increases from 0.47 to
11.5 pM in the z direction.

5. Results

From 2004 to 2016, several patients aged
from 27 to 81 years underwent surgical resection
combined with PDT at the hospital of the
University of Pennsylvania. Each patient
received Photofrin (2 mg per kg body weight)
with 24 hours before light exposure. Excitation
light at 630 nm was delivered to a total fluence
of 60 J/cm®. For a representative mesotheioma
patient, the light fluence, and ['O,], distributed
on the surface of the plural cavity has been
simulated.

5.1 Light fluence distribution on pleural cavity

The distribution of light fluence on the
surface of the pleural cavity has been shown with
a color map in Fig. 1. In the ongoing clinical
trial, the prescribed light fluence dose for
Photofrin-mediated PDT for mesothelioma is 60
J/em®. As shown in Fig. 1, the magnitude of the
delivered fluence changes from 54.5 to 73.6
J/em® on the surface of the pleural cavity.

z

Figure 1. The light fluence distribution on the surface
of the pleural cavity. The color bar shows the different
magnitude of the fluence in J/cm?.

Excerpt from the Proceedings of the 2016 COMSOL Conference in Boston



5.2 Temporal changes of [F0,] during PDT

As 'O, generation depends in part on the
availability of *O, in the target tissue, knowing
the level of [*0,]y, and [*O,] during PDT is
important (15,16). Tissue oxygenation is
dependent on the metabolic requirements and
functional status of each organ. However, to
simplify the calculation, [*O,], was considered to
be 40 uM and homogeneously distributed in this
model. Then, [*0,] during PDT was calculated
by using Eq. (1). Figure 2 shows the temporal
changes of [?0,] calculated for a particular ¢ and
Photofrin concentration; ¢ = 75 mW/cm® and
initial Photofrin concentration is 2.8 pM.
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Figure 2. The consumption of the tissue oxygenation

during Photofrin-mediated photodynamic therapy for

[302]0 =40uM, ¢ =75 mW/cm? and initial Photofrin

concentration of 2.8 pM.

5.3 [102]“ calculated for a homogeneous
Photofrin concentration on the surface of the
pleural cavity

The generation of 'O, depends in part on the
Photofrin concentration in the tumor tissue.
Table 2 shows the results of the calculated ['O,],x
on the surface of the pleural cavity for ¢ = 75
mW/cm® and a homogeneous initial Photofrin
concentration of 0.47, 2.8, 6.0, or 11.5 uM.

Table 2: [102]rx calculated for ¢ = 75 mW/cm? and
homogeneous concentration of Photofrin

Photofrin (uM) | 0.47 | 2.8 6.0 | 115
['0,]i (mM) 0.2 1.1 22 | 3.1

5.4 [102]rx calculated for a heterogeneous
Photofrin concentration on the surface of the
pleural cavity

The model presented in section 5.3 is very
simplistic as in reality Photofrin uptake by tumor
tissue is heterogeneous (6). In order to account
for this heterogeneity, the initial Photofrin
concentration was simulated to change from 0.47
to 11.5 uM in the z direction as shown in Fig.
3(a). Then, the corresponding ['O,]x Wwas
calculated using ¢ = 75 mW/cm”. Based on the
results, ['O,]x was calculated to be
heterogeneous in the z direction. [102]rx increases
from 0.2 to 45 mM in the z direction
proportional to the increase in the Photofrin
concentration (see Fig. 3(b)).
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Figure 3. The heterogeneous distribution of (a)
Photofrin concentration (at ¢+ = 0) in z direction, and
(b) corresponding reactive singlet oxygen (['O1]) in
the z axis. The calculations were done by using ["O5]
=40 pM, and ¢ = 75 mW/cm®. The color bars show
the different magnitude of Photofrin in pM and [102]rx
in mM.

Figure 4 presents the spatial distribution of
[102]rx on the surface of the pleural cavity for a
homogeneous initial tissue oxygenation of [*O,],
= 40uM, a constant light fluence rate of ¢ = 75
mW/cm” and heterogeneous drug distribution on
the z axis.
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Figure 3. The distribution of [102]rx on the surface of
the pleural cavity for [?0,]o =40 pM, ¢ = 75 mW/cm?,
and the heterogeneous distribution of 0.47-11.5 pM
Photofrin in z direction. The color bar shows the
different magnitude of [102]rx in mM.

6. Discussions

An ideal dosimetric predictor for PDT
efficacy is still elusive due to the dynamic
changes and interactions of the key PDT
components, photosensitizer ~ concentration,
fluence (or light dose), and tissue 30, level
during treatment, which, to some extent, has
hindered the clinical application of PDT. As the
primary mediator of cell damage during type II
PDT, 'O, has gained special attention as a good
dosimetric quantity based on either direct
measurements or indirect modeling (12,17). This
study is focused on the latter method, due to the
difficulty in directly measuring ['O,], in patients
during PDT delivery.

In our calculations, tissue [‘O,] was
considered to be homogeneous. Then, ['O,],x was
calculated for both  homogeneous and
heterogeneous Photofrin concentration in the
tumor tissue. The spatial distribution of ['0s ]
on the surface of the pleural cavity was
calculated to be 0.2, 1.1, 2.2 and 3.1 mM for
047, 2.8, 6.0 and 11.5 pM Photofrin,
respectively. [102]rx showed an increase from 0.2
to 4.6 mM in the z direction proportional to the

changes of the photosensitizer concentration
from 0.47 to 11.5 uM in the same direction.

As published previously (18), when ['Os],y >
1.1 mM, radiation-induced fibrosarcoma tumors
exhibited a complete response to the Photofrin-
mediated PDT. Based on the results of the
current simulation, some regions are exposed to
1.1 mM > ['O,],, and some regions are over-
exposed to [loz]rx.

7. Conclusions

The distribution of ['0,],x during PDT could
be simulated and mapped on the treated plural
cavity by using COMSOL Multiphysics.

The final target of this work will be to
implement this method in real-time for clinical
applications based on the measurements of the
Photofrin concentration in different regions
inside the pleural cavity. This helps us to account
for the real photosensitizer heterogeneity instead
of simulated one. We believe that in situ
monitoring of the under- and over- exposed
regions to ['Os]x during treatment can
significantly improve PDT for mesothelioma.
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