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Abstract
Singlet oxygen (1O2) is the major cytotoxic species generated during
photodynamic therapy (PDT), and 1O2 reactions with biological targets define the
photodynamic dose at the most fundamental level.

We have developed a

theoretical model for rigorously describing the spatial and temporal dynamics of
oxygen (3O2) consumption and transport and microscopic 1O2 dose deposition
during PDT in vivo.

Using experimentally established physiological and

photophysical parameters, the mathematical model allows computation of the
dynamic variation of hemoglobin-3O2 saturation within vessels, irreversible
photosensitizer degradation due to photobleaching, therapy-induced blood flow
decrease and the microscopic distributions of 3O2 and 1O2 dose deposition under
various irradiation conditions. mTHPC, a promising photosensitizer for PDT, is
approved in Europe for the palliative treatment of head and neck cancer. Using
the theoretical model and informed by intratumor sensitizer concentrations and
distributions, we calculated photodynamic dose depositions for mTHPC-PDT.
Our results demonstrate that the 1O2 dose to the tumor volume does not track even
qualitatively with long-term tumor responses.

Thus, in this evaluation of

mTHPC-PDT, any PDT dose metric that is proportional to singlet oxygen creation
and/or deposition would fail to predict the tumor response. In situations like this
one, other reporters of biological response to therapy would be necessary. In
addition to the case study of mTHPC-PDT, we also use the mathematical model
to simulate clinical photobleaching data, informed by a possible blood flow

ix
reduction during treatment. In a recently completed clinical trial at Roswell Park
Cancer Institute, patients with superficial basal cell carcinoma received topical
application of 5-aminolevulinic acid (ALA) and were irradiated with 633 nm light
at 10-150 mW cm-2. Protoporphyrin IX (PpIX) photobleaching in the lesion and
the adjacent perilesion normal margin was monitored by fluorescence
spectroscopy. We successfully simulate the in vivo photobleaching of PpIX in
this patient population over a wide range of irradiances using the PDT model. For
most cases, the rate of bleaching slows as treatment progresses, leaving a fraction
of the PpIX unbleached despite sustained irradiation. To account for this feature,
the model predicts that incorporation of ALA-PDT-induced blood flow reduction
is necessary. In addition to using the theoretical method to understand the dose
deposited by photodynamic therapy, experimentally, we propose a potential dose
metric for Pc 4-PDT. Pc 4 is a promising second generation photosensitizer that
is now in Phase I clinical trials for the treatment of cutaneous lesions. We have
observed a significant irradiation-induced increase in Pc 4 fluorescence in tumor
cell monolayers. The amount of the fluorescence increase observed in vitro
strongly correlates to the cell death and mitochondrial swelling reported by the
clonogenic cell survival assay and light scattering measurements, respectively.
Based on those biological responses, we anticipate that irradiation-induced
fluorescence enhancement in Pc 4-PDT may be a potential dose metric.
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Chapter 1. Introduction

1.1 Introduction to photodynamic therapy
Photodynamic therapy (PDT) is a promising treatment for cancer and
other localized disease, which continues to gain clinical acceptance [1, 2]. This
therapy involves the administration of a photosensitizing agent (usually called a
photosensitizer) followed by exposure of the tissue to visible nonthermal light
(400-760 nm). When the sensitizer absorbs light of appropriate wavelength, the
sensitizer molecule is excited. This electronically excited sensitizer will lead a
serious of photophysical processes, undergo intersystem crossing to a triplet state
sensitizer, and transfer energy to oxygen to form a highly reactive species, singlet
oxygen (1O2).

1

O2 is generally believed to be the major cytotoxic agent during

PDT [3], which can quickly oxidize cell targets and lead to cell death.

1

O2

reactions with biological targets define the photodynamic dose at the most
fundamental level.
More than 100 years ago, the concept of cell death induced by the
interaction of light and certain chemicals was introduced by a German medical
student Oscar Raab working with Professor Herman von Tappeiner. As reviewed
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in [4], during the course of his study on the effects of acridine on malaria-causing
protozoa, he discovered that the combination of acridine red and light led to a
lethal effect on Infusoria [5]. From the review article [4], in 1903, von Tappeiner
and his colleague Jesionek used eosin and white light to treat skin tumors [6],
which was the first medical application of an interaction between a fluorescent
compound and light. As reviewed in [4], later, Von Tappeiner and Jodlbauer
demonstrated the requirement of oxygen in photosensitization reactions [7] and
introduced the term “photodynamic action” to describe this photochemical
phenomenon. The clinical therapeutic applications of PDT in cancer took a long
time to develop since the first experiments of von Tappeiner and Jesionek were
carried out in 1903. In 1972, Diamond and colleagues studied the effect of light
activation of hematoporphyrin in rat glioma both in vitro and in vivo [8]. These
authors found that the glioma cells in culture, when exposed to white light in the
presence of hematoporphyrin, underwent 100 % cell death. When the same cell
line was used to induce a subcutaneous tumor in vivo, a marked diminution in
tumor volume was seen following light exposure 24 h after hematoporphyrin
administration. Diamond et al. concluded that PDT offered a new approach to the
treatment of brain tumors and other neoplasms.

A significant breakthrough

occurred in 1975 when Dougherty and coworkers first reported that using the
combination of hematoporphyrin derivative (HpD) and red light could completely
eradicate mammary tumor growth in mice [9]. In the same year, Kelly and
colleagues demonstrated that light activation of HpD could eliminate human

Introduction

3

bladder carcinoma transplanted into mice [10]. In 1978, Dougherty initiated the
first large series of patients successfully treated with PDT [11]. Twenty five
patients with a total of 113 primary or secondary skin tumors, all of which
resisted conventional treatment, were subjected to HpD-PDT. The results were
encouraging. Ninety eight tumors showed complete response, 13 exhibited partial
response, and 2 tumors were found to be treatment resistant.

This study

demonstrated that PDT could be used to treat various malignant tumors, even
those that failed conventional therapies. Since then many more large scale PDT
clinical trials with different photosensitizers were initiated in treating various
types of tumors [1, 2, 4].
An ideal photosensitizer would be biologically stable, photochemically
efficient, exhibit rapid clearance and selective tissue localization, and have a
strong absorption peak at long wavelength (> 630 nm) to assist tissue penetration
of light. The first generation photosensitizers are hematoporphyrin, its derivative
HpD, and the purified form of HpD, porfimer sodium. In 1993, porfimer sodium,
commercially called Photofrin®, was the first photosensitizer to receive approval
for PDT for recurrent superficial papillary bladder cancer, and in the following
years, it has been approved for clinical use in other cancer treatments [2, 12]. The
approval of porfimer sodium demonstrates that PDT is fundamentally safe, and it
can be considered as a treatment modality for cancer. Although porfimer sodium
has several advantages, such as being non-toxic in the absence of light and easily
formulated in a water-soluble preparation for intravenous administration, this drug
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still has some drawbacks; it induces protracted skin photosensitivity, the
selectivity between tumor and healthy tissue is low, and the time between drug
administration and treatment is typically long 48 – 72 h during which patients
should avoid light exposure [1]. These drawbacks led to the development of
subsequent second generation photosensitizers.
Here, we present a brief summary of three second generation
photosensitizers, which have been considered in the studies of this thesis. Mesotetra-hydroxyphenyl-chlorin (mTHPC, temoporfin, Foscan®) is the most recently
approved photosensitizer for cancer treatment [1]. mTHPC is effective for the
palliative treatment of head and neck cancer and was approved in 2001 for this
treatment in the European Union. mTHPC is much more potent than porfimer
sodium. mTHPC-PDT requires a low dose of both drug, 0.1 – 0.15 mg kg-1, and
light, 10 – 30 J cm-2, for effective tumor control, compared to Photofrin-PDT
requiring at least 2 mg kg-1 and 100 J cm-2 [13, 14]. This enhanced potency of
mTHPC may be accounted by its tight binding in cells, its photophysical
properties, and particularly its higher extinction at a redshifted wavelength of 652
nm [15]. However, like porfimer sodium, mTHPC is still associated with a
pronounced and lengthy skin photosensitivity and low tumor cell selectivity.
Furthermore, in clinical use, PDT irradiation needs to wait up to 96 h after
mTHPC administration.
Another unique second generation photosensitizer is 5-aminolevulinic acid
(ALA). Almost all types of cells in the human body, with the exception of mature
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red blood cells, are equipped with a machinery to make heme for cytochromes
and other heme proteins. The immediate precursor of heme is protoporphyrin IX
(PpIX) which is a powerful photosensitizer. ALA itself has no photosensitizing
effect, but it can be converted into the sensitizer PpIX during the heme
biosynthetic pathway. The last step in the formation of heme is the incorporation
of iron into PpIX under the action of the enzyme ferrochelatase.

Rapidly

proliferating tumor cells have a lower activity and limited capacity of
ferrochelatase than do normal cells. Therefore, a concentration of endogenous
PpIX that supports PDT and some degree of tumor selectivity of PpIX
accumulation can be reached by adding exogenous ALA [16]. ALA-PDT has
several advantages over PDT with Photofrin®, because of its more rapid clearance,
tumor selectivity, and easy delivery through topical or oral administration.
Levulan®, a topical formulation of ALA, was approved by U.S. Food and Drug
Administration in 2000 for the treatment of actinic keratosis, a precancerous skin
condition [1]. The disadvantage of ALA is the hydrophilic feature, which makes
ALA not able to enter cells easily [17]. This led to the development of esterified
forms of ALA, which can penetrate and sensitize cell targets more efficiently.
The methyl ester of ALA (Metvix®) was approved in 2001 in Europe for the
treatment of actinic keratosis, superficial basal cell carcinoma, and basal cell
carcinoma [1].
Phthalocyanine 4 (Pc 4) is a promising second generation sensitizer, and it
is also the most potent agent among a series of novel silicon phthalocyanine
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photosensitizers synthesized at Case Western Reserve University [18].
Phthalocyanine is a structure related to porphyrin but with a larger macrocycle
ring system, and this special structure allows phthalocyanines to absorb longer
wavelengths of light than other sensitizers [19]. Pc 4 is extremely potent, in part
because of its particularly high molar extinction near 670 nm. Pc 4 is also
remarkably photostable, which makes it resistant to photochemical reactions and
sensitizer degradation during PDT irradiation. Based on the superior features and
significant efforts by several researchers, Pc 4 is now in Phase I clinical trials for
the treatment of cutaneous T cell lymphoma, basal cell carcinoma, and cutaneous
metastases at Case Western Reserve University, and the preliminary results are
promising [19, 20].

1.2 Photochemical and photophysical processes of
photodynamic therapy
Bascially, PDT involves two steps. First, after applying sensitizer either
through local or systemic administration, the drug will preferentially localize
within the lesion area. Second, using light with a certain wavelength particular
for the absorption of the photosensitizing agent to illuminate the targeting region,
the PDT irradiation will initiate a series of photophysical and photochemical
processes and induce cell death by the final product 1O2.
The photophysical and photochemical processes of 1O2 formation are
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Figure. 1.1. Jablonski diagram for Type II mechanism resulting in the formation
of 1O2 during PDT. The sensitizer in its ground singlet state (S0) can be optically
excited to the first excited singlet state (S1). The rate of photon absorption in this
process is denoted as Ia. The sensitizer in S1 can either decay back to its ground
state at a rate kf, or undergo an intersystem crossing to an excited triplet state (T1)
at a rate kisc. T1 can also either decay to S0 at a rate kp or transfer energy to
ground state molecular oxygen (3O2), which is a spectroscopic triplet, with a
bimolecular rate kot.

The collisions between the T1 and 3O2 results in 1O2

formation. The 1O2 can oxidize cellular targets (A) at rate koa. 1O2 can also decay
back to 3O2 with a rate constant kd or react with the sensitizer and induce the
irreversible destruction of sensitizer with a rate kos.
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illustrated in the energy level diagram in Fig. 1.1. The sensitizer in its ground
singlet state (S0) can be optically excited to the first excited singlet state (S1). The
rate of photon absorption in this process is denoted as Ia. The sensitizer in S1 can
either decay back to its ground state via radiative or non-radiative processes at a
rate kf, or undergo an intersystem crossing to an excited triplet state (T1) at a rate
kisc.

The emission from the radiative decay from S1 to S0 is known as

fluorescence. T1 can also either decay to S0 at a rate kp or transfer energy to
ground state molecular oxygen (3O2), which is a spectroscopic triplet, through
collision with a bimolecular rate kot. The radiative emission from T1 to S0 is
known as phosphorescence, and this transition is forbidden by electron spin
selection rule. The phosphorescence lifetime is typically tens of microseconds to
milliseconds, which may be compared to the typical fluorescence lifetime near 10
ns. A fraction of the collisions between the excited triplet state sensitizer and 3O2
results in 1O2 formation. Direct excitation of oxygen from its triplet to singlet
state is forbidden because of molecular selection rules. The 1O2 is highly reactive,
and it can quickly oxidize cellular targets (A) at rate koa, leading to cell death.
The oxygen molecule is removed from the system through this chemical reaction
of 1O2 with cell substrate. The pathway described here is referred to as the TypeII mechanism [21], which is generally believed to be the major photochemical
process responsible for cell toxicity in PDT. The lifetime of 1O2 is less than
0.01 – 0.04 μs in a biological environment, and the diffusion distance is
approximately 10-20 nm [22].

This short diffusion distance, which may be
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compared to a cell diameter, 10-15 μm, limits the 1O2 within a small spatial
volume and minimizes the therapy-induced damage to healthy tissue. It is also
one of features that render PDT superior to conventional therapies such as
chemotherapy and radiation therapy. 1O2 can also decay back to 3O2 with a rate
constant kd or react with the sensitizer and induce the irreversible destruction of
sensitizer.

This sensitizer degradation process is known as

1

O2-mediated

photobleaching. We denote the rate of photobleaching as kos. If the sensitizer
molecule is not consumed by the photobleaching, each molecule can be excited
many times and produce many 1O2 molecules.

1.3 Introduction to PDT dosimetry
1.3.1 Introduction to experimental dosimetry
The photophysical and photochemical processes as described in Fig. 1.1
define the fundamental mechanism resulting in the formation of 1O2 during PDT.
Based on this Type II mechanism, several explicit and implicit experimental
methods have been proposed to evaluate the deposition of PDT dose in vivo and
in vitro. In PDT, light dose/fluence is defined as energy per unit area, and
irradiance/fluence rate is defined as power per unit area.
In the explicit method, direct measurement of 1O2 luminescence at 1270
nm has been suggested as a potential dosimetry tool to monitor the cumulative
1

O2 dose during PDT [23, 24]. However, the weak near infrared luminescence
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and corresponding low signal-to-noise ratio and long acquisition times create
significant technical obstacles to clinical implementation.
As described in Fig 1.1, the 1O2 not only reacts with cell targets but also
with ground state sensitizer leading to the irreversible sensitizer photodestruction.
The extent to which the sensitizer is photobleached is related to the drug and the
photodamage to tumor tissue by 1O2. In the other words, if we can monitor the
amount of photosensitizer decrease in response to the PDT irradiation, we can
indirectly estimate the reacted dose deposited by the therapy [25].

The

photochemical processes among oxygen, light, and photosensitizer are essentially
complicated.

The measurement of photosensitizer bleaching is an attractive

surrogate dose metric for certain sensitizers, because it folds together the complex
photophysical and photochemical processes and thereby avoids the need to
measure the individual treatment factors separately [26-29]. The photosensitizer
bleaching is most simply carried out using fluorescence measurements, because of
the high sensitivity of this technique even for the relatively low photosensitizer
concentrations used clinically or for preclinical animal models [26, 30, 31].
As mentioned previously, Pc 4 is remarkably photostable, but this feature
also renders implicit dosimetry, such as photobleaching, inappropriate for Pc 4
dose measurement. Interestingly, we have observed a significant irradiationinduced increase in Pc 4 fluorescence in tumor cell monolayers. The amount of
the fluorescence increase observed in vitro strongly correlates to the cell death
reported by the clonogenic cell survival assay. Lam et al. [32] demonstrated a
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variety of mitochondrial responses to Pc 4-PDT in vitro, including mitochondrial
membrane depolarization, changes in permeability, mitochondrial swelling, and
the release of cytochrome c leading to apoptotic death. In our group, we observed
a fluence-dependent mitochondrial swelling during Pc 4-PDT through angular
resolved light scattering measurements. The amplitude of swelling was closely
related to the fluorescence enhancement and loss of cell survival over the same
fluence range.

Based on these biological responses, this irradiation-induced

fluorescence enhancement may be a potential dose metric for Pc 4-PDT. We will
present this study in detail in Chapter 6. The results of this study have been
published in Photochemistry and Photobiology [33], and co-authorship with
Jeremy D. Wilson, Malcolm E. Kenny, Soumya Mitra and Thomas H. Foster is
gratefully acknowledged.
3

O2 is a necessary component in generating/causing PDT damage, and the

tumor oxygenation level can be increased or decreased by the therapy itself.
Therefore, monitoring hemoglobin oxygen saturation (SO2) during treatment can
be another implicit method to evaluate the therapeutic outcome [34-36]. Other
candidate PDT dosimetry metrics such as NADH fluorescence monitoring [37]
and real-time monitoring of treatment light fluences [38] have been developed in
recent years and continue to be evaluated clinically and in preclinical model
systems.
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1.3.2 Brief review of theoretical PDT models
A complementary approach to understanding and estimating PDT dose
deposition is through the theoretical analysis of the photodynamic processes. The
processes as described in Fig. 1.1 lead to net photochemical 3O2 consumption
during PDT.

If the amount of 3O2 consumption can be calculated, we can

indirectly obtain the total 1O2 dose delivered to the tumor tissue. To rigorously
evaluate the dose deposited during PDT, an in-depth analysis of dynamic 3O2
transport and consumption within tumor tissue incorporating the photophysical
and photochemical processes involving photosensitizer, light, and oxygen is
necessary.
Briefly, hemoglobin-bound 3O2 within the red blood cells is transported by
the circulatory system to capillaries where the gradient of the 3O2 concentration
within the capillary causes a release of the 3O2. The concentration of dissolved
3

O2 is in dynamic equilibrium with the hemoglobin 3O2 saturation (SO2) in blood,

which is the ratio of oxyhemoglobin to the total hemoglobin. The relationship can
be described by the Hill equation,
SO2 =

n
Ccap
n
C50n + Ccap

,

(1.1)

where Ccap is the dissolved triplet oxygen concentration, [3O2], in the capillary, n
is the Hill coefficient, and C50 is the dissolved 3O2 concentration corresponding to
50 % SO2. The 3O2 released from the erythrocytes is transported within the
capillary and into the adjacent tumor tissue by molecular diffusion.
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Over the past several years, our laboratory and other groups have proposed
various theoretical PDT models to compute estimates of deposited PDT dose in
tissue. Foster et al. [39-41] first combined a Krogh cylinder model [42] and the
Type II mechanism of photo-oxidation to formulate a steady-state, onedimensional model of PDT in vivo. This model explored the consequences of the
irradiance-dependent photochemical 3O2 consumption rate and capillary density
as factors influencing the distribution of the 3O2 and the PDT dose. Further, it
defined important limits of a dosimetry based solely upon fluence and
photosensitizer concentration.

The predictions made by this model were

qualitatively consistent with experimental results obtained in several murine
tumor models in vivo [43, 44]. This mathematical analysis further suggested the
fractionation of irradiation to optimize the PDT treatment, and this was
demonstrated experimentally [39]. An extension of this work was reported by
Henning et al. [45], who presented a transient one-dimensional model of 3O2
tension in vivo. Through the analysis of this transient model, the authors were
able to determine numerically an optimum timing of a light fractionation
schedule, which was consistent with the in vivo experimental results of Foster et
al. [40]. Yuan et al. [46] expanded the theoretical framework of Henning et al.
[45] to a two-dimensional, steady-state model, in which the Krogh cylinder was
discretized axially into slabs along the length of the capillary. An average blood
flow velocity and the Hill equation were incorporated to obtain the oxygen profile
within the capillary, and this oxygen concentration was used as the boundary
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condition at the capillary wall. Because it incorporated an axial gradient of
oxygen within the vessel, the prediction of an optimal PDT treatment condition
made by this two-dimensional model differed from that predicted by the previous
one-dimensional model for a particular capillary density. Pogue and Hasan [47]
used a modified Krogh cylinder model of the capillary bed to examine the role of
various parameters in depositing 1O2 dose during fractioned irradiation and
reported that intercapillary spacing was the most important factor in determining
the optimal fractionation period.
These mathematical models informed interpretation of clinical [48] and
preclinical [43, 44, 49] studies and made useful predictions toward improving the
therapeutic efficacy of PDT. However, there were several important phenomena
that were not considered in these prior analyses, such as the 3O2 unloading from
hemoglobin, an initially nonuniform sensitizer distribution in the tissue, and the
irreversible sensitizer degradation due to photobleaching. We have developed a
rigorous, two-dimensional, transient PDT-3O2 diffusion and consumption model
that includes all of these phenomena. The steady-state Krogh cylinder model
developed previously by Foster et al. [39] has been improved by considering
perfused vessels as a time-dependent 3O2 source and linking the 3O2 concentration
in the vessel to that within the tissue through the Hill equation. The content of
this thesis heavily focuses on the studies related to this mathematical model.
In Chapter 2, we show the theoretical background and numerical methods
for this PDT mathematical model. We then demonstrate the capabilities of the
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model by computing several quantities of interest during PDT, such as the spatial
distribution of 3O2, the changes in volume-averaged SO2, the progressive loss of
sensitizer, and the deposition of 1O2 dose. We envision the model being useful in
a number of important ways. First, because it creates maps of photodynamic dose
deposition over microscopic distances, it can be used to inform treatment
conditions that optimize the dose delivery on length scales where direct
measurements are extremely difficult or even impossible. A second general class
of applications of this improved model is in the interpretation of the
experimentally accessible quantities, such as SO2, sensitizer fluorescence
photobleaching, and cumulative 1O2 dose.

Those measurements necessarily

represent a volume average. Our numerical model can define the consequences of
the microscopic heterogeneities for the interpretation of the volume-averaged
measurement, thereby identifying the potential and also the possible limitations of
these candidate dose metrics. Portions of Chapter 2 have been published in
Medical Physics [50], and co-authorship with Soumya Mitra and Thomas H.
Foster is gratefully acknowledged.
Based on work in mice that investigated optimal tumor selectivity, clinical
protocols with mTHPC typically employ an interval of 96 hours between systemic
sensitizer administration and irradiation. However, recent studies [51, 52] in
mouse tumor models have demonstrated significantly improved long-term tumor
response when irradiation is performed at shorter drug-light intervals of 3 and 6
hours. In Chapter 3, using the theoretical in vivo PDT model, we calculated
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photodynamic dose depositions following mTHPC-PDT for drug-light intervals of
3, 6, 24 and 96 h. Our results demonstrate that the singlet oxygen dose to the
tumor volume does not track even qualitatively with tumor responses for these
four drug-light intervals. Thus, in this evaluation of mTHPC-PDT at various
drug-light intervals, any PDT dose metric that is proportional to 1O2 creation
and/or deposition would fail to predict the tumor response. Portions of Chapter 3
have been published in Medical Physics, and co-authorship with Soumya Mitra
and Thomas H. Foster is gratefully acknowledged.
In an ongoing clinical trial at Roswell Park Cancer Institute, patients with
superficial basal cell carcinoma receive topical application of 20 % ALA and are
irradiated with 633 nm light at 10-150 mW/cm2.

ALA-induced PpIX

photobleaching in the lesion and the adjacent perilesion normal margin is
monitored by fluorescence spectroscopy. In Chapter 4, we use the mathematical
model of PDT in vivo, which incorporates a 1O2 photobleaching mechanism and
blood flow effects to successfully simulate the in vivo photobleaching of PpIX in
this patient population over a wide range of irradiances. For most cases, the
bleaching slows as treatment progresses, leaving a fraction of the PpIX
unbleached despite sustained irradiation. To account for this feature, a possible
decrease of blood flow during ALA-PDT, which reduces the rate of oxygen
transported to the tissue and therefore slows down the photobleaching process, is
suggested. To test this hypothesis, we use our mathematical model to simulate
the effects of therapy-induced blood flow reduction on the measured PpIX
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photobleaching. The results indicate that blood flow reductions are necessary to
simulate the bleaching data. The results of Chapter 4 have been submitted to
Physics in Medicine and Biology for publication, and co-authorship with William
J. Cottrell, Soumya Mitra, Allan R. Oseroff and Thomas H. Foster is gratefully
acknowledged.
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Chapter 2. A comprehensive oxygen
transport and consumption mathematical
model in photodynamic therapy
2.1 Introduction
In this chapter, the theoretical background and numerical methods of
the PDT oxygen transport model introduced in Chapter 1 are described in detail.
This theoretical model is able to rigorously describe the spatial and temporal
dynamics of 3O2 consumption and transport and microscopic photodynamic dose
deposition during PDT in vivo.

Briefly, time-evolved distributions of 3O2

concentration are obtained by numerically solving two-dimensional transportwith-reaction equations both in the capillary and the adjacent tissue, and the 1O2
dose deposited in the tissue can be calculated by recording the amount of PDT
consumed oxygen for a given treatment condition. Specifically, to overcome the
limitations of our own and other published models [1-3], we have incorporated:
(a) the explicit coupling of the temporal and spatial 3O2 evolution in the vessel to
the surrounding tissue through the Hill equation; (b) the incorporation of
sensitizer-photobleaching effects in the time-dependent 3O2 consumption rate; (c)
the axial diffusion of 3O2 in the capillary and tissue regions; (d) the incorporation
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of blood flow to enable modeling of a dynamic 3O2 supply, and (e) the
implementation of an initially nonuniform photosensitizer distribution.

We

demonstrate the capabilities of this model by computing several quantities of
interest during PDT, such as the spatial distribution of 3O2, the changes in
volume-averaged hemoglobin oxygen saturation (SO2), the progressive loss of
sensitizer, and the deposition of 1O2 dose. The sensitizer mTHPC was chosen for
our calculations, because its photobleaching mechanism and photophysical
parameters and its initial distribution in tissue have been well-established through
extensive studies by our group [4-6].

2.2 Mathematical model
2.2.1 In vivo oxygen transport model
A cylindrical geometry was adopted to describe the effects of PDTinduced 3O2 consumption on the spatial distribution of 3O2 within and near a
capillary and the deposition of photodynamic dose within the surrounding tissue
region. In the current model, each cylindrical capillary is the 3O2 source to a
concentric, homogeneous region of tumor tissue immediately surrounding it. A
mathematical model excluding the PDT photophysical and photochemical aspects
was originally developed by Reneau et al. [7-9] to simulate oxygen release,
diffusion and consumption in capillaries and cerebral grey matter in response to a
transient change of arterial oxygen partial pressure. This mathematical model was
later adopted by Lagerlund et al. [10-12] to simulate the effects of a sudden
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change in arterial oxygen tension, blood flow velocity, or nerve oxygen
consumption on the distribution of oxygen tensions in rat endoneurial tissue
around a capillary.
The basic scenario depicted in Fig. 2.1 is considered in the model.
Because of the presence of 3O2 consumption within the tissue area, as blood flows
downstream from the arterial (z = 0) to the venous (z = L) end of the capillary,
3

O2 is transported within the capillary and into the adjacent tumor tissue by

molecular diffusion in both the radial and axial directions.

We adopt the

following assumptions: (1) the erythrocytes are evenly distributed in the plasma;
(2) the capillary endothelium is assumed to offer no resistance to 3O2 transport,
thus the 3O2 concentration curve is continuous at the interface, and transport
across the interface can be described by Fick's first law; (3) the time of reaction
for the release of 3O2 from erythrocytes is negligible compared to the time
required for diffusion within the capillary, consequently, chemical equilibrium
exists in the capillary between dissolved oxygen and oxyhemoglobin, and the Hill
equation can serve to represent this relationship; (4) tumor cells are
homogenously distributed in the tissue area; (5) blood flow is in the z direction
only, and (6) the PDT treatment irradiance is uniform, which is justified on the
basis of the deep red light typically used in PDT and the vessel lengths and
intercapillary distances considered here.

Based on the above transport

mechanisms and assumptions and incorporating the Hill equation and the effects
of PDT 3O2 consumption, the two-dimensional, time-dependent 3O2 equations
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Figure 2.1 A schematic of the 3O2 transport geometry. Blood flows at a specified
velocity in the axial direction through capillaries of length L and radius Rc. The
distance between adjacent capillaries is 2Rt.
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within the capillary and tissue can be derived by mass balance as follows.
Fig. 2.2 is the cylindrical capillary system we considered, and z and r are
the axial and radial coordinates, respectively. Blood flows through the capillary
from the plane at z = 0. Hemoglobin-bound oxygen within red blood cells is
carried by the blood flow to capillaries and can be released into the capillary due
to the gradient of dissolved oxygen concentration.

The dissolved oxygen

concentration in the capillary Ccap is in dynamic equilibrium with the oxygen
bound to hemoglobin Cb. These two quantities can be linked by the Hill equation
(Eq. (1.1))
Cb = Csat SO2 = Csat

n
Ccap
n
C50n + Ccap

,

(2.1)

where n is the Hill coefficient, Csat is the maximum saturated concentration of 3O2
bound to hemoglobin, and C50 is the dissolved 3O2 concentration in the vessel
corresponding to 50 % SO2. A mass balance equation for the oxygen bound to
hemoglobin within a unit shell volume 2πr∆r∆z (Fig. 2.2) in the capillary can be
written as

2π rΔrΔz

∂Cb
= 2π r ΔrVCb |z −2π rΔrVCb |z +Δz −2π r ΔrΔzR ,
∂t

(2.2)

where V is the average velocity of blood flow and R represents the volumetric
production rate of oxygen unloading from hemoglobin. After dividing Eq. (2.2)
by 2πr∆r∆z, and taking the limit as ∆z → 0, we obtain the following differential
equation that describes the mass balance for oxygen bound to hemoglobin with
the blood flowing through the capillary,
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Figure 2.2 A layout of the cylindrical capillary system. z and r are the axial and

radial coordinates, respectively. Blood flows through the capillary from the plane
at z = 0. Molecular oxygen diffuses in both the radial and axial directions. The
annular ring inside the cylinder represents a unit shell volume.
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(2.3)

The transport equation for the dissolved oxygen within the capillary can also be
derived by the principle of mass balance. In addition to the oxygen carried by
convective flow or released from red blood cells, we also have the contributions
from the radial and axial diffusion mechanism in a unit volume. Following the
same procedures for deriving Eq. (2.3), we then obtain the differential equation
that describes the mass balance for the dissolved oxygen within the capillary,
∂Ccap
∂t

⎡ 1 ∂ ⎛ ∂Ccap ⎞ ∂ 2Ccap ⎤
∂C
r
= Dcap ⎢
+
− V cap + R ,
⎜
⎟
2 ⎥
∂z ⎦
∂z
⎣ r ∂r ⎝ ∂r ⎠

(2.4)

where Dcap is the 3O2 diffusion constant within the capillary. Eq. (2.3) and (2.4)
can be added together to eliminate the R term,
⎡ 1 ∂ ⎛ ∂Ccap ⎞ ∂ 2Ccap ⎤
⎛ ∂Ccap ∂Cb ⎞
∂Cb
r
V
+
= Dcap ⎢
+
−
⎥
⎜
⎟
⎜ ∂z + ∂z ⎟ .
∂t
∂t
∂z 2 ⎦
⎝
⎠
⎣ r ∂r ⎝ ∂r ⎠

∂Ccap

(2.5)

Using Eq. (2.1), the derivative terms for Cb in Eq. (2.5) can be written as follows;
n −1
Ccap
∂Ccap
∂Cb
∂Cb ∂Ccap
n
=
= Csat nC50
2
∂t
∂Ccap ∂t
(C50n + Ccapn ) ∂t
n −1
Ccap
∂Cb
∂Cb ∂Ccap
=
= Csat nC50n
∂z
∂Ccap ∂z
(C n + C n
50

cap

)

∂Ccap
2

.

(2.6)

∂z

Placing Eq. (2.6) into Eq. (2.5), we obtain a two-dimensional time-dependent
partial differential equation which describes oxygen transport within capillary,

(1 + S )

⎡⎛ 1 ∂ ⎛ ∂Ccap ⎞ ⎞ ∂ 2Ccap ⎤
∂Ccap
1
= Dcap ⎢⎜
r
−
V
+
S
, 0 ≤ r ≤ Rc (2.7)
(
)
⎥
⎟+
⎜
⎟
∂t
∂z 2 ⎦⎥
∂z
⎣⎢⎝ r ∂r ⎝ ∂r ⎠ ⎠

∂Ccap
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where
S = Csat nC50n

n −1
Ccap

(C50n + Ccapn )

2

.

(2.8)

Here, Rc is the capillary radius. Following the same procedure as in deriving the
oxygen transport equation in the capillary (Eq. (2.7)) but excluding the convection
term and the contribution of erythrocytes and including an oxygen consumption
term Γ, the corresponding oxygen diffusion with consumption equation in the
tissue is
∂Ctiss
∂ 2Ctiss
⎛ 1 ∂ ⎛ ∂Ctiss ⎞ ⎞
= Dtiss ⎜
− Γ, Rc ≤ r ≤ Rt
⎜r
⎟ ⎟ + Dtiss
∂t
∂z 2
⎝ r ∂r ⎝ ∂r ⎠ ⎠

(2.9)

where Ctiss is the oxygen concentration in the tissue, Dtiss is the 3O2 diffusion
constant of tissue, and Rt is half the distance between two adjacent capillaries.
The above two transport equations for the vessel and the tissue regions are solved
simultaneously, subject to the following boundary and initial conditions:
2
max ⎛
⎞⎛
⎛ Rt ⎞
Γ met
R2⎞
⎜ ⎜ ⎟ − 1⎟ ⎜ r 2 − c ⎟ ,
Ccap ( r ) = Ca −
⎟
4 Dcap ⎜ ⎝ Rc ⎠
2 ⎠
⎠⎝
⎝

for 0 ≤ r ≤ Rc , z = 0 (2.10)

∂C
= 0,
∂r

for r = 0, all z (2.11)

∂C
= 0,
∂r

for r = Rt , all z (2.12)

∂C
= 0,
∂z

for Rc ≤ r ≤ Rt , z = 0 (2.13)

∂C
= 0,
∂z

for z = L, all r (2.14)
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Dcap

∂Ccap
∂r

= Dtiss

∂Ctiss
,
∂r

C = C0 ( r, z ) ,
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for r = Rc , all z (2.15)
for r = Rc , all z (2.16)
for t = 0 , all r and z. (2.17)

Here, the capital C without index is a general symbol for the 3O2 concentration in
the whole region of interest including the capillary and tissue, Ca is the averaged
oxygen concentration at the arterial end (z = 0), and L is the capillary length. The
value of Ca (Table 2.2) was specified such that steady-state solutions to Eqs. (2.7)
and (2.9) in the absence of irradiation were consistent with hemoglobin oxygen
saturations of 0.70, 0.58, and 0.52 for the three intercapillary distances modeled
here. Thews [13] developed Eq. (2.10), which satisfies the appropriate boundary
conditions at the capillary center (Eq (2.11)) and wall (Eq (2.16)), to characterize
3

O2 entering the capillary and diffusing toward the capillary wall in a steady state

condition. Thus, Eq. (2.10) provides a more realistic physical characterization of
the 3O2 concentration at z = 0 than is accomplished by simply assigning Ccap =

Ca. We have implemented this boundary condition as described by Lagerland and
Low [11]. Eqs. (2.11) and (2.12) state that there is no 3O2 flux at the capillary
center and between adjacent tissue cylinders, respectively. Eqs. (2.13) and (2.14)
specify that there is no flux at z = 0 in the tissue regions, and at z = L, both in the
capillary and the surrounding tissue area. Eqs. (2.15) and (2.16) guarantee the
continuity of the 3O2 concentration and gradient at the capillary wall.

The
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necessary initial condition, Eq. (2.17), for time-dependent states can be obtained
by solving the steady states as described below.

2.2.2 Theoretical aspects of oxygen consumption and PDT
Eqs. (2.7) and (2.9) is a set of general oxygen transport-consumption
equations within a cylindrical capillary-tissue system.

After the onset of

photodynamic therapy, the photophysical and photochemical processes induced
by PDT start to consume oxygen, and Г needs to include the effect of the
photochemical oxygen consumption. Г in Eq. (2.9) is the sum of the metabolic,
Гmet, and photodynamic, ГPDT, rates of 3O2 consumption. In order to rigorously
describe the 3O2 dependence of metabolic 3O2 consumption and avoid the
production of non-physiological negative 3O2 concentrations, Michaelis-Menten
kinetics [14] are used to describe Гmet, which is written
max
Γ met ( r, z, t ) = Γ met

Ctiss ( r, z , t )
,
Ctiss ( r, z, t ) + k50

(2.18)

max
where Γ met
is the initial maximum metabolic rate of 3O2 consumption, and k50 is

the 3O2 concentration at which Гmet is half its maximum value.
In the simulations presented in this chapter, we adopt a self-sensitized 1O2mediated bleaching mechanism developed by Georgakoudi et al. [15], which has
been shown to be appropriate for the sensitizer mTHPC [4, 16].

Different

bleaching kinetics [17] can be easily incorporated into this model. We have also
adopted a low photosensitizer concentration correction described by Dysart et al.
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With photosensitizer bleaching mediated by this

mechanism, the loss of ground-state photosensitizer concentration [S0] is written
d [ S0 ]
= −kos ([ S0 ] + δ ) [ 1O2 ],
dt

(2.19)

and the corresponding expression for ГPDT becomes

⎛
⎞
⎧ k
⎫
Ctiss ( r, z, t )
ΓPDT ( r, z, t ) = Γ0 ⎜
1 − ξ ) exp ⎨− os ∫ ΓPDT ( r, z, t )dt ⎬ , (2.20)
(
⎟
⎟
⎜ Ctiss ( r, z, t ) + k p kot
⎩ koa [ A]
⎭
⎠
⎝
where

ξ=

δ kos
[ S0 ](0)koa

and Γ0 = β PDTψ .

Γ
[ A] ∫

PDT

⎧ k
⎫
( r, z, t ) exp ⎨ os ∫ Γ PDT ( r , z, t )dt ⎬ dt
⎩ koa [ A]
⎭

(2.21)

Г0 is the initial maximal rate of photochemical oxygen

consumption prior to photobleaching under conditions where oxygen is not rate
limiting, δ is a characteristic sensitizer concentration at and below which 1O2mediated bleaching becomes independent of sensitizer concentration.

As

described in Fig. 1.1, kp is the rate of monomolecular decay of the sensitizer
triplet state, kot is the bimolecular rate of triplet sensitizer quenching by 3O2, kos is
the bimolecular rate for 1O2 reaction with ground-state photosensitizer, S0, and koa
is the bimolecular rate of reaction of 1O2 with biological substrate [A]. [S0](0) is
the initial ground-state photosensitizer concentration prior to irradiation. βPDT is
the proportionality constant between Г0 and fluence rate ψ, and is written,

β PDT = S+φt [ S0 ](0)

σs
hν

0

⎛ koa [ A] ⎞
⎜
⎟,
+
k
k
[
A
]
oa
⎠
⎝ d

(2.22)
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where kd is the 1O2 to 3O2 decay rate, S+ is the fraction of triplet-state sensitizer3

O2 reactions which produce 1O2, φt is the sensitizer triplet yield, σ s0 is the

absorption cross section of S0, ν is the irradiation light frequency, and h is
Planck’s constant. The time integration of Eq. (2.20) for a given irradiation
period yields the corresponding deposited photodynamic dose per unit volume of
tissue.
From the studies of Mitra et al. [4, 6], the spatial nonuniformity of
mTHPC distribution near a perfused vessel 3 h following i.v. injection can be
quantified using a monoexponential decay function, F(rd), given by

⎛R −r
exp ⎜ c d
⎝ θ1
F ( rd ) =
1 + θ2

⎞
⎟ + θ2
⎠
,

(2.23)

where θ1 is a characteristic constant of the rate at which the sensitizer
concentration varies with distance from the vessel, and θ2 is an offset value that
accounts for the almost constant concentration after an initial decay. The values
of θ1 and θ2 used in this study are listed in Table 2.1. In Eq. (2.23), rd is the radial
distance from the vessel wall to the mid point between two adjacent capillaries.
In the presence of a nonuniform sensitizer distribution, the initial ground-state
photosensitizer concentration, [S0](0), becomes a function of the radial distance
from the capillary wall. Thus, the expression for [S0] has the form
[ S0 ]( r ) = [ S0 ]( Rc ,0) × F ( rd ) ,

(2.24)
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where [S0](Rc, 0) is the initial sensitizer concentration at the capillary wall. To
perform the calculations assuming an initially uniform sensitizer distribution, we
simply assign F(rd) as constant and use [S0](0) as the initial sensitizer
concentration everywhere in the tissue region. In this chapter, we use the spatial
mTHPC gradient near a perfused vessel 3 h after drug administration as an
example to illustrate the influence of initial sensitizer distributions on PDT dose
deposition. Different initial distributions [6] can be and are incorporated into the
model with no difficulty.
In order to model the effects of photobleaching, it is necessary to update
the photosensitizer concentration everywhere in the tissue region as the simulation
progresses. For a 1O2-mediated bleaching mechanism with a provision for the
low photosensitizer concentration correction, the time-resolved ground state
sensitizer concentration in the tissue regions, [ S0 ]( r, z, t ) , is written
⎧ k
⎫
[ S0 ]( r, z, t ) = [ S0 ]( r, z,0) (1 − ξ ) exp ⎨ − os ∫ Γ PDT ( r , z , t )dt ⎬ . (2.25)
⎩ koa [ A]
⎭

By computing the time integration of Γ PDT and ξ, we can obtain the instantaneous
spatially-revolved sensitizer distribution.
Mitra and Foster [4] measured βPDT of mTHPC to be 7.3 μM s-1 mW-1 cm2
at 650 nm at the edge of 500 μm diameter EMT6 tumor spheroids in response to
the sensitizer distribution described by Eq. (2.23). The mTHPC concentration
corresponding to this βPDT is 166 μg ml-1, and we can calculate the ratio of βPDT
and [S0](0) for mTHPC irradiated at 650 nm. From literature reports [19-21], the
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mTHPC concentration in murine tumors is 0.3 - 0.8 μg ml-1 2 to 4 h following i.v.
injection (0.3 mg kg-1), assuming a tissue density of 1 g cm-3. We adopted 0.6 μg
ml-1 for the mTHPC concentration at the 3 h time point. The initial sensitizer
concentration is kept as 0.6 μg ml-1 in the following calculation, including the
initially uniform sensitizer distribution case. From these experimental data and
the ratio between βPDT and [S0](0), we can estimate βPDT to be 0.0263 for the case
of a uniform mTHPC distribution and 0.1311, 0.1415, and 0.1451 at the vessel
wall for the nonuniform cases with 130, 170, and 200 μm intercapillary distances,
respectively.

2.3 The numerical method
The numerical methods used to solve the above differential equations,
Eqs. (2.7) and (2.9), with constant metabolic 3O2 consumption are described in
detail by Reneau [9].

In this section, we introduce the finite difference

approximations used for numerical calculation, the convergence condition, and
the appropriate grid size for both the spatial and time-evolutions.
We use the solution of the steady state with no photochemical oxygen
consumption as the initial condition for the time-dependent equations involving
the PDT process. In order to efficiently reduce the computation time of the steady
state calculation and have the ability to explore the importance of axial diffusion,
the steady states are solved for two different cases, sequentially; (a) steady state
neglecting axial diffusion and (b) steady state with axial diffusion. The solutions
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of each case become the initial conditions for the subsequent states. In particular,
using the solution of case (b) as the initial condition, we can solve (c), the full
time-dependent case including all terms.

In the following, we describe the

numerical methods for these three cases in order.

2.3.1 Steady state neglecting axial diffusion
The steady state equations neglecting axial diffusion are given as follows,
∂Ccap
⎛ 1 ∂ ⎛ ∂Ccap ⎞ ⎞
,
Dcap ⎜
r
⎟ = V (1 + S )
⎜
⎟
∂z
⎝ r ∂r ⎝ ∂r ⎠ ⎠

⎛ 1 ∂ ⎛ ∂Ctiss ⎞ ⎞
max
Dtiss ⎜
⎜r
⎟ ⎟ = Γ met .
⎝ r ∂r ⎝ ∂r ⎠ ⎠

0 ≤ r ≤ Rc (2.26)

Rc ≤ r ≤ Rt (2.27)

In order to simplify the computation procedures, we chose zero-order MichaelisMenten kinetics with k50 = 0 as the mechanism of metabolic 3O2 consumption for
this steady state calculation.
In the first step, we create the dimensionless quantities with barred
symbols:
t=

Dcap t
Rc2

C
VR c
r
z
ΓRc2
, r= , z= , Γ=
, V=
, C=
.
Rc
Rc
Ca Dcap
Dcap
Ca

(2.28)

In terms of these dimensionless quantities, Eqs. (2.26) and (2.27) can then be
written as
1 ∂ ⎛ ∂C cap ⎞
∂C cap
r
= V (1 + S )
,
⎜
⎟
r ∂r ⎝ ∂r ⎠
∂z

0 ≤ r ≤ 1 (2.29)
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max D
r
= Γ met cap .
⎜
⎟
r ∂r ⎝ ∂r ⎠
Dtiss

1≤ r ≤
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Rt
(2.30)
Rc

Using the boundary conditions Eqs. (2.12), (2.15), and (2.16), the
analytical solutions of Eq. (2.30) are readily obtained for the tissue region by
successive integration,
C tiss

2
max
⎤
Γ met Dcap ⎡ 2
⎛ Rt ⎞
= CJ +
⎢ r − 1 − 2 ⎜ ⎟ ln( r ) ⎥ ,
4 Dtiss ⎢
⎥⎦
⎝ Rc ⎠
⎣

(2.31)

where C J is the dimensionless oxygen concentration at the capillary-tissue
interface.

The value of C J can be calculated by the numerical approach

introduced in the following.
The solution of Eq. (2.29) does not have a simple analytic form, but it can
be solved by the numerical Crank-Nicholson method [22]. This implicit method
is second order accurate in both space and time and unconditionally stable [23].
To this end, the space coordinates within the capillary are discretized and placed
on a radial and axial lattice (Fig. 2.3). The spatial lattice that is employed is
shown in Fig. 2.3. The space coordinates are given by
r j = ( j − 1.5)h1 , j = 2, 3 .... J
z i = (i − 1)k ,

i = 1, 2 .... I

,

(2.32)

where i and j represent the spatial lattice points along the axial and radial
directions, and k and h1 are the uniform axial and radial dimensionless spacings,
respectively. The capillary center r = 0 is set between lattice points at j = 1 and
2. The lattice points at j = 1 are fictitious spatial points which are used to satisfy
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Figure 2.3 The spatial lattice of the capillary system at the cross section from

r = 0 to r = 1 and z = 0 to z = L / Rc . Lattice points are separated uniformly by
h1 in the radial direction and k in the axial direction, respectively. The circles
represent lattice points where the oxygen concentration is evaluated, and the
circles at j = 1 represent fictitious spatial lattices which are used to satisfy the
boundary conditions. The dashed line indicates the location of the capillary
center in this grid plate. The spatial index of each lattice is represented by (i, j).
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The spatial indices J and I

correspond to the locations of the capillary-tissue interface and the end of the
capillary, respectively.
The oxygen concentration is similarly discretized,
i

C cap ( r j , z i ) = C j .

(2.33)

After setting up the grid work, we can apply the Crank-Nicholson scheme to the
differential equation Eq. (2.29). Application of the Crank-Nicholson technique to
the derivatives involves averaging the value of the variable over the i and i + 1
row at a constant j position:
1

i+
i +1
i
⎛ ∂C ⎞ 2 1 ⎡⎛ ∂C ⎞
⎛ ∂C ⎞ ⎤
⎜ ∂ r ⎟ = 2 ⎢⎜ ∂ r ⎟ + ⎜ ∂ r ⎟ ⎥
⎝
⎠j
⎠j ⎝
⎠ j ⎦⎥
⎢⎣ ⎝
1
2

⎛∂ C⎞
⎛∂ C⎞ ⎤
1 ⎡⎛ ∂ C ⎞
⎜ 2 ⎟ = ⎢⎜ 2 ⎟ + ⎜ 2 ⎟ ⎥
2 ⎢⎝ ∂ r ⎠ j ⎝ ∂ r ⎠ j ⎥
⎝ ∂r ⎠ j
⎣
⎦
2

i+

2

i +1

2

i

,

(2.34)

while the corresponding axial derivative at axial step i+1/2 is evaluated by a
central difference to guarantee stability and second order accuracy in time,
i+

1
2

i

i

C j +1 − C j
⎛ ∂C ⎞
.
⎜ ∂z ⎟ =
k
⎝
⎠j

(2.35)

A central differencing formula is applied to the radial derivatives in the right hand
side of Eq. (2.34):
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i

⎛ ∂C ⎞ C j +1 − C j −1
⎜ ∂r ⎟ =
2h1
⎝
⎠j
i

i

⎛ ∂ 2 C ⎞ C j +1 − 2C j + C j −1
⎜ 2 ⎟ =
h12
⎝ ∂r ⎠ j

.

(2.36)

Substituting the differenced form of Eqs. (2.34) and (2.35) into Eq. (2.29), we can
get an algebraic form at a spatial index (i + 1/2 , j):
i +1

i +1

⎧i = 2,3... I − 1
(2.37)
⎨
⎩ j = 2,3... J − 1

i +1

f j C j +1 + e j C j + d j C j −1 = g j ,
where
fj =

k
α
+
4h1 r j 2
i+

e j = −α − E j
dj = −

α
k
+
4h1 r j 2

g j = − f jC
i+

Ej

1
2

i
j +1

1
i+ ⎞ i
⎛
i
+ ⎜ α − E j 2 ⎟ C j − d j C j −1
⎝
⎠

i+

(2.38)

1
2

= V (1 + S j )

α=
i+

1
2

k
.
h12

1
2

i+

1

Because the term E j involves the unknown C j 2 , a Taylor expansion suggested
i+

by Douglas [24] and Reneau [7] is applied to estimate E j
i+

We can estimate C j

1
2

1
2

i

using the known C j .

as follows:
i+

Cj

1
2

i

k ⎛ ∂C ⎞
=C + ⎜
.
2 ⎝ ∂ z ⎟⎠ j
i
j

(2.39)
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i

⎛ ∂C ⎞
The value of ⎜
⎟ can be calculated using Eq. (2.29) with explicit difference at
⎝ ∂z ⎠ j
spatial index (i, j):
i
i
i
1 ⎡ 1 ⎛ ∂C ⎞ ⎛ ∂ 2 C ⎞ ⎤
⎛ ∂C ⎞
⎜ ∂ z ⎟ = Ei ⎢ r j ⎜ ∂r ⎟ + ⎜ 2 ⎟ ⎥ .
⎝
⎠j
⎠ j ⎝ ∂ r ⎠ j ⎦⎥
j ⎢
⎣ ⎝

(2.40)

The boundary condition at r = 0 (Eq. (2.11)) can be simply satisfied with
the fictitious lattice points at j = 1. With use of Eq. (2.11) and the central
difference approximation, the following equality must be valid:
1

2

⎛ ∂C ⎞
1
2
Ci − Ci
= 0 → Ci = Ci .
⎜
⎟ =0 →
h1
⎝ ∂ r ⎠ r =0

(2.41)

The boundary condition at r = 1 corresponding to r = Rc (Eq. (2.16)) can be
evaluated by considering the radial derivatives within the capillary and tissue
regions separately.

The radial derivative term within the capillary can be

estimated by applying a backward difference formula to the grid points on the J
index and averaging over the i and i + 1 rows to match the Crank-Nicholson
scheme. The derivative term within the tissue can be calculated using Eq. (2.31).
We can obtain the following discretized form for the boundary condition at r = 1 :
C

i +1
J

−C

i +1
J −1

= h1 Γ

max
met

⎡ ⎛ R ⎞2 ⎤
i
i
⎢1 − ⎜ t ⎟ ⎥ − C J + C J −1 .
⎢⎣ ⎝ Rc ⎠ ⎥⎦

(2.42)

With the boundary conditions of Eqs. (2.41) and (2.42), Eq. (2.37) forms a
tridiagonal matrix equation that can be solved by the Thomas algorithm [25]:
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⎡ d 2 + e2
⎢
⎢ d3
⎢
⎢ 0
⎢
⎢ #
⎢
⎢
⎢
⎢⎣ 0

f2

0

e3

f3

"

%
%

d J −1 eJ −1
−1

0 ⎤ ⎡ C i2+1 ⎤ ⎡ g 2 ⎤
⎥
⎥ ⎢ i +1 ⎥ ⎢
⎥ ⎢ C 3 ⎥ ⎢ g3 ⎥
⎥
⎥ ⎢ i +1 ⎥ ⎢
⎥ ⎢ C 4 ⎥ ⎢ g4 ⎥
⎥=⎢
⎥⎢
⎥,
⎢
⎥ # ⎥ ⎢ # ⎥
⎥ ⎢
⎥
⎥⎢
i +1 ⎥
⎢
⎢
⎥
f J −1 C J −1
g ⎥
⎥ ⎢ J −1 ⎥
⎥⎢
1 ⎥⎦ ⎢⎣ C iJ+1 ⎥⎦ ⎢⎣ gg J ⎥⎦
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(2.43)

where
gg J = h1 Γ

max
met

⎡ ⎛ R ⎞2 ⎤
i
i
⎢1 − ⎜ t ⎟ ⎥ − C J + C J −1 .
⎢⎣ ⎝ Rc ⎠ ⎥⎦

(2.44)

Initially, the radial distribution of oxygen concentration within the capillary at the
arterial end is defined by the boundary condition Eq. (2.10).

At next axial

position, the current radial 3O2 distribution is determined in terms of the
distribution obtained at the previous axial step by solving the tridiagonal matrix
Eq. (2.43). The oxygen concentration at the capillary-tissue interface, C J , is also
obtained by solving the matrix form and can be plugged into Eq. (2.31) to
calculate the radially-dependent oxygen concentration within the tissue region.

2.3.2 Steady state with axial diffusion
Data from the previous case are the starting values for the steady state
with axial diffusion. Because of the axial diffusion terms, the oxygen transportconsumption equations become a set of elliptic partial differential equations. The
differenced forms of these equations do not fit the tridiagonal matrix necessary for
the Thomas algorithm [25] and therefore the numerical method of directly
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Figure 2.4 The spatial lattice of the entire system at the cross section from r = 0

to r = Rt / Rc and z = 0 to z = L / Rc . The lattice points in the tissue region are
separated uniformly by h2 in the radial direction.
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solving the inverse matrix may not be efficient in this case. In the second step, we
use the five-point finite difference approximation to express the two differential
equations (Eqs. (2.45) and (2.46)) in the difference form and solve the equations
simultaneously with a systematic iterative method. These steps are described in
detail as follows.
The dimensionless steady state equations with axial diffusion and
Michaelis-Menten kinetics are
1 ∂ ⎛ ∂C cap ⎞ ∂ 2 C cap
∂C cap
r
+
= V (1 + S )
,
2
⎜
⎟
r ∂r ⎝ ∂r ⎠
∂z
∂z

0 ≤ r ≤ 1 (2.45)

1 ∂ ⎛ ∂C tiss ⎞ ∂ 2 C tiss Dcap max C tiss
R
+
=
Γ met
. 1 ≤ r ≤ t (2.46)
r
2
⎜
⎟
Rc
r ∂r ⎝ ∂r ⎠
Dtiss
C tiss + k 50
∂z

Because there is no analytic solution for these two equations, we use the finite
difference approximations to obtain the numerical solutions. Therefore, the grid
work needs to be extended to the tissue region as shown in Fig. 2.4. The radial
spatial index of each lattice point within the tissue region is represented by J + 1
to Q, and the corresponding dimensionless radial distance is
r j = r J + ( j − J )h2 , j = J + 1, J + 2 .... Q ,

(2.47)

where h2 is the uniform radial dimensionless spacing, and r Q is equal to Rt/Rc.
The central differencing formulas are used to discretize the radial and axial
derivatives in Eqs. (2.45) and (2.46). The finite difference forms of these two
equations are
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⎡⎛ 1
⎛ 1
1 ⎞ i
1 ⎞ i ⎤
+
+
−
C
j
+
1
⎢
⎜
⎟
⎜
⎟ C j−1 ⎥
2
2
−1
⎛ 2 2 ⎞ ⎢⎝ 2h1 r j h1 ⎠
⎝ h1 2h1 r j ⎠
i
⎥
Cj =⎜ 2 + 2 ⎟ ⎢
i
i
⎥ , 0 ≤ r < 1 (2.48)
⎝ h1 k ⎠ ⎢ ⎛ 1 E j ⎞ i−1 ⎛ 1 E j ⎞ i+1
⎥
+ ⎜ + ⎟C j + ⎜ 2 − ⎟C j
k
k
2
⎢⎣ ⎝ k 2 2k ⎠
⎥⎦
⎝
⎠

⎡⎛ 1
⎛ 1
1 ⎞ i
1 ⎞ i ⎤
+ 2 ⎟ C j+1 + ⎜ 2 −
⎢⎜
⎟ C j−1 ⎥
⎛ 2 2 ⎞ ⎢⎝ 2h2 r j h2 ⎠
i
⎝ h2 2h2 r j ⎠
⎥ , 1 < r ≤ Rt (2.49)
Cj =⎜ 2 + 2 ⎟
i
⎥
Rc
D
Cj
⎝ h2 k ⎠ ⎢⎢ 1 i +1
i −1
max
⎥
+ 2 C j + C j − cap Γmet i
Dtiss
⎢⎣ k
C j + k 50 ⎥⎦
−1

(

)

where
E ij = V (1 + S ij ) .

(2.50)

Here, we consider the numerical treatment of the boundary conditions (Eqs (2.11)
-(2.16)). Except at the capillary-tissue interface, all the other boundary conditions
can be easily treated using forward, backward, or central difference schemes as
we introduced in Sec. 2.3.1 (Eq. (2.41)). The interface boundary condition, Eq.
(2.16), can be treated with a backward and forward difference formulation on the
capillary and tissue sides, respectively. A dimensionless form of this differenced
boundary condition at spatial point j = J is
i

CJ =

1
w
i
i
C J +1 ,
C J −1 +
1+ w
1+ w

(2.51)

Dtiss h1
.
Dcap h2

(2.52)

where
w=

After constructing the finite difference forms of the entire system (Eqs.
(2.48), (2.49), and (2.51)), we can use the iterative processes to let the solution
converge to a prescribed error limit. The Gauss-Seidel method [26] is used for
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the point iterative processes; the iteration is performed point by point, and once
the new value is available, it is immediately substituted for the previous value at
the same mesh point and used for the calculation of the next mesh point in the
same iteration cycle. The system equations with the Gauss-Seidel scheme are
for the capillary region,
⎡⎛ 1
⎛ 1
1 ⎞ (n) i
1 ⎞ ( n +1) i ⎤
C j −1 ⎥
+ 2 ⎟ C j +1 + ⎜ 2 −
⎢⎜
⎟
⎛ 2
⎝ h1 2h1 r j ⎠
2 ⎞ ⎢ ⎝ 2h1 r j h1 ⎠
( n +1) i
⎥
Cj =⎜ 2 + 2 ⎟ ⎢
i
i
⎥,
⎝ h1 k ⎠ ⎢ ⎛ 1 E j ⎞ ( n +1) i −1 ⎛ 1 E j ⎞ ( n ) i +1
⎥
+⎜ + ⎟
Cj +⎜ 2 − ⎟ Cj
2k ⎠
⎢⎣ ⎝ k 2 2k ⎠
⎥⎦
⎝k
−1

(2.53)

for the capillary-tissue interface,
( n +1)

i

CJ =

1 ( n +1) i
w (n) i
C J +1 ,
C J −1 +
1+ w
1+ w

(2.54)

and for the tissue region
⎡⎛ 1
⎛ 1
1 ⎞ (n) i
1 ⎞ ( n +1) i ⎤
C j −1 ⎥
+ 2 ⎟ C j +1 + ⎜ 2 −
⎢⎜
⎟
⎛ 2
2 ⎞ ⎢⎝ 2h2 r j h2 ⎠
( n +1) i
⎝ h2 2h2 r j ⎠
⎥,
Cj =⎜ 2 + 2 ⎟
(n) i
⎢
⎝ h2 k ⎠ ⎢ 1 ( n ) i +1 ( n +1) i −1 Dcap max
C j ⎥⎥
+ 2
Γ met ( n ) i
Cj +
Cj −
Dtiss
⎢⎣ k
C j + k 50 ⎥⎦
−1

(

where

( n +1)

i

C j and

(n)

i

)

(2.55)

i

C j are the values of C j at the (n + 1)th and nth iteration. The

oxygen concentration at (i = 1, j = 2 ~ J - 1) is given by the boundary condition
Eq. (2.10). The iteration starts at lattice point (i = 1, j = J) and proceeds radially
for each row from the left to the right (Fig. 2.4).

The iterative process is

continued until the difference in 3O2 concentration at any grid point between two
successive iterations is no more than 10-5 μM.
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2.3.3 Time-resolved solutions
Using the results of the second case as the initial conditions for each
spatial grid point in r and z and including all the boundary conditions, the timeresolved solutions of the coupled transport equations, Eqs. (2.7) and (2.9), are
obtained by the alternating direction implicit (ADI) methods developed by
Peaceman, Rachford, and Douglas and modified by Ananthakrishnan, Gill, and
Barduhn [8]. Although we can make the differential equations implicit in all
dimensions, it results in a banded matrix that is no longer tridiagonal and
therefore costs significant computational effort. The ADI method can avoid this
difficulty, recover the tridiagonal matrices, and keep the stability of the implicit
method. The ADI method adopted for this capillary-tissue system is introduced
by Reneau [8, 9]. In the first time step, the z-derivatives in the capillary and
tissue equations are implicitly differenced, and the r-derivatives are explicitly
differenced. The resulting equations for the entire system form a tridiagonal
matrix and can be solved by the methods of Thomas [25]. For the second time
step, we use implicit difference for the r-derivatives and explicit difference for the
z-derivatives. Again, these system equations in a tridiagonal matrix form can be
solved by the Thomas method. In order to achieve unconditional stability, these
two alternating calculations must be performed together and assigned to the same
sized time step. Time-resolved solutions are then obtained in this alternating
scenario for successive time steps. This approach is efficient, especially for
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rectangular grid regions [27]. In the following, we will describe the ADI methods
applied to our oxygen transport equations in detail.

2.3.3.1 First step: implicit difference for z-derivatives
The dimensionless forms of the time-dependent equations with
photochemical oxygen consumption are
(1 + S )

∂C cap
∂C cap 1 ∂ ⎛ ∂C cap ⎞ ∂ 2 C cap
+ V (1 + S )
=
r
+
, 0 ≤ r ≤ 1 (2.56)
2
∂t
∂z
r ∂ r ⎜⎝ ∂ r ⎟⎠
∂z
∂C tiss Dtiss
=
Dcap
∂t

⎡ 1 ∂ ⎛ ∂C tiss ⎞ ∂ 2 C tiss ⎤
−Γ,
2 ⎥
⎢ r ∂r ⎜ r ∂r ⎟ +
z
∂
⎝
⎠
⎣
⎦

1≤ r ≤

Rt
. (2.57)
Rc

We use the same grid work (Fig. 2.4) from the second steady state case, and the zderivatives and r-derivatives can be replaced with an implicit and explicit
formulation, respectively. The time derivative can be approximated by a
backward difference scheme as follows:
i
⎛ C ij ,2 n +1 − C ij ,2 n ⎞
∂C ⎤
⎡
i
1
1
S
S
+
=
+
) ⎥
( j ,2n+1 ) ⎜⎜
⎟⎟ ,
⎢(
e
∂ t ⎦ j ,2 n +1
⎣
⎝
⎠
i

⎛ C ij+,21 n +1 − C ij−,21 n +1 ⎞
∂C ⎤
⎡
i
= V (1 + S j ,2 n +1 ) ⎜
⎟⎟ ,
⎢V (1 + S ) ∂ z ⎥
⎜
2k
⎣
⎦ j ,2 n +1
⎝
⎠
i

i +1

i −1

i

⎛ ∂2 C ⎞
C j ,2 n +1 − 2C j ,2 n +1 + C j ,2 n +1
,
=
⎜ 2⎟
k2
⎝ ∂ z ⎠ j ,2 n +1
i

i

i

i

i

C j +1,2 n − C j −1,2 n
⎛ 1 ∂C ⎞
,
⎜ r ∂r ⎟ =
2h1 r j
⎝
⎠ j ,2 n
i

i

⎛ ∂2 C ⎞
C j +1,2 n − 2C j ,2 n + C j −1,2 n
,
⎜ 2 ⎟ =
h12
⎝ ∂ r ⎠ j ,2 n

(2.58)
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where e is a dimensionless time increment, 2n + 1 denotes unknown time step, 2n
indicates known time step and n is an integer that starts from 0. The time indices
2n, 2n + 1 and, later, 2n + 2 are in accordance with the ADI algorithm. Each n
value is used twice before the algorithm goes to the next time cycle.

By

substituting Eq. (2.58) into the oxygen transport equation in the capillary region
(Eq. (2.56)), we obtain
i +1

i −1

i

Fi C j ,2 n +1 + Gi C j ,2 n +1 + H i C j ,2 n +1 = Bi ,

⎧i = 2,3... I − 1
(2.59)
⎨
⎩ j = 2, 3... J − 1

where

⎛Ui
⎛ 1
⎛ 1
1 ⎞ i
2 ⎞ i
1 ⎞ i
Bi = ⎜
+ 2 ⎟ C j +1,2 n + ⎜ j ,2 n +1 − 2 ⎟ C j ,2 n + ⎜ 2 −
⎟ C j −1,2 n ,
2
2
h
r
h
e
h
h
h
r
j
j
1 ⎠
1 ⎠
1
⎝ 1
⎝ 1
⎠
⎝
i
VU j ,2 n +1 1
Fi =
− 2,
2k
k
i
U
2
(2.60)
Gi = j ,2 n +1 + 2 ,
e
k
−VU ij ,2 n +1 1
Hi =
− 2,
2k
k
i
i
U j ,2 n +1 = 1 + S j ,2 n +1.
i

Because the nonlinear term U ij ,2 n +1 involves an unknown value C j ,2 n +1 , we can use
the same Taylor expansion method introduced in the first steady state case (Sec.
i

2.3.1) to estimate the value using C j ,2 n . For the boundary condition at z = L / Rc
corresponding to z = L (Eq. (2.14)), we can apply a backward difference formula,
and the following equality is valid:
I −1

I

C j ,2 n +1 = C j ,2 n +1 .

(2.61)

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

52

With Eqs. (2.59) and (2.61), we can write down a tridiagonal matrix form for the
capillary region
"
⎡ G2 F2 0
⎢
⎢ H 3 G3 F3
⎢
⎢0
%
⎢
⎢ #
%
⎢
⎢
H I −1 GI −1
⎢
⎢⎣ 0
−1

1
0 ⎤ ⎡C 2j ,2 n +1 ⎤ ⎡ B2 − H 2 C j ⎤
⎥
⎥ ⎢
⎥⎢ 3
⎢
⎥
⎢
⎥
⎥ C j ,2 n +1
B3
⎢
⎥
⎢
⎥
⎥ 4
⎥
⎥ ⎢C j ,2 n +1 ⎥ ⎢
B4
⎥.
⎥=⎢
⎥⎢
⎥
⎥⎢ # ⎥ ⎢
#
⎥
⎥ ⎢
⎥⎢
I −1
⎢
⎥
⎢
⎥
⎥
FI −1 C j ,2 n +1
⎥ ⎢ BI −1 ⎥
⎥⎢
⎥
1 ⎥⎦ ⎢⎣C Ij ,2 n +1 ⎥⎦ ⎢⎣
0
⎦

(2.62)

Because of the boundary condition at the arterial end (Eq. (2.10)), the oxygen
1

concentration at i = 1 C j =2~ J −1 is known for all time steps. To maintain the
1

feature of the tridiagonal matrix, we can move this term C j to the right hand side
of Eq. (2.59) for the i = 2 row as shown in Eq. (2.62). For the time index from 2n
to 2n + 1, we can solve this matrix form (2.62) radially from j = 2 to J - 1 and
obtain the oxygen concentration within the capillary region at axial index i = 2 to
I for each radial index.
Next, we consider the oxygen diffusion-consumption equation in the tissue
region (Eq. (2.57)). Again, we use the same differencing technique as in the
capillary equation for Eq. (2.57). We obtain
i +1

i

i −1

FFi C j ,2 n +1 + GGi C j ,2 n +1 + HH i C j ,2 n +1 = BBi ,
where

⎧i = 1, 2,3... I − 1
(2.63)
⎨
⎩ j = J + 1, J + 2... Q
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⎛ 1
Dtiss ⎡⎛ 1
1 ⎞ i
1 ⎞ i ⎤ ⎛ 1 2Dtiss ⎞ i
i
C
+
+
−
1,2
+
j
n
⎟⎟ C j,2n − Γ j,2n
⎢⎜
⎜ 2
⎟ C j−1,2n ⎥ + ⎜⎜ − 2
2⎟
Dcap ⎣⎝ 2h2 r j h2 ⎠
⎝ h2 2h2 r j ⎠
⎦ ⎝ e h2 Dcap ⎠
D
(2.64)
FFi = HHi = − tiss 2 ,
Dcapk
1 2D
GGi = + 2 tiss .
e k Dcap

To numerically incorporate the oxygen dependent consumption terms, Eqs. (2.18)
and (2.20), into the analysis, we use the known oxygen concentration at time
index 2n to estimate the consumption value and thereby avoid the nonlinearity.
Thus,

(

i

Γ j ,2 n = Γ met

)

i
j ,2 n

(

+ Γ PDT

)

i
j ,2 n

.

(2.65)

The boundary condition at z = 0 in the tissue region (Eq. (2.13)) is solved by a
central difference approximation and setting fictitious spatial points at i = 0. The
boundary condition at the half intercapillary distance (Eq. (2.12)) is treated in the
same manner. We can write down a tridiagonal matrix form for the tissue region
with use of Eq. (2.61) and (2.63)

⎡ GG1
⎢
⎢ HH 2
⎢
⎢ 0
⎢
⎢ #
⎢
⎢
⎢
⎢⎣ 0

( HH1 + FF1 )

0

GG2

FF2

"

%
%

HH I −1 GGI −1

−1

0 ⎤ ⎡C 1j ,2 n +1 ⎤ ⎡ BB1 ⎤
⎥ ⎢
⎥⎢ 2
⎥
⎢
⎥ C j ,2 n +1 ⎥ ⎢ BB2 ⎥
⎥ ⎢
⎥
⎥⎢ 3
⎥ ⎢C j ,2 n +1 ⎥ ⎢ BB3 ⎥
⎥=⎢
⎥⎢
⎥ . (2.66)
⎥⎢ # ⎥ ⎢ # ⎥
⎥ ⎢
⎥
⎥⎢
I 1
FFI −1 ⎥ ⎢C j −,2 n +1 ⎥ ⎢ BBI −1 ⎥
⎥ ⎢
⎥⎢
⎥
I
⎢
1 ⎥⎦ ⎣C j ,2 n +1 ⎥⎦ ⎢⎣ 0 ⎥⎦
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For the time index from 2n to 2n + 1, we can solve this matrix form Eq. (2.66)
radially from j = J + 1 to Q and obtain the oxygen concentration within the tissue
region at axial index i = 1 to I for each radial index.
Following the same method as in Sec. 2.3.2, the oxygen concentration at
i

the capillary-tissue interface C J can be calculated by the boundary condition Eq.
(2.16), which is implicitly differenced and linked by the known concentration in
both the capillary and tissue side
i

C J ,2 n +1 =

1
w
i
i
C J −1,2 n +1 +
C J +1,2 n +1 ,
1+ w
1+ w

(2.67)

where
w=

Dtiss h1
.
Dcap h2

(2.68)

2.3.3.2 Second step: implicit difference for r-derivatives
Because in the first step, the unknown variables are along z direction and
the capillary-tissue interface condition (Eq. (2.16)) contains r-derivatives only, we
have to consider capillary and tissue systems separately and link these two
systems by the interface equation. However, for time index 2n + 2, we difference
the equations in a reverse manner by replacing the r-derivatives with an implicit
formulation and the z-derivatives with an explicit formulation. We therefore can
treat the capillary and tissue equations in a single tridiagonal matrix form. Thus,
we difference the derivatives as follows,
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i
⎛ C ij ,2 n + 2 − C ij ,2 n +1 ⎞
∂C ⎤
⎡
i
= (1 + S j ,2 n + 2 ) ⎜
⎟⎟ ,
⎢(1 + S ) ∂t ⎥
⎜
e
⎣
⎦ j ,2 n + 2
⎝
⎠
i
⎛ C ij+,21 n +1 − C ij−,21 n +1 ⎞
∂C ⎤
⎡
i
+
=
+
(1
)
(1
)
V
S
V
S
⎟⎟ ,
j ,2 n +1 ⎜
⎢
⎜
∂ z ⎥⎦ j ,2 n +1
2
k
⎣
⎝
⎠
i

i +1

i −1

i

⎛ ∂2 C ⎞
C j ,2 n +1 − 2C j ,2 n +1 + C j ,2 n +1
=
,
⎜ 2 ⎟
k2
⎝ ∂ z ⎠ j ,2 n +1
i

i

i

i

(2.69)

i

C j +1,2 n + 2 − C j −1,2 n + 2
⎛ 1 ∂C ⎞
=
,
⎜ r ∂r ⎟
2h1 r j
⎝
⎠ j ,2 n + 2
i

i

⎛ ∂2 C ⎞
C j +1,2 n + 2 − 2C j ,2 n + 2 + C j −1,2 n + 2
=
.
⎜ 2 ⎟
h12
⎝ ∂ r ⎠ j ,2 n + 2
By substituting Eq. (2.69) into the oxygen transport equation in the capillary
region (Eq. (2.56)), we obtain

⎧i = 2,3... I − 1
i
i
i
(2.70)
Fj C j +1,2 n + 2 + G j C j ,2 n + 2 + H j C j −1,2 n + 2 = B j , ⎨
⎩ j = 2,3... J − 1
where
⎛ 1 VU ij ,2 n +1 ⎞ i +1
⎛ U ij ,2 n + 2 2 ⎞ i
⎛ 1 VU ij ,2 n +1 ⎞ i −1
+
−
+
Bj = ⎜ 2 −
C
C
j ,2 n +1
⎟ j ,2 n +1 ⎜
⎜ 2+
⎟ C j ,2 n +1 ,
2 ⎟
k
k
e
k
k
k
2
2
⎝
⎠
⎝
⎠
⎝
⎠
1
1
− 2,
Fj = −
2h1 r j h1
Gj =

U ij ,2 n + 2

Hj =

e

+

2
,
h12

(2.71)

1
1
− 2,
2h1 r j h1

U ij ,2 n +1 or 2 n + 2 = 1 + S ij ,2 n +1 or 2 n +2 .

Again, the term U ij ,2 n + 2 can be calculated by the Taylor expansion with the use of
i

the known C j ,2 n+1 . Eq. (2.57) is implicitly differenced with respect to the r
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direction in the same manner as the capillary equation. The resulting algebraic
equation is

⎧i = 1, 2... I − 1
i
i
i
FFj C j +1,2 n + 2 + GG j C j ,2 n + 2 + HH j C j −1,2 n + 2 = BB j , ⎨
(2.72)
⎩ j = J + 1, J + 2... Q
where
BB j =

⎛ 1 2 Dtiss ⎞ i
Dtiss
i +1
i −1
i
C
C
+
+
j
,2
n
+
1
j
,2
n
+
1
⎜⎜ − 2
⎟⎟ C j ,2 n +1 − Γ j ,2 n +1 ,
2
Dcap k
⎝ e k Dcap ⎠
D ⎛ 1
1 ⎞
FFj = − tiss ⎜
+ 2 ⎟,
Dcap ⎝ 2h2 r j h2 ⎠

(

)

1 2D
GG j = + 2 tiss ,
e h2 Dcap
HH j =

Dtiss
Dcap

(2.73)

⎛ 1
1 ⎞
− 2 ⎟.
⎜
⎝ 2h2 r j h2 ⎠

i

The oxygen consumption term Γ j ,2 n+1 is calculated by the known oxygen
concentration at time step 2n + 1. The boundary condition at the capillary-tissue
interface (Eq. (2.16)) is still differenced in the same manner as the first step (Sec.
2.3.3.1), but the oxygen concentrations are evaluated at time step 2n + 2,
i

i

i

HI C J −1,2 n + 2 + GI C J ,2 n + 2 + FI C J +1,2 n + 2 = 0,

⎧i = 1, 2... I − 1
(2.74)
⎨
⎩j= J

where
1
,
1+ w
GI = −1,
HI =

w
,
1+ w
D h
w = tiss 1 .
Dcap h2
FI =

(2.75)
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The boundary conditions at the half intercapillary distance (Eq. (2.12)) and z = 0
within the tissue region (Eq. (2.13)) are valid in the computation by placing
fictitious spatial points at j = Q + 1 and i = 0, respectively, and setting
i

i

(2.76)

0

(2.77)

C Q −1 = C Q +1
2

Cj =Cj

in central difference formulation.
After obtaining the algebraic equation for the capillary (Eq. (2.70)), the
tissue (Eq. (2.72)) and the interface (Eq. (2.74)), we can set the tridiagonal matrix
form for the entire system. Because we already know the oxygen concentration at
the arterial end (i = 1, j = 1 ~ J – 1 ) (Eq. (2.10)), for the i = 1 row, we only need
to calculate the concentration at the interface and within the tissue region. With
the use of Eqs. (2.72) and (2.74), the tridiagonal matrix form for i = 1 and j = J to
Q is
1
"
FI
0
0 ⎤ ⎡ C1J ,2n+2 ⎤ ⎡−HIC J −1 ⎤
⎡ GI
⎥
⎥ ⎢
⎢
⎥⎢
1
⎢
⎢
⎥
⎢ HH J +1 GGJ +1 FFJ +1
⎥ C J +1,2n+2
BBJ +1 ⎥
⎢
⎥
⎢
⎥
⎢
⎥
1
⎢
⎢
⎥
⎢ 0
⎥ C J +2,2n+2
%
BBJ +2 ⎥⎥
⎥=⎢
⎢
⎥⎢
.(2.78)
⎥
⎢ #
⎥⎢ # ⎥ ⎢ #
%
⎥
⎥ ⎢
⎢
⎥⎢
⎢
⎥
1
⎢
⎥
⎢
⎥
HHQ−1
GGQ−1
FFQ−1 CQ−1,2n+2
⎥ ⎢ BBQ−1 ⎥
⎢
⎥⎢
⎢
⎥
⎢ 0
(FFQ + HHQ ) GGQ ⎥⎦ ⎣⎢ C1Q,2n+2 ⎦⎥ ⎢ BBQ ⎥
⎣
⎣
⎦

With the use of Eqs. (2.70), (2.72) and (2.74), the tridiagonal matrix form of the
entire system for i = 2 to I - 1 and j = 2 to Q is
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0 ⎤ ⎡ Ci2,2n+2 ⎤ ⎡ B2 ⎤
"
⎡(G2 + H2 ) F2 0
⎥ ⎢
⎢
⎥⎢ i
⎥
G3 F3
⎢ H3
⎥ ⎢ C3,2n+2 ⎥ ⎢ B3 ⎥
⎥ ⎢
⎢
⎥⎢
⎥
⎢
⎥⎢ # ⎥ ⎢ # ⎥
0
%
⎥ ⎢
⎢
⎥⎢
⎥
i
⎢
⎢
⎥ C J ,2n+2 ⎥ = ⎢ 0 ⎥ .(2.79)
HI GI
FI
⎥ ⎢
⎢
⎥⎢
⎥
⎢
⎥ ⎢ # ⎥
⎢
⎥
#
%
# ⎥
⎢
⎥⎢
⎢
⎥
⎢
HHQ−1
GGQ−1
FFQ−1 ⎥ ⎢CQi −1,2n+2 ⎥ ⎢ BBQ−1 ⎥
⎥ ⎢
⎢
⎥⎢
⎥
i
⎢
⎥ ⎢ BB ⎥
⎢
⎥
0
(
)
FF
HH
GG
+
Q
Q
Q ⎦ ⎣ CQ,2n+2 ⎦
⎣
⎣ Q⎦
For the time index from 2n + 1 to 2n + 2, we can solve the matrix Eq. (2.78) first
and then the matrix (2.79) axially from i = 2 to I – 1 and obtain the oxygen
concentration within the entire region at radial index j = 2 to Q for each axial
index. The oxygen concentration at the j = 1 column or i = I row is simply set to
be equal to the concentration at the j = 2 column or i = I – 1 row, respectively, to
preserve the boundary conditions at these two locations (Eqs. (2.11) and (2.14)).

2.3.4 Convergence condition, grid size, and computational
time
For the choice of the spatial grid size, we referred to the values which
had been tested by Lagerlund and Low [11] using a similar model to explore the
oxygen transport in rat peripheral nerve. For radial grid points, we used a 0.083
μm separation in the capillary and 0.33 μm separation in the tissue region. In both
regions, we used a 4.125 μm separation for the axial grid points and a time
increment of 4 × 10-4 s for the calculation of each step in the ADI method (Sec.
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2.3.3.1 and 2.3.3.2). Through our own evaluation, we confirmed that these spatial
and temporal grid sizes achieve the appropriate convergence results.
The computations were executed on a 2.8 GHz Intel Xeon processor.
MATLAB 7.0 (The Mathworks, Natick, MA) was chosen as the program
compiler. Under the simulation conditions described in Table 2.1 and 2.2, a 130
μm intercapillary distance, and an initially nonuniform sensitizer distribution after
3 h drug administration, solutions to the steady state with neglect of axial
diffusion required less than 0.5 s. For the steady state including axial diffusion,
the computation time was 0.012 s per iteration, requiring 110000 ~ 120000
iterations to reach the convergence condition. In the time-dependent calculation,
the computation time for each time step was approximately 0.031 s. The total
computation time for 100 mW cm-2, 50 J cm-2 case is approximated 12.5 hours.
The more detail of the computational part of the model will be discussed in
Appendix A.

2.4 Results
In this section, we demonstrate the capabilities of the model by computing
several quantities of interest during PDT, including the spatial distribution of 3O2,
the sensitizer degradation, and the deposition of photodynamic dose. We consider
the particular case of a 5.5 μm capillary radius, 350 μm capillary length,
intercapillary distances of 130, 170 and 200 μm, and 100 μm s-1 blood flow
velocity. With the exception of Figs. 2.8 (a), 2.10 (a), 2.12 and 2.13, which report
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Table 2.1 Photophysical parameters

Symbol

Value
0.0263

*

βPDT

(μM s-1 mW-1 cm2)

0.1331
0.1415
0.1451

δ [16]

33 μM

θ1

6.135 μm

θ2

0.204

kp /kot [4]

8.7 μM

kos /koa[A] [4]

29.7 M-1

*From literature reports [19-21], the mTHPC concentration in murine tumors is
0.3 - 0.8 μg ml-1 2 to 4 h following i.v. injection (0.3 mg kg-1), assuming a tissue
density of 1 g cm-3. We adopted 0.6 μg ml-1 for the mTHPC concentration at the
3 h time point, and this concentration is used for all of the simulation in this
chapter. From these experimental data, we estimate βPDT to be 0.0263 for the case
of a uniform mTHPC distribution and 0.1311, 0.1415, and 0.1451 at the vessel
wall for the nonuniform cases with 130, 170, and 200 μm intercapillary distances,
respectively.
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Table 2.2 Physiological parameters

Symbol

Value

k50 [28]

0.5 μM

b

65, 85, 100 μm

Rc

5.5 μm

L [29]

350 μm

Dcap [30]

1240 μm2 s-1

Dtiss [30]

1750 μm2 s-1

+

Ca

max
Γ met

[31]

74 μM
5.77 μM s-1

n [32]

2.46

C50 [32]

35 μM

Csat [33]

8722 μM

V [34]

100 μm s-1

+

Average 3O2 concentration in the capillary at z = 0 in Fig. 2.1. The value

adopted here is consistent with an initial volume-averaged SO2 of 0.70, 0.58 and
0.52 for 130, 170 and 200 μm intercapillary distances, respectively.
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the effects of intercapillary spacing, the simulations were performed with a 130
μm intercapillary distance. The numerical values for all of the input parameters
are listed in Tables 2.1 and 2.2. The distribution of mTHPC from a perfused
vessel 3 h after administration was adopted as the initial distribution of sensitizer
in the tissue [6].

To demonstrate the difference introduced by the initially

nonuniform vs. uniform sensitizer distributions, in Sec. 2.4.2 we compute the
volume-averaged photobleaching and reacted 1O2 concentration, and spatiallyresolved 1O2 dose deposition for initially uniform and nonuniform distributions
and compare the results. In this study, the blood flow velocity is set to a constant
value, but different time-dependent velocity profiles can be readily incorporated
into the model. In fact, this is done in the related study presented in Chapter 4.

2.4.1 Capillary and tissue oxygen levels during PDT with
initial nonuniform sensitizer distribution
Fig. 2.5 (a) shows the measured distribution of mTHPC fluorescence in
EMT6 tumor tissue as a function of radial distance from a perfused vessel wall 3
h following i.v. injection, as previously reported by our laboratory [6].

To

quantify the sensitizer nonuniformity, Eq. (2.23) was fit to these data.

The

analysis yielded 6.135 μm, and 0.204 for the values of θ1 and θ2, respectively.
Fig. 2.5 (b) illustrates the initial radial and axial sensitizer distributions, assuming
a volume-averaged sensitizer concentration of 0.6 μg ml-1 (Table 2.1).
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Figure 2.5 (a) The distribution of mTHPC vs. radial distance, r, from a perfused

vessel 3 h following i.v. injection [6]. The solid line is a fit of Eq. (2.23) to the
data. The dashed line represents the wall of an 11 μm diameter capillary. (b) The
initial radial and axial mTHPC distributions in the tissue prior to the onset of
irradiation. The drug concentration at the edge of the capillary was fixed at 3 μg
ml-1 for the 130 μm intercapillary distance.

The volume-averaged sensitizer

concentration prior to the onset of irradiation was held constant for calculations
based on uniform and nonuniform sensitizer distributions.
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Fig. 2.6 demonstrates the computed spatial distribution of [3O2](r, z) in the
capillaries and in the tumor tissue prior to irradiation (Fig. 2.6 (a)) and following
mTHPC-PDT at an irradiance of 10 mW cm-2 and a fluence of 50 J cm-2 (Fig. 2.6
(b)) and at 100 mW cm-2 for fluences of 2 and 50 J cm-2 (Figs. 2.6 (c) and (d),
respectively).

Due to the photochemical oxygen consumption, for a given

fluence, the 3O2 concentration is lower at 100 mW cm-2 than 10 mW cm-2, and the
spatial gradients in 3O2 levels are also more severe at the higher fluence rate, in
the region far away from the vessel and close to z = L (Fig. 2.6 (b) vs. (d)). The
increase of oxygen concentration at the higher fluence is a consequence of the
progressive and irreversible photobleaching of the sensitizer (Fig. 2.6 (c) and (d)).
The numerical calculation of the volume-averaged hemoglobin 3O2
saturation, <SO2>, within the capillary vs. irradiation time for two fluence rates,
10 and 100 mW cm-2, is shown in Fig. 2.7 (a) and (b), and for two initial
sensitizer distributions shown in (c). The initial <SO2> for the case of 130 μm
intercapillary spacing was set at 0.70. Fig. 2.7 (a) shows the initial, irradiancedependent variation of saturation within the first 50 s of irradiation. Consistent
with an increased photochemical 3O2 consumption rate at the higher irradiance,
the rate and extent of <SO2> decrease is greater at 100 vs. 10 mW cm-2. The
gradual <SO2> increase observed in Figs. 2.7 (b) and (c) is caused by the
sensitizer degradation, which reduces the rate of photochemical 3O2 consumption.
Interestingly and probably not surprisingly, the <SO2> is insensitive to the initial
photosensitizer distribution for a given irradiance (Fig. 2.7 (c)).
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Figure 2.6 Calculated axial and radial distributions of the 3O2 concentration

[3O2](r, z) for (a) 0 J cm-2 and mTHPC-PDT conducted at irradiances of (b) 10
mW cm-2 for a fluence of 50 J cm-2, (c) 100 mW cm-2 for a fluence of 2 J cm-2 and
(d) 100 mW cm-2 for a fluence of 50 J cm-2, assuming the nonuniform initial
sensitizer distribution of Fig. 2.5. A more pronounced spatial heterogeneity is
observed at the higher fluence rate, in the region far away from the vessel and
close to z = L, (b) vs. (d). For a fixed irradiance, the less severe gradients in 3O2
at the higher fluence (c) vs. (d) demonstrate the effects of irreversible
photobleaching.
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Figure 2.7 (a, b) Computed volume-

averaged hemoglobin 3O2 saturation <SO2>
within the capillary vs. irradiation time (s)
for two fluence rates: 10 and 100 mW cm-2,
assuming an initially nonuniform sensitizer
distribution.

(a) shows the change in

<SO2> during the first 50 s of irradiation.
(c) <SO2> for 100 mW cm-2 for both
uniform

and

nonuniform

sensitizer

distributions. The gradual increase in (b)
and (c) is caused by the bleaching of
sensitizer that reduces the 3O2 consumption
rate. In (c), simulated <SO2> vs. irradiation
time shows no difference between the
uniform

and

nonuniform

sensitizer

distributions for a given irradiance.
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sensitizer

distribution, and dose deposition during PDT with initially
uniform and nonuniform sensitizer distribution
The effects of photobleaching on the volume-averaged sensitizer
concentration are shown in Fig. 2.8. This macroscopic quantity is computed
using the volume occupied by tumor tissue.

In Fig. 2.8 (a), we plot the

normalized volume-averaged ground-state sensitizer concentration, <[S0]>, vs.
fluence for two irradiances, 10 and 100 mW cm-2, computed for the case of an
initially nonuniform drug distribution and two intercapillary distances of 130 μm
and 200 μm, respectively. As expected for a sensitizer bleaching via a 1O2reaction process, a faster rate of photobleaching vs. fluence is observed at the
lower irradiance. With a larger intercapillary spacing, oxygen supply from a
perfused vessel is more limited in the tumor region. Therefore, the oxygendependent 1O2-mediated bleaching effect is more evident for the 200 μm
intercapillary spacing case. Fig. 2.8 (b) compares the volume-averaged loss of
sensitizer in tissue subjected to PDT at an irradiance of 100 mW cm-2 for uniform
and nonuniform initial distributions of mTHPC and an intercapillary distance of
130 μm. Here, as was the case above with <SO2>, this measure of bleaching is
insensitive to microscopic heterogeneity.
Fig. 2.9 depicts the detailed, spatially-resolved sensitizer concentration
[S0](r, z) in the tumor tissue, calculated for mTHPC-PDT performed at irradiances
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Computed normalized volume-averaged ground-state sensitizer

concentration, <[S0]>, vs. fluence (J cm-2) (a) for two fluence rates, 10 and 100
mW cm-2, an initially nonuniform sensitizer distribution and two intercapillary
distances of 130 and 200 μm. As expected for a sensitizer bleaching via a 1O2reaction process, photobleaching vs. fluence is more efficient at the lower fluence
rate. (b) Normalized <[S0]> simulated for a fluence rate of 100 mW cm-2 for
initially uniform and nonuniform sensitizer distributions and an intercapillary
distance of 130 μm, illustrating that volume-averaged bleaching rates are
insensitive to the two initial sensitizer distributions.
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of 10 and 100 mW cm-2 for a fluence of 50 J cm-2, assuming an initially
nonuniform sensitizer distribution. These results are normalized to the initial
sensitizer distribution corresponding to a 130 μm intercapillary distance.
Consistent with the macroscopic patterns of photobleaching shown in Fig. 2.8,
these results show that for a fixed fluence, lower irradiance treatment results in
increased sensitizer degradation, especially in the region remote from vessel and
close to z = L.
In Figs 2.10 and 2.11, we present the 1O2 dose depositions that result from
the temporal integration of the rate of photochemical oxygen consumption, as
expressed in Eq. (2.20). The volume-averaged doses of reacted 1O2 vs. fluence
are shown in Fig. 2.10 (a) for irradiances of 10 and 100 mW cm-2, an initially
nonuniform sensitizer distribution, and two intercapillary distances of 130 and
200 μm. For a given fluence, the difference between the dose deposited by the
high and low fluence rate is greater at the larger intercapillary spacing, and this
result is consistent with expectations for a self-sensitized 1O2-mediated reaction
process as reported in Fig. 2.8 (a). At 50 J cm-2, the volume-averaged dose
deposited in the 130 μm case is 2-fold greater than that at 200 μm. The lack of
sensitivity of the volume-averaged reacted 1O2 concentration to the initial spatial
distribution of mTHPC is depicted in Fig. 2.10 (b) for an irradiance of 100 mW
cm-2 and an intercapillary spacing of 130 μm. In sharp contrast to the spatially
averaged calculations of 1O2 dose are the plots of Fig 2.11, which demonstrate
significant differences in the microscopic deposition of reacted 1O2 in response
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Figure 2.9 Computed normalized spatial distributions of ground-state sensitizer

concentration, [S0](r, z), for PDT conducted at irradiances of 10 and 100 mW cm-2
for a fluence of 50 J cm-2 assuming an initially nonuniform sensitizer distribution.
Results are normalized to the initial sensitizer distributions.
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to two fluence rates and initial sensitizer distributions. The comparisons between
the patterns of reacting 1O2 for the uniform and the measured nonuniform initial
concentrations of mTHPC are particularly dramatic.

We first consider the

measured nonuniform cases depicted in Figs. 2.11 (b1) and (b2).

At both

irradiances near z = 0, an approximately 6-fold greater reacting 1O2 concentration
is found in cells immediately adjacent to the vessel than in those cells at the most
remote radial distance. Comparing the maximum concentrations of reacted 1O2,
which occur near z = 0 in cells adjacent to the capillary in all cases, we find that
the nonuniform distribution of mTHPC results in 5-fold greater concentrations at
this location for PDT at both irradiances (Fig. 2.11 (a1) vs. (b1) and (a2) vs. (b2)).
The dose deposited by 10 mW cm-2 irradiation is slightly higher than the 100 mW
cm-2 case. It is important to recall that these simulations used the same volumeaveraged sensitizer concentration and that the volume-averaged reacting 1O2
concentrations are identical for uniform and nonuniform mTHPC distributions, as
shown in Fig. 2.10 (b).

Clearly, however, the microscopic patterns of dose

deposition are quite dependent on initial sensitizer distribution.
The plots of Figs 2.12 and 2.13 illustrate the importance of tumor vascular
density on both volume-averaged and spatially-resolved quantities of interest,
respectively.

Tumor capillary density varies between tumor types, between

tumors of the same type, and within a tumor. Its significant influence on volumeaveraged measurements of SO2 and of photobleaching is apparent from the plots
of Fig. 2.12, with the improved oxygenation associated with greater capillary
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Figure 2.10 Computed volume-averaged reacted 1O2 concentration, <[1O2]>, vs.

fluence (J cm-2) (a) for two fluence rates, 10 and 100 mW cm-2, an initially
nonuniform sensitizer distribution, and two intercapillary distance of 130 and 200
μm. (b) for 100 mW cm-2 with initially uniform and nonuniform sensitizer
distributions and an intercapillary distance of 130 μm.
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Figure 2.11 Computed spatial distributions of 1O2 dose, [1O2](r, z), deposited

during mTHPC-PDT at irradiances of 10 and 100 mW cm-2 for a fluence of 50 J
cm-2, assuming initially uniform ((a1) and (a2)) and nonuniform ((b1), (b2))
sensitizer distributions. For the nonuniform sensitizer distribution cases, (b1) and
(b2), there is significant dose accumulation near vessels, which decreases sharply
with increasing radial distance from the capillaries.
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Figure 2.12 (a) Computed <SO2> within the capillary vs. irradiation time and (b)

normalized <[S0]> vs. fluence for three intercapillary distances, 130, 170 and 200
μm, an initially nonuniform sensitizer distribution, and PDT conducted at 100
mW cm-2. The initial <SO2> for the three intercapillary distances are 0.70, 0.58
and 0.52, respectively. Photobleaching vs. fluence is more efficient at the shortest
intercapillary distance.
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3

O2

concentration [3O2](r, z) and (b1-b3) 1O2 dose [1O2](r, z) for three intercapillary
distances, 130, 170, and 200 μm, in response to mTHPC-PDT conducted at an
irradiance of 100 mW cm-2 for a fluence of 50 J cm-2. The initially nonuniform
sensitizer distribution was assumed in the calculations.

Larger intercapillary

spacings give rise to more pronounced radial and axial gradients in the spatial
distributions of [3O2] and induce less deposited dose in the region remote from the
vessel.
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density giving rise to faster SO2 recovery and more efficient photobleaching. We
also notice that the initial SO2 drop driven by photochemical oxygen consumption
is smaller for the larger intercapillary spacing case. This phenomenon is most
likely caused by an initially greater tissue region with oxygen levels below kp/kot
in a tumor with a larger intercapillary distance; the ratio kp/kot represents the 3O2
concentration at which the triplet excited sensitizer is as likely to be quenched by
oxygen as it is to decay directly to its singlet ground state. The consequences of
intercapillary spacing for tumor oxygenation and

1

O2 dose deposition are

presented in Fig. 2.13 for a fixed PDT protocol of 100 mW cm-2 and a fluence of
50 J cm-2. Increasing the intercapillary distance over the range 130 – 200 μm has
a marked effect on the extent of the anoxic region (Fig. 2.13 (a1-a3)). The plots
in Fig. 2.13 (b1) – (b3) depict the corresponding maps of reacting 1O2. As we
expect, less reacted 1O2 is accumulated in the anoxic region induced by larger
intercapillary spacing (Fig. 2.13 (a3 and b3) vs. (a1 and b1)).

2.5 Discussion
The model of microscopic PDT dosimetry presented in this thesis
represents a significant advance over previous work on this subject. We have
addressed the various limiting assumptions in our own earlier models and those of
others, and we have incorporated recently-available knowledge on intratumor
sensitizer distribution and photobleaching mechanisms. Thus, this new model is
capable of creating more accurate estimates of the microscopic deposition of
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Further it is capable of

making meaningful links to experimental measurements of volume-averaged
quantities such as SO2 and fluorescence photobleaching that were not possible
with earlier mathematical models, which included neither the dynamic unloading
of oxygen from hemoglobin nor the self-sensitized irreversible degradation of
sensitizer.
In this work, we adopted the computational methods first introduced by
Reneau et al. [7-9], which they used to simulate 3O2 transport within the human
brain during sensory activation. From the perspective of 3O2 transport and timedependent consumption, the PDT dosimetry problem has certain general
similarities with 3O2 utilization in the brain in response to stimulation. In the
latter case, a sudden sensory stimulus triggers a rapid increase in metabolic 3O2
consumption in specific regions of the brain; in the former, a sudden increase in
3

O2 consumption results from the photochemistry of PDT at the onset of

irradiation. Although the PDT case is considerably more complex in that many
factors combine to determine the time evolution of the consumption term, the
computational framework introduced by Reneau proved to be a useful starting
point for the development of this model.
We envision the model being useful in a number of important ways. First,
because it creates maps of heterogeneous tumor oxygen level and photodynamic
dose deposition over microscopic distances, it can be used to inform treatment
conditions that optimize the dose delivery on length scales where direct
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measurements are extremely difficult. Because this model includes more realistic
treatments of drug distribution, photobleaching, blood flow velocity, and
hemoglobin-oxygen dissociation, the oxygen evolution during treatment and dose
estimates and distributions will be more reliable than those previously available.
In this regard, it is particularly interesting to consider the plots of Figs. 2.6, 2.11
and 2.13, which demonstrate (i) 3O2 recovery due to photobleaching reducing the
photochemical oxygen consumption rate, (ii) the strong dependence of the
microscopic dose deposition on the initial spatial distribution of sensitizer, and
(iii) the maximum 3O2 depletion and a lack of 1O2 deposition at the venous end
remote from vessel, especially for tumors with large intercapillary spacings.
None of this would have been predicted by previous models, which did not
incorporate a sensitizer degradation mechanism, initial drug distribution, and the
oxygen transport and consumption along the axial direction [1-3].
A second general class of applications of this improved model is in the
interpretation of the experimentally accessible quantities, sensitizer fluorescence
photobleaching and SO2.

Again, previous models did not incorporate these

important, dynamic influences to dose deposition and thus could not consider
their potential in dose monitoring. Changes in SO2 during fractionated irradiation
of murine tumors sensitized by the phthalocyanine sensitizer Photosence were
described by Stratonnikov et al. [35], and, more recently, Wang et al.[36] have
suggested that PDT-induced changes in oxygenation are predictive of therapeutic
response. Robinson et al. have shown that the extent of sensitizer photobleaching
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correlates with the response of tissue to PDT in vivo [37, 38]. With both SO2 and
photobleaching, however, the measurement necessarily represents a volume
average.

As shown here, oxygen and initial drug distributions can exhibit

significant microscopic heterogeneity.

The model can therefore define the

consequences of these heterogeneities for the interpretation of the volumeaveraged measurement, thereby identifying the potential and also the possible
limitations of these candidate dose metrics.
Although the model presented in this paper is complete insofar as it
includes all of the relevant photophysical and physiological determinants of PDT
dosimetry, there are limitations inherent in its current implementation. Most
important of these is the heterogeneity and complexity of the blood supply to
tumors.

This complexity is reflected in both the geometry of the vascular

networks and in the patterns of tumor blood flow [39]. Others have developed
approaches to modeling more complex vascular networks in tumors [40, 41], but
incorporating the full complexity of an oxygen transport-with-reaction model and
a PDT-mediated consumption term within such a framework is a formidable task.
Because we can model a range of intercapillary distances, initial saturations, and
blood flow velocities using the simpler parallel capillary geometry, it is likely that
the important predictions of the model are not compromised by adopting this
assumption.

Second, it is important to emphasize that the photophysical

parameters summarized in Table 2.1 for mTHPC were all determined
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experimentally. Incorporation of other photosensitizers would require that similar
measurements be made for them.
Research continues to expand the model’s applicability and interpretative
power. For example, the simulations presented here have used a 1O2-mediated
photobleaching mechanism, but we [17] and others [33] have recently identified
other sensitizer bleaching mechanisms that need to be available as options for the
relevant photosensitizers. More detail regarding incorporating other bleaching
mechanism is described in Chapter 5. Second, the response of tumor and normal
tissue blood flow has been reported to vary for different photosensitizers and
treatment conditions [42-44]. Our model currently has the ability to incorporate
different blood flow velocities, and a study related to a therapy-induced blood
flow change is described in Chapter 4. We also expect to include more complex
blood flow responses, including an initial increase in flow followed by a
subsequent decrease reported by Yu et al. [42].

Once the above-mentioned

improvements have been implemented and documented and their performance has
been tested, we intend to make this Matlab code available to the PDT community.

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

81

References
1. T. H. Foster, R. S. Murant, R. G. Bryant, R. S. Knox, S. L. Gibson, and R.
Hilf (1991) Oxygen-consumption and diffusion effects in photodynamic
therapy. Radiat. Res. 126, 296-303.
2. B. W. Pogue and T. Hasan (1997) A theoretical study of light fractionation
and dose-rate effects in photodynamic therapy. Radiat. Res. 147, 551-559.
3. J. P. Henning, R. L. Fournier, and J. A. Hampton (1995) A transient
mathematical-model of oxygen depletion during photodynamic therapy.
Radiat. Res. 142, 221-226.
4. S. Mitra and T. H. Foster (2005) Photophysical parameters, photosensitizer
retention and tissue optical properties completely account for the higher
photodynamic efficacy of meso-tetra-hydroxyphenyl-chlorin vs Photofrin.
Photochem. Photobiol. 81, 849-859.
5. J. C. Finlay, S. Mitra, and T. H. Foster (2002) In vivo mTHPC photobleaching
in normal rat skin exhibits unique irradiance-dependent features. Photochem.
Photobiol. 75, 282-288.
6. S. Mitra, E. Maugain, L. Bolotine, F. Guillemin, and T. H. Foster (2005)
Temporally and spatially heterogeneous distribution of mTHPC in a murine
tumor observed by two-color confocal fluorescence imaging and spectroscopy
in a whole-mount model. Photochem. Photobiol. 81, 1123-1130.
7. D. D. Reneau, D. F. Bruley, and M. H. Knisely, A mathematical simulation of
oxygen release, diffusion, and consumption in the capillaries and tissue of the
human brain, Proceedings of the 33rd Annual Chemical Engineering
Symposium, edited by D. Hershey (Plenum Press, Cincinnati, Ohio, 1967),
pp.135-241.
8. D. D. Reneau, D. F. Bruley, and M. H. Knisely (1969) A digital simulation of
transient oxygen transport in capillary-tissue systems (cerebral grey matter):
developement of a numerical method for solution of transport equations
describing coupled convection-diffusion systems. AIChE J. 15, 916-925.

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

82

9. D. D. Reneau (1966) A mathematical simulation of oxygen release, diffusion
and consumption in the capillaries and tissue of the human brain., Ph.D thesis,
Clemson University,
10. T. D. Lagerlund and P. A. Low (1991) Axial diffusion and Michaelis-Menten
kinetics in oxygen delivery in rat peripheral-nerve. Am. J. of Physiol. 260,
R430-R440.
11. T. D. Lagerlund and P. A. Low (1993) Mathematical-modeling of timedependent oxygen-transport in rat peripheral-nerve. Comput. Biol. Med. 23,
29-47.
12. T. D. Lagerlund and P. A. Low (1987) A mathematical simulation of oxygen
delivery in rat peripheral nerve. Microvasc. Res. 34, 211-222.
13. G. Thews (1960) Oxygen diffusion in the brain. A contribution to the question
of the oxygen supply of the organs. Pflugers Arch. 271, 197-226.
14. J. A. Hudson and D. B. Cater (1964) An analysis of factors affecting tissue
oxygen tension. Proc. R. Soc. Lond B Biol. Sci. 161, 247-274.
15. I. Georgakoudi, M. G. Nichols, and T. H. Foster (1997) The mechanism of
photofrin® photobleaching and its consequences for photodynamic dosimetry.
Photochem. Photobiol. 65, 135-144.
16. J. S. Dysart, G. Singh, and M. S. Patterson (2005) Calculation of singlet
oxygen dose from photosensitizer fluorescence and photobleaching during
mTHPC photodynamic therapy of MLL cells. Photochem. Photobiol. 81, 196205.
17. J. C. Finlay, S. Mitra, M. S. Patterson, and T. H. Foster (2004) Photobleaching
kinetics of Photofrin in vivo and in multicell tumour spheroids indicate two
simultaneous bleaching mechanisms. Phys. Med. Biol. 49, 4837-4860.
18. J. C. Finlay (2003) Reflectance and fluorescence spectroscopies in
photodynamic therapy, Ph.D. thesis, University of Rochester,
http://hdl.handle.net/1802/2805.

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

83

19. J. P. Rovers, A. E. Saarnak, M. de Jode, H. J. Sterenborg, O. T. Terpstra, and
M. F. Grahn (2000) Biodistribution and bioactivity of tetra-pegylated metatetra(hydroxyphenyl)chlorin compared to native metatetra(hydroxyphenyl)chlorin in a rat liver tumor model. Photochem.
Photobiol. 71, 211-217.
20. J. P. Rovers, A. E. Saarnak, A. Molina, J. J. Schuitmaker, H. J. Sterenborg,
and O. T. Terpstra (1999) Effective treatment of liver metastases with
photodynamic therapy, using the second-generation photosensitizer metatetra(hydroxyphenyl)chlorin (mTHPC), in a rat model. Br. J. Cancer 81, 600608.
21. H. J. Jones, D. I. Vernon, and S. B. Brown (2003) Photodynamic therapy
effect of m-THPC (Foscan) in vivo: correlation with pharmacokinetics. Br. J.
Cancer 89, 398-404.
22. J. Crank (1975) The mathematics of diffusion. 2nd ed. Oxford University
Press, New York.
23. W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery (1992)
Numerical recipes in C: The art of scientific computing. 2nd ed. Cambridge
University Press, New York, NY.
24. J. Douglas (1958) The application of stability analysis in the numerical
solution of quasi-linear parabolic differential equations. Trans. Am. Math. Soc.
89, 484-518.
25. A. J. Garica (2000) Numerical methods for physics. 2nd ed. Prentice Hall,
New Jersey.
26. G. D. Smith (1985) Numerical solution of partial differential equations. 3rd
ed. Oxford University Press, New York.
27. L. Lapidus and G. F. Pinder (1982) Numerical solution of partial differential
equations in science and engineering. 1st ed. John Wiley & Sons, Inc..

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

84

28. D. F. Wilson, W. L. Rumsey, T. J. Green, and J. M. Vanderkooi (1988) The
oxygen dependence of mitochondrial oxidative phosphorylation measured by
a new optical method for measuring oxygen concentration. J. Biol. Chem. 263,
2712-2718.
29. M. W. Dewhirst, C. Y. Tso, R. Oliver, C. S. Gustafson, T. W. Secomb, and J.
F. Gross (1989) Morphologic and hemodynamic comparison of tumor and
healing normal tissue microvasculature. Int. J. Radiat. Oncol. Biol. Phys. 17,
91-99.
30. J. Grote, R. Susskind, and P. Vaupel (1977) Oxygen diffusivity in tumor
tissue (DS-carcinosarcoma) under temperature conditions within range of 2040-degrees-C. Pflugers Arch. 372, 37-42.
31. M. G. Nichols and T. H. Foster (1994) Oxygen diffusion and reaction-kinetics
in the photodynamic therapy of multicell tumor spheroids. Phys. Med. Biol.
39, 2161-2181.
32. A. Zwart, G. Kwant, B. Oeseburg, and W. G. Zijlstra (1984) Human wholeblood oxygen affinity: effect of temperature. J. Appl. Physiol 57, 429-434.
33. A. A. Stratonnikov, A. Y. Douplik, and V. B. Loschenov (2003) Oxygen
consumption and photobleaching in whole blood incubated with
photosensitizer induced by laser irradiation. Laser Phys. 13, 1-21.
34. B. Endrich, J. F. Gross, H. S. Reinhold, and M. Intaglietta (1979)
Hemodynamic characteristics in micro-circulatory blood channels during
early tumor-growth. Cancer Res. 39, 17-23.
35. A. A. Stratonnikov, A. Y. Douplik, D. V. Klimov, V. B. Loschenov, G. A.
Meerovich, S. V. Mizin, G. I. Fomina, N. I. Kazachkina, R. I. Yakubovskaya,
and Yu. V. Budenok (1997) The absorption spectroscopy as a tool to control
blood oxygen saturation during photodynamic therapy. Proc. SPIE 3191, 5866.

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

85

36. H.-W. Wang, M. E. Putt, M. J. Emanuele, D. B. Shin, E. Glatstein, A. G.
Yodh, and T. M. Busch (2004) Treatment-induced changes in tumor
oxygenation predict photodynamic therapy outcome. Cancer Res. 64, 75537561.
37. D. J. Robinson, H. S. de Bruijn, N. van der Veen, M. R. Stringer, S. B. Brown,
and W. M. Star (1999) Protoporphyrin IX fluorescence photobleaching during
ALA-mediated photodynamic therapy of UVB-induced tumors in hairless
mouse skin. Photochem. Photobiol. 69, 61-70.
38. D. J. Robinson, H. S. de Bruijn, N. van der Veen, M. R. Stringer, S. B. Brown,
and W. M. Star (1998) Fluorescence photobleaching of ALA-induced
protoporphyrin IX during photodynamic therapy of normal hairless mouse
skin: The effect of light dose and irradiance and the resulting biological effect.
Photochem. Photobiol. 67, 140-149.
39. R. K. Jain (1988) Determinants of tumor blood flow: a review. Cancer Res.
48, 2641-2658.
40. T. W. Secomb, R. Hsu, M. W. Dewhirst, B. Klitzman, and J. F. Gross (1993)
Analysis of oxygen transport to tumor tissue by microvascular networks. Int.
J. Radiat. Oncol. Biol. Phys. 25, 481-489.
41. R. Hsu and T. W. Secomb (1989) A Green's function method for analysis of
oxygen delivery to tissue by microvascular networks. Math. Biosci. 96, 61-78.
42. G. Yu, T. Durduran, C. Zhou, H. W. Wang, M. E. Putt, H. M. Saunders, C. M.
Sehgal, E. Glatstein, A. G. Yodh, and T. M. Busch (2005) Noninvasive
monitoring of murine tumor blood flow during and after photodynamic
therapy provides early assessment of therapeutic efficacy. Clin. Cancer Res.
11, 3543-3552.
43. T. J. Wieman, T. S. Mang, V. H. Fingar, T. G. Hill, M. W. Reed, T. S. Corey,
V. Q. Nguyen, and E. R. Render, Jr. (1988) Effect of photodynamic therapy
on blood flow in normal and tumor vessels. Surgery 104, 512-517.

A comprehensive oxygen transport and consumption mathematical model in
photodynamic therapy

86

44. D. K. Kelleher, O. Thews, A. Scherz, Y. Salomon, and P. Vaupel (2004)
Perfusion, oxygenation status and growth of experimental tumors upon
photodynamic therapy with Pd-bacteriopheophorbide. Int. J. Oncol. 24, 15051511.

87

Chapter 3. A case study in dosimetry:
Simulated
predict

photodynamic

tumor

response

dose
to

does

not

mTHPC-PDT

performed at various drug-light intervals

3.1 Introduction
In Chapter 2, we built a mathematical model of PDT in vivo, which is able
to simulate the spatial distribution of 3O2 within and near a capillary, the reacted
1

O2 within the surrounding tissue region, and the irreversible degradation of the

photosensitizer via photobleaching. In this chapter, we use this model to evaluate
the ability of simulated photodynamic dose deposition to predict long-term tumor
response to a series of protocols using the photosensitizer mTHPC. As described
in Chapter 1, mTHPC is a potent second-generation photosensitizer for PDT. It
has been approved for palliative treatment of head and neck cancer in the
European Union and has undergone clinical trials for other neoplastic conditions,
such as mesothelioma and prostate cancer [1]. The interval between systemic
mTHPC administration and irradiation in clinical protocols is typically 96 hours
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[2]. This interval is based on studies in mice, which demonstrated maximum
sensitizer accumulation in squamous epithelium at this time [3].
Recently, Cramers et al. [4] compared plasma and tissue levels of mTHPC
at various times after drug administration with the PDT response of normal skin
and human mesothelioma xenografts (H-MESO1) implanted subcutaneously in
female BALB/c nude mice. Their results showed that the maximal response of
tumor and normal skin occurred when irradiation was performed 1 to 6 h after i.v.
injection. Response was significantly attenuated at longer drug-light intervals.
This treatment response did not correlate with H-MESO1 tumor and normal skin
mTHPC levels, which increase in the first 24 h after injection and thereafter
remain approximately constant for 120 h. Tissue response did exhibit a strong
correspondence with plasma drug level, which decreases with time after
administration. Triesscheijn et al. [5] from the same research group expanded this
work by further comparing the changes in vascular perfusion and tumor hypoxia
induced by mTHPC-PDT at various drug-light intervals with the treatment
response of human squamous cell carcinoma xenografts (HNXOE). This study
confirmed that PDT using short drug-light intervals of 3 and 6 h leads to marked
decrease of vascular perfusion, increase in tumor hypoxia, and the significant
degeneration of vascular tissue. These vascular changes were in turn correlated
with high plasma drug levels and long-term tumor control. In contrast, treatment
at a 48 h drug light interval, where plasma drug levels were significantly lower,

A case study in dosimetry: Simulated photodynamic dose does not predict tumor
response to mTHPC-PDT performed at various drug-light intervals
89
induced a relatively modest response compared to untreated tumors and resulted
in rapid tumor regrowth.
These two tumor response studies are supported by detailed tissue drug
pharmacokinetics measurements. Further, the intratumor distribution of mTHPC
relative to capillaries has been imaged over this range of drug-light intervals [6],
and the photophysical properties of mTHPC have been well characterized [7].
These factors combine to create a favorable opportunity to study the deposition of
photodynamic dose using the recently published, comprehensive mathematical
model [8] introduced in Chapter 2. Results from simulations performed with this
model indicate that at all drug-light intervals a large fraction of the tumor volume
received a photodynamic dose that was significantly below an experimentally
determined threshold for mTHPC-PDT [9]. Significant heterogeneities in dose
distributions were particularly evident for the 3 and 6 h drug-light intervals, where
tumor response was most durable. Finally, the trend in the calculated volumeaveraged singlet oxygen (1O2) dose for the various drug-light intervals did not
track with the corresponding trend in tumor response, indicating that any dose
metric proportional to 1O2 would not be successful in predicting the treatment
outcome in this situation.

3.2 Methods
3.2.1 Simulation environment and sensitizer distributions
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The two oxygen transport-consumption equations for the capillary (Eq.
2.7) and the tissue regions (Eq. 2.9) are solved numerically using a finite
difference method, subject to the appropriate boundary and initial conditions as
described in Chapter 2.

The 1O2-mediated bleaching mechanism with low

sensitizer concentration correction is also incorporated into the photochemical
oxygen consumption term (Eq. (2.20)) to rigorously describe the process of
sensitizer degradation and the accumulation of reacted 1O2 dose during the
mTHPC-PDT. We consider the case of a 5.5 μm capillary radius, a 350 μm
capillary length, an intercapillary distance of 170 μm, and a 100 μm s-1 blood flow
velocity. The photophysical parameters and the physiological parameters related
to the Hill equation used for this study are listed in Table 3.1. These parameters
are experimentally determined, and their origins are previously described in
Chapter 2. The specific choice of physiological parameters such as the rate of
metabolic oxygen consumption, intercapillary spacing, capillary radius and
capillary length, will change the details of the computed dose deposition.
However, we have tested that within a reasonable range of these parameters, the
perturbation induced by the choice of parameters is not able to change the
qualitative features of the results presented in this study.
Using a whole-mount fluorescence imaging technique, Mitra et al. [6]
measured the spatially nonuniform sensitizer distributions near perfused vessels at
3, 6, 24 and 96 h following i.v. injection of 5 mg kg-1 mTHPC.
concentration was higher than that used in the tumor control studies of

This
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Table 3.1. Photophysical and
physiological parameters
Symbol
Value
0.063
*

βPDT

0.045

(μM s-1 mW-1 cm2)

0.021
0.006

δ

33 μM

kp /kot

8.7 μM

kos /koa[A]

29.7 M-1

n

2.46

Csat

8722 μM

C50

35 μM

SO2 (t = 0)

0.58

Table 3.1. Photophysical and physiological parameters used in the simulation.
*

On the basis of published reports [4, 5, 10], we estimate that the mTHPC

concentrations in murine tumors at 3, 6, 24 and 96 h following i.v. injection (0.3
mg kg-1) are 0.3, 0.42, 0.54, and 0.18 μg ml-1, assuming the density of the tumor
tissue as 1 g cm-3. Using these data and methods described in Chapter 2, we
calculate βPDT at 650 nm at the capillary wall to be 0.063, 0.045, 0.021 and 0.006
for the cases of nonuniform mTHPC distribution at 3, 6, 24 and 96 h drug-light
intervals, respectively.
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Table 3.2
Recurrence-free survival (days)

Drug-light
interval (h)

Cramers et al. [4]

Triesscheijn et al. [5]

Control

16

10

0.08

33

40

0.33

63

67

1

100

100

3

120

120

6

104

117

24

40

84

48

24

30

72

22

NA

Table 3.2

Mean recurrence-free survival of mTHPC-PDT-treated tumors

illuminated with 100 mW cm-2 and 30 J cm-2 reproduced from Fig. 3 of Cramers
et al. [4] and Fig. 2A of Triesscheijn et al. [5]. The recurrence-free interval is
defined by the time taken for a tumor diameter to increase 2 mm from its
treatment size. Tumors that had not regrown within 120 days were defined as
cured.
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Cramers et al. [4] and Triesscheijn et al. [5] (0.3 mg kg-1), but it was necessary in
order to image at adequate signal to noise ratio.

We then mapped volume

averaged mTHPC concentrations measured by Jones et al. [10] following an
injected concentration of 0.3 mg kg-1 into the experimentally measured mTHPC
distributions and incorporated these into the simulations as initial conditions. In
the presence of a nonuniform sensitizer distribution, the initial ground-state
photosensitizer concentration, [S0](0), becomes a function of the radial distance
from the capillary wall. Thus, the expression for [S0] takes the form
[ S0 ](r ) = [ S0 ]( Rc , 0) × F (rd ) ,

(3.1)

where r is the radial distance from the vessel wall to the mid point between two
adjacent capillaries, [S0](Rc, 0) is the initial mTHPC concentration at the capillary
wall, and F(rd) is the initial sensitizer distribution at the four different drug-light
intervals, which is obtained by interpolating the experimental data along the radial
direction.

3.2.2 In vivo confocal imaging of mTHPC
As noted above, the mathematical model uses experimentally determined
intratumor distributions of mTHPC as an initial condition, and it was therefore
important to ensure that our intratumor distributions of mTHPC were not
perturbed by irradiation in vivo. Using in vivo confocal fluorescence imaging,
Mitra and Foster [11] found that following a 1 h drug-light interval, a fluence of
10 J cm-2 resulted in significant extravasation of mono-L-aspartylchlorin-e6
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(NPe6) in an intradermal mouse EMT6 tumor model. We used the same in vivo
imaging method and tumor model to investigate possible mTHPC intratumor
redistribution upon irradiation at short drug-light intervals. mTHPC was obtained
from Biolitec AG (Jena, Germany) and dissolved in 30% polyethylene glycol 400,
20 % ethanol, and 50 % water according to the manufacturer's recommendations.
Tumors were initiated by injection of 2×105 EMT6 cells into the intradermal
space of the ear pinna of 4 – 6 week old female BALB/c mice. PDT irradiation
and imaging were performed when the tumors reached a diameter 3 – 5 mm. In
vivo imaging of anaesthetized, live mice was performed using a custom, inverted
laser scanning confocal microscope [12]. To render the vasculature fluorescent, a
20 µL solution of 0.05 mg ml-1 AlexaFluor488-conjugated anti-mouse CD31
antibodies (clone MEC13.3, Biolegend, San Diego, CA) was injected
intradermally 6 h before imaging [11]. 5 mg kg-1 mTHPC was intravenously
injected via the tail vein 3 or 6 h prior to PDT. The anesthetized mouse was
positioned with the tumor in contact with a coverslip mounted on the stage of the
microscope. Hair overlying the tumor was removed using a depilatory cream
(Nair, Princeton, New Jersey) prior to imaging. The tumors were subjected to 658
nm irradiation using a diode laser (Power Technology Inc., Alexander, AR), with
an irradiance of 100 mW cm-2. The mTHPC fluorescence was imaged prior to
PDT and after delivery of specific fluences up to 30 J cm-2. Sequential two-color
excitation (488 nm for AlexaFluor488; 639 nm for mTHPC) provided
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fluorescence images of CD31-labeled vasculature and mTHPC distributions,
respectively, in identical fields of view.

3.3 Results
Based on the whole mount imaging study of Mitra et al. [6], we simulated
the initial spatial distributions of mTHPC as a function of radial distance from a
perfused vessel in the tumor tissue at 3, 6, 24 and 96 h following i.v. injection as
shown in Fig. 3.1 (a-d).

Immediately prior to irradiation, we estimated the

volume-averaged mTHPC concentrations corresponding to these four drug-light
intervals as 0.3, 0.42, 0.54, and 0.18 μg ml-1, respectively [10], which are
consistent with those reported by Cramers et al. [4] and Triesscheijn et al. [5].
Thus, in the simulations these average concentrations were distributed according
to the measured intratumor distributions, which exhibited radial but no axial
concentration gradient. As reported by Mitra et al. [6], at the short drug-light
intervals of 3 and 6 h, the mTHPC concentration is higher in the vicinity of
perfused vessels and decreases significantly with radial distance (Fig. 3.1 (a-b)).
In contrast, Fig. 3.1 (c) and (d) show a dramatic reversal of the relative drug
distributions at the 24 and 96 h time-points, with higher mTHPC concentrations
remote from the nearest perfused vessels. In our mathematical simulations, these
measured concentrations and intratumor distributions were explicitly incorporated
as initial conditions.
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Figure 3.1 Intratumor mTHPC distributions relative to the capillary wall at r =
5.5 μm prior to the onset of PDT at (a) 3 h, (b) 6 h, (c) 24 h and (d) 96 h following
i.v. injection [6].

The initial volume averaged mTHPC concentrations

corresponding to the 3, 6, 24 and 96 h drug-light intervals are 0.3, 0.42, 0.54 and
0.18 μg ml-1, respectively [4, 5, 10].

A case study in dosimetry: Simulated photodynamic dose does not predict tumor
response to mTHPC-PDT performed at various drug-light intervals
97
Recently, Mitra and Foster [11] evaluated the intratumor distribution of
the photosensitizer NPe6 in an intradermal mouse EMT6 tumor model using in
vivo confocal fluorescence imaging. They found that following a 1 h drug-light
interval, PDT irradiation resulted in significant sensitizer extravasation. Thus, the
sensitizer distribution that existed immediately prior to the onset of irradiation
was modified by the treatment. Because such a redistribution would influence the
simulations of photodynamic dose deposition, we used the same in vivo imaging
method and intradermal tumor model to investigate the possibility that mTHPC
might similarly extravasate upon irradiation at short drug-light intervals when
drug is abundant in circulation.

The intradermal tumors in anesthetized mice

were irradiated on the stage of the confocal microscope using PDT treatment
conditions (100 mW cm-2, 30 J cm-2) that were informed by those used by
Cramers et al. [4] and Triesscheijn et al. [5], and the drug-light intervals were 3
and 6 h. Unlike the case of NPe6-PDT, we observed no irradiation-induced
redistribution of mTHPC from tumor vessels at either of these time points (not
shown).
Fig. 3.2 illustrates the computed cumulative spatially-resolved 1O2 dose
deposition within tumor tissue regions at the four drug-light intervals, calculated
for mTHPC-PDT performed at an irradiance of 100 mW cm-2 and a fluence of 30
J cm-2. Significant radial gradients in 1O2 deposition are present in the 3 and 6 h
cases for all axial locations. Because of the combination of oxygen diffusion
from vessels and the reversal of the initial spatial mTHPC distributions at 24 and
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Figure 3.2. Computed spatial distribution of 1O2 dose, [1O2] (r, z), deposited
during mTHPC-PDT at an irradiance of 100 mW cm-2 for a fluence of 30 J cm-2,
assuming initial 3 h (a), 6 h (b), 24 h (c) and 96 h (d) mTHPC distributions.
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96 h (Fig. 3.1 (c) and (d)), the dose distributions for these two drug-light intervals
are more uniform in the radial direction than at the 3 and 6 h time-points (Fig. 3.2
(a and b) vs. (c and d)).

The maximum dose deposition at any location among all

the treatment conditions is approximately 1.1 mM, which occurs at the capillary
wall and z = 0, for the 3 h case (Fig. 3.2 (a)).
In Fig. 3.3, we present for each of the four drug-light intervals the
simulated volume-averaged reacted 1O2 concentrations, <[1O2]>, vs. fluence (Fig.
3.3 (a)) and the irreversible loss of mTHPC via photobleaching after a fluence of
30 J cm-2 (Fig. 3.3 (b)) for PDT delivered at an irradiance of 100 mW cm-2. The
volume averages are computed from the spatially resolved distributions like those
shown in Fig. 3.2, and they represent quantities proportional to those that would
be measured experimentally by 1O2 luminescence or photobleaching, respectively.
For a given fluence, the amount of 1O2 deposited in the tumor is greatest for the
24 h interval. At 30 J cm-2, the deposited dose for the 24 h case is 1.6-fold greater
than that at 3 h.

Based on our results in Chapter 2 and the current results, we

note that the macroscopic deposition of reacted 1O2 is more sensitive to the initial
sensitizer concentration than to the pattern of the initially nonuniform
distributions. Fig. 3.3 (c) plots the loss of sensitizer vs. the reacted <[1O2]>
following a fluence of 30 J cm-2 for all four of the drug-light intervals. Consistent
with expectations for a self-sensitized 1O2-mediated reaction process, for a given
fluence, the extent of photosensitizer degradation correlates well with the amount
of 1O2 dose deposited. These results may be compared with the summary of
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Figure 3.3. (a) Simulated volumeaveraged reacted

1

O2 concentration,

<[1O2]>, vs. fluence (J cm-2) for a
fluence rate of 100 mW cm-2 and four
drug-light interval intervals, 3, 6, 24
and 96 h, corresponding to the initial
mTHPC concentrations of 0.3, 0.42,
0.54 and 0.18 μg ml-1, respectively.
(b) Volume-averaged loss of mTHPC
mediated by a 1O2-mediated bleaching
mechanism vs. four drug light intervals
and PDT irradiation conditions of 100
mW cm-2 and a fluence of 30 J cm-2.
(c) PDT-induced loss of mTHPC vs.
the reacted <[1O2]> at 30 J cm-2 for
four drug light intervals.
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tumor responses to mTHPC-PDT presented in Table 3.2, which were collected
from the reports of Cramers et al. [4] and Triesscheijn et al. [5]. It is apparent
that neither of the volume-averaged dose metrics predicts the rank ordering of
recurrence free survival measured for these PDT treatment conditions.
The plots of Fig. 3.4 show differential dose volume histograms depicting
the percentage of the tumor volume that receives increments of reacted [1O2] from
a minimum of 0.06 to a maximum of 1.12 mM for the four drug-light intervals
and the same irradiation protocol as used for the simulations of Figs. 3.2 and 3.3.
Each individual column in the histograms represents an increment of 0.01 mM of
[1O2]. These histograms demonstrate that for all cases, cells throughout the entire
tumor volume receive a dose of 1O2 that is low relative to the 8 mM threshold of
reacting 1O2 determined by Coutier et al. [9] for mTHPC-PDT in multicell tumor
spheroids. The maximum deposited dose decreases with increasing drug-light
interval. Although subpopulations of tumor cells receive higher 1O2 doses at the 3
and 6 h vs. 24 and 96 h drug-light intervals, the tumor volume receiving these
comparatively higher doses is extremely small. For example, the maximum dose
deposited anywhere in the tumor for the 24 h case is 0.42 mM, and at 3 and 6 h
drug-light intervals this maximum increases to 1.12 and 0.81 mM, respectively.
At these shorter intervals, however, the percentages of the tumor volume
receiving doses greater than 0.42 mM are only 2.5% and 6.6%, respectively.
Plotted in Fig. 3.5 (a-b) is the percentage of the tumor volume receiving
doses within the ranges [1O2] < 0.4 mM and [1O2] ≥ 0.8 mM for the various drug-
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Figure 3.4 Differential dose volume
histograms depicting the percent of
the tumor volume receiving various
concentrations of reacted 1O2 [1O2] for
four drug-light intervals, (a) 3 h, (b) 6
h, (c) 24 h, and (d) 96 h.

The

histograms are computed from the
spatial dose distributions of Fig 3.2.
Each

individual

column

in

the

histograms represents 0.01 mM of
[1O2]. The maximum deposited dose
decreases with increasing drug-light
interval.
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Figure 3.5 (a-b) Histograms depicting the percent of the tumor volume receiving
reacted [1O2] within two dose ranges, [1O2] < 0.4, and [1O2] ≥ 0.8 mM. (c-d) The
corresponding histograms for the tumor volume within a 25 μm radial distance of
the capillary wall. The maximum deposited dose for drug-light intervals of 24
and 96 h is less than 0.8 mM. As shown in (a), more than 90% of the tumor
volume receives a dose lower than 0.4 mM at all of the drug-light intervals. Panel
(b) shows that less than 1% of the tumor volume receives a dose within an order
of magnitude of the threshold dose for mTHPC-PDT.
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light intervals. Fig. 3.5 (c-d) illustrates the percentage of tumor volume receiving
reacted 1O2 within a 25 μm radial distance of the capillary wall, which is the
tumor region containing the endothelial cells and proliferating tumor cells, for the
same dose ranges and drug-light intervals. Fig. 3.5 (a) demonstrates that for all
cases, more than 90% of the whole tumor volume receives a dose which is less
than 0.4 mM, which is 20-fold below the 8 mM threshold. As shown in Fig. 3.5
(c), even when the analysis is restricted to the volume close to a perfused vessel,
large fractions of the cells receive doses within this range. Fig. 3.5 (b) and (d)
illustrate that a dose greater than or equal to 0.8 mM, which represents a dose
within an order of magnitude of the experimentally determined threshold, is
deposited to cells only at the shorter drug-light intervals of 3 and 6 h. The tumor
volumes receiving these maximum doses are however extremely small. Thus,
even within 25 μm of the capillary (Fig. 3.5 (d)), at the 3 h drug-light interval
only approximately 5% of the cells receive a dose within an order of magnitude of
the threshold. At the 6 h interval, the fraction is significantly less.

3.4 Discussion
Several

experimental

methods,

including

1

O2

luminescence

and

photosensitizer fluorescence photobleaching [13-15] have been proposed and are
being evaluated as means to monitor the deposition of PDT dose in vivo. These
measurements have and will continue to have an important role to play in clinical
and preclinical dosimetry.

They are, however, necessarily limited to sampling
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relatively large tissue volumes and are therefore inherently unable to monitor the
accumulated 1O2 dose distributions over distances corresponding to intercapillary
spacings. In this respect, theoretical analysis provides a useful complementary
approach to accessing and understanding these potentially important microscopic
heterogeneities.

Although results obtained from mathematical modeling will

always be vulnerable to assumptions regarding the complex physiology of solid
tumors, simulations that are well informed by experiment can provide insights
into phenomena that may not be accessible via direct experiment. It is in this
spirit that we undertook the modeling of the tumor responses to mTHPC-mediated
PDT reported by Cramers et al. [4] and Triesscheijn et al. [5].
The results of our simulations revealed low concentrations of

1

O2

deposition at all of the drug-light intervals. The microscopic distributions of these
concentrations of reacted 1O2, depicted in the plots of Fig. 3.2 and summarized in
the histograms of Figs. 3.4 and 3.5, show that large volumes of the tumor,
including volumes close to the vessels, receive minimal photodynamic dose under
these treatment conditions.

At none of the drug-light intervals does any

subpopulation anywhere in the tumor receive a dose that is equal to the 8 mM
threshold dose of reacting 1O2 determined by Coutier et al. [9] using a
combination of oxygen consumption measurements in mTHPC-sensitized
spheroids and clonogenic cell survival. More strikingly, at all of the drug-light
intervals more than 90 % of the tumor volume receives a photodynamic dose that
is 20-fold lower than this threshold, and fewer than 1% of the cells throughout the
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tumor receive a dose that is within an order of magnitude of the threshold. Thus,
our simulations underscore the importance of vascular and host responses [4, 1619] in determining tumor response to PDT. One interesting consequence of these
findings is that molecular signaling and gene expression responses to PDT [2022], which require at least short-term cell viability, are likely to be favored in
those abundant tumor cell populations that receive relatively low photodynamic
doses. At higher doses that are immediately lethal, these responses are attenuated
significantly [23].
As noted above, the microscopic heterogeneities apparent in our
simulations are not accessible via currently available experimental methods.
Direct connection with experiment is accomplished by collapsing the spatiallyresolved simulations of reacting 1O2 and photosensitizer concentration into
volume-averaged quantities, such as those shown in Fig. 3.3.

From these

simulations, a second general finding emerged from this study.

Neither the

volume-averaged

1

O2 reactions nor the corresponding loss of mTHPC

concentration tracks even in a qualitative way with the long term tumor
recurrence. The largest concentration of reacting 1O2 is observed for the 24 h
drug-light interval; tumor responses are most durable at 3 and 6 h intervals. Thus,
in these studies, which examined tumor responses to mTHPC-PDT at various
drug-light intervals, a dosimetry that tracks 1O2 creation directly or indirectly
would not predict clinical outcome.

In cases like this one, it is likely that

techniques sensitive to some measure of biological response, such as tumor
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perfusion, would be more useful. Imaging and spectroscopy methods to monitor
tumor blood flow and hemoglobin oxygen saturation are undergoing intense
evaluation by several groups [24-28].
In several respects, the findings reported here should be interpreted
cautiously. First, some of these simulation results may be specific to mTHPCPDT, where the sensitizer distribution undergoes dramatic changes with time post
administration.

Thus, certain predictions, including the details of the dose

distributions in Fig. 3.2, may not be generalized to other photosensitizers.
Second, although the spatial resolution of the radial grid used for the tissue region
in these simulations, 0.33 μm, is fine enough to enable us to record dose deposited
to the endothelial cells lining the vessels, we do not and indeed cannot at this time
estimate effects that may arise from 1O2 reactions with blood borne elements.
These effects would be most likely to occur when plasma levels of mTHPC are
highest, but there is simply not enough known about either the dose deposited
directly to circulating cells or the biological consequences to enable even a rough
estimate regarding their contribution to the “vascular” response to PDT. Third,
although the preclinical tumor responses reported by Cramers et al. [4] and
Triesscheijn et al. [5] were more robust at shorter drug-light intervals, other
considerations, such as normal tissue toxicity, are important factors in
determining clinical protocols. In situations where vascular targeting is deemed
essential, careful real-time optical dosimetry will be critical in protecting sensitive
normal tissue adjacent to the target volume [29, 30]. Finally, although a 1O2-
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based dosimetry did not provide a correct rank ordering of tumor responses to
mTHPC-PDT performed at different drug-light intervals, there are no doubt many
important situations in which direct or indirect monitoring of 1O2 will be very
useful. PDT dosimetry is complex, and it is certain that no single prescription
will find universal applicability.
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Chapter 4. Simulations of measured
photobleaching kinetics in human basal cell
carcinomas suggest blood flow reductions
during ALA-PDT

4.1 Introduction
In Chapter 3, we presented a case study illustrating the theoretical
approaches to calculate the dose deposition and comparing them to the in vivo
long-term tumor response.

In this chapter, we will focus on applying the

mathematical model to simulate experimentally-measured fluorescence bleaching
data for 5-aminolevulinic acid (ALA)-PDT. The analysis suggests a possible
blood flow reduction during irradiation.
In ALA-PDT, the pro-drug ALA is converted into the photosensitizer
protoporphrin IX (PpIX) through the heme biosynthetic pathway. Topicallyadministrated ALA-PDT is particularly effective in treating skin cancer because
of its rapid clearance, tumor selectivity, and easy delivery. This therapy has
received approval for the treatment of superficial basal cell carcinoma (sBCC) in
the European Union and is undergoing clinical trails in the United States [1].
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Acute pain during irradiation is the primary adverse side-effect of clinical
ALA-PDT [2, 3]. A recently completed clinical trial of ALA-PDT for sBCC at
Roswell Park Cancer Institute investigated the treatment-induced pain and PpIX
photobleaching kinetics over a wide range (10-150 mW cm-2) of irradiances
administered at 633 nm [4]. PpIX photobleaching in the lesion and the adjacent
perilesion normal margin was monitored by fluorescence spectroscopy. In most
cases, the rate of bleaching slowed as treatment progressed, leaving a fraction of
the PpIX unbleached despite sustained irradiation.
To account for this observation, we hypothesized a possible decrease of
blood flow during ALA-PDT, which reduces the rate of oxygen transported to the
tissue and therefore slows down the photobleaching process. Although we are not
aware of any experiments to date that have investigated blood flow during ALAPDT in human subjects, several clinical and preclinical studies have demonstrated
a decrease [5, 6] or increase [7] in tumor blood flow immediately following PDT.
This therapy-induced blood flow change is likely due to the vascular effects
mediated by the treatment, such as direct damage to the tumor vasculature [8] and
vasoconstriction/vasodilatation induced by decrease/increase in the production of
nitric oxide (NO) [9]. To test this hypothesis, we used the mathematical model of
PDT in vivo [10] as described in Chapter 2 to simulate the measured irradiationinduced PpIX photobleaching.
photophysical

and

This model incorporates all of the relevant

physiological

phenomena,

including

a

1

O2-mediated

photobleaching mechanism, blood flow, and dynamic unloading of oxygen from
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Solutions to time-dependent oxygen transport-with-reaction

equations that include these phenomena enable the rigorous simulation of
macroscopic observable quantities, such as photobleaching, which can be directly
compared to experiments.

Using this model, we simulate the in vivo

photobleaching of PpIX in this patient population over a wide range of irradiances
with a narrow distribution of photophysical parameters related to a 1O2-mediated
bleaching mechanism.

Our numerical results indicate that the in vivo PpIX

photobleaching data over the entire fluence regime may be successfully captured
by introducing discrete, therapy-induced blood flow reductions at specific
fluences.

4.2 Methods
4.2.1 Clinical trial and photobleaching measurement
The details of the clinical trial at Roswell Park Cancer Institute and the
PpIX fluorescence measurements from human sBCC have been reported
elsewhere [4] and are described briefly here. Thirty three sBCC in 26 patients
were included in the trial. The lesion size ranged from 5 – 20 mm in diameter.
The treatment field diameter of 25 mm included the lesion and perilesion margin
of normal tissue. 20 % ALA (DUSA Pharmaceuticals, Wilmington, USA) was
applied to the entire treatment field. After a 4 h drug incubation, the skin was
treated with 633 nm light at irradiances of 10, 20, 40, 50, 60 or 150 mW cm-2.
PpIX fluorescence at each fluence rate was measured repeatedly throughout PDT
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using a portable system that integrated PDT delivery and spectroscopy [11]. The
fluorescence was measured at two, 4 mm-diameter spots, one located in the lesion
and the other in the perilesion margin, using the treatment laser as the excitation
source. The fluorescence spectra were corrected for the instrument response and
tissue optics. A singular value decomposition (SVD) fitting algorithm was used
to extract the contribution of PpIX fluorescence from the measured fluorescence
spectra.

4.2.2 In vivo PDT oxygen transport and consumption model
The PDT oxygen consumption and transport model (Eqs. (2.7) and (2.9))
has been described in detail previously (Chapter 2 [10]).

This model has the

ability to incorporate initially non-uniform sensitizer distributions.

However,

because no data are available on the microscopic distribution of PpIX in human
sBCC, the initial sensitizer concentration is assumed to be homogeneous
throughout the tissue region.

The specific form of ГPDT used in this study

incorporates the self-sensitized 1O2-mediated bleaching mechanism (Eq. 2.20).
The photobleaching of PpIX has been shown to be consistent with this mechanism
[12-14]. The two differential equations for the capillary (Eq. (2.7)) and the tissue
regions (Eq. (2.9)) are solved numerically using a finite difference method,
subject to the previously described boundary and initial conditions (Chapter 2
[10]). Solutions to the coupled PDT oxygen consumption and transport equations
(Eqs. (2.7) and (2.9)) for a given treatment condition yield the time-evolved
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microscopic distributions of 3O2, 1O2, and PpIX concentration. The volumeaveraged, experimentally observable quantities such as photobleaching can be
calculated from the microscopic distribution of PpIX concentration in the tissue
region. Tables 4.1 and 4.2 list the photophysical and physiological parameters
specific to this study. The values and origins of other model parameters have
been previously described in Chapter 2.

4.2.3 Determination of βPDT and fitting procedures
With the exception of βPDT for PpIX in human sBCC, the other parameters
required in the simulation can be found either in the literature or Chapter 2. To
determine the value of βPDT, we fit the computed volume-averaged PpIX
bleaching to the measured initial bleaching data at each irradiance, with the
assumption that the blood flow is not significantly perturbed at the earliest
fluences. We then determine the βPDT which gives the minimum reduced chisquare ( χν 2 ) fit to the data, and use this value (Table 4.2) along with other
experimentally-determined parameters (Table 4.1) to simulate the rest of the
bleaching data, which requires incorporation of treatment-induced blood flow
reductions.
Blood flow is a product of vessel cross section and blood velocity. In this
study, we fixed the vessel cross section as a constant, so we can simulate
treatment-induced blood flow changes by simply varying the value of the blood
velocity. To fit the experimentally-determined bleaching curves over the entire
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range of treatment fluences, we use the mathematical model with a consistent set
of parameters (Table 4.1) and the best fit βPDT values for each fluence rate case
(Table 4.2) to simulate the bleaching curves by changing the blood velocity at
specific fluences. Fig. 4.1 shows the standard procedure of the fitting process,
and the PpIX photobleaching data was measured from lesion regions irradiated at
60 mW cm-2. Initially, a simulated bleaching curve with an initial blood velocity
of 300 µm s-1 [5] is generated by the mathematical model, and this curve is used
to determine the fluence at which a first velocity change is initiated (Fig. 4.1 (a)).
This fluence is determined visually at the point where the simulated bleaching
curve deviates from the experimental data. Once this fluence is determined, we
reduce the velocity systematically at this fluence and rerun the simulations, using
the minimum in χ v 2 calculated within a proper fluence range, 0 – 6.6 J cm-2 in the
case of Fig. 4.1 (a), to identify the velocity value which provides the best fit to the
measured bleaching curve.

After determining the value of the first velocity

reduction at the appropriate fluence, we run the simulations with this new velocity
until the simulated bleaching curve again deviates from the experimental data.
We then reduce the velocity again and use the χ v 2 criterion as describe above to
obtain the best second reduced velocity (Fig. 4.1 (b)). For the 60 mW cm-2 lesion
case (Fig. 4.1 (b)), the second reduced velocity is also the last changed velocity
for the entire data set optimally fit by the simulated bleaching curve. Therefore,
the full range of fluences is used for the χ v 2 calculation.
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Table 4.1
Photophysical parameters
*

kp /kot

11.9 μM

kos /koa[A] [15]

90 M-1

[S0](t = 0)[16]

2.67 μM

Physiological parameters
Intercapillary distance

130 μm

Capillary radius

5.5 μm

Capillary length

350 μm

Initial blood velocity[5]

300 μm s-1

**

Γmet

11 μM s-1

SO2 (t = 0)

0.76

n

2.46

Table 4.1 Photophysical and physiological parameters required in the simulation.
*

Limited to the availability of experimental data, we use the value of kp/kot

measured from Photofrin-PDT in multicell tumor spheroids [17].

**

Γmet is measured from multicell tumor spheroids (unpublished data).

The value of
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Table 4.2.
Fluence Rate
(mW cm-2)

βPDT
(μM s-1 mW-1 cm2)
Lesion

Margin

150

0.85

0.4

60

0.65

0.85

50

0.85

0.85

40

0.6

1

20

1.2

1.45

10

1.05

0.9

Table 4.2 The value of βPDT used for generating the bleaching curves of each
irradiance case for both lesion and normal tissue margin, respectively.
average value with SD of βPDT from all the cases is 0.89 ± 0.28.

The
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Fitting process for an averaged ± SD, normalized PpIX

photobleaching curve for an irradiance of 60 mW cm-2 on lesion. The data were
measured from five lesions. (a) shows the simulated bleaching curves with a
constant initial velocity 300 μm s-1 and 1st blood velocity reduction at 2.4 J cm-2.
(b) shows the simulated photobleaching curves with a single reduced velocity 113
μm s-1 and 2nd blood velocity reduction at 6 J cm-2 after velocity adjusted to 113
μm s-1 at 2.4 J cm-2. The best fitting parameters for this bleaching curve are 113
and 70 μm s-1 at 2.4 and 6 J cm-2, respectively (a-b).
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4.3. Results
Fig. 4.2 shows averaged ± standard deviation (SD), normalized PpIX
fluorescence from seven lesions vs. fluence for an irradiance of 150 mW cm-2,
measured in the lesion and normal tissue margin. We observe that the sensitizer
quickly degrades to 20 % of its initial value after fluences of 23 and 53 J cm-2
delivered to the lesion and margin regions, respectively, and the bleaching curves
flatten at high fluences. This phenomenon is not consistent with a continuously
available supply of oxygen.
Fig. 4.3 shows the best fits to PpIX photobleaching data at early fluences
for lesion (a and b) and normal tissue margin (c and d). Results for irradiances in
the range 50 - 150 mW cm-2 and 10 - 40 mW cm-2 are shown in Fig. 4.3 (a and c)
and (b and d), respectively. The averaged ± SD, normalized PpIX bleaching data
for the different irradiances are represented by symbols. The various line styles
are the simulated best fit bleaching curves for these irradiances at these initial
fluences.

As described in the Section 4.2.3, we extract the photophysical

parameter βPDT (Table 4.2) for each case through these fits. The average best fit
value (+/-) SD of βPDT from all the cases is 0.89 ± 0.28. Fig. 4.3 (a - d) also
demonstrates that the mathematical model incorporating a 1O2-mediated bleaching
mechanism is able to simulate the clinical bleaching data at early fluences over a
wide irradiance range.
Returning to Fig. 4.1, which was introduced in Sec. 4.2.3, we present a
representative example of fitting PpIX bleaching data within the entire fluence
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Figure 4.2 Averaged ± SD, normalized PpIX fluorescence from seven lesions
versus fluence (J cm-2) for an irradiance of 150 mW cm-2, measured in the regions
of lesion and normal tissue margin. The bleaching curves flatten at high fluences.
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Figure 4.3 Simulations of PpIX photobleaching compared to experimental data
at early fluences for lesion and normal tissue margin. Fig. 4.3 (a) and (b) show
the cases of 50 - 150 and 10 - 40 mW cm-2 for lesion, respectively, and (c) and (d)
are the cases for normal tissue margin. The averaged ± SD, normalized PpIX
bleaching data for different irradiances are represented by symbols. The various
line styles are the simulated best fit bleaching curves for these irradiances at these
initial fluences.

All the simulated curves are produced using a set of

photophysical parameters related to a

1

O2-mediated bleaching mechanism.
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range by introducing the blood velocity reductions at specific fluences into the
mathematical model (Eq. 2.7).

The bleaching data shown in Fig. 4.1 was

measured from five lesion regions irradiated at 60 mW cm-2. Fig. 4.1 (a) and (b)
show the simulated bleaching curves with the first and second blood flow velocity
reduction at 2.4 and 6 J cm-2, respectively. Fig. 4.1 (a) shows that the simulated
bleaching curve with a constant blood velocity of 300 µm s-1 does not reproduce
the experimental data after 2.4 J cm-2. Simulation results generated with blood
velocity reductions initiated at 2.4 J cm-2 over the range 90 - 135 µm s-1 are
shown. A reduction to 113 µm s-1 gave the best fit using a χ v 2 criterion within
the fluence range between 0 – 6.6 J cm-2.

However, in order to obtain a

reasonable fit to the entire bleaching curve, we need to introduce a second
velocity reduction. Fig. 4.1 (b) shows that the simulated bleaching curve with a
first velocity reduction to 113 µm s-1 at 2.4 J cm-2 starts to depart from the data
after a fluence of 6 J cm-2. We then reduce the velocity again at 6 J cm-2 over the
range 50 - 90 µm s-1 and identify the best fit value as 70 µm s-1. By reducing the
velocity twice in this way, we are able to obtain an excellent fit for the entire
bleaching curve (Fig. 4.1 (b)).
To rigorously evaluate our fitting methodology, we calculated the χν2 of
the fit as a function of the reduced blood flow velocity and selected fluence, using
the representative case of a lesion treated at 60 mW cm-2 as an example. Fig. 4.4
shows the χν2 versus the first reduced velocity initiated at 1.8, 2.4, and 3 J cm-2
(Fig. 4.4 (a)) and the second reduced velocity implemented at 5.4, 6, and
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Figure 4.4 The reduced chi-square ( χν2 ) versus 1st reduced velocity at 1.8, 2.4
and 3 J cm-2 (a) and 2nd reduced velocity at 5.4, 6 and 6.6 J cm-2 for the case of 60
mW cm-2 lesion. For the 1st blood velocity reduction, the fit-goodness is fluence
sensitive (a), but for the 2nd decrease, the fit-goodness mostly depends on the
choice of the value of the reduced velocity. The width E (µm s-1) defines half the
distance in velocity between the minimum in χν2 and the nearest, symmetrically
positioned sampled velocities.
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6.6 J cm-2 (Fig. 4.4 (b)). The χν2 in Fig. 4.4 (a) is computed from fits to the
measured PpIX fluorescence over the range of fluences from 0 to 6.6 J cm-2. We
find the minimum in χν2 is located at 113 µm s-1 for the fluence of 2.4 J cm-2, and
the goodness-of-fit is indeed quite sensitive to the choice of fluence at which the
flow reduction is introduced (Fig. 4.4 (a)). In contrast to the results of Fig. 4.4
(a), for the second velocity reduction, the χν2 calculated over the entire fluence
range is not as sensitive to the choice of fluence (Fig. 4.4 (b)). We also notice that
the minima of these three χν2 curves are all close to 70 µm s-1 (Fig. 4.4 (b)).
Therefore, for the case of the second velocity change, the value of the revised
velocity is more important for the fit than is the fluence at which it is
implemented. To estimate the uncertainties in these minima in χν2 we introduce a
width E (µm s-1), illustrated in Fig. 4.4 (a), which defines half the velocity range
between the minimum in χν2 and the nearest, symmetrically positioned sampled
velocities. Thus, for the case of 2.4 J cm-2 depicted in Fig. 4.4 (a), the best-fit
reduced velocity value with this measure of uncertainty is 113 ± 6 (µm s-1). This
criterion was applied for all the cases modeled in this study.
Figs. 4.5 and 4.6 show the best fits of our simulations (solid lines) to the
PpIX bleaching data measured in margin and lesion for irradiances of 50 - 150
mW cm-2 and 10 - 40 mW cm-2, respectively. The dashed vertical lines indicate
the fluences at which we initiated a velocity change. The figure legends report
the reduced velocities and the specific fluences at which they were necessary. All
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Figure 4.5 Simulations of bleaching curves measured in margin (a-c) and lesion
(d-f) for irradiances of 50 to 150 mW cm-2. The dashed vertical lines indicate the
fluences we initiate blood velocity change. The figure legend shows the reduced
velocity at selected fluences. The initial blood velocity is 300 μm s-1.
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Figure 4.6 Simulations of bleaching curves measured in margin (a-c) and lesion
(d-f) for irradiances of 10 to 40 mW cm-2. The dashed vertical lines indicate the
fluences we initiate blood velocity change. The figure legend shows the reduced
velocity at selected fluences. The initial blood velocity is 300 μm s-1.
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Figure 4.7 Percentage of 1st (a-c) and 2nd (d-f) blood flow decrease relative to the
initial value vs fluence rate for lesion and margin regions. The error bars indicate
the uncertainties in the estimate of the percentage blood flow decrease, calculated
using the criterion introduced in Fig. 4.4 (a). Generally, the blood flow reduction
decreases with an increase of irradiance from 10 to 40 or 60 mW cm-2, and then
begins to increase up to 150 mW cm-2 (a-b) and (d-e).

In most cases, the

percentage of flow decrease is larger in the margin than in the lesion (c and f).
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the bleaching data are fit using a common set of photophysical parameters (Table
4.1 and 4.2) related to a 1O2-mediated bleaching mechanism, and incorporating
blood velocity reductions at specific fluences. Except for the 150 mW cm-2 lesion
and margin cases, where three reductions in flow velocity were needed in order to
optimize the fits, all the other bleaching data over the entire range of treatment
fluences can be fit by invoking two velocity reductions. To more quantitatively
explore the extent of the blood flow changes during ALA-PDT of human sBCC,
we plot the percentage of first (Fig. 4.7 (a-c)) and second (Fig 4.7 (d-f)) blood
flow decrease with respect to the initial value vs. fluence rate for the lesion and
margin regions. The error bars indicate the uncertainties in the estimates of the
percentage blood flow decrease, which were calculated using the criterion
introduced in Fig. 4.4 (a). Fig. 4.7 (a-b) and (d-e) show the extent of blood flow
reduction decreases with increased irradiance from 10 to 40 or 60 mW cm-2, and
then begins to increase up to 150 mW cm-2. The percentage of blood flow
decrease is more than 50 and 65 % for the 1st and 2nd change, respectively, for all
the cases we considered (Fig. 4.7 (a-b) and (d-e)). Fig. 4.7 (c) and (f) compare the
percentage of blood flow decrease between margin and lesion for 1st and 2nd blood
flow change, respectively. We find the flow reduction is greatest at 150 mW cm-2
for both margin and lesion, and for most irradiance cases, the percentage of blood
flow decrease is higher at margin than lesion.
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4.4 Discussion
Several other mathematical models have been proposed to describe
oxygen transport and 1O2 dose deposition during PDT in vivo [18-20]. To the best
of our knowledge, the model used in this study is the most comprehensive form
developed so far in that it includes important dynamic photophysical and
physiological phenomena, such as the 1O2-mediated bleaching mechanism, blood
flow, and the unloading of oxygen from hemoglobin. The results presented here
illustrate that our PDT model, in a form that incorporates a 1O2 photobleaching
mechanism, has the ability to simulate the PpIX bleaching data measured in
human subjects over a wide range of irradiances. These simulations introduced
the first time therapy-induced blood flow reductions, which were necessary to
simulate the measurements over the entire fluence range.
PpIX photobleaching kinetics have been shown to be consistent with a
1

O2-mediated mechanism in preclinical animal models [12-14] and recently in

human sBCC by Cottrell et al. [4].

In the current study, our mathematical

simulations of those human data further support this interpretation of the PpIX
photobleaching kinetics.

The plots of Fig. 4.3 demonstrate that this model

incorporating the 1O2-mediated bleaching mechanism effectively simulates the
experimentally-measured photobleaching kinetics at early fluences over a wide
range of irradiance, 10 - 150 mW cm-2.
However, keeping the photophysical and physiological parameters
constant throughout the simulation and not invoking any therapy-induced change,
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the model is not able to capture the entire bleaching curve, as shown in Fig. 4.1
(a). The experimental measurements, shown in Fig. 4.2, reveal a flattening of the
bleaching kinetics beyond an initial steep loss of fluorescence. This phenomena
is also observed in preclinical animal studies [21, 22]. This suggests a possible
ALA-PDT-induced blood flow decrease during treatment. These observations
motivated us to introduce a PDT-induced blood flow reduction into our model in
order to completely simulate the in vivo PpIX photobleaching data.

The

mathematical model we used here is able to implement a series of blood flow
changes for any succession of fluences. In the specific cases considered here, the
results of Figs. 4.5 and 4.6 indicate that we need to include at least two blood flow
reductions at specific fluences for the simulated bleaching curves to fully capture
the PpIX bleaching data.
Although the therapy-induced blood flow effects simulated by our
mathematical model may indeed be responsible for the slower photobleaching
phase observed in human sBCC, this is not the only possible explanation for this
phenomenon. Kruijt et al. [22] observed a similar two-phased PpIX bleaching
kinetics in the rat esophagus, with an initial rapid PpIX bleaching followed by a
second slower phase that persists for the rest of the irradiation. On the basis of
their PpIX fluorescence measurements, those authors suggest that the phased
bleaching is due to an initially inhomogeneous PpIX concentration in the different
layers of the esophagus, which contributes the distinct bleaching rates during
therapeutic illumination. Our results certainly do not exclude the possibility that a
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spatially inhomogeneous PpIX concentration is one of the factors producing the
phased PpIX bleaching kinetics.
Our numerical results predict that the magnitude of the blood flow
decrease with respect to the initial value is greatest in the highest and lowest
irradiance cases and moderate at the fluence rates ranging from 40 - 60 mW cm-2
(Fig. 4.7). This observation may in part be due to a decrease of nitric oxide (NO)
production during ALA-PDT. The endothelium of blood vessels uses NO to
signal the surrounding smooth muscle to relax, thus inducing vasodilatation and a
blood flow increase. Similarly, a decrease in NO may result in vasoconstriction
and decreased flow. Because the biosynthesis of NO requires molecular oxygen,
decreased tissue oxygen levels during PDT may attenuate the NO production [23].
Therefore, the significant blood flow reduction observed at 150 mW cm-2 is
consistent with ALA-PDT consuming oxygen, thereby inducing a decease of NO
and vasoconstriction. In contrast, the strong blood flow reduction observed at the
lowest irradiances, 10-20 mW cm-2, may be due to efficient PDT impairment of
the NO production by the endothelial cells [24] under these treatment conditions.
Generally, for a given fluence, low irradiance deposits more 1O2 dose than high
irradiance because of more available oxygen. Interestingly, as shown in Fig. 4.7
(c) and (f), for most cases the calculated percent blood flow decrease is greater in
the margin than in the lesion. This may also be consistent with an NO mechanism
in that the normal vessels in the margin have greater smooth muscle control that
do vessels in the sBCC [9, 25].
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Although this capillary-based oxygen transport model is able to simulate
the in vivo PpIX bleaching measured in human sBCC and suggests possible
physiological responses during treatment, we conclude by noting that our
mathematical model does not fully describe the complexity of oxygen transport
within the upper skin layers, where the tissue has oxygen support from both the
outer atmosphere and from the blood vessels within the dermis [26]. Therefore,
to more rigorously simulate the dose deposition and photosensitizer bleaching
during topical PDT, we anticipate building a PDT-3O2 model specific for the skin,
which integrates oxygen supply from the air and blood vessels, and more detail
will be discussed in Chapter 5. In addition to these theoretical approaches, it is
clear that experimental studies of blood flow in sBCC during ALA-PDT are
urgently needed.
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Chapter 5. Future directions

In our study thus far, we have developed a rigorous in vivo PDT-3O2
transport-consumption model that reports the dose deposition analysis on a
microscopic scale and the macroscopic quantities which can be directly compared
to experiments. The studies from Chapters 2 to 4 have either been accepted or are
being prepared for publication. Although to the best of our knowledge, this
model is the most comprehensive form reported so far in this field, several
important improvements still need to be considered in the future for expanding the
model’s applicability and interpretative power. In addition to the improvements,
we also propose the unsolved problems which can be the subjects of future
research.

5.1 T1- and 1O2- mediated bleaching mechanism
Photofrin is the first photosensitizing drug which has been approved by
the US FDA for more than ten years, and it is widely used clinically.
Nevertheless, the details of photodynamic dose deposition in Photofrin-PDT in
vivo are still not completely understood. Finlay et al. [1] showed that the in vivo
bleaching processes of Photofrin are not only governed by the reactions between
1

O2 and ground state photosensitizer (S0) but also by reactions between triplet

Future directions

141

state sensitizer (T1) and cell targets (A). From their experimental results and
theoretical predictions, at high sensitizer concentration Photofrin bleaching is
more efficient via 1O2 reactions, while at low concentration T1 reactions become
dominant. With respect to properly monitoring the reacted 1O2 dose, an in-depth
understanding of the relationship between bleaching and dose deposition in vivo is
important.

We propose to include this mixed 1O2 + T1-mediated bleaching

mechanism into the PDT-3O2 model. We recently derived the analytical formula
for ΓPDT which includes the mixed bleaching mechanism and also the low
sensitizer concentration correction term ξ. The expression for ΓPDT is written as,
⎛
⎞
⎧ k
⎫
Ctiss
ΓPDT (r, z, t) = Γ0 ⎜
1− ξ −η) exp ⎨− os ∫ ΓPDT (r, z, t)dt ⎬,
(
⎟
⎜ Ctiss + kp kot + kta[ A] kot ⎟
⎩ koa[ A]
⎭
⎠
⎝

(5.1)

where

η=

kta [ A]φtσ s0
kot hνβ PDT

∫

⎧ k
⎫
Γ PDT ( r, z, t )
exp ⎨ os ∫ Γ PDT ( r, z, t )dt ⎬dt ,
Ctiss
⎩ koa [ A]
⎭

(5.2)

kta is the bimolecular rate of reaction of T1 with cell targets, and the other
photophysical parameters are defined in Chapter 2. Eq. (5.1) is in a format
similar to the previous ΓPDT equation, Eq. (2.20), with one extra term η.
Therefore, we can adopt the same numerical method described in Chapter 2 to
incorporate the new ΓPDT for in vivo Photofrin-PDT with no difficulties.
As we introduced in Chapter 1, the use of fluorescence photobleaching for
dosimetry is based on the knowledge of the relationship between bleaching and
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dose. In the case of Photofrin, the in vivo bleaching process involves the mixed
mechanism and shows complex irradiance-independent features [1]. Therefore,
photobleaching may not be an appropriate dose metric for this sensitizer. From
the study of Finlay et al. [1], the fluence-rate-dependent photoproduct
accumulation can be an alternative real-time dosimeter for Photofrin-PDT. To
completely model the Photofrin-PDT, we also propose to calculate the
photoproduct accumulation during the simulation. Because of the refinement of
the bleaching mechanism and the ability of tracking the photoproduct
accumulation, we expect that the in vivo PDT model will inform the optimum
clinical Photofrin-PDT treatment conditions.

5.2 Incorporating complex therapy-induced blood
flow changes
Microcirculation plays an important role in the growth, metastasis, and
treatment of tumors. In PDT, the local 3O2 concentration governed by blood flow
determines treatment efficacy, especially limiting the response for the hypoxic
tumors. The response of tumor and normal tissue blood flow has been reported to
vary for different sensitizers and treatment conditions [2-6]. Yu et al. [2] reported
an initial increase in tumor blood flow followed by a subsequent decrease during
Photofrin-PDT (Fig. 5.1 (a)). They have shown that a slower reduction in flow
rate and longer duration of the decrease are correlated significantly with positive
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Figure 5.1 (a) The Photofrin-PDT-induced change in tumor blood flow vs.
irradiation time (min.) for an irradiance of 75 mW cm-2 observed by Yu et al. [2],
the plot reproduced by interpolating the data points. The flow reduction rate is
defined by the difference between maximum rBFmax and minimum flow rBFmin
divided by the duration time of the decrease. (b) The TOOKAD-PDT-induced
change in tumor blood flow vs. irradiation time (min.) for an irradiance of 200
mW cm-2 observed by Kelleher et al. [6], the plot reproduced by interpolating the
data points. From (a) and (b), the therapy-induced blood flow change profile may
be sensitizer dependent.
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treatment response. Kelleher et al. [6] have invasively monitored tumor blood
flow changes during TOOKAD-PDT, using a laser Doppler flowmeter (Fig. 5.1
(b)). Blood flow began to decrease at the onset of treatment and reached 20 % of
the initial flux after treatment.
In Chapter 4, we demonstrated that our model has the ability to simulate
the possible blood flow decrease induced by ALA-PDT, and the theoretical results
successfully captured clinical photobleaching data.

The actual physiological

mechanism of flow variation during treatment is expected to be more complicated
than the flow change we adopted for ALA case.

Therefore, we propose to

incorporate the experimentally-measured blood flow profiles (Fig. 5.1) into the
mathematical model by either interpolating the data or obtaining the appropriate
fitting function. With the integration of experimentally measured blood flow, we
will be able to obtain dose depositions on the microscopic scale more rigorously
and improve the interpretative ability of the model.

For instance, by

incorporating different flow durations and reduction rates, we may understand the
correlation between these quantities and reacted 1O2 distribution in the tumor
tissue region and elaborate upon the explanation of treatment response reported
by Yu et al. [2]. Another benefit of this theoretical improvement is the modeling
of fractionated treatment.

Since the PDT efficacy depends on local oxygen

concentration, Foster et al. [7] first proposed the idea of fractionating the light
delivery to allow the oxygen recovery during the PDT interruption period.
Therefore, the explicit incorporation of blood flow and the coupling of
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hemoglobin oxygen saturation with PDT oxygen consumption in the tissue allows
the complex, fractionated treatment schedules to be modeled rigorously.

5.3 A controversy between theoretically predicted
and experimentally measured hemoglobin oxygen
saturation during PDT
As described in Sec. 5.2, blood flow is an important mechanism
determining the tumor oxygen level. In other words, any significant physiological
perturbation, such as vasoconstriction/vasodilatation, to the blood flow would
alter the hemoglobin oxygen saturation (SO2). Fig. 5.2 (a) shows the simulated
photobleaching with blood velocity reduction at specific fluences for the case of a
superficial basal cell carcinoma irradiated at 150 mW cm-2, reproduced from Fig.
4.5 (d). Fig. 5.2 (b) shows the corresponding SO2 change predicted by our model.
Clearly, when the system is subjected to the flow reduction, a drop in SO2 is
observed.

However, the SO2 extracted by our white light reflectance

measurement does not show significant change throughout PDT (data not shown).
The same controversy was also observed by Yu et al. [8]. They combined diffuse
reflectance spectroscopy and diffuse correlation spectroscopy for measurement of
human prostate adenocarcinoma SO2 and blood flow, respectively, during
motexafin lutetium (MLu)-PDT. The prostate blood flow over the course of PDT
decreased by 50 %, but the SO2 decreased only slightly ( ~ 3 % ). The reason for
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Figure 5.2 (a) Simulations of bleaching curves measured in an ALA-sensitized
superficial basal cell carcinoma irradiated at 150 mW cm-2, reproduced from Fig.
4.5 (d).

The dashed lines indicate the fluences at which we initiated blood

velocity reduction. The figure legend shows the reduced velocity at these selected
fluences. The initial velocity is 300 µm s-1. (b) is the corresponding calculated
volume-averaged SO2, <SO2> vs. fluence (J cm-2). Obviously, when the system
is subjected to the flow reduction, the drop in SO2 is shown. The gradual increase
in SO2 is due to photobleaching.
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this apparent controversy is still not known.
In this section, we use the in vivo mathematical model to explore several
experimental or physiological factors, such as blood flow velocity, intercapillary
spacing, initial sensitizer concentration, and dark intervals, which may affect the
SO2 measurement during PDT. We use mTHPC-PDT with an irradiance of 100
mW cm-2 and initially nonuniform sensitizer distribution after 3 h drug
administration as the simulation conditions. The parameters are adopted from
Chapter 2.

Fig. 5.3 shows the computed volume-averaged SO2 <SO2> vs.

irradiation time for two blood velocities, 100 and 300 µm s-1, for (a and c) 130
and (b and d) 200 µm intercapillary spacing. To explore the effects of sensitizer
concentration, (a and b) and (c and d) are the results with 1- and 10-fold higher
initial sensitizer concentration, [S0](0). Our mathematical model predicts that on
the basis of the measured initial mTHPC concentration (0.6 µg ml-1), the SO2 does
not display an evident drop after the onset of PDT for these reasonable
physiological conditions (Fig. 5.3 (a) and (b)). In contrast, Fig. 5.3 (c) and (d)
demonstrate that the effect of blood flow and intercapillary spacing become
apparent when [S0](0) is increased to a 10-fold higher value.
To conduct the white light reflectance measurement for SO2 during PDT,
there is an interruption time (dark interval, 1 ~ 6 s) for the treatment light that
varies for different optical systems and sensitizers [9, 10]. Due to the interruption
of photochemical oxygen consumption, the SO2 will recover within the dark
intervals. Based on the different physiological conditions, the amount of SO2
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Figure 5.3 Computed volume-averaged SO2 <SO2> vs. irradiation time (s) for
two velocities, 100 and 300 µm s-1, for (a and c) 130 and (b and d) 200 µm
intercapillary spacing. (a and b) and (c and d) are the results with 1- and 10-fold
higher initial sensitizer concentration [S0](0).

The initial SO2 drop becomes

significant after the [S0](0) has been increased to a 10-fold higher value.
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recovery is variable. Next, we simulate the SO2 measurement error induced by
the oxygen recovery during the dark intervals in treatment. Fig. 5.4 shows the
<SO2> vs. irradiation time using the same irradiation protocol as Fig 5.3, but the
PDT treatment beam is stopped between 20 and 120 s. Clearly, the quick SO2
recovery appears in all the cases we considered (Fig. 5.4 (a-d)). This recovery is
further quantitatively investigated in Fig. 5.5. To understand the SO2 recovery
relative to the value at the time the treatment beam was stopped, 20 s, we
normalized the simulated SO2 to the value at 20 s.

Fig. 5.5 shows the

corresponding results. The results show that the SO2 measured from the small
intercapillary spacing and low blood velocity tumor suffers larger measurement
error due to the oxygen recovery within the dark intervals (Fig. 5.5 (a and c) vs. (b
and d)). Along with the increase of sensitizer concentration, the measurement
error is also enlarged (Fig. 5.5 (a and b) vs. (c and d)).
From the above simulation results, the in vivo sensitizer concentration can
be an important factor in determining the SO2 measurement.

The drug

concentration encountered in clinical use is generally relatively low, and this low
concentration may explain the absence of a measured SO2 change during PDT
irradiation. However, this argument still can not explain the controversy between
the apparent need for a blood flow drop and the unchanged SO2. Research
continues to solve this disagreement.
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Figure 5.4 Computed volume-averaged SO2 <SO2> vs. irradiation time (s) for
two velocities, 100 and 300 µm s-1, for (a and c) 130 and (b and d) 200 µm
intercapillary spacing. (a and b) and (c and d) are the results with 1- and 10-fold
higher initial sensitizer concentration [S0](0). The dark interval is between 20 to
120 s. The SO2 recovery is clearly shown right after PDT is stopped at 20 s.
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Figure 5.5 Relative <SO2> recovery vs. irradiation time (s) for two velocities, 100
and 300 µm s-1, for (a and c) 130 and (b and d) 200 µm intercapillary spacing. (a
and b) and (c and d) are the results with 1- and 10-fold higher initial sensitizer
concentration [S0](0). The PDT irradiation was stopped at 20 s. The results show
that the SO2 measured from the small intercapillary spacing and low blood
velocity tumor suffers larger measurement error due to the oxygen recovery
within the treatment beam interruption time ((a and c) vs. (b and d)).
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5.4 Skin oxygen transport model
In Chapter 4, we used the capillary-tissue PDT model to simulate the
patient photobleaching data measured from superficial basal cell carcinoma.
Although the results are encouraging, this in vivo PDT model was not built based
on the superficial skin geometry and therefore, the oxygen diffusion from the
outer atmosphere into the tissue area was not considered.

Because of the

favorable oxygen supply conditions and easy sensitizer delivery and treatment
setup, the topical PDT is effective in treating certain skin cancers and is under
evaluation in other dermatoses [11-14]. Thus, understanding the oxygen transport
within the upper skin region is important to optimize the topical therapy efficacy.
In this section, we propose to build an oxygen transport model especially for skin
geometry, which includes the oxygen diffusion from the air above the skin surface
and the blood vessels existing in dermis layer.
Fig. 5.6 (a) shows the schematics of the anatomical structure of superficial
layers of the skin.

From the top, the epidermis including cornified stratum

corneum and germinal or viable epidermis layer and the dermis including the
capillary loop and the subpapillary plexus are shown.

The thickness of the

epidermis and dermal papillae layers are 40 to 90 µm and 130 to 200 µm,
respectively [15-17].

Fig. 5.6 (a) clearly shows that the upper skin area,

epidermis and part of dermis layer, has oxygen diffusion from above, the outer
atmosphere, and from below, the capillary loop. The problem of oxygen transport
within skin has been explored by several investigators [15-19], and Grossmann
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[16] first developed a 3D oxygen model of a microcirculatory unit including the
loop-shaped capillary structure of dermal papillae, the nonlinear binding of
oxygen by hemoglobin, and the oxygen diffusion from the air above the skin
surface. In this section, we show the preliminary results of the skin PDT-3O2
model. To simplify the complexity of the model development and numerical
methods, we first consider a single skin layer which only has the oxygen
transported from the ambient air. In this case, spatial oxygen and dose gradients
simply depend on skin depth. Fig. 5.6 (b) is a layout of the superficial PDT-3O2
model, where x represents the depth, and the skin surface is located at x = 0. At x
= H is the boundary at which no net oxygen transfer by diffusion occurs, i.e.,
according to Fick’s first law the oxygen concentration gradients perpendicular to
this interface vanish. Thus, this layer (x = 0 to H) is treated as an isolated unit
from the deeper region where oxygen is mainly supported by blood vessels. The
boundary (x = H) can be viewed as an interface where the oxygen flux vanishes
due to the contribution from both sides.

The topically applied sensitizer is

assumed to be uniformly distributed in the region from x = 0 to H. On the basis of
the above description and mass balance, we can write down the oxygen diffusion
equation as
∂C
∂ 2C
= Ds 2 − ( Γ met + Γ PDT ) ,
∂t
∂x

(5.3)

with boundary conditions,
C = Cs ,

x = 0 (5.4)
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Figure 5.6 (a) Schematics of the anatomical structure of superficial layers of the
skin.

From the top, the epidermis including cornified stratum corneum and

germinal layer and the dermis including the capillary loop and the subpapillary
plexus are shown. (b) is a layout of the skin PDT-3O2 model, where x is the depth,
and surface is located at x = 0. Molecular oxygen diffuses into skin tissue from
surface, and x = H is the location with no oxygen flux.
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∂C
= 0,
∂x

x = H (5.5)

where C is the oxygen concentration, Cs is the oxygen concentration at surface, t
is time, Ds is the oxygen diffusion constant, and Γmet and ΓPDT are the metabolic
and photochemical oxygen consumption rate, respectively. Since we simulate the
topical ALA-PDT case, the origin and values of the parameters were previously
described in Chapter 4. Here, we only list the values of the parameters specific
for the skin model; H is 100 µm, Ds is 1250 µm2 s-1 [18], βPDT is 0.89 µM cm2 s-1
mW-1 (Table. 4.2) and Cs is 190 µM which can be calculated by the oxygen
partial pressure on the skin surface [16] and the oxygen solubility of the cornified
stratum corneum [18]. The 1O2-mediated bleaching mechanism (Eq. 2.20) and
Michaelis-Menten kinetics (Eq. 2.18) are still used to describe ΓPDT and Γmet,
respectively. The Eq. (5.3) can be solved by Crank-Nicholson method [20] with
the steady state solution used as the initial condition.
In Fig. 5.7, we plot (a) the normalized averaged ground-state sensitizer
concentration, <[S0]>, and (b) the averaged reacted 1O2 concentration <[1O2]> vs.
fluence for two irradiances, 10 and 150 mW cm-2. As expected for a sensitizer
bleaching via a 1O2-reaction process, a faster rate of photobleaching and dose
accumulation vs. fluence is observed at the lower irradiance (Fig. 5.7 (a) and (b)).
Due to abundant oxygen, all the sensitizer has been quickly degraded after an 8 J
cm-2 irradiation (Fig. 5.7 (a)). Fig. 5.8 shows the calculated depth-dependent
distributions of the 3O2 concentration [3O2] vs. fluence for (a) 150 and (c) 10 mW
cm-2, respectively, and the 1O2 concentration [1O2] (b) and (c) for the same
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Figure 5.7 (a) Normalized averaged sensitizer concentration <[S0](x)> vs. fluence

(J cm-2) and (b) averaged reacted 1O2 concentration <[1O2](x)> vs. fluence for two
fluence rates 10 and 150 mW cm-2.

The sensitizer degradation and 1O2

accumulation are rapid for both irradiance cases (a and b).
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Figure. 5.8 Calculated depth-dependent distributions of the 3O2 concentration

[3O2] vs. fluence (J cm-2) for (a) 150 and (c) 10 mW cm-2, respectively, and the
1

O2 concentration [1O2] (b) and (d) for the same irradiation protocols. A more

pronounced spatial heterogeneity is observed at the higher fluence rate,
immediately after the onset of PDT and in the region far away from the skin
surface (a vs. c). The effects of irreversible photobleaching inducing the oxygen
recovery are observed for both fluence rate cases (a and c). (b) and (d) show that
the low irradiance treatment deposited higher dose and produced a more uniform
dose distribution for a given fluence.
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irradiation protocol. After the onset of PDT irradiation, a more severe oxygen
depletion is observed at the higher fluence rate in the region far away from the
skin surface (Fig. 5.8 (a) vs. (c)).

The effects of irreversible photobleaching

inducing the oxygen recovery are observed for both fluence rate cases (Fig. 5.8
(a) and (c)). For a given fluence, the low irradiance treatment deposited higher
dose and produced more uniform dose distribution (Fig. 5.8 (b) vs. (d)).
In this section, we showed the initial results and structure of the skin PDT3

O2 model. Research continues to incorporate the oxygen transport from the

capillary loops within the dermis layer and the kinetics of oxygen unloading from
hemoglobin into the model. We expect a complete form of the skin model which
fully characterizes oxygen transport and PDT dose deposition will improve
current clinical protocols for topical PDT.
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Chapter 6. Irradiation-induced enhancement
of Pc 4 fluorescence and changes in light
scattering are potential dosimeters for Pc 4
mediated photodynamic therapy

6.1 Introduction
In the previous chapters, we mostly emphasize theoretical approaches to
PDT dosimetry.
developed

In this chapter, we will focus on a recent experimentally-

dosimetry

measure

for

a

specific

photosensitizer,

silicon

phthalocyanine 4 (Pc 4).
The success of a number of clinical trials of PDT and the subsequent
health agency approvals of Photofrin, Levulan, Foscan, and Visudyne in several
countries have motivated the development of other second-generation
photosensitizers designed to enhance therapeutic efficacy [1].

These

photosensitizers have relatively pure chemical composition with strong extinction
coefficients at deep red wavelengths, relatively rapid clearance kinetics, and less
cutaneous photosensitivity.
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Pc 4 is one of these second generation photosensitizers [2]. It is extremely
potent in vitro, in part because of its particularly high molar extinction (230,000
cm-1 mol-1 L) near 670 nm. Pc 4 is also remarkably photostable, which makes it
resistant to self-sensitized bleaching during PDT irradiation. A very significant
body of preclinical work has been published in regard to the photobiological
responses to this sensitizer. The intracellular localization of Pc 4 has been well
characterized using dual-label confocal fluorescence microscopy [3] and
fluorescence resonance energy transfer (FRET) [4], and these studies have shown
that Pc 4 is localized in the mitochondria and other organelle membranes. Pc 4 is
also a strong inducer of apoptosis; several articles have demonstrated that the
antiapoptotic proteins BcL-2 and BcL-xL are among the primary targets of Pc 4PDT [5-7]. Based on the sustained and significant efforts by several researchers,
Phase I clinical trials using topical Pc 4-PDT for cutaneous pre-malignant and
malignant lesions are currently being conducted at Case Western Reserve
University, and the preliminary results are encouraging [8].

Although the

biological responses to Pc 4-PDT have been well studied in the last twelve years
and clinical trials are underway, the appropriate dose metrics for Pc 4-PDT and
the corresponding photophysical features have not been well characterized.
Pc 4’s excellent photostability simplifies PDT dosimetry but at the same
time renders implicit dose metrics such as photobleaching and photoproduct
accumulation inappropriate. In the search for alternative reporters of biological
response to Pc 4-PDT, we have observed a significant irradiation-induced
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increase in Pc 4 fluorescence in tumor cell monolayers. The amount of the
fluorescence increase observed in vitro strongly correlates to the proliferative cell
death reported by clonogenic cell survival assay. Lam et al. [9] demonstrated a
variety of mitochondrial responses to Pc 4-PDT in vitro, including mitochondrial
membrane depolarization, changes in permeability, mitochondrial swelling, and
the release of cytochrome c leading to apoptotic death. Consistent with these
findings, we observed through angular resolved light scattering measurements a
fluence-dependent mitochondrial swelling during Pc 4-PDT. The amplitude of
mitochondrial

swelling

reported

by

light

scattering,

the

fluorescence

enhancement, and loss of cell survival occur over the same range of fluences.
This irradiation-induced Pc 4 fluorescence may serve as a potential optical
dosimeter for Pc 4-PDT.

6.2 Materials and methods
6.2.1 Cell culture
EMT6 mouse mammary sarcoma cells were maintained in monolayer
culture in Eagle’s basal medium (BME) with 10 % fetal bovine serum (complete
media) at 37°C and 5 % CO2 /95 % air atmosphere until they reached the desired
confluence, which was approximately 90 % for clonogenic assays and 60 - 80 %
for scattering and confocal fluorescence microscopy experiments. For confocal
microscopy studies, cells were grown on 25-mm-diameter glass coverslips (VWR
Scientific, West Chester, PA). For scattering measurements in cell suspensions,
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the cells were first lifted from the culture dishes using 0.25 % trypsin, then
centrifuged to a pellet, and washed in Hanks’ Balanced Salt Solution (HBSS).
Irradiations were performed on cells suspended in HBSS at a concentration of 108
cells mL-1. Scattering measurements were performed on cells suspended in HBSS
diluted to a concentration of 105 cells mL-1.

6.2.2 Pc 4 loading and light treatment
The photosensitizer Pc 4 was synthesized according to methods reported
by Li and Kenney [10] and Anula et al. [11]. A 0.5 mM stock solution was
prepared by dissolving dry Pc 4 in N’,N’-dimethylformamide (DMF) and stored at
4°C. The stock was diluted to a working concentration of 50 or 250 nM in
complete media. Cells were incubated at one of these concentrations for 24 h in
the dark. PDT irradiation was performed on Pc 4-sensitized cells using 667 nm
laser light from a diode laser (Power Technology Inc., Little Rock, AR), the
output of which was coupled into a GRIN-lens-terminated multimode fiber (OZ
Optics, Ottawa, ON, Canada). Cells on coverslips or in suspension were exposed
to the prescribed fluences delivered at an irradiance of 2.5 mW cm-2.

6.2.3 Confocal imaging and spectroscopy of Pc 4 in cell
monolayers
Fluorescence images and spectra were obtained using our laboratory-built,
inverted laser scanning confocal microscope, which has been described in detail
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elsewhere [12, 13]. Coverslips with Pc 4-sensitized EMT6 cells were rinsed and
placed in coverslip dishes (A-7816, Molecular Probes, Eugene, OR) that allowed
viable cells to be maintained in 1 mL HBSS during imaging sessions.
Fluorescence from Pc 4 was excited using 639 nm light from a diode laser (Power
Technology Inc., Little Rock, AR). The fluorescence was discriminated from
excitation light via reflection from a 633 nm short-pass dichroic mirror
(z633trans-sp, Chroma Technology Corp., Rockingham, VT) and transmission
through a 645 nm long-pass filter (HQ645lp, Chroma). The combination of a 100
μm diameter pinhole and a 20x, 0.75 NA objective gave an axial resolution of
approximately 2 μm as determined by fluorescence edge response measurements.
The field of view (FOV) and the pixel arrays in each image were chosen to be 350
μm × 350 μm and 500 × 500 pixels, respectively. Confocal fluorescence spectra
were obtained from a 300 μm × 300 μm region of interest in the center of the
image FOV.

Spectra were acquired using the 50 μm diameter core of a

multimode optical fiber as the confocal aperture. The fluorescence captured by
the fiber was then dispersed by a grating onto a TE-cooled CCD (DV420-BV;
Andor Technology, Windsor, CT) as described previously [13].
In order to quantify irradiation-induced changes in identical fields of view,
coverslips were positioned on the microscope stage, and a preirradiation image
and spectrum from the Pc 4-sensitized cells were acquired. The entire coverslip
was then irradiated for a prescribed fluence, and the imaging and/or spectroscopy
was repeated. Because the entire coverslip was irradiated, Pc 4 fluorescence from
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only one FOV was analyzed per coverslip. Each data point reported in Figs. 6.4
and 6.7 is the result of analyzing three to five FOV obtained on an equal number
of separate coverslips.

6.2.4 Image analysis
To analyze the confocal fluorescence images, a MATLAB (Mathworks
Inc., Natick, MA) algorithm read in the data and generated images that were
normalized to a flat field image of a homogeneous Pc 4 solution. Histograms
were constructed corresponding to frequency distributions of pixel brightness
over the whole FOV. To characterize the fluorescence intensities in pre- and
postirradiation fields, sums of pixel intensities from the whole fields at the
prescribed fluence were calculated and normalized to the pre-treatment level.

6.2.5 Fluorescence spectral analysis
The fluorescence spectrum was analyzed as a linear combination of basis
spectra, using a singular value decomposition (SVD) fitting algorithm based on
that of Press et al. [14]. The pre-treatment spectrum from Pc 4-loaded cell
monolayers was adopted as the Pc 4 basis spectrum. This spectrum and a 51-term
Fourier series were used to fit the post-treatment spectra. The Fourier synthesis,
as previously described [15], accounts for the presence of other possible spectral
contributions. In the SVD algorithm, the largest term in the Fourier series was
given a weight of 2, whereas the Pc 4 basis spectrum had a weight of 100. This
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minimizes the possibility that the Fourier synthesis will fit emission attributable to
the known Pc 4 spectrum.

Thus, the total spectrum is represented by

f total = A(100) f Pc 4 + (2.0) B0
25
⎡
⎛ π k (λ − λi ) ⎞
⎛ π k (λ − λi ) ⎞ ⎤
+ ∑ (2.0 ⋅ e − k / 20 ) × ⎢Ck sin ⎜
+ Dk cos ⎜
,
⎟
⎜ λ −λ ⎟
⎜ λ − λ ⎟⎟ ⎥
k =1
f
i
f
i
⎝
⎠
⎝
⎠ ⎦⎥
⎣⎢

(6.1)

where the numbers in the small parentheses denote the weights used in the SVD
fitting. The value of 20 in the exponentially decaying weights was determined
empirically. The spectral amplitudes of the Pc 4 basis spectrum, A, and Fourier
series, B0 through Dk, are returned by the SVD algorithm. λi and λf are the initial
and final wavelengths in the data set.

6.2.6 Angularly resolved light scattering measurements
Our goniometer measurements have been reported previously [16, 17]. A
cell sample in aqueous suspension is placed in a cylindrical cuvette, which is
positioned above the center of a rotary stage, and 20 mW of 632.8 nm light from a
HeNe laser is directed through the cuvette. In these measurements, the laser light
is linearly polarized perpendicular to the surface of the rotary stage.

Light

scattered from the sample is passed through a pinhole mounted midway to the
edge of the rotary stage and collected by an optical fiber that is mounted at the
edge. Light exiting the fiber is measured by a photodiode (New Focus model
2001; San Jose, CA). A PC-controlled stepper motor rotates the stage, and the
angular position is read out from an optical encoder. The stage position and
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photodiode voltage are simultaneously recorded every 2.5o. The data acquisition
is automated and controlled by a lab-built program written in LabView (National
Instruments, Austin, TX).
For each measurement, a background is taken with 15 mL HBSS in the
cuvette. Cells from the high density stock described above are then added to a
final concentration of 105 cells mL-1, and the measurements are taken over the
angular range 5-90o. The background is subtracted from the data, and a factor of
Sin(θ) is multiplied to the data to correct for the intersection volume of the laser
beam and the detector field of view [18].

6.2.7 Mie theory and coated-sphere modeling of
mitochondrial swelling
A Mie theory model, described in detail in Wilson and Foster [19], was fit
to the angularly resolved light scattering data from untreated cells. On the basis
of previously published work we attributed the light scattering signal to two lognormal distributions of spherical particles. The resultant particle size distribution
is characterized by the mean, standard deviation, and area under the curve for
each log-normal distribution.

Test functions were constructed by weighting

angular scattering functions calculated from Mie theory for each particle size by
this particle size distribution. The mean values, widths, and areas under the
curves for each distribution were adjusted as free parameters to minimize χ2 using
an iterative non-linear fit.
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Light scattering data from Pc 4-PDT-treated cells were fit using the
coated-sphere model described in Wilson et al. [16]. In this model, the larger of
the log-normal distributions, which is dominated by mitochondria [16,17], was
assumed to swell in response to PDT by a mechanism of outside material
(cytosol) forming a core in each particle (mitochondrion). Each mitochondrion
was assumed to swell by the same magnitude as
r → αr

(6.2)

where r is the radius of the particle and α is the swelling parameter. The radii of
the core and coating are fixed by a conservation of particle material, resulting in a
one parameter fit in α.

6.2.8 Clonogenic assay
After incubation with 250 nM Pc 4 overnight, the cells were washed with
HBSS twice and harvested by trypsinization. They were diluted at least 1:1 in
complete media and then centrifuged to a pellet. To obtain approximately 50-100
colonies after PDT, the number of cells counted by hemacytometer (Hausser
Scientific, Horsham, PA) was adjusted for each fluence and seeded into 100-mmdiameter tissue culture dishes. In order to minimize the leaching of Pc 4 from the
sensitized cells (Nancy L. Oleinick, personal communication), cells were
incubated in serum free BME during the irradiation period.

Each dish was

exposed to a prescribed fluence at 2.5 mW cm-2. After the irradiation, additional
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BME with serum was added into the dishes such that the percentage of serum was
maintained at 10 %. After 7-8 days, colonies were stained with 0.005 % crystal
violet in water and counted visually. The percent clonogenic survival of the Pc 4PDT treated cells is reported as the ratio of the plating efficiency of the treated
cells to that of cells incubated with 250 nM Pc 4 but not irradiated. The plating
efficiencies of the completely untreated cells (no drug, no light) and the Pc 4sensitized but not irradiated cells were approximately 90% and 81%, respectively.
A radiobiological linear-quadratic model was adopted to describe the cell
survival curve [20]. The model is expressed,
Survival = e − β F −γ F

2

(6.3)

where F is fluence, and β and γ are fitting parameters.

6.3 Results and discussion
6.3.1 EMT6 cell survival
Fig. 6.1 shows the measured clonogenic survival of Pc 4-PDT-treated
EMT6 cells in response to the treatment conditions described in Sec. 6.2.8. Each
data point is a mean of at least three independent experiments. All of the data
points are normalized to the clonogenic survival measured in cells subjected to
250 nM Pc 4 overnight but not irradiated. To quantify the EMT6 cell surviving
fraction vs. fluence, Eq. (6.3) was fit to these data. The values of the fitting
parameters, β and γ, are 1.8 and 77.5, respectively. We obtain
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Figure 6.1 Clonogenic survival of EMT6 cells sensitized with 250 nM Pc 4 for
24 h and subjected to fluences of 0.05, 0.15, 0.2 and 0.3 J cm-2. These treatment
conditions resulted in surviving fractions of approximately 76, 17, 2.3 and
0.06%, respectively. The number of colonies for each dish was 50-110 for the 0
- 0.2 J cm-2 cases and 10-70 for the 0.3 J cm-2 case. The solid line is the best fit
of Eq. (6.3) to the data.
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approximately 76 %, 17 %, 2.3 % and 0.06 % clonogenic survival in response to
fluences of 0.05, 0.15, 0.2 and 0.3 J cm-2. The in vitro clonogenic survival curve
demonstrated here established the range of fluences for the subsequent
fluorescence enhancement and scattering measurements.

6.3.2 Irradiation-induced increase in Pc 4 fluorescence in
tumor cell monolayers
Figs. 6.2 (a1-a3) shows confocal fluorescence images of EMT6
monolayers incubated with 250 nM Pc 4 overnight (Fig. 6.2 (a1)) and imaged
immediately after irradiation with 0.3 J cm-2 (Fig. 6.2 (a2)) and 1.0 J cm-2 (Fig.
6.2 (a3)). The histograms of pixel brightness corresponding to these images are
shown in Fig. 6.2 (b1-b3). The increase in Pc 4 fluorescence in response to the
irradiation is qualitatively illustrated in these confocal images and demonstrated
quantitatively in the histogram analysis.

We observed that peaks of the

fluorescence intensity distributions shift to significantly higher values over this
range of fluences. As the fluence is increased, a larger fraction of the pixels are
accumulated at higher fluorescence (Fig. 6.2 (b1-b3)), and the Pc 4 intensity
distributions are more significantly separated from the background signal,
indicated by the spike at 0.0 in Fig. 6.2 (b3). Pair-wise comparisons among the
various cases depicted in Fig. 6.2 using a Student’s t-test revealed statistical
significance for each comparison at the P < 0.01 level.
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Figure 6.2 (a1-a3) Confocal fluorescence images of EMT6 cell monolayers
following overnight incubation with 250 nM Pc 4 and subjected to (a1) 0, (a2)
0.3, and (a3) 1.0 J cm-2. The images were acquired of 350 μm x 350 μm fields of
view using 639 nm excitation and a 20x, 0.75 NA objective lens. Irradiation was
performed on the stage of the microscope using a lens-terminated optical fiber
coupled to a 667 nm diode laser.

(b1-b3) Histograms of pixel brightnesses

computed from the images of (a1-a3).

The peaks of these distributions

correspond to progressively higher signal levels as the fluence is increased over
this range.
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Figure 6.3 (a) Pc 4 fluorescence spectra pre- (0 J cm-2) and post-irradiation
performed at an irradiance of 2.5 mW cm-2 for a fluence of 0.3 J cm-2. The
fluorescence enhancement is clearly observed. The inset is the normalized Pc 4
fluorescence spectrum in a homogeneous solution (DMF:ethanol, 1:25). (b) SVD
analysis of the 0.3 J cm-2 fluorescence spectrum. The fit (solid line) is a sum of
the Pc 4 pre-irradiation basis spectrum and the Fourier terms, as summarized in
Eq. (6.1). The data (open circles) are well fit by the scaled preirradiation Pc 4
basis spectrum, leaving only minimal contributions from the Fourier terms.
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The pre-irradiation and post-0.3 J cm-2 Pc 4 fluorescence spectra from
EMT6 cells are shown in Fig. 6.3 (a).

To illustrate that these spectra are

dominated by the emission of Pc 4, the inset shows the fluorescence spectrum of
Pc 4 in a homogenous solution (DMF:ethanol, 1:25). In Fig. 6.3 (b), we present
the SVD analysis of the 0.3 J cm-2 fluorescence spectrum, using the preirradiation spectral data as the basis spectrum for Pc 4. From Fig. 6.3 (a), it is
apparent that the shape of the Pc 4 emission spectrum was not altered with the
increase in fluorescence and that no fluorescent photoproducts were formed. We
did however observe a slight 1.5 nm red-shift from the preirradiation to the 0.3 J
cm-2 spectrum. It is possible that a change in the biological environment during
the PDT treatment led to this small spectral shift. Therefore, for the SVD fitting
analysis of the 0.3 J cm-2 case, we shifted the preirradiation basis spectrum by 1.5
nm towards the red. As shown in Fig. 6.3 (b), the Pc 4 basis spectrum completely
captures the features of the 0.3 J cm-2 PDT fluorescence data, thus confirming that
the fluorescence intensity increase observed in the EMT6 cell monolayers is fully
attributed to the Pc 4.
The fluence-dependent increase in irradiation-induced Pc 4 fluorescence is
summarized in Fig. 6.4. The normalized sum (+/- SD) of pixel brightness is
calculated from the whole image fields in which 250 nM Pc 4-sensitized cell
monolayers were subjected to a range of 667 nm fluences up to 2.5 J cm-2. The
fluorescence for each data set is normalized to its pretreatment level. There are at
least three independent experiments for each data point. The excitation laser
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Figure 6.4 Normalized sum (+/- SD) of pixel brightness from microscopic fields
like those shown in Fig. 6.2 (a1-a3) for a Pc 4 incubation concentration of 250
nM. For this case, increased Pc 4 fluorescence is observed up to a fluence of
approximately 0.6 J cm-2, after which the enhancement appears to be saturated.
Each data point is derived from the analysis of three to five image FOV, with each
FOV corresponding to a separate coverslip.
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power was carefully minimized to ensure that the fluorescence increase caused by
imaging was negligible compared to the increase induced by the treatment laser.
Under conditions of 250 nM Pc 4 incubation, Fig. 6.4 shows a steep increase in Pc
4 fluorescence with increasing fluence until approximately 0.6 J cm-2, after which
the enhancement appears to be saturated at a level approximately 3.7-fold above
baseline.

6.3.3 Angularly resolved light scattering from 250 nM Pc 4PDT-treated cells
We observed Pc 4-PDT-induced changes in the angular distribution of
scattered light that were both fluence- and time-dependent.

Representative

angularly-resolved light scattering data sets are shown in Fig. 6.5 for treatments of
0.15 cm-2 at the 1 h post-irradiation time point (a) and 0.6 J cm-2 immediately
after irradiation (c) relative to control. The coated sphere Mie theory model for
mitochondrial swelling, described in Sec. 6.2.7, represents the data well in both
cases, as shown in the lower panels (b, d) of Fig. 6.5.
A summary plot of the swelling parameter, α from Eq. (6.2), returned from
the coated sphere model fits is shown in Fig. 6.6. The vertical axis is the fitting
parameter, and the horizontal axis is time postirradiation. For cells incubated with
250 nM Pc 4 and irradiated with 0.15 J cm-2, there is initially no change in the
angular distribution of scattered light. At the 30 min time point, our model shows
a 2.3 % swelling that grows to 4.3 % at 1 h.

For fluences of 0.3 and

Irradiation-induced enhancement of Pc 4 fluorescence and changes in light
scattering are potential dosimeters for Pc 4-PDT

179

Figure 6.5 Angularly resolved light scattering data and coated sphere model fits
to data from 250 nM Pc 4-PDT-treated EMT6 cells in suspension. Panels (a) and
(b) show the scattering changes for 0.15 J cm-2 Pc 4-PDT-treated cells relative to
control and the coated sphere fit to the data from the PDT-treated cells,
respectively. Panels (c) and (d) depict the same comparisons for the case of 0.6 J
cm-2 Pc 4 PDT.
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Figure 6.6 Time course of the swelling parameter α from Eq. (6.2) for various
fluences of 250 nM Pc 4-PDT. For the 0.3 and 0.6 J cm-2 cases, immediate
mitochondrial swelling is reported by scattering with magnitudes of 8 % and 13
%, respectively. For the case of the 0.15 J cm-2 treatment, there is minimal initial
swelling. Within 1 h swelling increases approximately 4 %.
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0.6 J cm-2, we see immediate swelling of 8 % and 13 %, respectively, which does
not change at 30 and 60 minutes after irradiation.

6.3.4 Fluorescence enhancement and light scattering at a
lower concentration of Pc 4
We hypothesized that the PDT-induced enhancement in Pc 4 fluorescence
might be the result of an initial, partial quenching of highly concentrated Pc 4 that
is partly or completely relaxed upon irradiation-induced mitochondrial swelling.
To test this hypothesis, we incubated monolayers of EMT6 cells with a five-fold
lower Pc 4 concentration of 50 nM. Upon irradiation of these cells, a more
gradual fluorescence increase was measured, and this increase saturated at a level
significantly lower than observed for the 250 nM case (Fig. 6.7 (a)). At both
incubation concentrations, the enhancement in fluorescence saturated at similar
photodynamic doses as measured by the product of the incubation concentration
and the delivered fluence.

This is shown in Fig. 6.7 (b), which plots the

fluorescence enhancement as a function of the drug-light product. To confirm
that an equivalent drug-light product produced comparable mitochondrial
swelling as reported by angularly resolved light scattering, cells were subjected to
an incubation concentration of 50 nM and a fluence of 3 J cm-2. The coated
sphere analysis of these scattering data yielded a swelling of approximately 14 %
(data not shown), nearly identical to that extracted from fits to data obtained from
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Figure 6.7 (a) Normalized sum (+/- SD) of pixel brightness from microscopic
fields like those shown in Fig. 6.2 (a1-a3) for a Pc 4 incubation concentration of
50 nM.

(b) shows the normalized sum (+/- SD) of pixel brightness vs.

photodynamic dose, as measured by the product of the incubation concentration
and the delivered fluence, for incubation concentrations 50 and 250 nM. Each
data point is derived from the analysis of three to five image FOV, with each FOV
corresponding to a separate coverslip.
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cells treated with the corresponding photodynamic dose of 250 nM Pc 4 and a
fluence of 0.6 J cm-2, as shown in Fig. 6.6.

6.3.5 Biological response to Pc 4-PDT and the relationship
to fluorescence enhancement
Data from Figs. 6.1, 6.4, and 6.6 show a strong correlation among
clonogenic cell survival, irradiation-induced fluorescence enhancement, and
mitochondrial swelling in response to Pc 4-PDT for the treatment conditions
adopted in this study. This suggests that the fluorescence enhancement may be a
potentially useful dosimeter for Pc 4-PDT. By comparing the cell survival data in
Fig. 6.1 to the treatment-induced increase in Pc 4 fluorescence in Fig. 6.4, we
observe that even though the Pc 4 fluorescence enhancement at 0.3 J cm-2 has not
yet reached the saturation level, the survival curve at the same fluence exhibits
efficient cell-killing.

Thus, at fluences at which the irradiation-induced

fluorescence eventually saturates, clonogenic survival is likely to be significantly
lower than 0.06 % that we report for 0.3 J cm-2.
Lam et al. [9] reported that mitochondrial swelling was observed during
the initiation of Pc 4-PDT-induced cell death. In this regard, it is interesting to
compare Fig. 6.1 and Fig. 6.6; an immediate and significant mitochondrial
swelling is observed in response to 0.3 and 0.6 J cm-2, but not for 0.15 J cm-2,
where higher clonogenic survival is observed. At these two fluences, 0.3 and 0.6
J cm-2, the significant mitochondrial swelling of 8 % and 13 % not only reflects a
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very low surviving fraction but also correlates well with the fluorescence
enhancement.
The

exact

mechanism

for

the

irradiation-induced

fluorescence

enhancement is still not clear. One likely hypothesis is that Pc 4 molecules are
tightly aggregated in the mitochondrion for an incubation concentration of 250
nM. This tight aggregation and small Stokes shift of Pc 4 may result in selfquenching of Pc 4 fluorescence. In response to PDT irradiation, the mitochondria
swell as reported by the scattering data of Fig. 6.6. This swelling could reduce the
self-quenching effect [21], consequently resulting in a higher Pc 4 fluorescence
amplitude relative to the pre-irradiation levels. This hypothesis is supported by
the strong correlation between fluorescence enhancement (Fig. 6.4) and
mitochondrial swelling amplitude (Fig. 6.6). Further we also observe that a lower
Pc 4 incubation concentration resulted in reduced maximal fluorescence
enhancement relative to the pre-irradiation levels. This is consistent with the selfquenching hypothesis, as a reduced pre-treatment number of fluorophores per unit
volume will diminish this fluorescence-enhancement phenomenon.
In conclusion, we have demonstrated an irradiation-induced increase in Pc
4 fluorescence in tumor cell monolayers, which is closely related to clonogenic
cell survival and mitochondrial swelling observed under identical treatment
conditions. We suggest that Pc 4 fluorescence enhancement may offer a useful
optical dosimeter to report efficacy during Pc 4-mediated PDT.
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Appendix A User manual for the PDT oxygen
transport and consumption model

A.1 Introduction
In this appendix, the standard procedures of executing the PDT oxygen
transport and consumption model (Chapter 2) are introduced in detail. The steps
for running a therapy-induced blood flow decrease (Chapter 4) are illustrated
subsequently. The limitation of this model will also be discussed at the end of
this appendix.

A.2 Steps for running the PDT model
Fig. A.1 is the flow chart of the computational procedures of the PDT
oxygen transport and consumption model. Following Fig. A.1, we describe the
procedures step by step.

In the beginning, we need to input photophysical,

physiological, and numerical parameters into the program. All those parameters
are announced in the function GlobalPar.m in the main folder PDTModel. Table
A.1 lists the variable names used in GlobalPar.m and the corresponding
definitions and values used in this thesis. Most of the parameters are discussed in
the previous chapters. A few numerical parameters will be discussed further
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Figure A.1 Flow chart of the computational procedures of the PDT oxygen
transport and consumption model.
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Table A.1
Photophysical parameters in GlobalPar.m
Variables

Definition

Value used in this thesis
1: Uniform distribution
Nonuniform distribution
23: 3 h distribution
26: 6 h distribution
224: 24 h distribution
296: 96 h distribution
0.0263 (Uniform)
0.1331 ( 3 h, 1b = 65 μm)
Ch. 2
0.1415 ( 3 h, b = 85 μm)
0.1451 ( 3 h, b = 100 μm)
0.063 (3h)
0.045 (6h)
Ch. 3
0.021 (24h)
0.006 (96h)
Ch. 4 Table 4.2
0.882 (Uniform)
4.4545 ( 3 h, b = 65 μm)
Ch. 2
4.7368 ( 3 h, b = 85 μm)
4.8568 ( 3 h, b = 100 μm)
2.109 (3h)
1.4917 (6h)
Ch. 3
0.6867 (24h)
0.1993 (96h)
Ch. 4 2.67
Ch. 2 10, 100
Ch. 3 100
Ch. 4 10 - 150
C h. 2, 3 8.7
Ch. 4 11.9
C h. 2, 3 29.7
90
C h. 4

DISTRI_FLAG

Flag to determine initial sensitizer
distributions

BETA_PDT

βPDT (μM s-1 mW-1 cm2)

S0_0

The initial sensitizer concentration
at the capillary wall (μM)

FLUENCE_RATE

Fluence rate (mW cm-2)

kpkot

kp /kot (uM)

koskoaA

kos /koa[A] (M-1)

DELTA

δ, low concentration correction
term (uM)

33

2

THEATA1

θ1, fitting parameter for 3 h
mTHPC distribution (Eq. 2.23) (μm)

6.135

2

THEATA2

θ2, fitting parameter for 3 h
mTHPC distribution (Eq. 2.23)

0.204

FRAC_FLAG

Flag to determine fractionated
treatment simulation

0: No fractionated treatment
1: fractionated treatment

Dark interval (s)

Ch. 4

3

FRAC_INTER

[20 120]
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Physiological parameters in GlobalPar.m
Variables

Definition

TISS_RAD

b, half intercapillary spacing (μm)

CAP_RAD

Capillary radius (μm)

Value used in this thesis
Ch. 2 65, 85, 100
Ch. 3 85
Ch. 4 65
5.5

CAP_END

Capillary length (μm)

350

D

Oxygen diffusion coefficient
within capillary (μm2 s-1)

1240

DT

Oxygen diffusion coefficient
within tissue region (μm2 s-1)

1750

OXY_CON_EN_CAP

Average oxygen concentration at
the arterial end (μM)

74

IN_GAMA_MET

max
, maximum metabolic oxygen
Γ met
consumption rate (uM s-1)

Ch. 2, 3
Ch. 4

Hill coefficient
Dissolved 3O2 concentration in the
vessel corresponding to 50 %
hemoglobin 3O2 saturation (μM)
Maximum saturated concentration
of 3O2 bound to hemoglobin (μM)

2.46

N
C50
C_SAT
VEL
k50

Blood velocity (um s-1)
3

O2 concentration at which Гmet is
half its maximum value (μM)

5.77
11

35
8722
C h. 2, 3 100
Ch. 4 300 at t = 0
0.5

1

b is the half intercapillary spacing (µm).

2

Set THEATA1 and THEATA2 to 0 if using experimental data (Fig. 3.1) as the

initial mTHPC distribution instead of fitting function (Fig. 2.5).
3

FRAC_INTER is an array and defines PDT stopped and started time. [20 120]

sets PDT stop at 20 s and restart at 120 s. With the same concept, we can extend
to the second, third… dark interval by setting FRAC_INTER as [(1st PDT stopped
time) (PDT started time) (2nd PDT stopped time) (PDT started time) ...]. The last
number of array FRAC_INTER should be smaller than the irradiation time.
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Numerical parameters
RAD_INTER_IN_CAP

Size of the radial increment within capillary (um)

0.0825

RAD_INTER_IN_TISS

Size of the radial increment in tissue region (um)

0.33

AXIAL_INTER

Size of axial increment (um)

4.125

IRRAD_TIME

Irradiation time (s)

4

TIME_INTER

5

SAVE_TIME

CONVER_PARSS2
SS2_LOOP

4

Time increment (s) defined as the time for running 1
cycle of z-implicit and r-implicit calculation

8x10-4

Time for saving data (s)

2

Difference of 3O2 concentration between two iterations
during the computation of steady state with axial
diffusion (uM)
Maximum iteration loop for steady state with axial
diffusion

3x106

CONVER_TIME

Maximum run time for time-dependent state with Гmet
only

300

CONVER_PARUS

Difference of 3O2 concentration between two saved
time steps during the computation of time-dependent
state with Гmet only (uM)

10-4

TIME_INTER is the sum of the two time steps 4x10-4 (s) for running one cycle

of z-implicit (Sec. 2.3.3.1) and r-implicit calculation (Sec. 2.3.3.2).
5

10-5

The value of SAVE_TIME should be set as a multiple of TIME_INTER.
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as follows. After entering the required parameters listed in Table A.1, we simply
execute the Main.m in the folder PDTModel. The program will automatically run
all steps described in Fig. A.1. After reading the input parameters, the Main.m
will execute the code for the steady state neglecting axial diffusion (Sec. 2.3.1)
located in the subfolder SteadyState1. After the calculation of the steady state
neglecting axial diffusion, the Main.m will run the code for the steady state with
axial diffusion (Sec. 2.3.2) located in the subfolder SteadyState2. During the
calculation of the steady state with axial diffusion, two numerical parameters,
CONVER_PASS2 and SS2_LOOP (Table A.1), need to be defined in
GlobalPar.m. CONVER_PASS2 states the difference in 3O2 concentration at
any grid point between two successive iterations, which is used for the
convergence test. At each iteration, the code for the steady state with axial
diffusion will compare the 3O2 concentration at each grid point to the previous
iteration value until the concentration difference between the two iterations
reaches CONVER_PASS2. SS2_LOOP defines the maximum iteration number,
which is used to efficiently avoid unreasonable computational time induced by
inappropriately setting the simulation environment.
Once the program completes Step 3 in Fig. A.1, it will execute the timedependent state calculation; the code is located in the folder UnsteadyState.
Theoretically, if there is no perturbation, such as PDT irradiation, involved in the
system, the solutions of the steady state should be equal to the time-dependent
state. Due to the different numerical methods used in solving the steady state
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with axial diffusion (Sec 2.3.2) and the time-dependent state (Sec 2.3.3) (Terrance
D. Lagerlund, personal communication), it will induce a small fluctuation in the
computed 3O2 concentration, at most 0.8 µM in the simulation environment
adopted in this thesis, between the numerical solutions of the steady state and the
time-dependent state without PDT involved. Although this fluctuation is minor,
to accurately monitor the oxygen level, we incorporate an extra step (step 4.1 in
Fig. A.1) to eliminate the fluctuation. After Step 3, Main.m continuously runs
the time-dependent state with metabolic oxygen consumption (Step 4.1) until the
oxygen concentration difference between two saved time steps is less than is 10-4
µM defined by the variable CONVER_PARUS in GlobalPar.m (Table A.1).
The variable CONVER_TIME defines a maximum time to avoid unreasonable
computational time of Step 4.1 (Fig. A.1), induced by inappropriately setting the
simulation environment.

After Step 4.1, the Main.m will incorporate initial

sensitizer distributions and a photobleaching mechanism to perform the
computation of the time-resolved PDT process (Step 4.2, Fig. A.1).
In the last step (Step 5, Fig A.1), the program will perform data analysis
and generate a folder named by the time when the computation finished. The data
will be saved in this folder under the directory Data. Fig. A.2 is an illustration of
the data directory and saved files. Table A.2 lists the content of the saved file
shown in Fig. A.2. The data of spatial distributions of 3O2 and 1O2 dose are saved
in a matrix form in the folder TemporalOxygenData. Each file is named by the
time point when the program saves data. For example, if we set TIME_INTER
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Figure A.2 The illustration of the data directory. The boxes represent the folders.
The folder 2008_5_30_6_13_37 indicates the program completed date and time
from year to second. The dashed line points to the file saved in the folder. The
data from the steady state neglecting axial diffusion, SteadyState1.mat, and with
axial diffusion, SteadyState2.mat, are saved in the program-generated folders
SteadyState1 and SteadyState2, respectively. The time-dependent parameters and
volume-averaged data are saved in the UnsteadyState folder. The microscopic
time-resolved
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Table A.2
File name

Content

Parameter.txt

All the parameters used in the simulation

SteadyState1.mat

All the parameters used in the simulation in MATLAB format, the 3O2
concentration matrix, ConcentrationSS1 (µM), calculated from steady
state neglecting axial diffusion, and array z and r for axial and radial
distance (µm), respectively

SteadyState2.mat

All the parameters used in the simulation in MATLAB format, the 3O2
concentration matrix, ConcentrationSS2 (µM), calculated from steady
state with axial diffusion, and array z and r for axial and radial distance
(µm), respectively

AveDose.mat

Volume-averaged dose within tissue region (mM), fluence (J cm-2),
and irradiation time (s)

AveGammaMet.mat

Volume-averaged Гmet within tissue region (µM s-1), fluence (J cm-2),
and irradiation time (s)

AveO2.mat

Volume-averaged O2 within capillary (µM), fluence (J cm-2), and
irradiation time (s)

AveSenCon.mat

Volume-averaged sensitizer concentration within tissue region (µM),
fluence (J cm-2), and irradiation time (s)

AveSo.mat

Volume-averaged SO2 within capillary, fluence (J cm-2), and irradiation
time (s)

AveSoMet.mat

Volume-averaged SO2 within capillary calculated from the timedependent state with Гmet (Step 4.1 in Fig. A.1), fluence (J cm-2), and
irradiation time (s)

UnsteadyStatePar.mat

All the parameters used in the simulation in MATLAB format, and
array z and r for axial and radial distance (µm), respectively
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and SAVE_TIME as 8x10-4 and 2 s, respectively, the program will record data at
each 2 s and the saved file name is the multiple of 2500 time point, SAVE_TIME
divided by TIME_INTER. File 0.mat is the initial data prior the onset of PDT,
and file 2500.mat, 5000.mat …etc. are the data at 2, 4 s…irradiation time. Each
file contains three matrices, ConcentrationUS, PDTInt and PDTExpInt.

The

columns and rows of these matrices correspond to the position on the radial and
axial lattice, respectively (Fig. 2.4). ConcentrationUS is a matrix of the spatial
distribution of 3O2. PDTInt is a matrix of the dimensionless time integration of
ΓPDT, and it can be easily transformed to the matrix depicting the spatial
distribution of deposited 1O2 dose using the following formula
1

O2 dose (mM ) = PDTInt × Ca × 10−3 ,

(A.1)

where Ca (µM) is the average oxygen concentration at the arterial end (Table
A.1). The matrix PDTExpInt is the dimensionless time integration in Eq. (2.21),
which is used to calculate the time-resolved distributions of sensitizer
concentration

[S0](r, z, t). Therefore, using the following formula, we can get

[S0](r, z, t),
⎛
⎞
δ kos
PDTExpInt × Ca ⎟ ×
[ S0 ](r , z, t ) = [ S0 ](r , z, 0) ⎜1 −
⎝ [ S0 ](r , z, 0)koa [ A]
⎠
.
⎧ kos
⎫
PDTInt × Ca ⎬
exp ⎨−
⎩ koa [ A]
⎭

(A.2)

The other data files with the name started with TimeMet in the folder
TemporalOxygenData record the time-resolved oxygen concentration during the
convergence process of Step 4.1 in Fig. A.1 The spatial distributions of oxygen,
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sensitizer, and 1O2 dose at a certain irradiation time or fluence can be displayed
using the function of OxyPlot.m, SensPlot.m, and DosePlot.m located in the
folder PlotFunction.

A.3 Steps for running the therapy-induced blood
velocity change PDT model
In this section, we will introduce the steps for running the PDT oxygen
transport and consumption model involving blood velocity change. The basic
procedures are shown in the flow chart Fig. A.3. In the beginning, the steps 1 and
2 are the same as running the standard PDT model (Fig. A.1). Once the Main.m
ends, we move the output .mat files into the folder Temp, which is a subdirectory
of the folder Data (Step 3, Fig. A.3). These .mat files include SteadyState1.mat,
SteadyState2.mat, UnsteadyStatePar.mat, all the .mat files with the name started
with TimeMet, and 0.mat to the time point .mat file which we will use as the
initial condition for the subsequent computation steps. For example, if we will
initiate a blood velocity change at 10 s irradiation time, the saved time point files
we need to move into folder Temp are from 0.mat to 12500.mat, assuming
TIME_INTER and SAVE_TIME as 8x10-4 and 2 s, respectively. We then run the
file Main_TimeResume.m in the folder PDTModel (Step 4 and 5, Fig. A.3).
This file will automatically inherit the parameters from SteadyState2.mat. In
Main_TimeResume.m, we need to specify the new velocity (µm s-1), new

irradiation time (s), and the time point corresponding to the time at which the
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oxygen transport and consumption model
involving blood velocity change.

User manual for PDT oxygen transport and consumption model

200

blood velocity change is initiated. For the example described above, this input
time point will be 12500. In addition to changing the velocity at any given
irradiation time, the file Main_TimeResume.m also has the ability to implement
a new fluence rate and βPDT. For the case of Chapter 4 where only a blood
velocity change is involved, we can simply keep the value of fluence rate and
βPDT

as

constants

during

the

simulation.

After

the

program

Main_TimeResume.m ends, the data associated with the previous and new blood

velocity will be saved in the folder named by the completed time as described in
Sec. A.2 under the directory Data. If we need to change the velocity again, we go
back to the Step 3 in Fig. A.3 and follow the same procedures as illustrated above.

A.4 A limitation of the PDT model
Although we have incorporated Michaelis-Menten kinetics into the
calculation of the steady state with axial diffusion to describe the rate of
metabolic oxygen consumption and avoid the negative values of oxygen
concentration (Sec. 2.3.2), an initial severely hypoxic physiological environment,
such as an extremely low blood flow velocity < 50 µm s-1 with 350, 130 µm and
5.77 µM s-1 for capillary length, intercapillary spacing, and metabolic oxygen
consumption rate, respectively, may still produce an unphysical (negative or
complex number) oxygen concentration during the computation of the previous
step steady state neglecting axial diffusion (Sec. 2.3.1 or Step 2. in Fig. A.1).
This limitation can be corrected by incorporating Michaelis-Menten kinetics into
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the calculation of the steady state neglecting axial diffusion. The new differential
equation in the tissue region can be solved using numerical methods.

