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Abstract

The main theme of this thesis is to investigate the origins of photosensitizer pharmacoki-

netic variability, how this pharmacokinetic variation affects photodynamic therapy (PDT),

and to search for innovative strategies to reduce the inter-individual pharmacokinetic vari-

ability and variability in treatment response. PDT involves photosensitizer administra-

tion and light irradiation to the tissue to be destroyed. With this inherent dual selectivity,

PDT can have high inter-individual variability in response to treatment, due to the vari-

ation in photosensitizer uptake, delivered light dose, and tumor oxygenation. Although

light irradiation dosimetry can be achieved to improve the treatment in clinical practice,

inter-individual photosensitizer pharmacokinetic variability has not been optimized as ex-

tensively. The ability to individualize PDT treatment according individual photosensitizer

pharmacokinetics has not yet been investigated. To address this issue in a mechanistic

way this study focuses on the microscopic transport pathways of the drug. Both transvas-

cular and interstitial transport processes have been characterized in the Dunning prostate

MAT-LyLu tumor model using the drug verteporfin. The dominant factors determining
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Abstract iii

macroscopic tumor uptake at two time points after drug administration have been identi-

fied. Correlation between verteporfin pharmacokinetics and PDT treatment efficacy has

also been studied in this thesis such that a cause-effect relationship can be established con-

necting the photosensitizer microscopic transport process with its pharmacokinetics and

treatment efficacy. Two strategies to reduce the inter-individual variability in response to

PDT are then proposed. The first approach addresses the photosensitizer microscopic trans-

port processes by modulating photosensitizer transport parameters such that an enhanced

photosensitizer delivery can be achieved. The second approach utilizes photosensitizer

dosimetry techniques to control the PDT light treatment. In both approaches, the inter-

individual variability in response to PDT was reduced. Thus, the study illustrates that

a focused quantification of mechanisms of drug delivery combined with subject-specific

changes can have a significant impact upon how to optimize therapy.
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Chapter 1

Introduction to Photodynamic Therapy

Photodynamic therapy (PDT) is a new technique for treating cancer and other malignan-

cies. After drug administration, photosensitizer molecules are preferentially accumulated

in tumor cells and are retained by the tumor cells. Then ideally after a time, there is an

optimal light treatment time when there is more photosensitizer in the tumor tissue than in

the normal tissue. Photosensitizers are used because they absorb the electromagnetic en-

ergy, and eventually produce active free radicals that are toxic to cells [1–3]. If there is less

photosensitizer in the normal tissue, then less reaction will occur in the normal adjacent

tissue, and biological function of the adjacent tissue will be preserved because of a reduced

photosensitization as compared to the diseased tissue.
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1.1. Photochemical Physics of Photodynamic Therapy 3

1.1 Photochemical Physics of Photodynamic Therapy

The photochemical reaction that occurs in PDT can be depicted by a Jablonski diagram

(Figure 1.1) [4]. Upon illumination, a photosensitizer molecule is excited from ground

state S0 to the first excited singlet state S1 (Figure1.1a). The photosensitizer can then relax

back to the ground state by emitting a fluorescent photon (Figure1.1b) or through nonra-

dioactive relaxation quenching processes (Figure1.1c), or to an excited triplet state T1 via

intersystem crossing (Figure1.1d). From the triplet excited state, the photosensitizer mole-

cules can relax back to the ground state by emitting a phosphorescent photon (Figure1.1e)

or transferring energy to another molecule via collisional radiationless transition (1.1f).

Additionally, excited photosensitizers can also lose energy through internal conversion.

In an oxygenated environment, the photosensitizers transfer their energy to ground-state

oxygen molecules (3O2) to produce singlet oxygen (1O2). Photodynamic reaction of this

kind is referred to as a Type II photo reaction, and it is characterized by a transfer of the

triplet state photosensitizer energy to oxygen (Figure1.2).

In an anoxic environment, the excited triplet photosensitizer (3PS∗) can react directly

with organic substrate (S) by electron exchange producing an oxidized substrate (S+) and

reduced photosensitizer (PS−). In a hypoxic environment, the reduced photosensitizer

(PS−) can react with oxygen to produce superoxide anions (O−
2), which can then form

highly reactive hydroxyl radicals (OH.). The excited photosensitizer (3PS∗) can also re-

act with super-oxidized radicals (O∗2) to produce superoxide anion (O−2). These reactions

3



1.1. Photochemical Physics of Photodynamic Therapy 4

Figure 1.1: Jablonski Diagram showing the various models of excitation and relaxation in
a chromophore: (a) Excitation; (b) fluorescence; (c) non-radioactive relaxation quenching
process; (d) inter-system crossing; (e) phosphorescence; (f) collisional radiationless tran-
sition. Modified fromhttp://www.olympusmicro.com/primer/java/jablonski/
jabintro/.

4
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1.2. Photosensitizers 5

are classified as Type I photo reactions and are characterized by a dependence on the target

substrate concentration and no dependence upon oxygen (Figure1.2) [2].

Figure 1.2: Type I and Type II photo reactions, where1PS is a photosensitizer in a singlet
ground state,3PS∗ is a photosensitizer in a triplet states, S is a substrate molecule, PS− is
reduced photosensitizer molecule, S+ is an oxidized substrate molecule, O2 is molecular
oxygen, O−2 is the superoxide anion, O∗2 is the superoxide radical, PS+ is the oxidized pho-
tosensitizer,3O2 is triplet ground-state oxygen,1O2 is oxygen in a singlet excited state, and
S(O) is an oxygen adduct of a substrate [2].

1.2 Photosensitizers

1.2.1 Porphyrin-related Photosensitizers

Porphyrin photosensitizers

The first generation photosensitizer was hematoporphyrin derivative (HpD), which was

purified and commercialized as Photofrin. This is the most commonly used and studied

photosensitizer to date. Photofrin is a mixture of compounds including hematoporphyrin

monomers, dimers, and oligomers. Photofrin (Axcan Pharma, Montreal, Canada) is the

5



1.2. Photosensitizers 6

partial purification of the mixture. Photofrin received regulatory approval in Canada in

1993 and subsequently in U.S., Europe and Japan for a number of indications, such as cer-

vical cancer, endobronchial cancer, esophageal cancer, bladder cancer and gastric cancer.

Photofrin has a weak absorbance in the red region of the spectrum, with a relatively low

extinction coefficientε ≈ 1,170 M−1cm−1 at 630 nm [5–7].

Figure 1.3: Hematoporphyrin [8].

5-Aminolevulinic Acid and protoporphyrin IX

5-Aminolevulinic Acid (ALA) is a naturally occurring amino acid that is a precursor to pro-

toporphyrin IX. PpIX is converted into heme through the action of enzyme ferrochelatase.

The exogenous administration of ALA forces the cells to produce PpIX faster than iron

ferrochelatase can convert them into heme, then, PpIX accumulates in cells, allows a selec-

tive buildup of PpIX in tumor cells relative to normal cells. PpIX has a band I absorption

maximum at 635 nm with extinction coefficient ε < 5,000 M−1cm−1. ALA induced PpIX

6



1.2. Photosensitizers 7

as a photosensitizer has been approved for the treatment of actinic keratosis and is being

studied for treatment of basal cell carcinoma [9, 10].

(a) (b)

Figure 1.4: ALA (a) and PpIX (b) [10].

Phthalocyanines

Phthalocyanines absorb very strongly in the red region of the spectrum with absorption

maxima in the 670∼ 780 nm window and have a relatively high extinction coefficientε >

100,000 M−1cm−1. Phthalocyanines can be made water soluble by addition of multiple

sulfonation groups to the corners. Zinc, aluminum, and silicon phthalocyanine have been

found useful for photodynamic therapy [11]. Silicon phthalocyanine Pc 4 is now undergo-

ing clinical evaluation for cutaneous and subcutaneous lesions [12].

7
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(a) (b)

(c) (d)

Figure 1.5: Phthalocyanines. (a) ZnPc; (b) AlPcS2; (c) AlPcS3; (d) AlPcS4 [8].

8



1.2. Photosensitizers 9

Chlorin and bacteriochlorin derivatives

Reduction of a pyrrole double bond on the porphyrin periphery gives the chlorin core, and

further reduction of a second pyrrole double bond on the chlorin periphery gives bacte-

riochlorins. Both chlorin and bacteriochlorin have band I absorption maxima at longer

wavelengthλmax= 650∼ 670 nm for chlorin andλmax= 730∼ 800 nm for bacteriochlorin.

The first chlorin to be evaluated was the natural chlorin e6. Chlorin e6, which has a

band I absorption maximum of 654 nm with extinction coefficient ε ≈ 40,000 M−1cm−1.

However, chlorine6 shows long-term skin photosensitivity and requires a high dose to be

effective [13].

Bacteriochlorin derivatives have a band I absorption maxima between 737 and 805 nm,

and show limited skin sensitivity [11].

(a) (b)

Figure 1.6: Chlorin e6 (a) and Chlorin e6 derivative (b) [8].

Benzoporphyrin derivatives (Verteporfin or Visudyne) have a band I absorption max-

imum at 689 nm and extinction ofε ≈ 35,000 M−1cm−1. Verteporfin shows limited skin

9



1.2. Photosensitizers 10

sensitivity (3∼ 5 days) and rapid clearance from tissues. Verteporfin is undergoing clin-

ical trials for r=treatment of basal cell carcinoma, prostate. Verteporfin-for-injection has

become the largest success in photodynamic therapy by becoming the recommended treat-

ment for the wet form of age related macular degeneration (AMD) [14–16].

Figure 1.7: Verteporfin [8].

Tin etiopupurin (SnET2) is a metal chlorin derivative that is being evaluated for the

treatment of cutaneous metastatic breast cancer and basal cell carcinoma, as well as age

related macular degeneration. SnEt2 has a band I absorption maximum of 660 nm withε ≈

28,000 M−1cm−1. SnET2 also shows long-term skin sensitivity and limits its general use .

Figure 1.8: SnET2 [8].

10



1.2. Photosensitizers 11

Tookad is another bacteriochlorin derivative, which has absorption maxima at 762 and

538 nm and shows very rapid clearance. Tookad is been evaluated as a photosensitizer for

treatment of prostate cancer [17–23].

Synthetic chlorin 5,10,15,20-tetra(3-hydroxyphenyl)-2,3-dihydroporphyrin (mTHPC)

(Foscan, Biolitec Pharma, Scotland, U.K.) has been approved in Europe for use against

head and neck, prostate, and pancreatic tumors.mTHPC has a band I absorption maximum

at 652 nm with extinction coefficient ε ≈ 30,000 M−1cm−1. Unlike many other photo-

sensitizers,mTHPC, does not have the mitochondria as its primary target. Instead, Golgi

apparatus and endoplasmic reticulum are thought to be inactivated bymTHPC. However,

mTHPC shows up to six weeks of skin sensitivity, and this may limit its clinical usage

[24–28].

Figure 1.9:mTHPC [8].

HPPH is another chlorin type photosensitizer proved to be potent in PDT. The synthetic

chlorin derivative HPPH (Photochlor) has a band I absorption maximum at 665 nm and

extinction coefficientε ≈ 47,500 M−1cm−1 [29–33].

11
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Figure 1.10: HPPH [8].

Texaphyrins

Lutetium texaphyrin (Lutex or Motexafin Lutetium) has been examined for the treatment of

cervical, prostate, recurrence breast cancer and brain tumors. Lutex has also been evaluated

for the treatment of AMD and for the fluorescence detection for ocular disorders. Lutex

has a long wavelength absorption at wavelength of 732 nm, and extinction coefficientε ≈

42,000 M−1cm−1. Lutex is taken up rapidly by cells and clears rapidly, leading to minimal

skin sensitivity [34–44].

Figure 1.11: Lutex [8].

12



1.3. Biology of Photodynamic Therapy 13

1.2.2 Non-porphyrin Photosensitizers

Methylene blue and Nile blue

The phenothiazinium dye methylene blue has been used as a photosensitizer (λmax= 620 nm)

for the inactivation of various pathogens contained in blood plasma.

Benzophenothiazines (Nile Blues) absorb light in the 600∼ 650 nm window, and pro-

duce1O2 efficiently. Nile blues are reported to accumulate in the lysosomes of cancer cells.

(a) (b)

Figure 1.12: Methylene Blue (a) and Nile Blue (b) [3].

1.3 Biology of Photodynamic Therapy

1.3.1 Cellular Targeting Mechanism

Nuclear DNA is believed to be the primary target in radiation therapy for cell killing, with

double-strand breaks being the principle mechanism of damage. DNA damage induced

by PDT has also been shown in number ofin vitro studies, although this is not widely

recognized to be the main mechanism of tissue destruction. Direct DNA damage such as

13



1.3. Biology of Photodynamic Therapy 14

Photosensitizer Commercial Wavelength ε Hydrophobicity
name (nm) (M−1cm−1)

Porphyrin
HpD Photofrin/Porfimer Sodium 630 1,170 hydrophobic
TPP 630 18,900 hydrophobic

TPPS4 hydrophilic
Protoporphyrin

ALA-Protoporphyrin IX Levulan/Metvix/Benzvix/Hexvix 635 5,000 hydrophilic
Phthalocyanines

ZnPc CGP55847 675 243,00 hydrophobic
AlPcS2 hydrophilic
AlPcS3 hydrophilic
AlPcS4 hydrophilic

Phthalocyanine-4 Pc 4 670 hydrophobic
Chlorin

Ce6 654 40,000 hydrophobic
BPD Verteporfin/Visudyne 690 35,000 hydrophobic

SnET2 Purlytin 660 28,000 hydrophobic
Bacteriochlorin Derivative Tookad 762, 538 108,600 hydrophobic

mTHPC Temoporfin/Foscan 652 30,000 hydrophobic
HPPH Photochlor 665 47,500 hydrophobic

Lutetium texaphyrin Lutex/Lutrin/Antrin/Optrin 732 42,000 hydrophilic
Methylene Blue

Methylene Blue 620 95,000 hydrophilic

Table 1.1: Lists of photosensitizers and fundamental clinical characteristics of the photo-
sensitizers used in clinical and preclinical trials [45].

single-/double-strand breaks through attack at uracil and thymine sites and guanine moiety

modification were demonstrated as increased levels of DNA-DNA and DNA-protein cross-

links after PDT. Indirect DNA damage is through the deactivation of DNA repair enzymes

which are extremely sensitive to singlet oxygen and other free radicals generated during

PDT. This has been demonstrated by Boegheimet al., showing inhibited DNA-damage

repair mechanisms in haematoporphyrin PDT of murine L929 fibroblasts cells. However,

there is very little uptake of lipophilic photosensitizers within the nucleus, as a consequence

of which DNA is not directly subjected to PDT induced photo-damage.

Fluorescence microscopy studies showed hydrophilic photosensitizers accumulate to

lysosomes, implicating that lysosomes might be a primary target in PDT [2, 46]. Gezeet
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al., suggested that following the disruption of lysosomes, hydrolases and other hydrolytic

enzymes leak out of the damaged lysosomes and may cause necrotic cell death [47]. In

contrast, Moanet al. suggested that lysosomes can be reservoirs for some photosensitiz-

ers, such that when targeted in PDT treatment [48–50]. Upon light radiation, lysosomes

break and release the remaining photosensitizer, and this photosensitizer re-localizes to

PDT targeting organelles such as mitochondria, causing further damage during the treat-

ment time. This has been demonstrated and further exploited for photodynamic delivery of

other molecules contained in micelles.

Hydrophobic anionic photosensitizers preferentially attach to the plasma and cellular

membranes,e.g., mitochondria and nuclear membranes [2, 46]. Membrane damage caused

by PDT is introduced through the oxidation of unsaturated fatty acid residues and choles-

terol, or through inactivation of membrane bound enzymes. In addition, this membrane

damage is associated with the release of inflammatory and immune mediators, which initi-

ate cascades of events responsible for immune effects against tumor cells.

1.3.2 Vascular Targeting Mechanism

The viability of tumor cells requires a functioning vascular network to provide oxygen and

other nutrients and also to remove toxic waste products associated with cellular metabolism.

It has been widely accepted that no solid tumor can grow larger than a critical size of 1 mm3

without developing a blood supply network [51–53]. Targeting tumor vasculature is there-
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1.3. Biology of Photodynamic Therapy 16

fore one promising approach to cancer treatment. There have been a number of reports of

PDT causing microvascular collapse [54–56], leading to severe tissue hypoxia and anoxia

[57–59].

Vascular targeting PDT was first demonstrated by Hendersonet al. in 1989 using photo-

sensitizer Photofrin in a fibrosarcoma mouse model, where they showed Photofrin induced

vascular shutdown, limiting the oxygen and nutrients supply to the tumor [60]. This PDT

vascular effect was further examined by Fingaret al, who treated tumor bearing animals

within minutes of injection of Photofrin, to restrict the extravasation of photosensitizers

and confine the photodynamic damage to the tumor vasculature. They observed pockets

of necrosis regions remote from the damaged vessels [61]. Preclinicalin vivo PDT studies

with photosensitizer MV6401 (pyropheophorbide derivative, Miravant Medical Technolo-

gies, Santa Barbara, CA), showed a two-step vascular response following PDT treatment.

The first phase response was acute, characterized by vasoconstriction. After three hours,

the second chronic phase was characterized by thrombus formation. These vascular effects

were associated with a delay in tumor growth [62].

In addition, Korbeliket al. reported that vascular destruction observed after PDT is

similar to the inflammatory response observed after tissue injury or infection [63]. En-

dothelial cells normally produce a balance of vasoactive and vasoconstrictive substances

that maintain a healthy vascular network [64]. When vascular targeting PDT exposes the

basement membrane to the blood serum, cascade effects will occur and tip the balance to-
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ward vasoconstriction [65]. Platelets and neutrophils adhere to the vessel wall, roll toward

the constriction, aggregate and migrate to the surrounding tissue following the chemokine

gradients [66].

The mechanism underlying the vascular effects of PDT differ greatly with different

photosensitizers. Photofrin PDT leads to vessel constriction, vessel leakage, leukocyte ad-

hesion and thrombus formation, all apparently linked to platelet activation and release of

thromboxane [55, 67]. PDT with phthalocyanine causes primarily vascular leakage [68],

and PDT with chlorine6 results in blood flow stasis primarily because of platelet aggrega-

tion [69].

1.3.3 Immune Effects

Although it is not completely understood, researchers have reported that PDT can activate

or supress the immune system, depending on the factors of the treatment regime. PDT

treatment seems to alter the balance of agents that regulate the immune system and appears

to be able to tip it toward activation or suppression of by release of specific cytokines.

PDT induced damage in membranes of cell (endothelial or tumor cell) or cellular or-

ganelles can trigger a cascade event, including enhanced expression of stress proteins, ac-

tivation of apoptosis genes and upregulation of some cytokine genes [70]. Damage of

cellular membranes also prompts a rapid activation of phospholipases leading to accel-

erated phospholipid degradation with massive release of lipid debris, and metabolites of
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arachidonic acids which are powerful inflammatory mediators [2, 63, 71]. Another source

of inflammation signaling relates to PDT induced vascular damage. Endothelial cells will

contract and expose the basement membrane in the vessel wall. This is followed by rapid

attachment of circulating neutrophils and platelets, leading to a progressive impairment of

vascular function as well as a massive release of various inflammatory mediators [72].

A strong inflammatory reaction is a central event in the PDT induced tumor destruction.

In the inflammatory process, a wide variety of potent mediators are released, including

vasoactive substances, components of the complement and clotting cascades, acute phase

proteins, proteinase, peroxidase, radicals, leukocyte chemoattractants, cytokines, growth

factors and other immune regulators [2, 71, 72].

The release of inflammation mediators after PDT initiates recruitment of leukocytes

from circulatory system and amplifies their activity. A massive invasion of neutrophils,

mast cells, and monocytes/macrophages during and after PDT treatment has been reported

in several animal studies [73, 74]. Neutrophils have profound impact on PDT mediated

destruction of tumor tissues. In the tumor blood stream, neutrophils are key contributors to

the infliction of endothelial damage. PDT induced endothelial cell contraction allows these

neutrophils to extravasate in tumor interstitium, where neutrophils engage the destruction

of tumor parenchyma. Toxic free radicals and myeloperoxidases are liberated through the

degranulation of neutrophils. Chemotactic substances are also released by neutrophils at-

tracting another wave of invasion of immune cells. Monocytes/macrophages are another

18
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class of nonspecific immune cells activated by PDT. Macrophages were documented to

release TNF-α following PDT and to preferentially recognize PDT treated tumor cells as

their targets [2, 75, 76].

These nonspecific immune development processes may trigger tumor specific immune

reactions. For example, tumor associated macrophages are prompted to phagocytize large

numbers of PDT killed or damaged tumor cells. Antigen presenting cells will process

tumor specific peptides and present them on the cell membrane. Tumor antigens will be

recognized by helper T lymphocytes directed by the intensive inflammatory signals leading

to fully developed tumor immunity [2].

All these factors add together to make the photochemical and photobiological effects

of PDT to be fairly complex, and perhaps even more complex than in other therapies such

as chemotherapy or radiation therapy. Even the change of photosensitizer or timing of

delivery of light can affect the biochemical damage which occurs. Thus, the remainder of

this thesis focuses on some specific mechanistic events which can occur in photodynamic

therapy with verteporfin.
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Chapter 2

Motivation, Specific Aims and Thesis

Overview

2.1 Motivation and Specific Aims

2.1.1 Patient Variation in Response to PDT

Photodynamic therapy can be viewed as a dual stage treatment modality. It contains similar

processes to chemotherapy,e.g. with drug administration, drug absorption, drug distribu-

tion, drug metabolism and drug excretion, and similar to the process in radiation therapy,

e.g. delivery of photons to the lesion. The benefit of PDT is mainly the dual selectivity:

the preferential accumulation of photosensitizers and selective absorption of photons in the

lesion area. However, this dual selectivity mechanism also leads to a dual complexity for

20
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PDT treatment. The treatment resistance problems observed in chemotherapy and radia-

tion therapy are also observed in some PDT treatments. For example, intermittent blood

flow in tumor has been shown to be a major treatment resistance factor in radiation treat-

ment because of the noncontinuous supply of oxygen inducing transient tumor hypoxia.

Intermittent blood flow is also a factor that limits chemotherapy drug delivery. Tumor cells

in poorly perfused areas always exhibit less drug uptake, and will survive and eventually

regrow after the treatment. In PDT treatment, the effects of intermittent blood flow are

two-fold: first, photosensitizer is not well delivered in the regions of poorly perfused areas;

second, tumor cells in transient hypoxia areas cannot produce sufficient photochemical re-

action to kill the tissue. Therefore, tumor cells surrounding nonconstant blood flow regions

demonstrate more resistance to the PDT treatment, and will tend to regrow after the PDT

treatment and cause failure of treatment. Other variability factors in these three treatment

modalities are listed in Table2.1.

Unfortunately, current clinical photodynamic therapy treatment plans are largely based

on empirical escalation trials without much attention paid to the individual variation in pho-

tosensitizer pharmacokinetics and absorbed light doses between patients. The translation

of advances in photodynamic therapy to clinical applications can be complicated by these

inter-individual and intra-individual variation which can result in unpredicted toxicity or

highly variable treatment efficacy, Table2.2[77].
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Chemotherapy Photodynamic therapy Radiation therapy
Process Variability factors Process Variability factors Process Variability factors

Systemic administration medication error administration medication error
level patient compliance patient compliance

nursing error nursing error
absorption absorption
distribution serum protein level distribution serum protein level
metabolism hepatic function metabolism hepatic function
excretion renal function excretion renal function

Tumor distribution tumor vasculature distribution tumor vasculature photon distribution tumor geometry
level intermittent blood flow intermittent blood flow oxygenation intermittent blood flow

transvascular transport transvascular transport
interstitial transport interstitial transport
lymphatic transport lymphatic transport

cellular uptake receptor function cellular uptake receptor function
cellular retention cellular retention

photon distribution tumor geometry
oxygenation intermittent blood flow

Table 2.1: Variability factors in cancer chemotherapy, radiation therapy and photodynamic
therapy.

Photosensitizer Tumor Sites Patients Main Results Ref

Photofrin Barret’s mucosa 100 Conversion of 75-80% to normal squamous epithelium in all patients [78]
Dysplasia eliminated in 78 patients, eliminated 10 of 13 tumors.

Foscan Oral cancer 20 6 of 6 T3 lesions, 3 of 6 T4 lesions, and 9 of 14 T1/T2 cleared after [26]
single treatment.

Photofrin Refractory transition-cell 36 58% CR at 3 months; 10 of 21 with CR had recurrence at mean [79]
carcinoma of bladder follow-up of 12 months.

Photofrin Refractory carcinoma-in-situ 34 74% CR at 3 months; recurrence at 2 years in 14 of 18 CR follow-up [80]
of bladder 10 of 34 alive at 64 months mean follow-up.

Photofrin BBC of skin 37 88% CR, 12% PR, 10% recurrence at 1 year [81]
Topical ALA BBC of skin 80 90% CR, 7.5% PR [10]
Topical ALA Bowen’s disease 36 89% CR at median follow-up, 9% recurrence after 18 months [82]
Photofrin Chest wall recurrence breat cancer 20 20% CR, 45% PR, 35% NR [83]
Photofrin Oral cavity 41 87% CR, 13% PR, 25% recurrence over 5-53 months [84]
Foscan Oral cavity SCC 96 58% CR, 11% PR [77]
Photofrin Malignant pleural mesothelioma 31 Median survival 12 months [85]
Photofrin Cutaneous tumors 50 52% CR [86]

Table 2.2: Variation in response to PDT. CR= complete response; PR= partial response;
NR = no response; BBC= basal-cell carcinoma; SCC= squamous-cell carcinoma. Modi-
fied from [87].
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2.1.2 Photon Distribution

Recently, considerable attention has been paid to the development of a light dosimeter,

mainly because most of clinical PDT treatments are performed in radiation oncology de-

partments, where the knowledge of radiation treatment planning based on patient anatomy

information is more advanced and well-developed by professional medical physicists.

Current light dosimetry in PDT focuses on the following two issues:

1. Heterogeneous photon distribution in the tissue due to irregular geometry. Light

distribution in cylindrical and spherical geometries (Overdosing and underdosing due

to heterogeneous light distribution).

2. Heterogenous photon distribution due to heterogeneous optical properties of biolog-

ical tissues. (Inter-patient and intra-patient variation in optical properties).

2.1.3 Photosensitizer Pharmacokinetics

Photosensitizer pharmacokinetics has been extensively investigated in both animal studies

and clinical studies. Novel techniques in fluorescence spectroscopy enabled researchers

and radiation oncologists to dynamically monitor the photosensitizer concentration in real

time. However most of these studies focus on the dynamic change of the photosensitizer

distribution in both normal and neoplastic tissues, and the goals of these studies are mainly

developing optimal treatment protocols such that the treatment can most effectively kill
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the tumor cells and spare the normal tissues. Most recently, a few investigators have re-

ported that there exists large variation in photosensitizer uptake between patients for the

same prescribed photosensitizer dose [88]. What are the sources of photosensitizer phar-

macokinetics inter-individual variation? How does this variation affect the PDT treatment

and how can this variation be reduced? These issues have had comparatively investigation

devoted to them. The goal of this study is to identify the potential sources of photosensi-

tizer pharmacokinetic variability during each of these steps, and seek strategies to reduce

the variability, and individualize PDT treatments.

2.1.4 Specific Aims

How can the treatment efficacy variability of PDT be reduced and, at the same time, obtain

maximum effect? This will require knowledge of the following:

1. Identification of potential sources of variability

2. Mathematical modeling of individual and population pharmacokinetics

3. Correlation between pharmacokinetics and the treatment outcome

4. Possible modulation of the drug pharmacokinetics

5. Development of strategies that will tailor doses to individual patients

We pursue the answers to the above questions at both the microscopic level (temporal

and spatial dynamics inside the tumor) and the macroscopic level (systemic level).
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At the microscopic level, the goals are (1) to analyze the microscopic heterogeneity of

photosensitizer distribution, namely, to develop a fundamental understanding of the vascu-

lar and interstitial barriers to the delivery of photosensitizer molecules to solid tumors, their

contribution to the inter-individual variability; (2) to formulate and test new strategies to

overcome the physiological barriers, and reduce the photosensitizer pharmacokinetic varia-

tion. Specifically, investigate strategies to modulate photosensitizer transvascular transport

to increase the photosensitizer tumor uptake and reduce the distribution heterogeneity.

At the macroscopic level, the goals are: (1) to quantify and analyze the macroscopic

variation of photosensitizer uptake, namely, to correlate the variation at macroscopic level

to microscopic heterogeneity, and to develop non-invasive photosensitizer dosimeter to

monitor these variation; and (2) to establish a photosensitizer dosimetry-controlled PDT

protocol based on photosensitizer macroscopic sampling technique to reduce the inter-

individual variation in treatment response to PDT.

These goals are achieved using three approaches in this research:

1. A microscopic approach to directly visualize the tumor pathophysiological functions

and photosensitizer dynamics.

2. A macroscopic approach using macro-sampling techniques to monitor photosensi-

tizer uptake dynamics.

3. Mathematical modeling to integrate existing data and to guide the experimental stud-
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ies.

2.2 Thesis Overview

This thesis is, the author believes, the first publication to propose the concept of photody-

namic therapy treatment individualization. This thesis has four parts.

Part I is the introduction. The theories and mechanisms in photodynamic therapy are

laid out here, and an introduction to the motivations, specific aims and rationales of this

project are stated.

Chapter1 provides a introduction to the current status of photodynamic therapy with

emphasis on prostate PDT treatment.

Chapter2 is a presentation of the motivations for this project, with specific aims and

illustration of the rationale for design of the experiments.

Part II of the thesis presents a series of investigations to identify the potential sources

of photosensitizer pharmacokinetic variability. A review of photosensitizer quantification

technologies is also presented.

Chapter3 is a review of each step in photosensitizer pharmacokinetics,e.g., routes of

administration, systemic distribution in circulatory system, distribution in tumor vascula-

ture, transport across vessel wall, transport through tumor interstitium and finally metabolism/destruction

and excretion. Factors that cause pharmacokinetic variability in each of these steps are also
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discussed.

Chapter4 is a comparison of the tumor micro-environment, photosensitizer pharma-

cokinetics and transport processes. The model system of a single tumor type inoculated

in two host-sites is used. The orthotopic and subcutaneous locations illustrate how these

factors affect PDT treatment outcome. This chapter emphasizes how transport parameters

can affect verteporfin pharmacokinetics, and they influence the tumor response to cellular

and vascular targeting PDT treatments.

Chapter5 reports on analysis of the intra-individual and inter-individual variabilities

in verteporfin transport processes and examination of correlation between these transport

parameters and verteporfin pharmacokinetic variability.

Chapter6 is a review of the current photosensitizer quantification technologies and dis-

cussion of the effects of sampling volume upon evaluation of photosensitizer distribution.

Part III of the thesis summarizes efforts to develop strategies to individualize PDT

treatment.

Chapter7 is an illustration of the correlation between intra-tumor variation and inter-

tumor variation in photosensitizer levels, and a study of the correlation between photosen-

sitizer pharmacokinetics and PDT treatment outcome. This chapter provides clues to the

question of how to individualize PDT treatment in the planning process.

Chapter8 is a discussion of the effects of inflammatory mediators such as Substance

P on modulation of photosensitizer pharmacokinetics, and efficacy/individual variability of
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PDT treatment.

Chapter9 provides strategies to compensate the photosensitizer pharmacokinetic vari-

ability at macroscopic scale, namely, PDT treatment planning based on photosensitizer

dosimetry information.

Part IV is the conclusion of this investigation and discuss the future directions of PDT

treatment individualization.

Chapter10 includes conclusions and future directions for this project and summarizes

publications produced from this project along with the significance of each.
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Part II

Quantification of Photosensitizer

Pharmacokinetic Variability
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Chapter 3

Origins of Photosensitizer

Pharmacokinetic Variability

As discussed in Chapter1 and2,most patients in clinical PDT studies with a particular

diagnosis are assumed to be identical in terms of the dosage to be delivered, and follow a

pre-prescribed protocol. However, factors such as age, gender, race, organ function and tu-

mor microenvironment can alter the pharmacokinetics of photosensitizers delivered in drug

vehicles. This chapter will outline the potential sources of photosensitizer pharmacokinetic

variability. Most photosensitizers are transported throughout the circulatory system and,

except for vascular targeting PDT, end up within the parenchyma of the tissues and organs

where their presence is beneficial (i.e. those tissues to be treated) and also in some areas

where their presence may be detrimental. In the following sections, we will discuss the
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consecutive steps of photosensitizer Administration, Distribution,Metabolism/Destruction

and Excretion (ADME).

3.1 Photosensitizer Delivery with Liposomes

First-generation photosensitizers, represented by Photofrin, suffer from several drawbacks

[2, 89]:

1. They are complex mixture of several partially unidentified porphyrins and they show

poor selectivity in terms of tumor tissue/normal tissue ratios.

2. They have low extinction coefficients, and require relatively large amount of admin-

istration to obtain a satisfactory PDT therapeutic response.

3. They have absorption maximum at a relatively short wavelengths (630 nm) leading

to a poor tissue penetration of light.

4. They present high accumulation rate in skin, lasting for up to 6-8 weeks after PDT

treatment.

The problems encountered with these first-generation photosensitizers have led to the

development of new photo-active molecules, the second generation photosensitizers such

as porphyrin derivatives, phthalocyanines and chlorins. These photosensitizers can be made

relatively pure and well-characterized. They are more effective at generating singlet oxygen

31



3.1. Photosensitizer Delivery with Liposomes 32

and have a stronger absorption in the range of 650-800 nm, where the light can penetrate

to deeper tissue. They have high selectivity for diseased tissue, and relatively rapid elim-

ination, therefore providing high therapeutic ratios [2, 3, 90]. Another important feature

of these second generation photosensitizers is their hydrophobic property. Most of second

generation photosensitizers are hydrophobic, this is a desired feature when the preferential

accumulation in cellular hydrophobic loci is required, since these photosensitizer molecules

must be able cross the cell lipid membrane [3, 8, 91, 92]. However, due to their poor solu-

bility in water, intravenous administration of photosensitizer is greatly hampered. Thus, it

is necessary to develop suitable delivery systems to effectively deliver the photosensitizer.

Thus to improve tumor targeting and to reduce side effects. During the continuous search

for photosensitizer delivery systems, liposomes with their high loading capacity and their

flexibility to accommodate photosensitizer physicochemical properties, have received a lot

of attention as a valuable carrier for variety of photosensitizers [29, 91].

The history of liposomes can trace back to the pioneer observation of Alec Bangham

roughly 40 years ago, that phospholipid in aqueous systems can form closed bi-layered

structures. Since then, liposomes have moved a long way from being just an exotic bio-

physical research to a pharmaceutical carrier for numerous practical applications [93, 94].

Liposomes are spherical, self-closed structures formed by one or several concentric lipid

bi-layers with an aqueous phase inside and between the lipid bi-layers [94, 95].

These liposome carriers can be classified into three categories (Figure3.1):
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1. Conventional liposomes (Figure3.1(a))

2. Passive targeting liposomes (Figure3.1(b))

3. Active targeting liposomes (Figure3.1(c), 3.1(d))

3.1.1 Conventional Liposomes

Conventional liposomes are used as the means to solubilize and formulate the both hy-

drophilic and highly hydrophobic photosensitizers for intravenous administration rather

than using them to enhance tumor delivery of photosensitizers. Many second generation

photosensitizers are designed to be water insoluble (hydrophobic), specifically because

these hydrophobic photosensitizers are incorporated rapidly into the liposomal membrane

(Figure3.1(a)a), e.g., BPD-MA, ZnPc. Water soluble (hydrophilic) photosensitizers, on

the other hand, can be entrapped into the aqueous liposome interior (Figure3.1(a)b), e.g.,

AlPcS4.

After liposomal formulated photosensitizers enter into the blood stream, lipid exchange

between liposomes and lipoproteins leads to an irreversible disintegration of the liposomes.

The released photosensitizers in the blood stream subsequently associate with albumin,

lipoproteins (both high and low density lipoproteins (HDLs, LDLs)) and other serum pro-

teins, Figure3.2 a2. As well, liposomal photosensitizers can be opsonized by serum pro-

teins, and then taken up by the mononuclear phagocyte system (MPS), Figure3.2a1, [91].
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(a) (b)

(c) (d)

Figure 3.1: Three categories of liposomes. (a) early conventional liposomes with wa-
ter insoluble photosensitizera entrapped into the aqueous liposomes interior, and water
soluble photosensitizerb incorporated into the liposomal membrane; (b) long-circulating
liposomes grafted with a protective polymerc, such as PEG, which shields the liposome
surface from the interaction with opsonizing proteins; (c) antibody-targeted immunolipo-
some with antibody covalently coupledd to the reactive phospholipids in the membrane or
hydrophobically anchorede into the liposomal membrane after preliminary modification
with a hydrophobic moiety; (d) long-circulating immunoliposomes simultaneously bearing
both protective polymer and antibody, which can be attached to the liposome surfaceg, or
preferably, to the distal end of the grafted polymeric chain. Modified from [94].
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These two phenomena account for the very short plasma half-life (minutes) for most of the

liposome photosensitizers. Of importance, since most of tumor cells are reported to express

an elevated number of LDL-receptors on the cell membrane due to the rapid proliferation,

the association with LDL might enhance the photosensitizer uptake by LDL-receptor me-

diated endocytosis. This process is illustrated in Figure3.2a3, [29, 91].

A significant amount of preclinical and clinical PDT has been done using liposomal

formulations, and the following chapters will focus on the pharmacokinetics of photosen-

sitizers of this kind, using Verteporfin-For-Injection as the main topic of study.

3.1.2 Passive Targeting Liposomes

Clinical applications of conventional liposomes have been limited due to the propensity of

the MPS to rapidly remove these particles from the bloodstream. As a result, the uptake of

these liposomes by tumor tissue is always found insufficient. Passive targeting liposomes

are designed to be rendered ’invisible’ for serum proteins and MPS so that these liposomes

can be selectively extravasated, accumulated and retained in tumor tissues. Provided that

they circulate sufficiently long, the ’enhanced permeability and retention (EPR)’ effect [96–

98] allows liposomes to passively accumulate in tumor tissue in high concentration.

The uptake of liposomes by phagocytic cells is prompted by the opsonization process,

during which the opsonin make the liposomes more susceptible to phagocytosis [99]. In

vivo studies revealed that the opsonization depends on the physicochemical properties of
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the liposomes such as hydrophobicity, charge, size and fluidity of the liposome surface

[100]. Generally speaking, the adsorption of opsonin is favored onto hydrophobic rather

than hydrophilic surfaces so that the hydrophobic molecules are rapidly scavenged. Differ-

ent methods have been suggested to achieve long circulation of liposomesin vivo, includ-

ing coating the liposome surface with inert, bio-compatible polymers, such as polyethylene

glycol (PEG), which forms a protective hydrophilic layer over the liposome surface and

slows down liposome recognition by opsonin and therefore prolongs the circulation half-

life to the order of tens of hours [101, 102](Figure3.1(b)).

However, these long circulating passive targeting liposomes do not effectively interact

with cells. The extravasated liposomes accumulate in the tumor interstitial space but can-

not effectively transfer the photosensitizers to the tumor cells. This is illustrated in Figure

3.2 b. Gijsen,et al, demonstrated that Stealthr liposomes containing hydrophilic photo-

sensitizer AlPcS4 did not display anyin vitro photocytotoxicity activity in the malignant

cells, whereas the free AlPcS4 did [103]. This is explained by Gijsen that the hydrophilic

AlPcS4 retains tightly in the liposomal formulation, and since the liposomes have limited

interaction with cells, the photosensitizer uptake is therefore limited. On the contrary, the

hydrophobic photosensitizer, BPD-MA, when incorporated into glucuronide-modified li-

posomes (PGlcUA-liposomes), was found more photo-toxic to subcutaneous sarcoma. In

that study, Oku,et al., demonstrated PGlcUA-liposomal BPD-MA exhibited a significant

tumor regression and 80% cure rate compared with the 20% cure rate with conventional
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formulated liposomal(DPPG-liposomes) BPD-MA [104]. This is probably due to the fact

that after a prolonged accumulation in the tumor interstitial space, a certain amount of

hydrophobic photosensitizer permeates from the liposomes to the tumor cells.

3.1.3 Active Targeting Liposomes

The surface of active targeting liposomes are coupled with specific targeting entities to

enhance the selective interactions with tumor cell membranes. This targeting technique

can be applied to conventional liposomes (Figure3.1(c)), but it is more appealing for pas-

sive targeting of long circulation liposomes (Figure3.1(d)), since sufficient extravasation

at targeting tumor tissue is required. The active targeting liposomes have the following

advantages [91]:

• high affinity of binding moiety to the receptor or antigen on the targeted cell surface

• direct and more specific localization with increased efficiency and selectivity

The effectiveness of active targeting liposome delivery depends on several factors:

• the stability of liposomes in the circulatory system

• the ability of liposomes to cross the physiological barriers and reach its site of recog-

nition

• the non-toxicity, non-immunogenicity, and biodegradability of liposomes
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Figure3.2illustrates active targeting liposomes entering the tumor cell by receptor-mediated

endocytosis upon binding to an internalization receptor.

3.2 Photosensitizer Administration and Systemic Distrib-

ution

In clinics, most photosensitizers are administered in their drug formulation intravenously,

orally, or topically. In preclinical animal studies, photosensitizers can also be administered

intraperitoneally, or intramuscularly. Of all the administration methods, intravenous ad-

ministration of the photosensitizer is the most direct route and results in rapid and complete

bioavailability. Bioavailability is the term used to indicate the fraction of an administered

dose that reaches systemic circulation. The bioavailability of oral, topical, intraperitoneal,

and intramuscular administrations are subject to absorption barriers and first-pass effects.

As a result, photosensitizer intravenous injection has far less pharmacokinetic variability

compared with the other administration methods.

Serum proteins are predominantly responsible for the transport of photosensitizers through-

out the body. Upon administration into the blood stream, conventional liposomes interact

with lipoproteins, disintegrate, and release the encapsulated photosensitizers. These re-

leased photosensitizers subsequently associate with serum proteins. The nature of photosensitizer-

serum protein interaction depends on the physicochemial properties of the photosensitizers
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Figure 3.2: In vivo behavior of three types of liposome delivery systems. conventional
liposomes have a short plasma half-life either because they become absorbed by protein
opsonins, followed by macrophage uptake () or because of lipid exchange with plasma
proteins, followed by liposome disintegration and subsequent photosensitizer release. The
released photosensitizer might associate with plasma proteins and then enter the tumor
cells mainly by LDL-receptor-mediated endocytosis. A small fraction of the conventional
liposomes reaches the tumor tissue in its original formulation and allows for intracellular
uptake of the photosensitizer by direct binding to cell surface proteins. Passively targeted
liposomes accumulate in the tumor interstitium without actual intracellular uptake. Active
targeted liposomes can either be directed to a non-internalizing target at the surface of the
tumor cell or can enter the tumor cell by receptor-mediated endocytosis upon binding to an
internalizing receptor. Drawn based on [91].
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[91]. For example, hydrophilic photosensitizers such as aluminum tetrasulfonated phthalo-

cyanine (AlPcS4) tend to associate with serum albumin, where more hydrophobic photo-

sensitizers such as BPD-MA tend to conjugate with low density lipoproteins (LDLs) in the

blood stream [105].

Albumin is the most abundant serum proteins in human, with concentration about

0.6 mM [106]. Human serum albumin (HSA) consists of 585 amino acids forming a single

polypeptide, with molecular weight of 66,000 Da and diameter of 7 nm [107]. Albumin-

conjugated photosensitizers being investigated include ZnPc, Hematoporphyrin, aluminum

phthalocyanine, and chlorin e6 [105].

Lipoprotein is a particle consisting of a central core or hydrophobic lipids surrounded

by a shell of hydrophilic polar lipids and apoproteins. LDLs are major carriers of choles-

terol in the blood, and play an important role for drug delivery. LDLs have a diameter of

22nm and a mass approximately 3,000,000 Da [108]. LDLs are the carriers of Benzopor-

phyrin derivative (BPD, Verteporfin). Dynamics of LDL-BPD conjugate distribution has

been investigated in a variety ofin vitro, in vivoand clinical studies [109–124].

3.3 Photosensitizer Distribution in Tumor

A tumor is composed of more than just cancer cells. It consists of an intricate network

of cell types and extracellular contents, including endothelial cells that comprise blood

vessels, the stromal pericytes that stabilize the developing tumor vasculature and extracel-
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Serum Proteins Photosensitizer Targets Reference
BSA HpD Macrophage [125, 126]
BSA ZnPc Marine mammary and

human colon carcinoma [127]
BSA Ce6 Scavenger receptor [128]
BSA AlPcS4 Scavenger receptor [129]
LDL ZnPc MS-2 fibrosarcoma [130]
LDL HpD HT1080 fibroblast [131]
LDL BPD-MA Choroidal melanomas, neovasculature [123, 132, 133]

LDL receptor [125, 126, 134]
LDL TPPS LDL receptor [135]
LDL AlPc Scavenger receptor [136]

Transferrin HpD Transferrin receptor [126]
Transferrin Ce6 Adenocarcinoma [137]

Table 3.1: Summary of photosensitizer-protein conjugates. Summarized based on [105].

lular matrix that stabilizes this network. Many other cell types, including stromal cells and

immune cells, also surround the cancer cells and influence their development.

To reach the cancer cells in the tumor, albumin-photosensitizer or LDL-photosensitizer

conjugates must preferentially accumulate in tumor vasculature, transport across the mi-

crovascular walls into the tumor interstitium and finally transport through the tumor in-

terstitial compartment [138–150]. Specific liposome delivered photosensitizers of a given

size, charge and configuration have specific pathways to reach the tumor cells. Transport

processes of the protein-photosensitizer complex may involve diffusion and convection, de-

pending on the physicochemical properties of the conjugates and pathophysiological prop-

erties of the tumor tissue.

Additionally, there is growing body of evidence that tumor-host interactions have sig-

nificant effects on gene expression, angiogenesis, vascular morphology, vessel wall per-
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meability, interstitial diffusivity, and metastasis [151–158], and therefore, modulate the

pharmacokinetics of macromolecules entering and leaving the tissue.

3.3.1 Photosensitizer Distribution through the Tumor Vascular Net-

work

The first barrier encountered by blood-borne photosensitizer molecules is the abnormal vas-

cular architecture morphology. Tumor vasculature consists of a pre-existing vessel network

of the host vasculature, and vessels formed in response to the tumor induced angiogenesis

process. This latter process leads to the sprouting, bridging and intussusceptive growth of

new vessels from existing vessel networks. Local hypoxia is believed to the inducer of

tumor angiogenesis, it activates the expression of various growth factors stimulating en-

dothelial cells growth, including endothelial growth factors (VEGFs), angiopoietins and

platelet-derived growth factors (PDGFs)[159–163]. This immature nascent vascular net-

work reaches a mature level through recruitment of mural cells, generation of extracellular

matrix, specialization of the vessel walls (endothelial cells, mural cells and extracellular

matrix (inter-endothelial junction, fenestrated endothelium, surface-receptors,etc). Vascu-

lature network maturation involves optimizing branching patterns, expanding and pruning

[164].

Since the angiogenesis process in tumors is poorly regulated and heterogeneous, tumor

vasculature does not follow the same regular artery-vein-capillary structure hierarchy as
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in normal tissues [164–167], instead, it contains many tortuous vessels, shunts, vascular

loops, widely variable intervascular distances, and large avascular areas; besides, tumor

vessels are characterized by irregular diameters and thin vessel walls [165, 168, 169]. These

geometric irregularities (i.e. vascular density, vessel length, vessel diameter and branching

patterns of various blood vessels) in tumor vasculature architecture results in heterogeneous

hemodynamics.

Blood flow in this vasculature topology is chaotic both spatially and temporally. Based

on perfusion rate, specific tumor regions can be categorized roughly into four regions: an

avascular, necrotic region; a semi-necrotic region; a stabilized microcirculation region and

an advancing front [170, 171]. Blood flow rates in necrotic and semi-necrotic regions of

tumors are found lower compared to those in non-necrotic, well-perfused areas.

Hemodynamics in solid tumors also demonstrate intermittent stagnation followed by

high flow or reverse flow temporarily in isolated segmentation [171]. By repetitive injection

of blood-borne markers, the dynamics of blood flow in tumor can be easily illustrated.

Complete absence of one of the markers is convincing visual evidence that the vessels

have been closed in the time interval between administration of drugs [171–173]. With

quantitative image analysis techniques, Durand,et al., have shown that dramatic changes

such as complete cessation or re-perfusion occurs at most a few percentage of the vessels,

whereas, the majority of the vessels show fluctuations with 2 fold flow variation [174–178].

Considering these spatial and temporal heterogeneities in blood supply coupled with
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variation in vascular morphology at both microscopic and macroscopic scales, it is not sur-

prising that the spatial distribution of anti-cancer drugs in tumors is heterogeneous, and

thus affects the response to chemotherapy in patients. In addition, spatially and temporally

heterogeneous blood supply induces tumor hypoxia. This appears in the form of either

chronic hypoxia, which is diffusion limited, and/or acute hypoxia, which is perfusion lim-

ited. As a result, this heterogeneous perfusion causes tumor radioresistance, as the presence

of oxygen increases radical production and DNA damage during therapy.

3.3.2 Transport of Photosensitizers across Microvascular Walls

Transvascular transport model

Once the blood-borne macromolecules have reached the exchanging vessels, their extrava-

sation, Js (g/s), occurs by diffusion or convection, and/or transcytosis [179]. Although

changes in macromolecular microvessel transport are often reported in terms of changes

in fluid or solute fluxes between the plasma and interstitium, the permeability coefficients

are often used as the functional measurements of microvascular fluid/solute exchange that

represent the properties of the microvascular wall. Because most of the fluid/solute mi-

crovascular exchange is passive, the permeability coefficients relate the net fluxes of fluid

and solute to the pressure and concentration gradients that drive them across the vessel

wall.

Based on irreversible thermodynamics, Kedem and Katchalsky [180–182] derived a set
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of equations to describe the flow of solvent and solute across homoporous and heteroporous

membranes.

According to Starling hypothesis, net fluid flow across a vessel wall is given by:

Jf = LpS(4P− σ4π) (3.1)

and net solute flux through a homoporous membrane is given by the Staverman-Kedem-

Katchalsky equation [180–182]:

Js = Jf (1− σ)C + PdS4C (3.2)

whereLpS represents the hydraulic conductance, the product of hydraulic conductivity (Lp)

and membrane surface area (S); 4P is the transmembrane hydrostatic pressure gradient;σ

is the reflection coefficient of the membrane to the solute;4π is the transmembrane osmotic

pressure gradient;Pd is the diffusive permeability;4C = (Cp − Ci) is the solute concen-

tration gradient, whereCp andCi stand for solute concentration in plasma and interstitium,

respectively; andC is the mean intra-membrane solute concentration.

Integration of Equation3.2across the membrane and between the boundary conditions

Cp andCi yields Patlak equation [183]:

Js = Jf (1− σ)
Cp −Cie−Pe

1− e−Pe
(3.3)
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wherePe is referred to as the Peclet number, and is given by:

Pe=
Jf (1− σ)

PdS
(3.4)

The Peclet number indicates the importance of convective transport with respect to dif-

fusive transport. WhenPe is small, the diffusive transport is dominant, and both Equation

3.2and3.3can be approximated as:

Js = PdE f fS(Cp −Ci) (3.5)

wherePdE f f is referred to as the effective permeability and it includes the dominant diffu-

sive component as well as less dominant convective component.

These transvascular transport parameters:Pd (diffusive permeability, vascular perme-

ability coefficient);Lp (hydraulic conductivity, filtration coefficient) andσ (osmotic reflec-

tion coefficient) depend on physicochemical properties of solute molecules,e.g., molecular

size, charge and configuration as well as the physiological and physicochemical properties

of tumor vessel wall,e.g., vessel wall ultrastructure, transport pathways, and charge. The

hydrostatic and osmotic pressure gradients are also dependent on the pathophysiological

properties of the tumor tissue. Discussion about the methods of evaluation of these perme-

ability coefficients is beyond the scope of this thesis, so for a more detailed discussion refer

to review articles [179, 183]
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Evaluation of the permeability coefficient (P)

Macroscopic Methods In tissue uptake studies, test molecules are injected into the blood

stream, the uptake in the tumor is evaluated invasively (tissue extraction) or non-

invasively (MRI, PET and optical techniques). Tissue uptake studies provide a global

estimation of the transport parameters and yet little temporal and spatial heteroge-

neous information for individual capillaries. Also, it does not count the contribution

of temporal and spatial variation in blood flow in the tumor. Despite these disadvan-

tages, this technique is most widely used for the relative measurement of permeabil-

ity of different tumor types [179, 180], or permeability changes after tumor treatment

[184].

Microscopic Methods Microscopically, permeability of molecules is measured by moni-

toring the concentration of the molecules in and outside vessels. Single vessel meth-

ods measure the permeability to solute of a single capillary; lose the ability of char-

acterizing all the capillaries in the tissues, especially in heterogeneous tumors [185].

With the development of intravital fluorescence microscope and window chamber

models, the heterogeneous permeability of microvascular beds has been measured,

including counting the number of spots where the tracer has leaked out from the vas-

culature, measuring the concentration of tracers around the vessels, and measuring

the extravasation rate using digital video image analysis [186, 187].
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Characterization of permeability coefficients

1. Values of permeability coefficient for macromolecules (larger than serum albumin:

3.6nm) decrease much less rapidly with increasing molecular size, indicating there

exists different pathways or mechanisms for large and small molecule transvascular

transport.

2. Diffusion of small molecule solutes is through water-filled pores or channels with

diameters larger than the diameter of the molecules.

3. The reflection coefficient has no correlation to hydraulic permeability (macromole-

cules)

4. Hydraulic conductivity is proportional to permeability for small hydraulic molecules:

so that differences in permeability of different tissue is the consequence of variation

in number of channels per unit area of vessel wall instead of pore size.

Transport Pathways: Structure-Function Relationships

The ultrastructural shape of the vascular walls can be divided into two groups. The first is

called fenestrated endothelium which are vessel walls with high values ofLp (>10−6 cm/cmH2O·s),

where the transport across these vessel walls is through the fenestrae; For intermediate sized

molecules, the transport pathway is ”restricted diffusion” and for macromolecules the re-

flection coefficient is similar to vessels with continuous endothelium. The second group of
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wall shapes are continuous endothelium which are walls of vessels with lower values ofLp,

where the transvascular transport is through intercellular clefts.

Transvascular transport pathways include:

1. Trans-endothelial exchange water and small hydrophilic solutes,e.g., glucose, amino

acid and urea). Although this pathway exists, the quantitative contribution of this

pathway to the net flux of water and small hydrophilic molecules can be negligible;

2. Extracellular exchange: transport is through either small pores (4-5 nm) available for

small and intermediate-sized molecules [188] or large pores (20-30 nm) responsible

for macromolecules [189].

Although small and intermediate-sized molecules pass through the large pores, since

the relative number of small pores to large pores falls in the range of 4,000 to 1 (muscle) to

<1,000 to 1 [190], the transvascular transport of these molecules depends on the frequency

of small pores per unit area of vessel walls. The permeability to macromolecules is entirely

determined by the frequency and dimension of the large pores.

Variabilities in transvascular transport

Considerable numbers of reports have shown that tumor tissues are more permeable than

normal tissues, which is a result of the distinguished vasculature structure. This phenom-

enon is good for cancer chemotherapy and photodynamic therapy, which depend on pas-

sive delivery of agents to tumor. But the heterogeneous feature of tumor permeability
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brings non-uniform drug distribution problems, and makes the treatment more variable. It

has been demonstrated that local microenvironment plays an important role in controlling

the vascular permeability. For example, HGL21, a human glioma is found more leaky at

subcutaneous inoculation sites, but exhibits blood-brain barrier properties in the cranial

window. The hypothesis is that host tumor interactions control the expression of a vari-

ety of cytokines including the ones associated with permeability changes,i.e., VPF/VEGF

and its inhibitors. As discussed above, this cytokine expression demonstrates a spatially

heterogeneous feature. So it is not surprising that the permeability in solid tumors is also

heterogeneous. These variation have been observed at both macroscopic and microscopic

levels. Hobbs,et al, presented the difference in permeability at different host-sites even for

the same tumor cell lines. His study also showed that this permeability difference is partly

due to the characteristic pore cutoff size of the tumors, which is regulated by the growth

factor [154]. Similar study from Yuan [187] and Fukumura [152] also demonstrated that the

local micro-environment of tumors can control the permeability. Recent work from Baluk

[191] and Yuan [192] showed that temporal changes exist as well in the number and mor-

phology of endothelial gaps, and accounts for the temporal changes in tumor permeability

and plasma leakage. In addition, interstitial fluid pressure, average vascular surface area

are also determinants of transvascular transport. For example, experimental tumors often

exhibit a uniformly high pressure inside the tumor, but a significant drop to normal values

in tumor’s periphery or peri-tumor regions [138–140, 145, 193]. Thus convective transport

of macromolecules is often more pronounced at the periphery of a tumor, since convection
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depends on the fluid pressure gradient. Additionally, the average vascular surface area per

unit tissue weight decreases with tumor growth, hence, larger tumors always demonstrate

reduced transvascular transport compared to small tumors [193, 194].

Manipulation of tumor vessel permeability

Both physical (radiation, heat, PDT) and chemical factors (protease, cytokines,etc) can

alter the tumor permeability. Radiation [195–197] and PDT [61, 198] increase the tumor

permeability via:

1. Direct damage to the endothelial cells;

2. Increase blood flow;

3. Increase the exchange surface area;

4. Damage to the extracellular matrix structure;

5. Alter the interstitial fluid pressure.

Mediators and inhibitors on macromolecular permeability have been studied; they are

believed to regulate the endothelial gaps. Such agents include bradykinin, nitric oxide,

peroxynitrite, VPF and VEGF, and some tumor necrosis factors [97, 199–201].
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3.3.3 Transport of Photosensitizers through Tumor Interstitium

Interstitial transport model

Interstitial solute transport is an effect caused by the macromolecular concentration profile

in the tumor interstitium. Molecules migrate and move through the interstitium by diffusion

and convection processes [202]. Diffusion is proportional to the molecular concentration

gradient in the interstitium. The ratio of diffusive flux to the concentration gradient is

interstitial diffusion coefficient D (cm2/s). Convection is proportional to interstitial fluid

velocity~u (cm/s), which is proportional to the pressure gradient in interstitium. The ratio

of interstitial fluid velocity to the pressure gradient is interstitial hydraulic conductivityK

(cm2/mmHg·s).

The diffusion flux and convection flux can be expressed as:

Diffusion flux:

~JD = −D∇Ci (3.6)

Convection flux:

~JC = CiRf~u = CiRf Lp,i∇p (3.7)

whereCi (mol/ml, g/ml or number of molecules/ml) is the concentration of transport mole-

cules at different locations in the tumor interstitium; Rf is the retardant factor (ratio of

solute velocity to fluid velocity),Lp,i (cm/mmHg·s) is interstitial hydraulic conductivity.
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The microscopic interstitial transport of solute can then be modeled as a convection-

diffusion equation [203]:

∂Ci

∂t
= ∇ · (D · ∇Ci) − ∇ ·

(
Rf ~uiCi

)
+ Φs− Φb + Φd − Φk (3.8)

The boundary condition for transvascular solute flux is given by Starling’s Law, ex-

pressed in Patlak Equation [202]:

(
−D · ∇Ci + ∇ ·

(
Rf ~uiCi

))∣∣∣∣
Γ
= ∇ · ~ui (1− σ)

(
CpePe −Ci

ePe − 1

)∣∣∣∣∣∣
Γ

(3.9)

whereΦs, Φb, Φd, andΦk are solute source, binding, dissociation, and consumption terms

in the unit of mol/ml·s; Γ is the intravascular-extravascular boundary, (∇ · ~ui)Γ is normal

velocity at the vessel wall,Pe is transvascular Peclet number, defined as the ration of con-

vection to diffusion flux (Pe = (∇ · ~ui)Γ(1− σ) 1
P).

For simplicity, most macromolecule interstitial transport analysis ignores the fluid ex-

change between intravascular and extravascular compartments, since the diffusion is much

more dominant in this process [193, 194, 202–204]. Thus the interstitial transport model

can be simplified as:

∂Ci

∂t
= ∇ · (D∇Ci) − Φb + Φd − Φk (3.10)
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and the Patlak boundary condition for solute flux can be rewritten as:

− DS∇C = ~Js = P~S
(
Ci,Γ −Cp

)
(3.11)

whereP is the diffusive permeability coefficient, which is discussed as in the transvascular

transport section,~S = Sn̂ is the tumor vasculature surface area vector,Ci,Γ is drug concen-

tration at the intravascular-extravascular compartment interfaces,Cp is drug concentration

in vascular compartment. Note that the source termΦs has been omitted in the intersti-

tial diffusion equation Equation3.10, since a solute source boundary condition has been

applied in Equation3.11.

Evaluation of diffusion coefficient (D)

Cussler has summarized aex vivo method to evaluate diffusion coefficients of various

macromolecules [205]. The process involves measuring the solute flux at a known con-

centration gradient or measuring the relaxation of the concentration gradient as a function

of time in the tissue slicesin vitro or in gels as a model for tumor interstitium, fitting of these

measurement data to steady or unsteady state diffusion equation, and extracting the diffu-

sion coefficients. With the development of quantitative fluorescence intravital microscope,

several investigators [206–208] have evaluated the tumor interstitial diffusion coefficients

in vivo non-invasively. The diffusion coefficient was calculated based on the spatial distri-

bution of fluorescence dyes (e.g.fluorescence labeled dextran and protein) in tumor cham-
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ber model or other thin tissue preparations. Relaxation of the concentration gradient was

recorded as the molecules extravasated and distributed into the tumor interstitium, and dif-

fusion coefficient of specific molecules was evaluated by fitting the concentration gradient

to the non-steady-state diffusion equation. The drawback of this method is that the calcu-

lated effective diffusion coefficients include both diffusive and convective components. To

distinguish diffusion from convection, Chary and Jain [209] adapted photobleaching recov-

ery after photobleaching (FRAP) method to measure the diffusion coefficients of different

macromolecules in the rabbit ear chamber. The FRAP method involves local equilibrated

accumulation of fluorescence labeled macromolecules, extensive light illumination caus-

ing local photobleaching, and relaxation of concentration profile. Diffusion coefficients of

macromolecules with different molecular weights in water and normal tissues have been

published by several investigators, and can be described as:

D = aM−b
r (3.12)

Coefficientsa andb are tabulated in Jain’s review paper [202], showing that the diffu-

sion coefficients in tissue deviate from the diffusion coefficients in water, suggesting that

the diffusion coefficient depends not only on the physicochemical properties of the macro-

molecule being investigated, but also on the physiological and physicochemical properties

of interstitial compartment.
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Transport Pathways: Structure-Function Relations

The interstitium is defined as the space located between capillary walls and the cells, the

basic structure of interstitium includes: fiber framework composed of collagen, salt solu-

tion and proteins derived from plasma [210]. Tumor interstitium is characterized by large

interstitial space, high collagen concentration, low proteoglycan and hyaluronate concen-

trations, high interstitial fluid pressure and absence of anatomically well-defined functional

lymphatic networks [202].

Tumor and stromal cells produce and assembly a network composed of collagen, pro-

teoglycans, and other molecules, hindering the transport of macromolecules transportation

in interstitium [211, 212]. Various in vitro and in vivo studies have shown that resistance

to water and solute transport is generally attributed to stabilized polysaccharide network

(hyaluronate and proteoglycans) enmeshed in the collagen network. The authors attribute

the higher resistance of macromolecular diffusion to the higher content of glycosamingo-

glycan (GAG) [213–215] and hyaluronic acid (HA). Tumor tissue has substantial structural

differences in composition and assembly patterns of ECM compared with normal tissues,

Netti showed that interstitial movement of macromolecules does not correlate the GAG

content, instead, the total collagen content of each tissue appears to mirror the measure-

ments of macromolecule mobility, besides, the organization of collagen addition to absolute

content plays an important role in interstitial transport [197].
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Variability in interstitial transport

Different tumor types or different tumor host-sites have different ECM composition, struc-

ture and distributions. This will lead to different diffusion dynamics for specific macro-

molecules. Pluen [216], et al, using FRAP technique, measured the diffusion coefficients

of proteins, dextran, and liposomes in two different tumor host-sites (dorsal chamber and

cranial window) in mice, and reported slower diffusion rate in DC tumors. Microscopically,

immunohistochemistry and electron microscopy studies of ECM ultra-structures in these

two tumor types showed heterogeneous distribution of each ECM components. According

to interstitial transport pathway theory, the variabilities in content of different contents of

ECM and their heterogeneous distribution inside tumor affects the macromolecules inter-

stitial transport process, and thus affects the intra-tumor distribution and inter-individual

variability in drug uptake. Another factor that causes non-uniform distribution of endoge-

nous macromolecules is interstitial fluid pressure, as mentioned earlier, which is high in

the center of a solid tumor and low at periphery and surrounding normal tissue. Thus

the extravasated macromolecules tend to move to the tumor periphery and normal tissue

following the fluid pressure gradient through convection. These macromolecules have to

overcome this outward convection to diffuse back into the tumor.

57



3.3. Photosensitizer Distribution in Tumor 58

Manipulation of di ffusion coefficient

Since the organization of ECM contributes to most of the resistance for the macromolecules

in their interstitial transport, the degradation of these structures will increase the molecules

mobility in the tumor interstitium. According to Netti’s report, local administration of col-

lagenase can significantly increase the diffusion coefficients in HSTS and U87 tumors mea-

sured by the FRAP method [201]. Eikenes,et al., also showed that collagenase modulates

the ECM, reduces the interstitial fluid pressure and enhances the interstitial transportation

of osteosarcoma-associated monoclonal antibodies (TP-3) [217].

3.3.4 Summary of Barriers to Photosensitizer Distribution in Tumor

Causes of microscopic and macroscopic variation are

1. Irregular vasculature topology

2. Heterogeneous blood supply

3. Heterogeneous vascular permeability coefficients

4. Heterogeneous interstitial diffusion coefficients

5. Non-uniform interstitial fluid pressure
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3.3.5 Photosensitizer Photobleaching

In addition to the variation in photosensitizer transvascular and interstitial transport, there

exist variation in photobleaching during the light illumination. This photosensitizer de-

struction process potentially induces photosensitizer redistribution during the time of ir-

radiation and causes photosensitizer intra-tumor distribution variability. There are large

numbers of reports exhibiting photobleaching, reducing photosensitivity bothin vitro and

in vivo, and as a result, leading to less effective PDT treatment [27, 218–223]. Several

investigators have used measurement of photobleaching as another dosimetric parameter

for PDT [224, 225]. However, the mechanisms of photobleaching for different photo-

sensitizer molecules are quite different, and not well-understood, and possibly not readily

predictible. Microscopically, photobleaching depends on the photosensitizer distribution,

and may or may not link to the oxygen distribution in the tumor [226–228]. Photobleach-

ing induced photosensitizer redistribution has been reported at both tumor tissue [229]

and intra-cellular level [50, 230–232]. Moan,et al, showed that aluminum phthalocynine

(AlPcS2) can undergo intra-cellular redistribution during light irradiation, yet without in-

creased photo-toxicity [50]. While other photosensitizer molecules, Zn(II) phthalocynine

[232], and Nile blue derivatives [230, 231] have shown an increase photo-toxicity with the

intracellular redistribution. These phenomena make the photosensitizer dynamic distrib-

ution more complicated, and bring obstacles for building better PDT treatment protocols.

An on-line microscopic evaluation of photosensitizer distribution along with the tumor mi-
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croscopic oxygenation profile will provide a better picture of photobleaching mechanisms

and help to find ways to optimize PDT treatment.

3.4 Photosensitizer Metabolism and Excretion

3.4.1 Metabolism

Metabolism and excretion are the two processes by which photosensitizers are eliminated

from the body. Metabolism, also called biotransformation, is the elimination of drugs

through enzymatic alteration of the chemical structure of molecules to form metabolites.

The drug is eliminated from the body by conversion to a new chemical entity that is more

water-soluble and more readily excreted from the body. The major organ responsible for

drug metabolism is the liver. Liver blood flow and enzyme activity determine the liver

metabolism of the drug. Metabolism is process varies among individuals and within indi-

viduals over time. Genetic inheritance is the major source of individual variation in drug

metabolism. Developmental and environmental factors also have profound effects on drug

metabolism.

3.4.2 Excretion

Excretion involves the removal process of photosensitizers, active metabolites or inactive

metabolites from the body. Renal elimination through the urine is the most common route
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of elimination. Biliary excretion is another common route of elimination. Decreased ex-

cretion can result in accumulation of photosensitizer and possible toxicity.

3.4.3 Photosensitizer Clearance and Half-life

The measure of photosensitizer elimination by all routes of metabolism and excretion is

clearance, which is defined as the rate of removal of photosensitizer in proportion to plasma

concentration. Clearance is reported as the volume of plasma cleared of the photosensitizer

per unit time. The concept of clearance is useful in understanding the elimination charac-

teristics of a photosensitizer, and in its pharmacokinetic calculations.

Another parameter characterizing drug elimination is half-life, which is defined as the

amount of time required for half of the drug to be eliminated from the body. It can be

measured as the amount of time it takes for the plasma concentration of photosensitizer to

decline by 50%. Because the photosensitizer in peripheral compartment and the photosen-

sitizer in plasma compartment are at equilibrium, changes in concentration of the drug in

plasma represents changes of the total amount of photosensitizer in the body, regardless

of whether the drug is primarily located in the circulatory system or primarily sequestered

in the peripheral tissue. Therefore, a drop in plasma concentration of 50% means that the

total drug in the whole body has dropped by 50%.
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Chapter 4

Effects of Tumor Host-site on

Verteporfin Pharmacokinetics and PDT

Treatment

Chapter3 outlines the potential sources for photosensitizer intra-tumor and inter-individual

pharmacokinetic variability in parallel to four pharmacokinetic phases after drug adminis-

tration. Reviews of pharmacokinetic models, transport models and parameter characteris-

tics of these models are also presented. In this chapter, the focus is on the pharmacokinetics

of Verteporfin (BPD-MA) in a rat prostate tumor model called the Dunning MAT-LyLu. A

series of experimental comparisons are made using MAT-LyLu tumors inoculated at two

distinct sites: orthotopic and subcutaneous host-sites. The comparisons include:

62



4.1. Introduction 63

• Tumor microenvironment,i.e., tumor vasculature architecture, VEGF expression,

and tumor oxygenation;

• Verteporfin transport parameters,i.e., plasma pharmacokinetics, vascular permeabil-

ity, and interstitial diffusion coefficients;

• Tumor response to vascular and cellular-targeting PDT treatments.

This chapter provides an extreme case study of photosensitizer inter-individual phar-

macokinetic variability, since tumors at distinct host-sites have different transport parame-

ters,i.e., tumor vasculature network, vascular permeability, and interstitial diffusion coef-

ficients, leading to different photosensitizer pharmacokinetics, and thus behave differently

in response to PDT treatment.

4.1 Introduction

A growing number of studies suggest that PDT can be a promising treatment for prostate

cancer [21, 233]. Studies on the optical characteristics of human and animal prostate tis-

sue/cancer indicate that it is possible to provide an entire prostate treatment with optical

fibers [234–238]. The effectiveness in prostate tumor management has been shown in vari-

ous rat and mouse tumor models [21, 239–243]. However, most of these studies have been

conducted on prostate tumors induced at the subcutaneous (s.c.) site (ectopic) and only two

PDT studies on the orthotopic prostate tumor models have been reported [21, 240]. This is
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Comparison Key Conclusions Ref
Craniumv.s.dorsal skin Faster angiogenesis in cranial site [249]

Blood barrier formation only formed in cranial site [142]
Smaller vascular pore cutoff size in cranial site [154]
Lower vascular permeability in cranial site after VEGF administration [192]
Higher interstitial diffusion in cranial site attributable to less collagen [156]
Tumor host-site influences the endothelial differentiation [151]
Higher Flk1 and Flt1 mRNA expression, less fenestrated endothelium in cranial site [157]
Absence of host-site influence on angiogenesis, blood flow and permeability [245]

Cranialv.s.mammary fat pad Higher permeability but lower angiogenesis in fat pad site [155]
Liver v.s.subcutaneous Higher vascular permeability in liver site [250]
Liver v.s.dorsal skin Lower VEGF expression and angiogenesis, higher vascular permeability in liver [152]
Gallbladderv.s.subcutaneous Higher expression of endogenous anti-angiogenesis factor in orthotopic site [248]
Bladderv.s.subcutaneous Enhanced tumor outgrowth and invasiveness [251]
Pancreasv.s.abdominal wall High VEGF expression, angiogenesis and tumor growth in pancreas [158]
Prostatev.s.subcutaneous Increased metastasis after Laser-induced hyperthermia in orthotopic site [247]

Table 4.1: Role of tumor host microenvironment in pathophysiological and physical func-
tions of tumor. Summarized based on [155].

presumably because the subcutaneous tumor is easy to produce and convenient to study.

However, accumulating evidence shows that the tumor host micro-environment affects

tumor gene expression and has a significant effect upon tumor physiologic characteristics

such as growth pattern, vascularities, angiogenesis, and metastasis [155, 158, 244–246].

Furthermore, these changes in gene expression impact the interactions which ultimately

affect the macromolecule delivery pathways,i.e., macromolecule transvascular transport

[154, 192], and interstitial transport [156]. This inevitably affects the delivery of anti-

cancer drugs to the tumor, and thus affects the treatment efficacy [247, 248]. Evaluation of

cancer therapies in a non-physiologically relevant tumor models may hamper the transition

of experimental results to the clinical application, since tumors grown in different host-sites

might respond differently to the same treatment.

Table4.1 lists several publications that discuss the effects of tumor host-site for patho-

physiological and physical functions.
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In addition, since different tumor inoculation sites present distinct pathophysiological

features, and are characterized by different drug distribution pharmacokinetics, study of

photosensitizer pharmacokinetics at two different tumor inoculation sites will help us gain

knowledge of how different tumor microenvironment will affect those pharmacokinetic

parameters, and how it affects the PDT treatment.

The objectives of this study are:

1. Evaluate the effects of inoculation sites on tumor microenvironment,i.e. VEGF ex-

pression, tumor vascularities and tumor oxygenation.

2. Evaluate the influence of tumor inoculation sites on photosensitizer pharmacokinet-

ics, i.e., plasma pharmacokinetics, transvascular transport, and interstitial transport.

3. Determine the host-site effects on PDT treatment efficacy.

4.2 Materials and Methods

4.2.1 Photosensitizer

A lipid formulation of the photosensitizer benzoporphyrin derivative (BPD)[114], called

Verteporfin for Injection, was provided by QLT Inc. (Vancouver, BC, Canada), in powder

form, and was reconstituted in saline to 1.0 mg/ml. Rats received 1.0 mg/Kg of verteporfin

via tail vein, and were sacrificed 15 minutes or 3 hours after photosensitizer administration.
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The vascular marker DiOC7(3) (Molecular Probes, Eugene, OR) was used as a probe to

obtain information of tumor vasculature location and shape with fluorescence microscopy

from frozen sections. Injections were administrated i.v. 1 minute before sacrifice at a

concentration of 1 mg/Kg (dissolved in 75% dimethyl sulphoxide in phosphate buffered

saline)[114, 173, 252]. To prevent the further diffusion of DiOC7(3) and BPD, tumors were

isolated and put into liquid nitrogen and then further sliced to 10µm slides (near the center

of the tumor) for fluorescence microscopy studies.

4.2.2 Animals and Tumor Models

Male Copenhagen rats (6-8 weeks old), obtained from Charles River Laboratories (Wilm-

ington, MA), were used throughout the study. All animal procedures were carried out ac-

cording to protocols approved by the Dartmouth College Animal Care and Use Committee.

The R3327 MAT-LyLu Dunning prostate tumor is an androgen independent carcinoma,

syngeneic to the Copenhagen rats, and highly metastatic to both lung and lymph nodes

[253]. R3327 MAT-LyLu prostate cancer cells were cultured in RPMI-1640 with glutamine

(Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (HyClone, Logan,

UT) and 100 units/ml penicillin-streptomycin (Mediatech). The subcutaneous MAT-LyLu

tumors were induced by injecting approximately 1× 105 MAT-LyLu cells (suspended in

0.05 ml PBS) subcutaneous into the shaved rat flank. Tumor growth was documented reg-

ularly by external measurements with calipers. Tumors were used for the experiment at 9

66



4.2. Materials and Methods 67

to 12 days after inoculation, with a surface diameter of 7 to 9 mm and a thickness of 2 to

4 mm. The orthotopic MAT-LyLu rat prostate cancer model was reproduced as previously

described [240]. Briefly, animals were anesthetized with an injection (i.p.) of ketamine

(90 mg/Kg) and xylazine (9 mg/Kg). After anesthesia, a 2-cm longitudinal incision was

made on the lower abdomen just above the pubic bone, pulling the bladder aside to expose

the prostate. The tumors were induced by injecting 1× 105 MAT-LyLu cells (in 0.05 ml

PBS) into the prostate ventral lobe. The injection site was cleaned with 70% ethanol to

kill any possible residual tumor cells and the incision was closed aseptically. Tumors were

used for experiment at 7 to 8 days after implantation when reaching a size of 6 to 9 mm in

diameter. Both subcutaneous and orthotopic tumors had similar size (6-9 mm in diameter)

and observed no spontaneous necrosis at the time of PDT treatment.

4.2.3 Analysis of Tumor Host-site Effects on Tumor Microenviron-

ment

Analysis of Functional Tumor Vasculature

Tumor bearing animals were i.v. injected with a carbocyanine dye DiOC7(3)(Molecular

Probes, Eugene, OR), a marker of functional vasculature, at a dose of 1 mg/Kg, 1 minute

before sacrificing the animals. The tumor tissue was harvested, embedded in the TissueTek

medium and snap-frozen in liquid nitrogen-cooled isopentane. Cryosections with thickness

of 10µm were taken from the tumor and imaged with a Nikon Diaphot-TMD fluorescence
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microscope (excitation, 480/20 nm; emission, 540/40 nm) equipped with Qimaging Mi-

cropublisher Imaging System (Burnaby, BC, Canada), which includes a high resolution

CCD digital camera and the image acquisition software. To quantify the functional vessel

density and the average vessel size in the subcutaneous versus the orthotopic tumor, five to

seven microscopic fields under a 10X objective lens (with an area of 1 mm2) were randomly

taken from each section. Three sections were examined for each tumor and 10 animals were

included in each of the subcutaneous and orthotopic tumor groups, resulting in a large sam-

pling of the tumor vasculature patterns. The fluorescence images (682× 512 pixels, 1 pixel

= 1.69µm), captured with the same exposure conditions, were analyzed with NIH ImageJ

software with an automatic threshold setting to generate the functional vessel count and

average vessel size.

Measurement of Tumor Oxygenation

Tumor oxygen partial pressure (pO2) distribution was measured by using an Eppendorf

polarographic oxygen electrode (Eppendorf, Hamburg, Germany; [254]). Before and be-

tween measurements, the 300µm electrode probe was calibrated in physiologic saline by

flushing alternatively with air (100% oxygenated) and nitrogen (0% oxygenated). Tumor-

bearing animals were anesthetized with inhalation of 1.5% isoflurane mixed with air. For

the subcutaneous tumor, a small cut was made on the rat skin to facilitate the probe in-

sertion. An abdominal incision was made to expose the orthotopic tumors. The oxygen
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electrode was first inserted into the tumor. After the pO2 value became stable, the probe

was set to advance automatically through the tissue in a 0.7 mm increments, followed by

a 0.3 mm backward step before measurement. The probe track length was predetermined

by the tumor size and three diagonal tracks were made through each tumor. From the pO2

values obtained for each tumor, the median and mean pO2 values and the percentage of

readings<5 mmHg were calculated. The values of each group and the SD were obtained

based on the data of each tumor in the group. To show the pO2 distribution, a histogram

was generated by pooling all the values from animals in each group and displaying the

percentage of pO2 values in each pO2 range category.

VEGF-A ELISA Assay

Proteins were extracted from the orthotopic and subcutaneous MAT-LyLu tumors. Briefly,

frozen tumors were pulverized into powder in a tissue homogenizer and thawed in 1 ml/mg

lysis buffer containing protease inhibitors (1% NP40, 0.5% sodium deoxycholate, 0.1%

SDS, 10 mg/ml PMSF, 100 mmol/L sodium orthovanadate, and protease inhibitors cock-

tail). Extracts were incubated on ice for 30 minutes with vortexing every 5 minutes fol-

lowed by centrifuging at 10,000× g for 10 minutes at 4◦C. The supernatant was trans-

ferred and centrifuged again. Protein samples were stored at -80◦C until ELISA assay. A

rat VEGF Duo Set ELISA development system (R&D Systems, Minneapolis, MN2 ) was

used, according to the manufacturer’s instruction, to quantify rat VEGF levels in tumor
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extracts. Results were normalized to protein concentrations. Four tumors were included in

each group.

4.2.4 Analysis of Tumor Host-site Effects on Verteporfin Tumor Up-

take

Tissue distribution of verteporfin was studied by fluorescence microscopy at 15 minutes

and 3 hours following drug administration (i.v., 1 mg/Kg). To visualize the perfused blood

vessels, perfusion marker DiOC7(3) was injected (i.v.) at a dose of 1 mg/Kg, 1 minute

before excising the tumor tissue. Cryosections (10µm) were cut from the tumor and the

same microscopic fields (with an objective lens of 10X) were imaged for both verteporfin

(excitation, 425/40 nm; emission, 700/30 nm) and perfusion marker DiOC7(3) (excitation,

480/20 nm; emission, 540/40 nm) with a Nikon Diaphot-TMD fluorescence microscope.

To quantify verteporfin fluorescence intensity in the subcutaneous and orthotopic tumors,

five to seven microscopic fields (with an area of 1 mm2) were randomly taken from each

section. Three sections were examined for each tumor and 5 or 6 animals were included in

each group. The intensity of the fluorescence image (682× 512 pixels, 1 pixel= 1.69µm)

was measured with NIH ImageJ software. With the same exposure setting, background

images were also taken from control tumors, which were injected only with DiOC7(3). The

average intensity of these background images was subtracted from the values of verteporfin

fluorescence intensity.
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4.2.5 Analysis of Tumor Host-site Effects on Transport Parameters

Transvascular transport process

Macroscopic evaluation: Evans blue tissue uptake The permeability of tumor blood

vessels in the orthotopic and subcutaneous MAT-LyLu tumors was assessed by the Evans

blue extravasation assay [255]. Evans blue (10 mg/ml in PBS) was injected at a dose of

10 mg/Kg intravenously to the tumor-bearing animals. Tumors were excised at 15 minutes,

1, 3, and 24 hours after the administration. Before harvesting the tumor tissue, animals were

perfused with 50 ml physiologic saline to remove the Evans blue dye in the circulation.

Tumors were weighed, minced, and extracted with formamide (1 ml per 100 mg tumor

tissue) for 72 hours. The solutions were centrifuged and the absorbance of Evans blue

in the supernatant was measured at 620 nm by a spectrophotometer. The absorbance data

were all normalized to the highest value obtained to generate relative results for comparison

between tumors in different sites. At least three animals were included in each group.

Microscopic evaluation: verteporfin transvascular transport model Verteporfin per-

meability (P) was determined from BPD fluorescence images taken from tissues that were

removed at 15 minutes post verteporfin injection. Details about the permeability mathemat-

ical model will be discussed in Chapter5. In general, effective permeability coefficients of

BPD in MAT-LyLu tumors were calculated as:
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PdE f f = (1− Ht)
V
S

dIi/dt
Ip,0

(4.1)

whereHt is average hematocrit in tumor vessels,V andS are the total volume and surface

area of vessels within the tissue volume captured by the fluorescence microscope,dIi
dt is the

total fluorescence intensity change per unit time,Ip,0 is intravascular fluorescence intensity

at time of verteporfin injection. 5 to 7 microscopic fields (with an area of 1 mm2) were

randomly taken from each section. Three sections were examined for each tumor and 5

and 6 animals were included in the subcutaneous and orthotopic tumor groups.

Interstitial transport processes

The interstitial diffusion coefficient of verteporfin at two tumor inoculation sites was deter-

mined via a 2-dimensional finite element diffusion model based on the vascular geometry

obtained from fluorescence perfusion images. Details about the interstitial transport model

will be discussed in Chapter5. The effective diffusion coefficient D was calculated via

parameter estimation through fitting the data to predictions by the diffusion equation:

∂Ci

∂t
= ∇ · (D∇Ci) (4.2)

with Patlak boundary condition for solute flux at the boundary of vessel wall:
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− DS∇C = ~Js = PdE f f~S
(
Ci,Γ −Cp

)
(4.3)

wherePdE f f is the diffusive permeability coefficient, which is discussed as in the transvas-

cular transport section,~S = Sn̂ is the tumor vasculature surface area vector,Ci,Γ is the drug

concentration at the intravascular-extravascular compartment interfaces,Cp is the drug con-

centration in vascular compartment.

The same set of fluorescence images were analyzed for permeability and diffusion co-

efficient evaluation, which include 5 to 7 randomly selected 1× 1 mm2 microscopic fields

from each section, 3 sections from each animal and 5 or 6 animals from the subcutaneous

and orthotopic tumor groups.

4.2.6 Analysis of Tumor Host-site Effects on PDT Treatment

A diode laser system (Applied Optronics, Newport, CT) with 690 nm wavelength was used

throughout this study. The light was delivered through an optical fiber (140µm core diam-

eter) and irradiated the tumor surface over a 1 cm diameter beam spot using a fiber optic

collimator. The MAT-LyLu tumors in both sites were exposed to an incident fluence rate of

50 mW/cm2 for 1,000 seconds (50 J/cm2), as measured by a Thorlabs optical power meter

(Thorlabs, Inc., North Newton, NJ). Animals were anesthetized with an injection (i.p.) of

ketamine (90 mg/Kg) and xylazine (9 mg/Kg) and placed on a heating pad, maintained at

37◦C, throughout the treatments. For the orthotopic MAT-LyLu tumors, abdominal surgery
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was made to expose the tumor in the prostate for light treatment. To ensure the delivery

of the same light dose (50 J/cm2), skin over the subcutaneous MAT-LyLu tumor was surgi-

cally retracted during the light treatment and sutured after treatment. The same operation

was done on all control tumors. PDT-induced tumor necrosis was measured histologically

at 2 days after treatment [256]. Briefly, H&E stained tumor images were digitally recorded

using an Olympus BX50 microscope with an Olympus C3030 CCD camera. An objective

of 1.25X was used to cover the whole tumor section. The whole tumor area was outlined

on the computer screen using a freehand drawing tool and measured with NIH ImageJ soft-

ware. The tumor necrotic area was outlined and measured in a similar way. Tumor outlines

were confirmed by visual inspection of tissue slides under 10X or 40X magnification.

4.2.7 Statistical Analysis

The values of vessel density and average vessel size were transformed to a log scale for

correlation analysis and probability estimation, which was calculated by the number of oc-

currence over the total sample size. A standard unpaired t-test was used to compare the

statistical significance of vessel density, vessel size, and VEGF release between different

groups. Statistical analysis of vascular permeability and percentage of pO2 values was

completed by a nonparametric Wilcoxon test. Analysis of fluorescence intensity and per-

centage of tumor necrosis among different groups was done by nonparametric ANOVA test

(Kruskal-Wallis test). Statistical significance was accepted atp < 0.05.
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4.3 Results

4.3.1 Effect of Tumor Host-site on MAT-LyLu Tumor Growth and

Histology

The MAT-LyLu tumor growth in the prostatic and subcutaneous environment was com-

pared by implanting the same amount of (1× 105) cells in both sites. Tumors were excised

and weighed at 14 days after implantation. The average tumor weight was 2.84± 0.77 g (N

= 5) and 6.58± 1.86 g (N= 5) for the subcutaneous and orthotopic MAT-LyLu tumors, re-

spectively. H&E staining of tumor sections revealed that both subcutaneous and orthotopic

MAT-LyLu tumors were poorly differentiated adenocarcinomas (Figure4.1). The occur-

rence of several mitotic nuclei throughout the entire tumor sections indicated that the tumor

had a high growth rate. Infiltration of macrophage and lymphocytes were often observed,

especially in the orthotopic tumor. No significant difference in tumor cell morphology was

found between tumors in different sites.

4.3.2 Effect of Tumor Host-sites on MAT-LyLu Tumor Vasculature

Morphology

The functional vasculature of the MAT-LyLu tumors was stained by intravenously injecting

a fluorescent perfusion marker DiOC7(3) and the representative images are shown in Figure

4.8. The number of functional blood vessels and average vessel size in each fluorescence
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(a) (b)

Figure 4.1: H&E staining histology images of orthotopic (a) and subcutaneous tumors
(b)(40X). Tumor cells at two host-sites showed no significant different in cell morphology
and both sites are present with poorly differentiated adenocarcinoma. Note many mitotic
nuclei (white arrows) presented at both tumor host-sites, and the present of prostate glan-
dular tissue (?) in the orthotopic sites,Black arrows, some blood vessels.

microscopic field (10X, with an area of 1 mm2) was analyzed with NIH ImageJ using an

automatic threshold. As shown in Figure4.2, substantial heterogeneity in tumor vessel size

and density is observed in both orthotopic and subcutaneous MAT-LyLu tumors. A slight

but statistically significant inverse correlation between the vessel density and the average

vessel size was established in both cases. The correlation coefficient was - 0.20 and - 0.31

for the orthotopic and subcutaneous tumor, respectively. The averaged probability distrib-

utions of tumor vessel density and average vessel size in the orthotopic and subcutaneous

MAT-LyLu tumors, generated from a summation of 209 orthotopic and 191 subcutaneous

tumor images, are shown in Figure4.2(b). It was found that the orthotopic MAT-LyLu

tumors tended to have a higher vessel density but smaller vessel size than the subcutaneous

ones (p < 0.01). The orthotopic tumor had a mean of 85 functional vessels per mm2 and
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the mean vessel size was 443µm2, whereas the mean vessel density in the subcutaneous

tumor was 73 vessels/mm2 and the mean vessel size was 511µm2.

4.3.3 Effect of Tumor Host-site on Tumor VEGF level

VEGF protein levels in the orthotopic and subcutaneous MAT-LyLu tumors were deter-

mined by a rat VEGF ELISA kit. As shown in Figure4.3, average VEGF level in the

orthotopic tumors was more than twice that in the subcutaneous tumors.

4.3.4 Effect of Tumor Host-site on Tumor Oxygenation

Tumor oxygenation was assessed with Eppendorf measurements and the resulting his-

tograms of assembled data are shown in Figure4.4. The figure shows results from 198

points for the orthotopic and 365 points for the subcutaneous tumors. The averaged mean

pO2, median pO2, and the percentage of values<5 mmHg from all tumors in each group to-

gether with SD are summarized in Table4.2. Whereas the mean and median values are not

significantly different between the tumors at two different sites, the percentage<5 mmHg

(hypoxic values) is significantly different, with 11.8± 3.9 mmHg in the orthotopic and 30.1

± 29.5 mmHg in the subcutaneous case, suggesting fewer hypoxic areas in the orthotopic

tumor.
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(a)

(b)

Figure 4.2: (a), as a scatter plot showing an inverse correlation between vascular density
(vessels/mm2) and average vessel size (µm2) in both orthotopic and subcutaneous MAT-
LyLu tumors; (b) probability estimation of tumor vessel density and average vessel size
in the orthotopic (white) and subcutaneous (black) MAT-LyLu tumors. Functional tumor
vasculature was stained by injecting a perfusion marker DiOC7(3) (1 mg/kg, i.v.) to the
tumor-bearing animal. Tumor vessel density and vessel size data were generated by ana-
lyzing 209 orthotopic and 191 subcutaneous tumor images with NIH ImageJ
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Figure 4.3: Difference in tumor VEGF release between orthotopic and subcutaneous tu-
mors. Total tumor proteins were extracted from tumors in both sites and VEGF level was
quantified by ELISA assay. Four tumors were included in each group.

Figure 4.4: Difference in tumor oxygenation profiles between orthotopic and subcutaneous
tumors. Oxygen partial pressure was measured by Eppendorf polarographic oxygen elec-
trode. The histogram was generated by pooling all the measurements from tumors in sub-
cutaneous (n= 7) and orthotopic (n= 5) tumor groups.
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Number of pO2 Mean± Stdev pO2 Median± Stdev < 5mmHg
samples (mmHg) (mmHg) Percentage± Stdev

Orthotopic 198 (n= 5) 20.8± 4.6 20.8± 3.0 11.8± 3.9
Subcutaneous 365 (n=7) 19.8± 9.5 16.9± 11.6 30.1± 29.5?

Table 4.2: Difference in tumor oxygen partial pressure between orthotopic and subcuta-
neous tumors.

4.3.5 Effect of Tumor Host-sites on Macroscopic Permeability

Vascular permeability in the MAT-LyLu tumors implanted in orthotopic and subcutaneous

sites was assessed by Evans blue tumor uptake (Figure4.5). Uptake of Evans blue dye was

significantly higher in the orthotopic tumor than the subcutaneous one at 15 minutes after

injection (p < 0.01). No significant difference in tumor Evans blue level was found at 1

hour after administration (p > 0.05) and by 24 hours after injection, the same amount of

Evans blue dye was detected in the orthotopic and subcutaneous tumors.

4.3.6 Effect of Tumor Host-site on Microscopic Permeability

The mean effective permeability coefficient of both tumor host-sites are shown in Fig-

ure 4.6. The subcutaneous tumors exhibited a significantly lower effective permeabil-

ity coefficient as compared with orthotopic tumors (0.02565± 0.00425µm/s; 0.03858±

0.00661µm/s; p <0.005; Figure4.6).
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Figure 4.5: Difference in tumor vascular permeability to Evans Blue between orthotopic
and subcutaneous tumors. Tumors were excised at different time points after i.v. injection
of Evans Blue (10 mg/Kg in PBS). The uptake of Evans Blue was measured by spectropho-
tometry after tissue extraction with formamide. Each group includes 3 to 5 animals.

4.3.7 Effect of Tumor Host-sites on Interstitial Diffusion Coefficient

The average estimates of diffusion coefficients for both tumor implantation sites are shown

in Figure4.7. The subcutaneous tumors exhibited a significantly lower diffusion rate as

compared with orthotopic tumors (0.88± 0.12µm2/s; 1.59±0.20µm2/s; p =0.005; Figure

4.7).

4.3.8 Effect of Tumor Host Micro-environment on Verteporfin Uptake

To begin assessing the effectiveness of PDT with verteporfin in the orthotopic and subcu-

taneous MAT-LyLu tumors, the uptake of verteporfin was first quantified by fluorescence
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Figure 4.6: Averaged calculated effective diffusive permeability coefficients for subcuta-
neous (n=6) and orthotopic (n=5) tumors. Subcutaneous tumors showed a significantly
lower transvascular permeability compared to orthotopic tumors (0.02565± 0.00425µm/s;
0.03858± 0.00661µm/s; p <0.005).
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Figure 4.7: The average estimates of diffusion coefficients are shown for the subcutaneous
and orthotopic tumor models (n= 4 for each group). The diffusion coefficients of three
areas per tumor were determined via iterative inverse model fitting to the diffusion predic-
tion. The mean diffusion coefficient is significantly higher in the orthotopic tumors than
the subcutaneous tumors. Data are expressed as Mean± SE. p < 0.05 as compared with
subcutaneous tumors.
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microscopy. Representative fluorescence images of verteporfin and corresponding perfu-

sion marker DiOC7(3) images are shown in Figure4.8. The distribution of verteporfin in

the subcutaneous tumor at 15 minutes after administration was almost identical to the per-

fusion marker, indicating a typical intravascular localization [257]. However, verteporfin

distribution in the orthotopic tumor displayed a more diffused pattern compared with the

subcutaneous tumor. Verteporfin fluorescence was generally observed throughout the en-

tire tumor section in both orthotopic and subcutaneous tumors at 3 hours after injection.

Verteporfin fluorescence intensity was quantified by analyzing 75 to 100 microscopic im-

ages from 5 or 6 animals in each group and the results are shown in Figure4.9as a box-plot

to illustrate the variance(distribution heterogeneity), mean, and median values. Nonpara-

metric ANOVA test indicated that the fluorescence intensity from the orthotopic tumor

samples was significantly higher (p < 0.05) than from the subcutaneous tumor samples at

15 minutes after injection. However, no significant difference in verteporfin fluorescence

intensity was found at 3 hours after injection.

4.3.9 Tumor response to PDT

To assess the PDT treatment effect, tumor necrotic area was measured histopathologically

at 2 days after treatments, as described previously [256]. Five tumors were included in

each group. The untreated control group had no or minimal (< 5%) spontaneous necrosis.

Table4.3shows the percentage of tumor necrosis over the entire tumor tissue in each treat-
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.8: Fluorescence images of verteporfin in the orthotopic and subcutaneous MAT-
LyLu tumors at 15 minutes or 3 hours after verteporfin i.v. injection (1 mg/Kg). The
perfusion marker DiOC7(3) (1 mg/Kg, i.v.) was injected 1 minute before animal sacrifice to
visualize the functional blood vessels. The same microscopic field (objective lens of 10X)
was imaged for both DiOC7(3) (green) and verteporfin (red) by using different filter set.
Bar, 100µm.
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Figure 4.9: Effect of tumor host-sites on verteporfin uptake in MAT-LyLu tumors.
Verteporfin distribution in orthotopic and subcutaneous tumors was studied by fluorescence
microscopy at 15 min and 3 hours following administration (1 mg/Kg, i.v.). Verteporfin tu-
mor uptake was quantified by measuring fluorescence intensity using ImageJ. Each group
included 75 to 100 microscopic images randomly taken from frozen sections obtained from
5 to 6 tumors. The results are presented in a box-plot to illustrate the level and heterogene-
ity in drug distribution. In the box, 25 percentile data (lower boundary) to 75 percentile data
(higher boundary) is shown, while the dots show 5 percentile data to 95 percentile data. The
solid line is the median and the dashed line is the mean. Verteporfin levels in the ortho-
topic tumor at 15 minutes after injection (OR-MAT-LyLu-15 min) are significantly higher
than in the subcutaneous tumor (SC-MAT-LyLu-15 min). Fluorescence intensity increased
significantly from the 15 minute time point to the 3 hour timepoint, in both orthotopic and
subcutaneous tumors. There is no significant difference in fluorescence intensity between
the orthotopic (OR-MAT-LyLu-3 h) and subcutaneous (SC-MAT-LyLu-3 h) tumors at 3
hours after injection.
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ment group, with error bars showing the SD. The difference between groups treated with

15 minute drug-light interval PDT was not significant, 84.4± 0.99% necrosis in the subcu-

taneous tumor and 90.9± 10.1% in the orthotopic tumor. In the case of 3 hours drug-light

interval PDT, the percentage of tumor necrosis induced was 28.8± 8.7% and 64.0± 9.2%

for the subcutaneous and orthotopic tumors, respectively (p < 0.01).

Vascular-targeting PDT Cellular-targeting PDT
15-m drug-light interval 3-h drug-light interval

Orthotopic 90.9± 10.1 64.0± 9.2?

Subcutaneous 84.4± 0.99 28.8± 8.7

Table 4.3: Effect of tumor host environment on tumor necrotic area induced by verteporfin
PDTs.? indicatesp < 0.01, significant difference between two host-sites.

4.4 Discussion

As discussed in Chapter2 and3, we hypothesize that inter-individual variability in response

to PDT treatment is due to the intra-individual and inter-individual pharmacokinetic vari-

abilities, which we believe, are caused by heterogeneous transport processes during the

delivery of photosensitizer to the tumor. Before entering the study of inter-individual and

intra-individual pharmacokinetic variability, it is essential to test this hypothesis in two pop-

ulations that represent different physiological characteristics. In this study, we used a rat

prostate tumor model inoculated at two host-sits, subcutaneous and orthotopic. We have

investigated the tumor host-site effects on tumor microenvironment, transport processes,

photosensitizer pharmacokinetics, and response to cellular and vascular-targeting PDTs.
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Specifically, we are interested in looking for the answers to the questions: how do transport

parameters affect photosensitizer pharmacokinetics, and how do these pharmacokinetics

influence the PDT treatment at two tumor inoculation sites?

In addition to this, the report presented here systematically examines the validity of

using experimental tumor models to study PDT treatment. This issue becomes even more

important when considering that most current PDT studies are done on tumors grown in

the ectopic tumor environments (such as subcutaneous space) rather than in their native

orthotopic organ environment.

One striking difference between the orthotopic and subcutaneous MAT-LyLu tumor is

the growth potential. It was found that tumors in the prostate weighed more than twice than

tumors in the subcutaneous space at 14 days after implantation. This result, consistent with

the previous studies [247, 258], shows that the prostate environment is more favorable for

MAT-LyLu tumor growth. The increased tumor growth in the orthotopic environment is

likely related to its high vessel density, which can provide a good supply of nutrients and

oxygen to the tumor tissue. Since subcutaneous MAT-LyLu tumors have a lower vascular

density than the orthotopic ones, the intervascular space could be larger, which leads to re-

gions of low oxygenation due to limited oxygen diffusion distance [259]. As shown, tumor

oxygenation measured by the Eppendorf electrode confirmed that the subcutaneous MAT-

LyLu tumor had a higher fraction of hypoxic area (pO2 < 5 mmHg) than the orthotopic

tumor (Table4.2).
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The difference in vessel density between the subcutaneous and orthotopic MAT-LyLu

tumor can be partially explained by the difference in the VEGF level in the tumor tissue. To

maintain a sustained growth, tumors need to develop new vasculature to fulfill the require-

ments for oxygen and nutrients. This angiogenic process is often triggered by the release of

proangiogenic factors such as VEGF and basic fibroblast growth factor [159]. VEGF is the

most potent proangiogenic factor detected in various tumors [161]. We found in this study

that the VEGF level in the orthotopic MAT-LyLu tumor was about 2.5-fold greater than in

the subcutaneous tumor. This is in agreement with the higher vascular density (Figure4.2)

and vessel permeability (Figure4.5and4.6) observed in the orthotopic tumor vasculature,

suggesting a stronger angiogenic stimulus in the orthotopic environment [155, 260]. Higher

expression of other angiogenic factors has also been reported in some human prostate tu-

mor lines orthotopically implanted in the mouse prostate [244, 246, 261]. Thus, prostate

cancer cells grew in the orthotopic site displayed much higher growth potential than cells

in the ectopic (subcutaneous) host environment.

Effective delivery of photosensitizer depends on the transport barriers photosensitizer

molecules encountered during the transport processes. After verteporfin injection, verteporfin

molecules distribute in the systemic circulatory system, distribute in tumor vasculature,

transport across tumor vessel wall, and distribute through tumor interstitium (Chapter3).

At the tumor level, the vessel density, transvascular transport and interstitial transport are

the dominant factors for the effective drug delivery. From the tumor microenvironment
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study here, it was established that the orthotopic tumors present a significantly higher ves-

sel density (Figure4.2(b)), higher effective vascular permeability (Figure4.5and4.6) and

interstitial diffusion coefficient (Figure4.7). These transport parameters in orthotopic tu-

mors indicate a higher verteporfin transport rate in orthotopic tumor site, leading to a higher

verteporfin uptake in orthotopic tumors. Indeed, we have found a significantly higher

verteporfin uptake in orthotopic tumor tissues at 15 minutes after injection (Figure4.9).

However, surprisingly, we found there is no significant difference of verteporfin tumor

uptake at the 3 hour time point, comparing two tumor host-sites. This phenomena is ac-

companied with the fact that there are huge variation among individuals within orthotopic

and subcutaneous tumor groups. Thus the comparison between two tumor groups shows

no significant difference. Analysis of inter-individual and intra-individual verteporfin phar-

macokinetic variabilities and their relations to the transport parameters will be discussed in

Chapter5.

PDT-induced tumor necrosis was measured to compare the tumor response at different

sites. We attempted to isolate the direct tumor cellular effect and the secondary vascu-

lar effect by using the drug-light intervals at either 15 minutes or 3 hours. In previous

studies, we have shown that these two regimens can determine where the damage largely

occurs [257, 262]. It is interesting to find that the vascular targeting approach (15 minutes

drug-light interval) yielded similar tissue damage (near 85-90%) for both types of tumors

(Table4.3), although there was a significant difference in photosensitizer uptake and tumor
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hypoxic area. This result suggests that vascular targeting PDT is not sensitive to tumor

micro-environment issues related to photosensitizer and oxygen delivery since the vessels

may have an adequate supply of both. A recent study shows that vascular targeting PDT

can even circumvent the multi-drug resistance in cancer cells for an improved cancer ther-

apy [263]. Another explanation for this is that, in vascular targeting PDT, tissue damage is

introduced by the inflammation effects triggered by the damage to tumor endothelial cells.

This inflammatory effect might homogenize the PDT effect, and produce equally effective

treatment even though verteporfin tumor uptake levels are significant different at two tu-

mor sites. This homogenization effect is also found reduce the inter-individual variability

in response to PDT within each host-sit group. The coefficient of variation (standard de-

viation, mean ratio) in tumor necrotic area in vascular targeting PDT is lower compared

with cellular targeting PDT (11.1%v.s. 14.2% at orthotopic sites, and 1.2%v.s. 30.2% at

subcutaneous sites).

In contrast, the cellular targeting PDT treatment (3 hours drug-light interval) did show

strong dependence on tumor host-site. Significant difference in tissue damage was observed

in the subcutaneous versus the orthotopic tumors. Photosensitizer uptake apparently is not

a major cause for this difference since the drug level was found to be similar at the time

of PDT treatment. The difference in tumor response to the cellular targeting PDT is likely

due to different tumor vasculature and oxygenation status observed in the orthotopic and

subcutaneous tumor micro-environment. It has been shown that micro-regional differences
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in vascular density affect oxygen delivery, and that a larger intercapillary spacing pattern

can decrease PDT efficacy due to the limitation of oxygen delivery, thereby reducing the

amount of singlet oxygen produced in the tissue [264, 265]. Thus, lower vascular density

and higher hypoxic fractions observed in the subcutaneous MAT-LyLu tumors might be the

major reason for limited tumor response. Detailed discussion about the intra-individual and

inter-individual verteporfin pharmacokinetic variabilities and their effects on vascular and

cellular targeting PDT treatment will be presented in Chapter7.

4.5 Conclusions

In summary, it was shown that the R3327-MAT-LyLu tumors, grown orthotopically in the

prostate and subcutaneous, display difference in tumor vasculature, oxygenation and the

level of VEGF expression. Orthotopic tumors exhibit 16.4% higher vessel density, 13.3%

smaller vessel size, 60.8% more hypoxia fraction and one fold higher VEGF expression

level compared to subcutaneous tumors. The difference in tumor pathophysiologic proper-

ties induced by tumor host environment affects photosensitizer transport parameters, pho-

tosensitizer uptake and response to PDT. Microscopic transvascular permeability of or-

thotopic tumors shows 50% higher than subcutaneous, whereas, the interstitial diffusion

coefficient of orthotopic tumors is 80% higher compared with subcutaneous tumors. 66%

higher BPD tumor uptake was found in orthotopic tumors 15 minutes after verteporfin i.v.

administration. Cellular targeting PDT (long drug-light interval) was found sensitive to
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tumor host microenvironment (orthotopic tumors exhibit one fold larger necrotic area than

subcutaneous tumors), whereas the vascular targeting PDT (short drug-light interval) was

insensitive to such variation.
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Chapter 5

Correlation between Verteporfin

Transport Parameters and Verteporfin

Pharmacokinetics

The transport parameters have been characterized at two tumor inoculation sites, relative to

their effects on verteporfin tumor uptake and tumor responses to PDT. We concluded that

orthotopic tumors have a higher vessel density, higher vascular permeability, and higher

interstitial diffusion rate, which one of these parameters determines the verteporfin tumor

uptake levels remains unknown. In addition, a large inter-individual and intra-individual

variability exists in the verteporfin concentration. In Chapter3, we have discussed the the-

ory of drug delivery to tumors, and proposed a hypothesis that intra-tumor and inter-tumor
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variabilities of transport parameters,e.g, transvascular permeability, interstitial diffusion

rate, all contribute to cause the variation observed in verteporfin uptake. In this chapter,

these microscopic transport processes are discussed, and are found to be the most domi-

nant factors for verteporfin distribution in tumor.

5.1 Introduction

The transport of drugs in tissue has been an extensive area of study, yet tools to accurately

interpret these processes have largely been limited in accuracy by the use of simplistic

geometries and because of problems associated with variation in transport between tumor

types. We have developed transvascular transport models and interstitial transport mod-

els to simulate photosensitizer transport processes in complex geometries, as defined by

histology images. These parameters were examined as to how they affect the photosensi-

tizer intra-tumor distribution at two tumor inoculation sites, namely the subcutaneous and

orthotopic locations.

As discussed in Chapter1, in photodynamic therapy, the photosensitizer transport issue

is especially problematic as the treatment efficacy is a non-linear function of the amount of

photosensitizer present combined with the total light irradiation dose and the oxygenation

of the tissue. In recent years, the dosimetry issues with photodynamic therapy have shown

that there are complex temporal and spatial heterogeneity issues related to the oxygen sup-

ply, the photosensitizer supply and the photobleaching of photosensitizer. One important
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aspect of understanding the treatment efficacy is to have a clear understanding and mod-

eling of the photosensitizer transport processes inside the tumor, namely, the distribution

in the tumor vasculature, transvascular transport, interstitial transport and elimination from

tumor vascular/lymphatic networks.

The vasculature in solid tumors have high spatial heterogeneity and this results in ob-

servable changes in photosensitizer transport. Tumor vessels have irregular structure, di-

ameters and branching patterns [165, 167, 168, 266], as well as thin walls, and incomplete

basement membrane and abnormal pericytes [169, 267–269]. These anatomic abnormal-

ities are likely the origin of the unusual leakiness, intermittent blood flow, low pressure,

spontaneous hemorrhage and stasis which are all observed in local regions of the tumor

[141, 171–173, 252, 270, 271]. These abnormalities influence the delivery of therapeutic

molecules to the interior of solid tumors, and in turn, affects treatment efficacy. As exper-

imental models for tumors have been established, it has become clear that many factors

influence the transport process of drugs in solid tumors, to the point where tumors that are

simply grown in different locations can have dramatically different vascular characteristics

[156, 251, 272], and different responses to a given therapy [273, 274].

Photodynamic therapy involves treating the solid malignancies with tissue penetrating

light following the systematic administration of certain photosensitizers that can be local-

ized somewhat preferentially in neoplastic tissues. These photosensitizers are activated by

the appropriate wavelength of light, and subsequently produce reactive oxygen species such
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as singlet oxygen (1O2) to induced cellular toxicity [90, 275]. The photosensitizer distribu-

tion is one of the key factors that influences the treatment efficacy of photodynamic therapy.

Our previous studies indicated the dynamic distribution of BPD in the RIF-1 tumor model

[257], observing that the distribution is dominated by the vascular localization initially, and

that this is gradually transported out into the tissue to a relatively homogeneous distribution

within the time scale of 3 hours after intravenous administration. While this observation

was shown in drug concentration, it also dominated the treatment effect, in that the vascular

damage was dominant in tumor destruction at short drug-light intervals, while the cellular

death mechanism was more dominant with 3 hour drug-light time intervals. Thus, develop-

ing a complete model-based understanding of photosensitizer transport processes inside the

tumor will provide useful insight into how to maximize treatment efficacy with this type of

therapy. In addition, there have been numerous reports illustrating inter-individual variabil-

ity in response to PDT treatment. This inter-individual variability is thought to be caused

by photosensitizer pharmacokinetic variability between the individuals. From observa-

tions in this work in orthoptic and subcutaneous tumors, a hypothesis was developed that

inter-individual pharmacokinetic variability is caused by heterogenous transport processes

between individuals. If this is true, mathematical modeling of photosensitizer transport

inside the tumor can facilitate a better understanding of the dominant transport factors that

affect this distribution and possibly elucidate the origins of inter-individual variability.

Entering into this study, it is important to clearly acknowledge that developing a com-
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plete mathematical description of the transport process is likely not possible due to the

overwhelming heterogeneity of the tumor and the mixture of causes of these transport

processes. However, approaching the problem from a heuristic perspective, we observe

verteporfin that enters the tumor vasculature reaches the cancer cells and interstitial space

via transport processes due to the concentration gradient present. Provided that the intersti-

tial fluid pressure inside the solid tumor is significantly higher than the normal tissue, then

convection due the fluid exchange can be ignored (Chapter3). There are many other factors

influencing the transport such as convection, leakage, pressure changes, but if the dominant

process is thought to be diffusion then we can approach the transvascular transport and in-

terstitial transport as a diffusion problem. Indeed, most transvascular transport and intersti-

tial transport analysis has been performed based on diffusion theory, where the exchange

flux of molecules are proportional to the molecular concentration gradients(Chapter3).

This chapter presents a lumped transvascular transport model and a distributed 2-dimensional

heterogeneous diffusion model of BPD transport inside the tumor. A carbocyanine fluo-

rescence vessel marker DiOC7(3) was used to obtain unambiguous information about the

geometry of the perfused tumor vasculature. The permeability coefficient was solved us-

ing an intravascular-extravascular compartment model. The interstitial diffusion transport

equation was solved using the finite element method with a simplified Patlak boundary

condition for solute flux on the intravascular-extravascular boundary. Once the forward

solver was implemented, an inverse problem solver was built comparing pixel values in the
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simulation to the intensities observed in the experimentally obtained fluorescence images

of the tumor. The molecular diffusion coefficient was iteratively updated after each forward

calculation until the optimal interstitial diffusion parameter was found. While the processes

are not completely diffusive, we can still define an ’effective’ permeability coefficient and

an ’effective’ interstitial diffusion coefficient and examine how these parameters are altered

intra-individually and inter-individually, and how these transport parameters affect the pho-

tosensitizer tumor uptake.

5.2 Materials and Methods

5.2.1 Photosensitizer

Verteporfin (lipid-formulated benzoporphyrin derivative monoacid ring A) was obtained

from QLT, Inc. (Vancouver, Canada). A stock saline solution of verteporfin was reconsti-

tuted according to the manufacturer’s instructions and stored at 4◦C in the dark. It was

injected intravenously to the animals at the dose of 0.25 mg/Kg at 15 minutes or 1.0 mg/Kg

at 3 hours before light irradiation.

5.2.2 Animals and Tumor Models

Male Copenhagen rats with average 120 g-150 g body weight (Charles River Laboratories,

Wilmington, MA) were used for this study. All animals were housed in the animal facility

99



5.2. Materials and Methods 100

with 12-h light/dark cycles, having temperature control and free access to water and stan-

dard laboratory diet. All procedures and experiments were approved by the Animal Care

and Use Committee of Dartmouth College. For all procedures, the rats were anesthetized

with an intra-muscular injection of a mixture of Ketamine and Xylazine (90:9 ratio). The

rat abdomen area and hind flanks were shaved and cleaned with Betadine solution. In some

animals, a subcutaneous tumor was introduced by injection of 1× 105 cells of the R3327

MAT-LyLu (Metastatic AT-Lymph Node and Lung) [253] Dunning rat prostate tumor on

the right flank in a volume of 50µl. In some animals, a lower laparotomy was performed

during the orthotopic tumor injection; the bladder was pulled aside in order to expose the

prostate. In these animals, an orthotopic tumor was induced by injecting 1× 105 cells of

the same tumor line in 50µl PBS into the prostate ventral lobe. The injection site was

cleaned by 70% ethanol to kill any possible leaky cancer cells and the incision was closed

aseptically. Animals were followed daily to track the tumor growth, and it was observed

that reasonably sized tumors were observed after seven days post implantation.

5.2.3 Verteporfin Plasma Pharmacokinetics

Verteporfin plasma concentrations were measured in eight Copenhagen rats for 8 hours.

The animals were anesthetized and lipid formulated BPD was injected at 1.0 mg/Kg as

described above. 200µl blood were drawn from the Jugular vein of each animal. The

plasma was separated from the blood by centrifugation at 8000 rpm at 4◦C. The plasma was
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diluted by a factor of 10 in 1% SDS in PBS and placed in a 2.5 ml cuvette. The fluorescence

spectrum was recorded by FluoroMax-2 (Jobin Yvon Inc., Edison, NJ) excited at 430 nm.

The peak fluorescence intensities at 690 nm were converted to g/ml using the fluorescence

intensity-BPD concentration calibration curve obtained by the fluorospectrometer.

5.2.4 Microscopy and Image Analysis

Fluorescence microscopy was completed with a Nikon Diaphot-TMD microscope using

a 100 Watt Mercury Lamp and Q-imaging Micropublisher CCD Camera (Burnaby, BC,

Canada). The system used a 10 X objective magnification to carry out the photogra-

phy of the fluorescence images, resulting in 682×512 pixels2 or 1150×863 µm2 images.

A narrow excitation band (470-490 nm) fluorescein cube (DM510, B1E; Nikon, Gar-

den City, NY) with 520-560 nm emission filter and a 405-445 nm excitation with 685-

715 nm emission filter (560DCXR, C36848, Chroma Technology Corp., VT) were used

for DiOC7(3) and BPD fluorescence images respectively. In order to analyze images of

fluorescence from BPD as a function of distance from the capillaries, a custom MATLab

(MathWorks, Inc.) program was developed to read in the DiOC7(3) image along with the

co-localized BPD image, and track out spatially from the edge of each vessel and calculate

the fluorescence per pixel as a function of distance from the vessel wall. This program

is described briefly in our previous work [257] and is available as an online calculator at

(http://biolight.thayer.dartmouth.edu). This procedure allows reasonably good
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estimation of the intravascular drug profile as a function of distance from a single or a few

sets of fluorescence images.

5.2.5 Verteporfin Transvascular Transport

In this study, we have derived several approximate relations to calculate the average effec-

tive diffusive permeability coefficient (Pd) based on the fluorescence images taken at 15

minutes after verteporfin i.v. injection. The average effective permeability coefficient (Pd)

is defined as the ratio of extravasating flux (Js) of the photosensitizer to its transvascular

photosensitizer concentration gradient (4C = Cv − Ci,0) per unit vessel wall surface area

[186, 187]:

Pd =
Js

S
(
Cv −Ci,0

) (5.1)

Assuming that at time zero, photosensitizer concentration in the interstitial space is

negligible, Equation5.1can be approximated as:

Pd =
Js

S (Cv)
(5.2)

Rate of interstitial accumulation of photosensitizer molecules is:dNi (t)
dt .

For a large tissue region which include many blood vessels, the fluxJs should be ap-

proximately equal to the rate at which photosensitizers accumulate in this region, provided
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that lymphatic removal of photosensitizer molecules is negligible [186, 187]. Thus,

Pd =

dNi (t)
dt

S (Cv)
(5.3)

Since no variation is likely to exist in the photosensitizer concentration in plasma among

vessels included in tissue region, then, the number of photosensitizer molecules in vascular

compartment can be approximated as:

Nv (t) =
∑

j

(
CvVv, j

(
1− HT, j

))
= CvVv (1− HT) (5.4)

whereVv, j andHT, j are the vascular volume and hematocrit of vesselj, respectively, and

HT is the mean hematocrit weighted with the vascular volume:HT =
∑ (Vv, j HT, j)∑

Vv, j
.

Photosensitizer plasma concentration and interstitial concentration can be approximated

as [186, 187]:

Cv =
Nv (t)

Vv (1− HT)
(5.5)

Ci =
Ni (t)

Vi
(5.6)

Substituting Equation5.5 and5.6 to Equation5.4, and assuming linearity exists be-

tween the number of photosensitizer molecules (N(t)) and the average fluorescence in-
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tensity, (I (t)), for both vascular and interstitial compartments, then the average effective

diffusive permeability can be expressed as [186, 187]:

Pd =
Vv (1− HT)

S

dIi
dt

Iv,0
(5.7)

whereI i is the total fluorescence intensity in interstitium andIv,0 is the total fluorescence in-

tensity in the intravascular compartment at time of photosensitizer i.v. injection, which can

be approximated asCv(t = 0) = Cv(t = 15m) × Cp(t=0)
Cp(t=15m) , assuming the drug concentration

in the tumor vasculature has the same concentration temporal dynamic profile as systemic

circulation.

5.2.6 Verteporfin Interstitial Transport

The theory of blood-born molecule transportation in interstitium was well-established since

Krogh’s cylinder model [276, 277], which showed the analytical prediction of oxygen de-

livery through the capillary. Many physiological and pathological experiments as well as

mathematical modeling of molecular transport have been completed [277], including the

small molecules (oxygen, some therapeutic drugs) and larger macromolecules [193, 194,

203, 204]. The transport of macromolecules in tumor interstitium could be simplified as a

diffusion process, which is governed by the following diffusion equation:
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∂Ci(x, y; t)
∂t

= ∇ · (D∇Ci(x, y; t)) (5.8)

with Patlak boundary condition for solute flux on the boundary between intravascular and

extravascular compartment:

(−DS∇C)Γ = ~Js = P~S
(
Ci,Γ −Cv

)
(5.9)

whereCi(x, y; t) is the photosensitizer concentration at position (x, y); D is the diffusion

coefficient for photosensitizer in the tumor;P is the diffusive permeability coefficient, as

discussed in the transvascular transport section;~S = Sn̂ is the tumor vasculature surface

area vector;Ci,Γ is drug concentration at the intravascular-extravascular compartment inter-

faces,Cv is drug concentration in vascular compartment.

For simplicity, the diffusion coefficient is assumed to be spatially-independent and time-

independent, which may not be true for the heterogeneous tumor micro-environment. In

addition, there may be multiple components of the photosensitizer such as albumin-bound,

free, and lipid bound components, however for simplicity these are all grouped together

here. The implications and limitations of this will be reviewed in the Discussion section.
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Finite Element Numerical Implementation

Equation5.8 was solved using a standard finite element method in a two dimensional do-

main using linear triangular elements [278], which assume the photosensitizer concentra-

tion at each point at timet, C̃(e)(x, y; a) (finite element approximation), can be interpolated

as a linear combination of concentration at its three element nodes, as shown here,

C̃(e)(x, y; a) =
3∑

j=1

ajΦ
(e)
j (x, y) (5.10)

whereaj is the concentration value at element node, andΦ(e)
j (x, y) is the basis function

used in finite element computations. Following the Galerkin Weighted-Residuals Method

[278], Equation5.8was converted to a discretized linear system by integrating the equation

multiplied by the basis functionsΦ(e)(x, y). The diffusion equation can then be written in

the matrix equation form as follows:


M(e)

11 M(e)
12 M(e)

13

M(e)
21 M(e)

22 M(e)
23

M(e)
31 M(e)

32 M(e)
33





∂a1/∂t

∂a2/∂t

∂a3/∂t


+


K(e)

12 K(e)
12 K(e)

13

K(e)
22 K(e)

22 K(e)
23

K(e)
31 K(e)

32 K(e)
33





a1

a2

a3


=



F(e)
1

F(e)
2

F(e)
3


(5.11)
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where

M(e)
i j =

"
Φ

(e)
i Φ

(e)
j dxdy (5.12)

K(e)
i j = D

"
∂Φ(e)

i

∂x

∂Φ(e)
j

∂x
dxdy+ D

"
∂Φ(e)

i

∂y

∂Φ(e)
j

∂y
dxdy (5.13)

F(e)
i j =

∮
τ̃(e)
−nΦ

(e)
i

ds (5.14)

∮
τ̃(e)
−nΦ

(e)
i

ds is the boundary flux integral, related to the Patlak boundary condition (Equa-

tion 5.9). Following the Crank-Nicolson-Galerkin scheme [279] to insure the stability and

second order accuracy in both temporal and spatial domain, the diffusion equation govern-

ing the whole domain becomes the following assembled matrix equation:

{[M] +
∆t
2

[K]}{a(tn+1)} = {[M] −
∆t
2

[K]}{a(tn)} + {F(tn)} (5.15)

In this study, the DiOC7(3) fluorescence images were loaded into MATLab, converted

to black-white images and partitioned to intravascular and extravascular compartment. A

finite element mesh was then created in MATLab PDE Toolbox contained 8,000∼ 10,000

nodal points for the 1,150×863µm images, as shown in Figure5.1.

In MATLab, three arrays contain all the geometry and vasculature structure information

of the fluorescence image, in the node, element and boundary element arrays, which are

used to create files for computation on. The repetitive solution of Equation5.11formally

requires the computation, storage and multiplication of
{
[M] + ∆t

2 [K]
}−1

. If approached di-
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(a) (b)

Figure 5.1: An example finite element mesh for tumor interstitium is shown here. The
blank areas are the functional capillaries and the light areas are the tumor parenchyma. In
this mesh, 16,838 triangle elements were used with 8,536 nodes. (b) shows a magnified
interstitial region around a vessel.

rectly, this would require full matrix storage (N2 for a mesh of N nodes) and excessive run-

time (N3 operations). Thus, it was essential to take advantage of banded matrix storage and

computation techniques. The program was written in Fortran, and the subroutine library

LAPACK (Linear Algebra PACKage,http://www.netlib.org/lapack/) was used for

solving the linear inversion problems. In this study, the Mode 3 banded matrix storage

method and SGEMM (Single precision GEneral Matrix Multiplication), SGBSV (Single

precision General Band Simple driVer) subroutines were used for storage, multiplication,

and matrix equation calculation respectively. To use these storage mode and subroutines

efficiently, small half-bandwidth is required. However, the mesh generated by the MATLab

PDE (Partial Differential Equation) toolbox usually contained a very large bandwidth due

to node numbering scheme that was not optimized for banded matrices. Thus, to solve this
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problem, the node, element and boundary element files were further modified by a cus-

tom Collins-type bandwidth reduction program [280]. New node, element and boundary

element files were created, and used for the matrix calculation. The bandwidth reduced

files decreased the half-bandwidth of original node numbering scheme from 8,000 to 115

nodes, thereby minimizing the storage and computational resources needed to solve the

matrix inversion to solve Equation5.11.

Diffusion Coefficient Estimation

An inverse model developed was used for the calculation of diffusion coefficient of the

photosensitizer, based on the photosensitizer fluorescence images (assumed to be the mea-

surement data am). A set of diffusion coefficients ranging fromD0 = 0.1 µm2/s to D1

= 10.0µm2/s with an interval∆D = 0.1 µm2/s (D0, D1 obtained from experimental data

[156]) were used for the forward model to calculate the photosensitizer distribution at cer-

tain time point,t (15 minutes in this study). The Root Mean Square (RMS) error between

the forward simulation result with diffusion coefficient D, and photosensitizer fluorescence

images was calculated according to the following formula:

RMS(D) =

√√√√√nnode∑
i=1

(am(i) − ac(i))2

nnode
(5.16)
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wheream(i) is the photosensitizer concentration measurement at node i,ac(i) is the calcu-

lated photosensitizer concentration at node i, nnode is total number of nodes in the area of

interests. The objective of the inverse model was to find the unique optimal diffusion co-

efficientD, which would minimize the RMS error. A total number of twelve fluorescence

image sets (three fluorescence images from each animal and four animals from each group)

was used as measurement data and an average effective diffusion coefficient of BPD for

subcutaneous and orthotopic tumors were obtained.

5.3 Results

5.3.1 Verteporfin Plasma Pharmacokinetics

The BPD plasma concentration at different time points after BPD injection were acquired

from 8 animals. Samples of the blood were extracted and the BPD concentrations were

quantified using a cuvette-based spectrofluorometer. Each set of BPD plasma pharmacoki-

netic data, one per animal, was normalized to the mean BPD plasma concentration at time

of injection. These normalized data were then fitted to a two-compartment model, the four

empirical parameters (A, B, τ 1
2α

, andτ 1
2β

) were estimated. Each animal set of four empirical

parameters was listed in Table5.1. The final global fitted double-exponential decay model

can be expressed as:
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C(t) = 0.82e−6.04t + 0.18e−0.12t (5.17)

wheret is the time after BPD administration (in hours) andC(t) is the normalized BPD

concentration. The experiment data and fitted curve are shown in Figure5.2. Thus the

two metabolic lifetimes are then 9.6 minutes for the first rapid decay, and 8.3 hours for the

secondary slower decrease.

Animal Age Body Weight A B τ 1
2α

τ 1
2β

ID (Weeks) (g) (A.U.) (A.U.) (mins) (hrs)
1 6 195 0.59 0.20 7.92 4.22
2 5 185 0.66 0.16 9.56 6.32
3 5 155 0.86 0.18 7.13 5.27
4 5 180 0.99 0.20 5.72 5.59
5 6 160 0.95 0.16 8.76 6.88
6 7 155 1.11 0.18 5.67 6.82
7 5 165 0.78 0.20 4.11 4.53
8 5 185 0.82 0.17 8.17 8.80

Table 5.1: Two-compartment model parameter estimations for individual animals. Each
pharmacokinetic data set was fitted toC(t) = Ae−αt + Be−βt, elimination half-livesτ 1

2α
=

ln2/α andτ 1
2β
= ln2/β.

In Figure5.2, the final global fitted model is represented by a red thick curve, and the

raw data are represented by the black thin curves.

5.3.2 BPD localization changes over time

Co-staining with DiOC7(3) showed that at the 15 minute time point after VFI injection,

most verteporfin molecules were localized proximal to DiOC7(3) positive structures. This
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Figure 5.2: The normalized BPD plasma concentration is shown as quantified from samples
taken from eight rats. The mean data was fitted to bi-phase exponential decay model, with
the result shown by the red thick line. The connected points are normalized raw data from
the measurements at each point for individual animals.
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indicated that BPD was confined to the functional vascular compartment in these early

time points, and not much molecules extravasate into tumor interstitium (see Figure5.3(a),

5.3(b), 5.3(c), 5.3(d)). The photographs in Figure5.3 illustrate the BPD fluorescence im-

age of orthotopic tumor and its corresponding DiOC7(3) vasculature image from the same

animal in co-localized measurements of the same section. BPD fluorescence was found

not only confined within the tumor vasculature, but also leaked out from the tumor capil-

laries compared with the subcutaneous tumor, at the 15 minute time point after injection

(Figure5.3(a), 5.3(b), 5.3(c), 5.3(d)). It was assumed that the BPD concentration inside

the tumor capillaries were at the same level in both the subcutaneous tumor and orthotopic

tumor, since the tumors were both grown in the same animal. Figure5.3(e), 5.3(f), 5.3(g),

5.3(h)shows the BPD distribution in subcutaneous and orthotopic tumors at 3 hours after

i.v. injection along with their corresponding co-localized DiOC7(3) fluorescence images.

BPD molecular fluorescence was found distributed nearly homogeneously in the tumor

parenchyma in both subcutaneous and orthotopic tumors.

5.3.3 BPD fluorescence intravascular and extravascular distribution

Using co-stained DiOC7(3) fluorescence images, BPD fluorescence images can be parti-

tioned to two compartments: DiOC7(3) positive region indicating a vascular space, and

DiOC7(3) negative region representing the tumor extravascular space. Figure5.4(a)through

Figure5.4(d)illustrate the DiOC7(3), BPD fluorescence images, as well as the partitioned
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.3: Fluorescence images of the subcutaneous tumor ((a) & (b), (e) & (f) and ortho-
topic tumor (c) & (d), (g) & (h) are shown. The DiOC7(3) (green) images in (a) & (c) show
the locations of the perfused vasculature, and the BPD fluorescence (red) images in (b) &
(d) show a snapshot in time of the drug as it diffuses out of the vasculature at 15 minutes
after i.v. injection. Similar to (a) & (c), DiOC7(3) (green) images in (e) & (g) show the
locations of the perfused vasculature, and the BPD fluorescence (red) images in (f) & (h)
show the drug fluorescence 3 hours after i.v. injection, after it has clearly diffused out of
the vasculature.
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BPD fluorescence images showing BPD fluorescence in intravascular and extravascular

compartments.

(a) (b)

(c) (d)

Figure 5.4: Intravascular and extravascular compartment segmentation. (a) tumor vascu-
lature geometry illustrated in a color-labeled image; (b) corresponding BPD fluorescence
image; (c) segmented intravascular BPD fluorescence image; (d) segmented extravascular
BPD fluorescence image.

The mean fluorescence intensity in intravascular and extravascular spaces were evalu-

ated using a customized MATLab program. Figure5.5(a)shows the distribution of mea-

sured intravascular BPD fluorescence intensity of 90 sampling sites from 5 subcutaneous

tumor bearing animals and extravascular BPD fluorescence intensity from the same animals
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comparing with Figure5.5(b)showing the intravascular and extravascular fluorescence in-

tensities from orthotopic tumor bearing animals (108 sampling sites, 5 animals).

(a) (b)

Figure 5.5: Histogram of BPD fluorescence intensity in intravascular and extravascular
spaces from subcutaneous tumors (a) and orthotopic tumors (b). The histograms were gen-
erated by analyzing 90 fluorescence images from 5 subcutaneous tumors and 108 images
from 5 orthotopic tumors.

In Figure5.7, the calculated profiles of BPD fluorescence intensity (after background

subtraction) are shown as a function of distance from tumor capillary wall, for both sub-

cutaneous and orthotopic tumors in the short (15 minutes) and long (3 hours) time points.

These profiles were calculated by the automated program that uses the vessel locations and

tracks outwards from each vessel to calculate the average fluorescence per pixel as a func-

tion of the distance from the vessel wall, as described in the microscopy methods section.

Overall, it can be observed from Figure5.7, that the concentration of photosensitizer in the

orthotopic tumor is higher than in the subcutaneous tumor at all distances from the vessel

wall. In addition, BPD radial concentration profile exhibits a steeper gradient as compared
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(a) (b)

Figure 5.6: The average BPD fluorescence intensity is shown as a function of distance
from capillaries. BPD fluorescence images along with their corresponding DiOC7(3) fluo-
rescence images were used and the averaged pixel intensity in tumor parenchyma at each
distance away from a capillary was calculated. The graph in (a) is the analysis of subcu-
taneous and orthotopic tumors 15 minutes after BPD i.v. administration. The graph in (b)
shows the 3 hour groups of BPD distributions.

with orthotopic tumors. The time course of this interstitium diffusion process is difficult

to observe from these static pictures of drug distribution, but simulations allow a visual

presentation of the transport process. From this figure, a higher transvascular permeability

coefficient and a higher interstitial diffusion coefficient are implicated in the orthotopic tu-

mor model as compared to the subcutaneous model, as the amount of drug appears higher

outside the vessels and the diffusion gradient is less steep in orthotopic tumors.

Interstitial BPD fluorescence intensity radial distribution is evaluated from different

sampling sites of the same tumor and is presented in Figure5.7(a)for a subcutaneous tumor

(sampling sites) and Figure5.7(b)for an orthotopic tumor (sampling sites) at 15 mins after

verteporfin i.v. injection. The gradients of BPD intensity function varied considerably in

117



5.3. Results 118

both subcutaneous and orthotopic tumors, indicating that there exist variation in effective

interstitial diffusion coefficients in both tumor types.

(a) (b)

Figure 5.7: BPD fluorescence radial distributions at different sampling sites for a subcuta-
neous (a) (17 sampling sites) and an orthotopic tumor (b)(17 sampling sites).

5.3.4 Microscopic Permeability

The mean fluorescence intensity from intravascular and extravascular regions were used

to calculate the average effective diffusive permeability coefficient of subcutaneous and

orthotopic tumors.

The effective diffusive permeability coefficients were found to vary considerably among

different locations of the tumor in both subcutaneous and orthotopic tumors. Figure5.8

illustrates the overall intra-tumor variation of effective permeability of subcutaneous (7

animals, 102 sampling sites) and orthotopic tumors (5 animals with 103 sampling sites).
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Figure 5.8: Distribution of diffusive permeability coefficients evaluated from 1× 1 mm2

fluorescence images. The histograms were generated by analyzing 102 fluorescence images
in 7 subcutaneous tumors and 103 fluorescence images in 5 orthotopic tumors.
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5.3.5 Interstitial Diffusion

Forward simulation of photosensitizer diffusion

Figure5.9(c)shows the BPD concentration profiles in an orthotopic tumor slice following

i.v. injection, Figure5.9(a)shows the accompanying vascular marker image and Figure

5.9(b) shows the geometry of thresholded vasculature. The remaining images in Figure

5.9(d) through Figure5.9(h)show simulations of the diffusion process, at different times

after the projected injection time. The diffusion coefficient used in this simulation was

1.4µm2/s, which was determined to be an optimal fit to generate matched data to the flu-

orescence image. Each profile corresponds to a different time in simulation, as indicated

in the figure caption. The BPD concentration inside the tumor capillaries was assumed to

be uniform throughout the tumor, and decayed temporally according to the BPD plasma

concentration curve shown in Figure5.2. The diffusion coefficient was assumed to be ho-

mogeneous in the tumor parenchyma, and time-independent. Figure5.10(c), shows the

same diffusion process for a subcutaneous tumor, with Figure5.10(a)being the accompa-

nying co-localized vascular marker image. The simulations for this drug diffusion process

are shown at different time points in Figure5.10(d)through5.10(h), as denoted in the cap-

tion. In this case, the diffusion coefficient used was 0.6µm2/s, which provided the optimal

match to the fluorescence image data. It is interesting to note in these images that the ves-

sels are larger and the diffusion coefficient is significantly smaller in the subcutaneous case

than in the orthotopic case.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.9: Simulations of BPD distribution in the orthotopic tumor model are shown.
The image in (a) is the DiOC7(3) fluorescence image of perfused vessels and image (b)
is the segmented geometry of vasculature derived from (a). Image (c) shows the BPD
fluorescence image in an orthotopic tumor 15 minutes after BPD i.v. injection. Images
(d) through (h) show the simulations of the diffusion process, at 15 minutes, 30 minutes,
1 hour, 2 hours and 3 hours after BPD administration. The effective diffusion coefficient
used here was 1.4µm2/s, which was the optimal fit to the measured image data (c).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.10: Similar to Figure5.9, these images show the simulation profile of a subcuta-
neous tumor. The image in (a) is the DiOC7(3) fluorescence image and (b) is the segmented
geometry of the vasculature. A BPD fluorescence image obtained 15 minutes after BPD
i.v. administration is shown in (c). The images in (d) through (h) show the simulations of
the diffusion process, at 15 minutes, 30 minutes, 1 hour, 2 hours and 3 hours after BPD i.v.
administration. The effective diffusion coefficient used here was 0.6µm2/s, which provided
the optimum fit to the measured image, (c).
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Estimation of BPD effective diffusion coefficient in subcutaneous and orthotopic tu-

mor

Figure5.6(a)indicates diffusion rates at different locations of the same tumor are different.

This is confirmed with the evaluation of effective diffusion coefficient at different locations

of the tumor. Figure5.11 illustrates the overall intra-tumor variation of diffusion coeffi-

cients evaluated from 1× 1 mm2 tumor tissues for both tumor types.

Figure 5.11: Distribution of interstitial diffusion coefficients evaluated from 1× 1 mm2

sampling sites. The histograms were generated by analyzing 110 fluorescence images in 7
subcutaneous tumors and 115 fluorescence images in 5 orthotopic tumors.
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5.3.6 Correlation between Transport Parameters and Verteporfin Phar-

macokinetics

Mean fluorescence intensity of each fluorescence image were plotted as a function of vas-

cular volume, vascular permeability (P) and interstitial diffusion coefficient (D) to illustrate

the dominant factors determining the mean fluorescence intensity of that image. 5 ortho-

topic tumor bearing animals (99 images) and 7 subcutaneous tumor bearing animals (121

images) were included in this study. Tumor vascular volume in two dimensional image

analysis are represented by the vessel area (pixel2), effective permeability and interstitial

diffusion coefficient were calculated as discussed in the above sections. We have found a

significant correlation between tumor vascular volume and mean fluorescence intensity at

both tumor inoculation sites (R2 = 64.1% in subcutaneous tumors,R2 = 63.6% in ortho-

topic tumors,p ¡ 0.001). But there is no significant correlation between mean fluorescence

intensity and other transport parameters at any inoculation site. The regression analysis is

shown in Figure5.12.

The average transport parameters and verteporfin mean fluorescence intensity for in-

dividual animals were analyzed in the same manner to illustrate how the average trans-

port parameters affect the mean photosensitizer uptake on an individual based comparison.

Verteporfin tumor uptake which is assumed proportional to the average fluorescence in-

tensity at multiple arbitrarily sampled locations was found correlate to the total vascular

volume at both subcutaneous and orthotopic tumor host-sites (p < 0.05). The regression
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(a) (b)

(c) (d)

(e) (f)

Figure 5.12: Correlation between intra-individual variability in transport parameters and
mean fluorescence intensity. The scatter plots were generated from analysis of 102 fluores-
cence images in 7 subcutaneous tumors ((a), (c) and (e)) and 103 fluorescence images in
5 orthotopic tumors ((b), (d) and (f)). BPD fluorescence intensity were plotted as a func-
tion of tumor vessel area ((a) & (b)), transvascular permeability ((c) & (d)), and interstitial
diffusion coefficient ((e) & (f)).
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analysis of transport parameters and verteporfin individual tumor uptake were shown in

Figure5.13.

5.4 Discussion

As discussed in Chapter3, there are variety of factors that affect the photosensitizer phar-

macokinetics. These factors contribute in every step of the photosensitizer pharmacokinetic

process,i.e., including administration, distribution, metabolism, and excretion. According

to a dimensional scale of their impact, these factors can be classified into two categories:

the factors that affect the photosensitizer pharmacokinetics at a systemic level,e.g., pho-

tosensitizer systemic distribution, drug excretion and then at a tumor level,e.g., such as

drug distribution in the tumor. Upon intravenous injection, verteporfin photosensitizer dis-

tributes in the systemic circulatory system, distributes in the tumor vasculature, transports

across tumor vessel walls, and distributes through the tumor interstitium. This is a complex

biological process characterized by temporal and spatial heterogeneity and high variability

among individuals. The objective of this study is to investigate the relationship between

photosensitizer transport parameters and photosensitizer mean fluorescence intensity and

search for the origins of intra-individual and inter-individual photosensitizer pharmacoki-

netic variability.

To quantify verteporfin inter-individual plasma pharmacokinetic variability, BPD plasma

concentrations of eight tumor bearing animals were followed for 8 hours. Verteporfin
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(a) (b)

(c) (d)

(e) (f)

Figure 5.13: Correlation between inter-individual variability in transport parameters and
mean fluorescence intensity as measured by fluorescence microscopy. The scatter plots
were generated from 7 subcutaneous tumors ((a), (c) and (e)) and orthotopic tumors ((b),
(d) and (f)). BPD fluorescence intensity were plotted as a function of average tumor vessel
area ((a) & (b)), average transvascular permeability ((c) & (d)), and average interstitial
diffusion coefficient ((e) & (f)).
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plasma pharmacokinetic data were then fitted with a double-exponential decay model. In-

dividual plasma concentration profiles were normalized to their mean concentration at time

t = 0 min after drug i.v. injection. The data were processed this way so that the varia-

tion between individuals could be preserved. Figure5.2 illustrates the individual plasma

pharmacokinetics, showing that there is about 20% variation in the parameterA and 9%

in parameterB, 25%, 24% variation in the elimination half-life valueτ 1
2α

andτ 1
2β

among

individuals (Table5.1).

This observed variation in parameterA andB could be due to variation in the photo-

sensitizer i.v. administration process ,e.g., human errors in tail vein injection. A possi-

ble explanation for the variation in elimination half-lives involves the binding process of

verteporfin to low density lipoproteins (LDLs), and the activities of the macrophage sys-

tems. Plasma LDL concentration varies from individual to individual, and for the same

individual, varies from day to day. The unbound hydrophobic photosensitizers are taken up

by macrophage system and eliminated from the body, and thus results in a faster clearance.

It has been reported that the serum protein concentration, such as human serum albumin

(HSA), LDL, and transferrin, tends to decrease with age [281]. Older animals may have

more unbound hydrophobic verteporfin molecules and likely have a faster clearance, yet

also changes in animal health will likely cause some variation in this level.

The BPD distribution kinetics were compared in two tumor implantation sites. The

BPD fluorescence images shown in Figure5.3along with the co-registered DiOC7(3) fluo-
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rescence images demonstrating that verteporfin is predominantly in the tumor vasculature

at early time points after administration (i.e. 15 min or less), and for longer drug-light in-

tervals (i.e. 3 hours), more verteporfin is transported across the tumor vessel wall, diffused

through tumor interstitium and distributed homogeneously in the tumor parenchyma.

These fluorescence images can be analyzed in two ways, first, verteporfin fluorescence

images can be segmented into intravascular and extravascular compartments using co-

stained DiOC7(3) fluorescence images. The mean fluorescence intensity in the two different

segmentations can then be analyzed. This two-compartment model has also been used to

characterize the transvascular transport process, thus this analysis is in parallel to transvas-

cular transport process. In the second approach, the spatial distribution of verteporfin has

been analyzed by studying the fluorescence intensity radial profile. This analysis looks at

the spatial distribution of verteporfin as a function of distance from vessel wall. Indeed, this

is an equivalent one dimensional interstitial diffusion model where the shape of the radial

profile is determined by the effective diffusion coefficient. Thus this analysis is in parallel

to interstitial transport processes.

Using co-stained DiOC7(3) fluorescence images, each BPD fluorescence image was

partitioned into intravascular and extravascular compartments (Figure5.4), the mean flu-

orescence intensity of each compartment in the two implantation sites is shown in Figure

5.5. Mean fluorescence intensity in the intravascular compartment was found to be sig-

nificantly higher than the extravascular compartment. This indicates that at 15 minutes
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after verteporfin injection, most verteporfin photosensitizer molecules are in the intravas-

cular compartment, only a portion of verteporfin molecules extravasate from the vessel

into the tumor interstitium compartment. Comparisons between two tumor inoculation

sites showed that subcutaneous tumors and orthotopic tumors have same mean intravascu-

lar fluorescence intensity, but the intra-individual variability in this quantity is significant

higher in subcutaneous tumors compared to orthotopic tumors (CV%= 22% for subcuta-

neous tumors and 17% for orthotopic tumors). This comparison indicates that blood flow

in subcutaneous tumors are more spatially heterogeneous. The inter-vessel fluorescence

intensity variation might be caused by the chaotic flow pattern in the subcutaneous tumors.

There might be more intermittent flow, reduced flow in these tumors. On the other hand,

comparison of extravascular fluorescence intensity showed that orthoptic tumors have a

significantly higher and less variable verteporfin mean fluorescence intensity in the ex-

travascular compartment (CV%= 19.7% for subcutaneous tumors and 15.3% for ortho-

topic tumors). It is not surprising that the mean fluorescence intensity in the extravascular

space is higher in orthotopic tumors, since orthotopic tumors present significant higher

transvascular permeability coefficient compared to subcutaneous tumors (Figure4.5, Fig-

ure4.6, and Figure5.8). However, it has been illustrated that the effective permeability is

spatially heterogeneous and highly variable compared to subcutaneous tumors. A higher

variability in extravascular fluorescence intensity should be observed in orthotopic tumors.

The only possible reason for this might be the highly variable intravascular fluorescence in-

tensity observed in subcutaneous tumors. Although the transvascular permeability is lower
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and less variable in subcutaneous tumors, the intravascular fluorescence intensity variation

causes variability in transvascular photosensitizer concentration gradient. Thus although

the permeability is less heterogeneous, the solute flux are still higher variable due to the

heterogeneous concentration gradient.

In the second approach, we calculated verteporfin fluorescence intensity as a function

of distance from vessel wall. The average verteporfin radial profile is shown in Figure5.7.

Comparison between subcutaneous and orthotopic tumors showed a steeper BPD radial

profile. This indicates subcutaneous tumor have a lower interstitial diffusion coefficient

compared to orthotopic tumors. Pluenet al. [216] estimated the effective diffusion coef-

ficients of macromolecules and liposomes in cranial windows (CW) and dorsal chambers

(DC) using a technique called fluorescence recovery after photobleaching (FRAP) [282].

In their case, they used this method to show a 5 to 10 fold slower diffusion process of large

molecules in the DC tumor as compared with the CW tumor. Similarly, in this study, the

BPD distribution kinetics in two tumor implantation sites were compared for the prostate

tumor and it was found that BPD diffused faster in the orthotopic MAT-LyLu tumor model

as compared with the subcutaneous model. To quantify the difference of diffusion coef-

ficient in these models, a numerical diffusion model was used, using the assumption that

diffusion was the dominant process for BPD distribution. The effective diffusion coeffi-

cient was calculated by minimizing root-mean-square between the simulation results and

normalized BPD fluorescence images. Another observation from this is that the orthotopic
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fluorescence intensity radial profile is above the subcutaneous one at any distance from the

vessel wall. Mean verteporfin fluorescence intensity in the extravascular space is the area

under this radial profile curve, thus a higher value of radial profile indicates there is more

photosensitizer in the extravascular space. This result further confirms the fact that the

vascular permeability present in orthotopic tumors is higher than in subcutaneous tumors.

Another interesting observation is that the verteporfin radial profile evaluated from dif-

ferent locations within a tumor is highly variable. This phenomena is clearly demonstrated

in Figure5.7(a)and5.7(b). Each graph shows verteporfin fluorescence radial profiles from

17 sampling sites from each tumor of the same animal. Comparing the intra-tumor varia-

tion, these verteporfin gradient profiles showed less variable among different locations in

the subcutaneous tumor, whereas, they are highly variable in an orthotopic tumor. If the

interstitial diffusion coefficient at different locations of the tumor are the same, the radial

profiles calculated from these images should have the same shape, but might shift in the

y-axis due to the difference in transvascular solute flux, which depends on both effective

permeability and transvascular solute concentration gradient. The radial profiles shown in

the subcutaneous tumor are of similar shape, with some variable shift along the y-axis.

This indicates that the diffusion coefficient in subcutaneous tumors are less variable com-

pared to orthotopic tumors. This is further confirmed by the histogram analysis pooled

together all the sampling locations from different animals (Figure5.11) (CV% = 16% for

subcutaneous tumors and 20% for orthotopic tumors). The variation in the highest value
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on the curve (just outside vessel wall) represent the variation of the solute flux exchange

between intravascular and extravascular compartment. This variation is found higher in or-

thotopic tumor, in this particular animal, this might be due to the variation in permeability

or the variation in the solute transvascular concentration gradient. However, it has been

shown in this study, verteporfin concentration intervascular variation is less in orthotopic

tumors. Thus this higher variability in the highest value on the radial profile is likely due

to heterogeneous permeability (Figure5.8).

While the physical measurement change is interesting, it is also important here to

discuss benefits and limitations of approaches to modeling the photosensitizer transport

that we have developed. A limitation of these mathematical models is that a spatially-

independent vascular permeability and interstitial diffusion coefficient are assumed for the

transvascular transport and interstitial transport in a tumor tissue of area approximately 1

× 1 mm2. Yet in looking at the figures, it is obvious that there is significant spatial hetero-

geneity at early times in the drug transport process.

For the short drug-light interval simulations (Figure5.9(c)v.s.5.9(d)and Figure5.10(c)

v.s.5.10(d)), the image results have some spatially variant differences from the image data.

This implies that a heterogeneous transport occurs in these tumor regions with the area less

than 1× 1 mm2, and the origins may due to the intervascular photosensitizer concentration

variation, vascular permeability variation and interstitial diffusion coefficient variation at a

lower dimensional scale than we have investigated.

133



5.4. Discussion 134

We have illustrated the mean verteporfin intravascular concentration variation among 1

× 1 mm2 sampling areas which contains approximately 80-100 vessels. This variability can

be clearly observed on a single vessel basis. The dynamic changes in the blood flow have

been observed with double injections of blood-born fluorescence markers [172, 173, 252],

allowing time for the vessels to open and close. For short BPD drug-light interval combined

with the injection of DiOC7(3) ten minutes later, the difference in intensities of DiOC7(3) and

BPD in the vascular areas provides evidence that the vessel has a heterogeneity of dynamic

changes in flow or perfusion over time. This variation appears to be more frequent in the

subcutaneous tumor model as compared with the orthotopic model (Figure5.5).

Transvascular permeability and interstitial diffusion coefficients evaluated from 1×

1 mm2 tumor tissues exhibit higher variability among different sampling locations. These

variabilities seem to be less in subcutaneous tumors compared to orthotopic tumors (Fig-

ure5.8and5.11). Variability in these parameters at a lower dimensional scale can be also

observed,e.g., areas around a single vessel. This requires using these transport models

at a smaller scale, for example, calculating the solute flux across a single vessel and fluo-

rescence intensity radial profile around that vessel, so that the permeability for that single

vessel and interstitial diffusion rate around vessel can be calculated. Perhaps more effort

should be spent on quantifying the microscopic heterogeneity of these transport parame-

ters on single vessel bases, such as developing histograms of permeability and diffusion

coefficient. However, using an entire image of data provides an excellent opportunity to
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average data together, thereby maximizing the signal to noise of the measurement. This

is not readily achieved in single point estimates such as FRAP analysis for diffusion co-

efficient [282], and single vessel analysis for permeability [283]. An additional benefit of

this image analysis approach is that standard histological sectioning can be used for the

analysis, as long as the tissue is preserved in a manner that retains the fluorescence, such

as frozen section sampling. Another important issue is that this simulation is based upon

a single time-point, whereas FRAP type analysis and intravital fluorescence microscopy

permeability analysis measure data from a number of time points and use the data to better

match the model. However, for molecules with low permeability and low diffusion rate, the

intravital fluorescence microscopy and FRAP processes require cumbersome experiments

where the animal must remain anesthetized for a number of hours, compromising blood

flow, photobleaching of fluorescence tracer molecules and making the experiment difficult.

Another important issue in these transport models is the assumption that the transport

parameters, transvascular permeability, diffusion coefficients are time-independent para-

meters. However, several investigations have pointed out that these transport processes are

not only spatially heterogeneous, but also temporally heterogeneous. Heterogeneous blood

flow inside tumor has been extensively investigated by several research groups [171]. It

has been shown that dramatic changes such as complete cessation or re-perfusion occurs in

few percentage of vessels, and majority of the vessels showed fluctuations with 2-fold flow

variation [174–178]. The temporal heterogeneity in transvascular transport in tumor has
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been shown in Monsky’s report, where he showed the change to albumin ranges from 9.18

× 10−7 to -5.33× 10−7 cm/s over 24 h [200]. Hypoxia, hypoglycemia, and low pH have

been shown up-regulate VEGF expression. These factors are themselves spatially and tem-

porally heterogeneous inside the tumor. Thus expression of VEGF and its receptors varies

spatially and temporally, and this might be responsible for the heterogeneity in permeabil-

ity [200]. Interstitial fluid and solute transport have been shown strongly dependent upon

the volume, structure, interaction and distribution of extracellular matrix molecules. Since

these properties do not have temporal heterogeneity, the diffusion process in the tumor

interstitium should present very little or no temporal variation.

Once these photosensitizer transport models have been validated, they were then used

for searching for the dominant transport parameters for the mean fluorescence intensity.

All the fluorescence mean intensities for all the images taken for subcutaneous and ortho-

topic tumors have been pooled together, and plotted as a function of tumor vessel volume,

permeability, and interstitial diffusion coefficient. Strong correlation was found between

vessel volume and mean photosensitizer fluorescence intensity (Figure5.12). This is not

surprising, since the majority of photosensitizer molecules are confined in the intravas-

cular compartment, so that this higher fluorescence intensity will be averaged out when

integrating over the interstitial space. However, if the vessel volume is high, there will be

more total photosensitizer molecules in the intravascular space, and in the sampling tissue

region, thus an increase in the mean fluorescence intensity readings will be seen. A few
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hours after verteporfin i.v. injection, most photosensitizer molecules extravasate from in-

travascular compartment into tumor interstitium. Photosensitizer molecules in the tumor

interstitium then determine the mean fluorescence intensity observed. Thus the mean fluo-

rescence intensity should not correlate with vessel volume, but rather with the permeability

and/or interstitial diffusion coefficient. However, as shown in Figure5.6(b), the diffusion

gradient is dissipated at 3 hr post i.v. injection for both subcutaneous and orthotopic tu-

mors, indicating that a steady state has been reached in the tumor interstitium. The total

number of photosensitizer molecules in extravascular compartment is mainly dependent on

the permeability. Hence, the mean fluorescence intensity should positively correlate with

the transvascular permeability (data not shown).

5.5 Conclusion

In summary, pathology image-based numerical models were presented to evaluate the effec-

tive transvascular permeability and interstitial diffusion coefficient of BPD in delivery via

Verteporfin for Injection. Microscopic mathematical models were used to quantify the rates

of effective transvascular transport and interstitial diffusion in subcutaneous and orthotopic

Dunning prostate MAT-LyLu tumor models, since they represent very different vascular

architectures, yet have the same cellular origin. Using a fluorescence vascular marker, the

geometry of the tumor vasculature was obtained and then the co-localized fluorescence im-

ages of BPD were used along with an experimentally derived plasma concentration curve,
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to simulate the transvascular and interstitial transport process. Despite the limitations of the

models, such as 2-dimensional model, microscopic spatial homogeneity and time invariant,

these models can be used to determine the effective vascular permeability and diffusion co-

efficients of the tumor tissues and quantify the changes of photosensitizer transport rate

after treatment. Up to 25% of inter-tumor variation in BPD plasma pharmacokinetics was

showed in this study. The inter-tumor and intra-tumor variation in transvascular permeabil-

ity were found 16.6% and 26.5% in subcutaneous tumors and 17.1% and 29.3% in ortho-

topic tumors. Interstitial diffusion coefficient evaluated showed 12.6% inter-tumor variation

and 16.3% intra-tumor variation in subcutaneous tumors and 13.6% inter-tumor variation

and 20.3% intra-tumor variation in orthotopic tumors. The effects of the inter-tumor and

intra-tumor variation in these transport parameters on the mean fluorescence intensity was

then analyzed. At early time points after verteporfin injection, the mean fluorescence in-

tensity is positively correlated with the vessel volume in the tumor (R2 = 64.1%,p < 0.001

for subcutaneous tumors, andR2 = 63.6%,p < 0.001 for orthotopic tumors), whereas, at

longer time points, when the photosensitizer molecules are distributed in the tumor inter-

stitium, the mean fluorescence intensity correlates with tumor transvascular permeability

values. These results suggest that approaches to increase the vascular volume at early time

points post verteporfin injection can increase the drug retention in tumor, while techniques

to enhance transvascular permeability, such as, introducing inflammation mediators, can

increase the photosensitizer uptake level in the tumor.
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Chapter 6

Photosensitizer Dosimetry: Effects of

sampling volume

Photosensitizer microscopic transport processes have been extensively discussed in Chap-

ter 3 to 5. These photosensitizer transport models are based on the tumor microvascu-

lature geometry obtained from microscopic histology images. Based on these transport

analysis at microscopic level, we have correlated the photosensitizer fluorescence inten-

sity quantified by the fluorescence microscopy and the transport parameters extracted from

microscopic transport models.Ex vivo fluorescence microscopy analysis is perhaps the

most accurate way to sample the photosensitizer fluorescence intensity in tumor tissue at

a microscopic level. In addition, through analyzing the fluorescence intensity histogram

of multiple microscopic images, an intra-tumor photosensitizer uptake variability can be
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evaluated. Comparisons of the mean and standard deviation of these multiple fluorescence

measurement between individuals provide information about the intra-individual and inter-

individual photosensitizer pharmacokinetic variability. However,ex vivofluorescence mi-

croscopy analysis requires slicing the frozen tumor into many sections and imaging on a

standard fluorescence microscope, which is not readily accessible in clinical settings. De-

spite its accuracy and information provided at microscopic level, this biopsy type analysis is

rarely in use in clinical PDTs. The ability to track the spatial and temporal dynamics of pho-

tosensitizer concentrations in tissue non-invasively is of importance for the photosensitizer

pharmacological research and for clinical PDT applications. Recently many fluorescence

in vivo detection techniques have been developed, including fiber optics based dosimeters

and wide-field fluorescence imaging dosimeters. These dosimeters utilize non-invasive flu-

orescence sensing techniques, thus are very promising for clinical applications. However,

these dosimetry techniques sample the fluorophores from a bulk tissue, and this might not

be representative for the true fluorophore concentration inside tissue. How does this macro-

scopic or mesoscopic quantifications relate to the microscopic quantification is of particular

importance in this study. The key to this question will provide links among photosensitizer

concentration microscopic, mesoscopic and macroscopic quantifications, thus connect the

microscopic transport analysis to the photosensitizer macroscopic quantification.
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6.1 Introduction

Effective PDT treatment require accumulation of photosensitizer molecules and light ac-

tivation at targeting sites. Most PDT treatment protocols are developed through extensive

dose escalation studies, and are always in terms of photosensitizer dose, drug-light interval

and light dose. However, as discussed in Chapter3, 4 and5, during photosensitizer mole-

cules delivery process, there are a various factor that may limit the effective photosensitizer

delivery to the tumor cells, thus cause intra-tumor heterogeneous distribution. Indeed, this

intra-tumor variability in photosensitizer distribution have been reported in numerous pre-

clinical and clinical PDT treatments. As a consequence, in some cases, PDT treatment is

ineffective, in others, there might be excessive damage to the surrounding normal tissues.

Therefore, a real-time monitoring of photosensitizer spatial and temporal dynamics would

be much appealing in clinical PDTs [284, 285]. In clinical settings, photosensitizer concen-

tration in tissues is usually determined by invasive procedures such as blood sampling [281]

or taking biopsies and performing photosensitizer fluorescence analysis [286]. Recently,

variety of non-invasive drug quantification techniques have been developed. According to

their quantification mechanisms. they can be categorized as reflectance measurement, ab-

sorption measurement, and fluorescence measurement. They can also be classified as fiber

optics based measurement and wide-field imaging measurement.

Solonenkoet al. [38] measured photosensitizer Lutex concentration, blood oxygenation

and optical propertiesin vivo in canine large bowels, kidneys and prostates. They observed
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significant variability in Lutex uptake between organs and even between the same organ in

different dogs. Weersinket al. [287] measured AlPcS4 concentration on rabbits, and found

measurements on the liver yielded accurate estimation, but are affected by the multi-layer

structure in the skin. Mourantet al. [288] developed single fiber source-detector config-

uration pair to measure the absorption of some chemotherapy drugs in an animal tumor

model. Although there is a linear correlation between the measurement and extracted con-

centration but a systematical underestimation was found compared to the extraction data,

possibly due to the absorption model they incorporated. At Dartmouth, we have devel-

oped fiber-optic probe spectroscopic system, Aurora spectrometer [289], and validated this

system on MTGB marine tumor model using photosensitizer AlPcS2 [290]. An ex vivo

calibration curve was used as a lookup table to quantify the AlPcS2 concentration in tu-

mor tissue, muscle, and liver. Cubedduet al. [291] used a fluorescence imaging system

to monitor AlPcS2 emission during the PDT of murine tumors, and found the fluorescence

intensity and absorption spectrum changed before and after PDT.

The drug quantification methods clearly impact the magnitude of the signal [292–294].

While in general, careful calibration can be used to interpret the signal and yield a semi-

quantitative measurement, the problem still remains that different approaches to sampling

fluorescence yield vary the results, and cannot easily be compared. In addition, fluores-

cence within tumors is known to be highly heterogeneous, with a variance that can be as

high as 100% of the mean value [295], and inspection of any fluorescence microscope

142



6.1. Introduction 143

image will reveal a microscopic-level heterogeneity which changes from near zero to ex-

tremely high values [296–298]. In this chapter, the problem of measuring fluorescence was

examined in detail, using flow cytometry, fluorescence microscopy andin vivo measure-

ments with Aurora spectrometer. The interpretation ofin vivo fluorescence measurements

is the key problem, but in order to fully interpret the meaning of these measurement, a com-

prehensive analysis of intensity and variance is required. The distribution of fluorescence

intensities observed in tissue is analyzed with a histogram interpretation of the heterogene-

ity, and this allows comparison between microscopy data andin vivofluorometer data.

One of the major problems in drug quantification is that the sampling volume varies,

and the drug is invariably partitioned between different spaces of the tissue, such as vas-

cular, interstitial fluid, extra cellular matrix and cellular areas. While several studies have

been completed comparingin vivo fluorescence sampling to dye quantification via tissue

extraction methods [299, 300], the results are still confounded by this partitioning issue. In

particular, aggregation and micro-environment biophysical changes alter the fluorescence

quantum yield [115, 301, 302], and this will cause differences between thein vivo fluo-

rescence and theex vivofluorescence intensities.ex vivomethods typically involve tissue

digestion and chemical extraction in a NaOH-type solvent with SDS or some other emul-

sifying agent [284, 299]. This results in a quasi-monomeric solution which should have a

maximal fluorescence yield. However,in vivo the fluorescence within different compart-

ments of the tissue may have significantly different fluorescence yield values, resulting in
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a cumulative signal which is not linear with increased drug or not consistently linear over

time with the actual drug concentration in the bulk tissue. These changes are quite difficult

to prove conclusively, yet, perhaps the most important part of this observation is that the

fluorescence yieldin vivo is likely a better reporter of photo-physically active compound

[115]. There are enough data to support the contention thatin vivo fluorescence should be

used to predictin vivo photo-activity [303, 304]. Dosimetry based uponin vivo fluores-

cence is widely accepted in PDT studies, and methods for advanced interpretation of thein

vivosignal have been proposed in several recent studies [305].

This chapter focuses on a more subtle problem than theex vivo/in vivo issue, namely

that the size of the sampling volume affects the magnitude and variance of the detected

fluorescence signal. In a recent series of studies, the development of an optimized fiber

probe was outlined and tested in phantoms and animal tissues [289, 290, 295]. The design

of the probe was developed around the idea that when the sampling volume is smaller in

dimension than the average scattering distance in tissue (approximately 100 microns), then

the detected fluorescence signal was not highly affected by the tissue optical properties

[289, 306]. This design was coupled with the idea of using many small sampling fibers,

spaced apart by enough distance to minimize crosstalk between them. This design proved

useful and is now in routine pre-clinical and human use for PDT dosimetry [256]. How-

ever, it is still not obvious that this measured signal is a good representation of the mean and

variance of the photosensitizer concentrationin vivo. Indeed, systematic comparisons be-
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tween fluorescence microscopy on frozen tissue sections andin vivofluorescence still yield

differences in the signal mean and variance [256]. This difference between fluorescence

detection methods is the subject examined here, with a particular focus on how well the

system measures the spatial variance of the fluorescencein vivo. The specific size scales

examined here are between 10 microns and 1 mm sampling volume, where the smallest

size presents the sampling at a size which is smaller than the typical inter-capillary spac-

ing. This distance scale is important as it presents a primary barrier of drug delivery into

tumor parenchyma. Yet sampling of larger volumes is often desired because it can be done

macroscopically and feasibly both in pre-clinical and clinical treatment plans.

In this study, tissues from the same animals are used to compare fluorescence measured

in vivo, to measurementsex vivoon frozen sections using microscopy. The histogram dis-

tribution of values are examined and compared. Finally, the partitioning between vascular

and stromal spaces is quantitatively analyzed with image processing software, to examine

how the transition from vascular localization to stromal localization affects the measure-

ments. This was completed with the clinically used drug verteporfin for injection, which is

a lipid formulation of the photosensitizer molecule benzoporphyrin derivative. The photo-

physical activity of such a mixture is complex, making an interpretation of the sampling

volume and micro-environmental effects even more important for accurate dosimetry mea-

surements.
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6.2 Materials and Methods

6.2.1 Photosensitizer

The photosensitizer verteporfin was used in this study, which is a lipid formulation of ben-

zoporphyrin derivative (BPD)[111, 112, 301]. This was obtained from QLT Inc. (Van-

couver, Canada). A stock saline solution of verteporfin was reconstituted according to the

manufacturer’s instructions and stored at 4◦C in a covered tube. This stock solution was

injected intravenously to animals at various times prior to use, with a dose of 1.0 mg/Kg.

The time points of 15 minutes, 3 hours, and 6 hours were analyzed for most studies, to

examine the fluorescence as a function of time after injection. The fluorescent molecule is

referred to as BPD in this study, whereas the injected agent is commonly called verteporfin,

which includes the BPD and the lipid carrier with solution.

6.2.2 Tumor and Animal Models

The R3327-MAT-LyLu Dunning prostate tumor model was used in this study, which is an

androgen-independent carcinoma, syngeneic to the Copenhagen rat. These R3327-MAT-

LyLu prostate cancer cells were obtained from Tayyaba Hasan’s laboratory, and were cul-

tured in RPMI-1640 with glutamine (Mediatech, Herndon, VA) supplemented with 10%

fetal bovine serum (HyClone, Logan, UT) and 100 units/ml penicillin-streptomycin (Me-

diatech). All animal procedures were carried out according to a protocol approved by the
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Dartmouth College Institutional Animal Care and Use Committee (IACUC). Copenhagen

rats (male, 6-8 weeks old) were used in this study, and were obtained from Charles River

Laboratories (Wilmington, MA). Subcutaneous MAT-LyLu tumors were induced by inject-

ing approximately 1× 105 MAT-LyLu cells (suspended in 0.05 ml PBS) subcutaneously

into the animal flank after shaving. The tumor growth was measured daily with calipers.

Tumors were used for the experiment at 9-12 days after inoculation, with a surface diameter

of 7-9 mm and a thickness of 2-4 mm.

6.2.3 Flow Cytometry

Tumor tissues were excised at 15 min and 3 h after injection of verteporfin (1 mg/Kg,

i.v.) and minced under sterile and subdued light condition. The minced tumor tissue was

digested in sterile PBS containing 0.05% protease (Sigma type IX), 0.02% DNase (Sigma

type I) and 0.02% collagenase (Sigma type IV) under continuous shaking at 37 C for 40

min, as described previously [257]. The resultant single cell suspension was passed through

a cell strainer (BD Biosciences) to remove any remaining tissue clumps and cell aggregates.

Verteporfin fluorescence intensity was analyzed by a FACScan (BD Biosciences). 10000

cells were captured from each sample and verteporfin signal was read in FL32 channel

(488 nm excitation and 610 nm long-pass emission) using a log amplifier.
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6.2.4 Fluorescence Microscopy

The fluorescence of verteporfin was analyzed by fluorescence microscopy of the frozen

tumor sections, at time points of 15 min, 3 hrs and 6 hrs following drug injection. To visu-

alize the perfused blood vessels, a carbocyanine dye perfusion marker DiOC7(3) (Mole-

cular Probes, Eugene, OR) was also injected intravenously at a dose of 1 mg/Kg one

minute before excising the tumor tissue. Tumors were surgically removed from the ani-

mal immediately after sacrifice, and the tumors were embedded in TissueTek medium and

snap-frozen immediately in liquid nitrogen cooled isopentane. Cryosections of 10 micron

thickness were cut from the frozen tumor and the same microscopic fields were imaged for

both verteporfin (excitation: 425/40 nm, emission: 700/30 nm) and the perfusion marker

DiOC7(3) (excitation: 480/20 nm, emission: 540/40 nm) with a Nikon Diaphot-TMD fluo-

rescence microscope.

6.2.5 In vivo Fluorescence Quantification

In vivo measurements were taken with a specially designed fluorimeter fiber-based system

which micro-samples the tissue volume [256, 289, 290, 295]. The probe end was designed

with 100 micron diameter fibers to constrain the volume of tissue sampled to be smaller

than the average scattering distance of tissue (typically 100-200 microns) [289]. The sys-

tem has been tested in several phantoms and animal studies, and has been systematically

compared to tissue extraction values, using the photosensitizer tetrasulphonated aluminum
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phthalocyanine [290]. In this study, the system was used to monitor fluorescence at multi-

ple sites on the surface of the tumor, using 20 distinct locations and sampling 10 times from

each site. The system was designed to sample each location for 0.5 seconds, and leave less

than 1% bleached from each spot for each measurement. In practice the repeated measure-

ments from each location were analyzed to determine that photobleaching had not caused

a significant systematic decrease in the values during the 10 repeated measurements. The

set of 200 data points for each animal were used to generate a histogram of fluorescence

intensities for each animal. The histograms of individual animals were then cumulatively

analyzed to create an average histogram for animals injected 15 minutes prior to measure-

ments, and animals injected 3 hours prior to measurements.

6.2.6 Image Analysis and Statistical Analysis

Image analysis was completed on several microscopic fields from each section of the tu-

mors. The intensity of the fluorescence in each pixel and in each image was assessed with

custom written MATLAB programs [307] to quantify the fluorescence as a function of dis-

tance from the capillary wall in the tumor tissue. Paired images of capillaries, stained with

DiOC7(3), and images of BPD fluorescence were used for the analysis, and the average in-

tensity per pixel was quantified for each distance from the vessel wall (software can be run

online or downloaded fromhttp://biolight.thayer.dartmouth.edu). Assessment

was completed for histogram-based analysis of the data, as well as analysis of fluorescence
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as a function of distance from the capillaries. The analysis of histograms mean and variance

values was completed with standard studentst-test andf -test statistics. For differences in

the mean of two distributions, the unpairedt-test provided thep-values for these. For com-

parisons where the variance was thought to change due to sampling volume changes, the

f -test statistic was used, which is defined as the ratio of the variances. Using all the raw

data, ap-value is calculated for the hypothesis that the two distributions have equal vari-

ance values, with a lowp-value indicating that the variances are not equal. Thus a low

p-value indicates that the distribution shapes are significantly different, even if the mean

values are found to be the same.

6.3 Results

6.3.1 Flow Cytometry Analysis of Cellular Fluorescence

Histogram data from the cell flow cytometry experiments is shown in Figure6.3.1. The

data includes three groups of cells including: (1) control tumor cells having no verteporfin

in vivo, (2) tumor cells extracted 15 minutes after verteporfin injectionin vivo, and (3)

tumor cells extracted 3 hours after verteporfin injectionin vivo. Animals were used with

injection at the same concentration of 1 mg/Kg of verteporfin. The flow cytometry results

show histograms of fluorescence intensity (x-axis) versus number of cells (y-axis). This

distribution of fluorescence values is routinely displayed on a logarithmic scale in flow
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Figure 6.1: Flow cytometry histograms showing cellular uptake of verteporfinin vivo, as-
sayedex vivoafter the tumor cells were removed and disaggregated. Control (dotted line);
15 min after verteporfin injection (thick line); 3 h after verteporfin injection (thin line).

cytometry analysis, as the signal was amplified in this manner, thus the resulting graph

is shown in a linear representation of the signal intensity. Representative flow cytometry

histograms are shown in Figure6.3.1. The width of each histogram indicates that a large

variation exists in the amount of photosensitizer per cell. The mean fluorescence intensity

of the control sample is 7.4 and the mean intensity values increase to 342.6 and 611.4

at 15 min and 3 h after injection, respectively (p<0.01). This experiment was repeated

three times and they all showed the same trend. The potential wash out of BPD from the

cells during the processing is a potential artifact of the procedure, but one which cannot be

readily solved in this type of assay.

151



6.3. Results 152

6.3.2 Fluorescence Microscopy of Frozen Tumor Sections

To quantify verteporfin fluorescence intensity in the tumors, several approaches were taken

in interpretation of the images. For each tumor, several magnifications were used for sam-

pling the tumor. The images shown in Figure6.2, illustrate one aspect of the BPD distrib-

ution observed in these tumors, which is that the fluorescence intensity observed is signif-

icantly higher in the periphery of the tumor as compared to the center. This is a common

observation of some experimental tumors, yet in any given field at higher magnification,

Figure6.2(a), the BPD distribution can appear quite homogeneous. These images were

taken from tissue removed at 3 hours after BPD injection. Interestingly, the BPD fluo-

rescence pattern in6.2(b) is not representative of the perfused vascular pattern, shown in

Figure6.2(b), but the periphery of the image is on average 2 times as high in fluorescence as

compared to the center of the image. This estimate of a factor of 2, is a bulk average value,

estimated by quantifying the fluorescence in ImageJ software taking the average over the

exterior 100 microns periphery to the interior volume inside this 100 micron ring around

the tumor rim.

In addition to this observation, many sample images were taken at 40X magnification

to analyze the fluorescence per pixel across average regions of the tumor. Representative

images are shown in Figure6.3, with the perfused blood vessels areas shown by DiOC7(3)

fluorescence (Figure6.3(a), 6.3(c)and6.3(e)), and the second set of fluorescence images

(right column) being BPD. Images were taken at 15 minutes, 3 hours and 6 hours post
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(a) (b)

(c) (d)

Figure 6.2: Images of vascular marker DiOC7(3) ((a), (c)) and BPD fluorescence ((b), (d)) at
different magnification views of the same tumor type, including 4X on the top row ((a), (b))
and 40X on the bottom row ((c), (d)). These images were acquired 3 hours after verteporfin
injection, and illustrate the macroscopic variation that exists from the edge to the center of
the tumor (b), which is not reflected in the vascular pattern (a).
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injection. Control images with no verteporfin injected were also taken and had very low

levels of fluorescence intensity in the BPD images, as is reported in the next figure. All

animals were injected with 1 mg/Kg of BPD in verteporfin. These type of images were

acquired from 3 to 5 animals in each time point, and 3 sections were taken from each

tumor. Within each section up to 12 microscopic fields were randomly sampled. The

fluorescence per pixel histograms were calculated for the different time points, using frozen

tumor sections from multiple animals, to quantify average cumulative histograms of the

fluorescence at 15 minutes, 3 hours and 6 hours after injection of verteporfin.

These histograms are shown in Figure6.4(a). Because small amounts of fluorescence

are present in un-injected animals with tumors as well due to autofluorescence and leak-

age through the filters, the same analysis was completed in un-injected control tumors. In

general, the un-injected animal tissues had low fluorescence on this setting (mean near 15

arb.units), the 15 minute time point showed higher fluorescence (mean near 19 a.u.), and

the 3 hour data and 6 hour data had respectively higher mean values (near 27 and 29 a.u.,

respectively). This analysis was completed without subtracting the background fluores-

cence from the sample data, whereas in the data presented in the next figure (Figure6.5)

all histograms have more data included, and have a background subtraction. The spatial

heterogeneity in these images was analyzed using a MATLAB program which found the

vessel locations and then binned intensity values radially outward from the vessel walls.

The values summed from multiple images are reported in Figure6.4(b), showing the con-
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(a) (b)

(c) (d)

(e) (f)

Figure 6.3: Images of vascular perfusion marker DiOC7(3) ((a), (c), (e)) and BPD fluo-
rescence ((b), (d), (f)) and are shown superimposed together from frozen tissue slices of
tumor. The three images show representative distributions where the tumor tissue was re-
sected and frozen at different times after BPD injection, including 15 minutes (a), 3 hours
(b) and 6 hours (c). The DiOC7(3) was injected within 5 minutes before the tumor resection
in all cases.
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(a) (b)

Figure 6.4: Fluorescence in tumor tissue as quantified by microscopy analysis is shown in
(a) as histograms showing the distribution of fluorescence intensity and (b) as a function of
distance from the capillaries. Analysis was completed on about 40 frozen sections images
from 3 animals in each group.

trol, 15 minute, 3 hour and 6 hour tissue data. The higher concentration near the vessel

wall at 15 minutes illustrates the diffusion gradient of drug coming out from the vessel at

this early time. Whereas the longer time points of 3 and 6 hours show comparatively flatter

distributions, indicating there was no strong gradient.

6.3.3 Histogram Analysis of Fluorescence Microscopy

The histogram data from fluorescence microscopy was analyzed in two ways. Since mul-

tiple animals and multiple sections were used, there is sufficient data to quantify the fluo-

rescence on different spatial scales. The fluorescence intensity per pixel was quantified for

each image, and these were summed into a single histogram, reported in Figure6.5(a)and

6.5(c), for the 15 minute and 3 hour time points, respectively. Next, the fluorescence in-

tensity per image was quantified as well, providing a fluorescence intensity measure which
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(a) (b)

(c) (d)

Figure 6.5: Histograms of fluorescence intensity are shown for analysis from frozen section
microscopy data as listed in the previous figure, with the tissue resected 15 minutes after
verteporfin injection (top row) and 3 hours after injection (bottom row). The two sets of
graphs show the analysis completed where each pixel was taken separately and all pixels
in all images were used (left column graphs), and then also the data is reported (in the
right column) where the entire image fluorescence intensities were used, such that each
histogram represents a higher spatial averaging. The data is taken from 6-7 animals in
each group, using 3 slice sections for each tumor, and 147 and 95 images total, for the 15
minute and 3 hr data, respectively. For the pixel data, all pixels in the image were used,
corresponding to 349,133 values per image. Analysis of the histogram differences and
similarities is quantified in Table6.1
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Histogram Number of Mean± Std Meant-test f -test Variancef -test
samples (〈 f 〉 ± σ) p value for statistics p value for

〈 fl〉 , 〈 fp〉 σ2
l /σ

2
p σ2

l = σ
2
p

15 min Pixel 5.1× 107 6.4± 3.2 0.008 0.29 0
15 min Image 147 6.4± 1.7

3 hr Pixel 3.3× 107 8.1± 3.9 0.009 0.5 0
3 hr Image 95 8.1± 2.7

Table 6.1: Statistical data for the histograms shown in Figure6.5, for 15 minute data6.5(a)
and6.5(b), and 3 hour data6.5(c)and6.5(d). The mean (〈 f 〉) and standard deviation (σ) for
each histogram is shown in the 3rd column. The 4th column reports on thep-value that the
means of the pixel and image values are different (i.e. 〈 fl〉 , 〈 fp〉), with the results showing
that the two 15 minute histograms are significantly the same, and the two 3 hr histograms
are as well, in terms of their mean values. In the 5th column the results of thef -statistic are
shown which is the ratio of the variances. In the 6th column thef -testp-values are shown
for the hypothesis that the variances are equal (i.e. σ2

l = σ
2
p), showing that the probability

is zero that these variances at the pixel level and image level are equal.

averages a considerably larger volume of tissue (1 mm2), rather than for each pixel in the

images. This latter approach was used to create histograms as well, and these are shown

in Figure6.5(b)and6.5(d). While the data in these two sets of graphs is derived from the

same images, the resulting histograms have differences from each other, notably that the

variance is reduced in the latter cases6.5(b)and6.5(d), as compared to6.5(a)and6.5(c).

The data was fit to a normal distribution, and clearly the data sets in6.5(a)and6.5(c)are

more optimal for this, as they have larger numbers of data. The mean values and variance

of each distribution can be calculated for the distributions in6.5(b)and6.5(d), which are

analogous to thein vivo measurements, reported in the next section. As stated in the pre-

vious section (discussing Figure6.4), the histograms in Figure6.5include a larger number

of samples and have background subtracted values reported, to exclude the signal due to
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the background fluorescence. For the 15 minute data, the mean is 6.4 for both pixel and

image level sampling and yet the variance was 1.7 for image level sampling and 3.2 for

pixel level sampling. This difference in the variance is statistically different, as shown by

the f -test statistic in Table6.1, where the probability that the variances are equal is deter-

mined to be 0.000. For the 3 hour data, the mean is 8.1 for both the pixel and image level

sampling of the fluorescence and yet the variance was 2.7 for image level sampling and 3.9

for pixel level sampling. Again, this is significantly different (Table6.1), indicating that the

distributions are fluorescence are different based upon the size scale of sampling.

6.3.4 In vivo Fluorescence Measurements

In vivomeasurements of BPD fluorescence were taken using several animals as discussed in

the materials section. The histogram of fluorescence intensities for two individual animals

can be seen in Figure6.6(a) and 6.6(b), for the cases of 15 minutes and 3 hours post

injection of verteporfin. These individual data are shown to illustrate how each animal

typically has a smaller variance in the data distribution, as compared to the overall variance

observed in the data summarized for five animals, shown in Figure6.6(c). Even though 100

data points were acquired from each tumor, as shown in6.6(a)and6.6(b), the histograms

do not show a lot of high and low values, as compared to the cumulative graph6.6(c). In

Figure6.6(a), the mean and variance values are tabulated in Table6.2, as 0.13 and 0.05

for rat 1, and 0.09 and 0.05 for rat 2.. These two distributions have a similar variance, but
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(a) (b)

(c)

Figure 6.6: Histograms of fluorescence intensity are shown for analysis from frozen section
microscopy data as listed in the previous figure, with the tissue resected 15 minutes after
verteporfin injection (top row) and 3 hours after injection (bottom row). The two sets of
graphs show the analysis completed where each pixel was taken separately and all pixels
in all images were used (left column graphs), and then also the data is reported (in the
right column) where the entire image fluorescence intensities were used, such that each
histogram represents a higher spatial averaging. The data is taken from 6-7 animals in
each group, using 3 slice sections for each tumor, and 147 and 95 images total, for the 15
minute and 3 hr data, respectively. For the pixel data, all pixels in the image were used,
corresponding to 349,133 values per image. Analysis of the histogram differences and
similarities is quantified in Table6.1
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Histogram Number of Mean± Std Meant-test f -test Variancef -test
samples (〈 f 〉 ± σ) p value for statistics p value for

〈 fl〉 , 〈 fp〉 σ2
l /σ

2
p σ2

l = σ
2
p

Rat 1, 15 min 70 0.13± 0.05 0.008 0.73 0.283
Rat 2, 15 min 32 0.09± 0.05

Rat 1, 3 hr 31 0.22± 0.07 0.009 0.17 0
Rat 2, 3 hr 49 0.24± 0.03

Summary 15 min 117 0.12± 0.05 0 0.21 0
Summary 3 hr 300 0.25± 0.10

Table 6.2: Statistical data for the histograms shown in Figure6.6 of the two sample rats
shown for 15 minute data in6.6(a), 3 hour data in6.6(b), summary data shown in6.6(c).
The mean and standard deviation for each histogram is shown in the 3rd column. The 4th
column reports on the p-value that the means are the same, with the results showing that
the two 15 minute histograms are significantly different, and the two 3 hr histograms are as
well, in terms of their mean values. In the 5th and 6th columns the results of thef -statistic
are shown, where the variance is significantly lower in the image histogram for the 3 hr
case, but not the 15 minute case. When comparing the 15 min data to the 3 hr data, the
variance is also significantly different.
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different mean values. These two samples are simply illustrative of an overall trend which

is seen from sampling many different animals, which is that the variance of the distribution

is often the same, but the mean value between animals can be different. In Figure6.6(b)

the mean and variance values are tabulated in Table6.2as well, and are 0.22 and 0.07 for

rat 1, and 0.24 and 0.03 for rat 2. In this case the drug has distributed more homogeneously

in the tissue, and the mean values are much closer between animals, and the variance of

the distribution is seen to be different. In Figure6.6(c)when the composite data is plotted

for both the 15 min and 3 hour time points using several animals, the mean and variance

values are listed in Table6.2, and are 0.12 and 0.05 for 15 minutes, and 0.25 and 0.10 for

3 hours. These two distributions have different mean values and different variances, where

both the mean and the variance increase by a factor of 2, between the 15 minute and the 3

hour time points.

6.4 Discussion

While a large number of research studies use fluorescence measurements from tissue as a

tool to assess concentration or relative changes in concentration of photosensitizer, compa-

rably little has been published upon the effect of how the measurements are done. In the

past two decades or so, knowledge of how the tissue scattering affects the detected signal

has significantly improved, to the point where it is possible to simulate and predict mea-

sured signals, given predictions of the bulk tissue optical properties. However, in all these
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studies, both simulations and experimental, the micro-regional fluctuations in optical prop-

erties and the micro-regional changes in drug compartmentalization are largely ignored.

This is a practical issue, as compensating or accommodating these changes is exception-

ally difficult, however in this study the focus has been upon understanding these changes

spatially and temporally, to allow a full understanding of the limitations of our measured

signal.

When the photosensitizer is injected in the animal and is distributed by the vascular tree,

the diffusion of the drug occurs into the tissue, and there are two levels of heterogeneity

that were observed here. First, there is considerable macroscopic heterogeneity which

is induced by the physical features of the tumor, as shown in Figure6.2(b), where the

concentration in the peripheral regions of the mass are on average about 2 times as high

as in the center of the image. This large degree of macroscopic spatial heterogeneity is

clearly problematic, yet well documented in both chemotherapy and photodynamic therapy

drug distribution studies. The origins of macroscopic spatial heterogeneities are still not

well understood, even after considerable research, yet are largely attributed to pressure

gradients slowing the diffusive process [308]. This is a static phenomenon which needs

to be understood and used when interpreting measurements from the surface of tumors.

The current fiber optic design used here [256, 289, 290, 295], was designed specifically

to sample shallow regions of tissue because of the need for reducing the effect of tissue

light scattering upon the measured signal. The design works well for what it is proposed
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for, but will ultimately only sample the most superficial 200-300 microns of tissue, which

is the region where the drug concentration is highest. Thus, this design of a fiber probe

is not ideal for the tumor type where the periphery of the tumor is so substantially higher

than the interior. An interstitial fiber probe or a macroscopic diffuse sampling probe would

be required to measure from the interior of the tumor. This is a static problem in drug

sampling from tissue, which can confound many studies of drug deliveryin vivo.

The origin of the spatial heterogeneity observed in Figure6.3(b)at the 15 minute time

point is due to the diffusion time required for drug to make it from the higher concentration

in the vessel out to the distant sites of the tumor epithelium. This spatial concentration

gradient induces the diffusive transport of the drug, once it has passed out of the endothelial

barrier. Measurement of the drug concentration at early times will always be confounded

by this compartmentalization issue. However, the data plotted in Figures6.5(a)and6.5(b)

illustrate the different signals which would be measured from a small sampling region and

a larger sampling region. In general, the mean values of these two distributions appear

the same (p-values in Table6.1), being 6.4 for the 15 minute data and near 8.1 for the

3 hour data. However while the means of the distributions appear similar, the obvious

difference is that the lowest and highest values of the distribution are lost, in this latter

case. The variances are significantly different, as shown by thef -test statistic andp-values

shown in Table6.1, illustrating that the distribution observed with pixel-level sampling is

wider than the distribution observed when sampling is done over larger areas of tissue.
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Thus, sampling fluorescence from larger and larger regions has the affect of averaging the

distribution function toward the mean value, and there is a loss of the lowest and highest

parts of the histogram. It is not yet clear what implications these areas with very high

and low drug level may have on PDT treatment outcome. If measurement of the lowest and

highest photosensitizer concentrations is important or useful for predicting tumor response,

then sampling with smaller fibers and detectors will be important. However sampling of

many points on each tumor would then also be essential, similar to how Eppendorf oxygen

electrode measurements of tumors require multiple points and multiple tracks to be used

for a useful measurement of the oxygen distribution in a tumor [309]. It is possible that the

mean value of photosensitizer concentration is all that is required, and then sampling with

larger fibers should be sufficient.

We compare these microscopic data to thein vivofiber measurements, plotted in Figure

6.6, and similar histograms are seen. The quantification of the mean and variance values of

these distributions in Table6.2, shows that the mean values between different animals can

easily be different, and the variance values may or may not be different, depending upon

the physical characteristics of the drug diffusion and the sampling. The most important

observation in this data set is that the distributions are similar to those observed in Figure

6.5, when image level sampling was completed, such that the ratio of the variance to the

mean of the distribution is small. The cumulative data for any one animal show a histogram

which has a variance which is in reasonable agreement with the microscopic data, yet
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appears as though the lowest and highest values of the histogram are not well represented

(see Figure6.6(b)). When data are pooled from several animals (Figure6.6(c)), then the

full histogram appears more like a normal distribution, with values down to zero and up to

the higher values. Thus, for any one animal, multiple sampling of the tumor is still useful,

yet will not show the range of low and high values present in the tissue and the microscopic

scale. This is a fundamental observation, that macroscopic sampling can likely never reveal

the true range of concentrations existing in the tissue, because the distribution achieved has

systematically averaged out the lowest and highest values. The only way to achieve the full

distribution of values in the tissue is to sample at the tissue many times on a distance scale

which is smaller than the inter-capillary spacing.

However, the choice of which size scale is presents the ”true” distribution is also a

good question, and an extension of this study might also be to sample the tissue at the dis-

tance scale of the cell, or of sub-cellular organelles. These distance scales are also likely to

present histogram distributions which are different than that observed on the intercapillary

spacing distance scale. However, since the dominant factor in drug distribution is the dif-

fusion or transport from the capillaries into the parenchyma, this study has focused on this

latter scale, as compared to a macroscopic sampling scale of nearer 1 mm.

This study has not addressed the question of what the pertinent measurement of pho-

tosensitizer concentration isin vivo. It has been implied that the mean value of the con-

centration is the important parameter, and clearly photodynamic therapy effect scales with
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the drug dose in the tissue [305, 310, 311]. However, it is interesting to compare the pho-

tosensitizer histogram to the oxygen histogram observed in Eppendorf electrode studies

[312]. In both radiation therapy and photodynamic therapy, there is good evidence to sup-

port the idea that the fraction of the tumor at the lowest oxygen tension is ultimately what

limits the efficacy of therapy [309, 313–315]. Thus, it is also conceivable that the frac-

tion of the tumor which has low photosensitizer concentration is what limits the efficacy

of photodynamic therapy. However, currently this is just a hypothesis, and as yet untested.

The main purpose of the present study was simply to understand what the measurement

of fluorescencein vivo represents in terms of the true photosensitizer concentration in the

tissue.

6.5 Conclusions

In conclusion, when fluorescence is measuredin vivo the size of the region sampled appears

to affect the measurement histogram of values, but does not strongly affect the mean value.

As the region sampled is increased to larger than the typical inter-vascular distance, the his-

togram of values observed tends to lose the lowest and highest parts of the histogram. This

is typically what can be observed within vivo sampling of tissue with fiber optic probes.

The macroscopic heterogeneity observed in many experimental tumors is an important is-

sue for sampling of tumors, because if the measurement is taken from the exterior of the

tumor, then the signal will be biased towards higher values than is representative of the
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full tumor. These effects upon the sampled signal are likely difficult to avoid or correct

for, but need to be well understood when interpretingin vivo data. Further study of this

effect could be carried out with fiber probes of varying diameter, and this work is ongoing

presently. This study presents an initial interpretation of the size scales of heterogeneity

observed in this experimental tumor system, using microscopy and a current working fiber

probe system.
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Part III

Strategies for PDT Treatment

Individualization
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Chapter 7

Correlation between Photosensitizer

Pharmacokinetics and PDT Outcome

In Part II , we have discussed the sources of the photosensitizer pharmacokinetic variabil-

ity, pharmacokinetic models of photosensitizer systemic distribution and distribution inside

tumor tissue, and tumor microenvironment effects upon the photosensitizer pharmacoki-

netics. Once these pharmacokinetic variabilities have been recognized and the potential

sources of variabilities have been identified, the next question is how can these pharma-

cokinetic variabilities be reduced? To find the answers to this, we first need to understand

the correlation between photosensitizer pharmacokinetics and treatment outcome. In this

chapter, we will explore the connection between these on the individual level.
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7.1 Introduction

In photodynamic therapy, it is assumed that the photosensitizer should be preferentially

delivered to, or retained in the tumor for the best therapeutic effect. This concept has de-

termined the design of new photosensitizers/photosensitizer delivery systems and clinical

PDT treatment protocols. For example, the development of liposome photosensitizer deliv-

ery systems has enabled the tumor cell specific targeting through the surface modification

of liposomes. Active targeting liposomes can remain stabilized in the circulatory system,

and preferentially extravasate at the tumor site. They accumulate in the tumor intersti-

tium and enter the tumor cells via tumor specific antibody-receptor endocytosis. Usually,

in defining optimal PDT treatment protocols, standard dose escalation methods are used

to explore the optimal drug-light interval at which there is maximal difference between

photosensitizer uptake in tumor and the surrounding normal tissues. However, it has not

been possible to ensure the amount of photosensitizer molecules delivered to the target-

ing tumor cells, due to variety of factors in the process of photosensitizer delivery which

have been discussed in Chapter3 and4. In addition to these microscopic intra-tumor pho-

tosensitizer variabilities, there is growing evidence that the distribution of photosensitizer

between individuals fluctuates significantly. But the connection of how photosensitizer

pharmacokinetic variation affects the PDT treatment efficacy has not yet been investigated.

In this study, these relations between intra-tumor and inter-tumor variability in photosen-

sitizer uptake are examined, and the correlation between inter-individual photosensitizer
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pharmacokinetic variability and responses to cellular-targeting and vascular-targeting PDT

treatment.

7.2 Material and Methods

7.2.1 Animals and Tumor Model

The R3327-MAT-LyLu Dunning prostate tumor model was used in this study, which is

an androgen-independent carcinoma, syngeneic to the Copenhagen rat. These R3327-

MAT-LyLu prostate cancer cells were cultured in RPMI-1640 with glutamine (Mediat-

ech, Herndon, VA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT)

and 100 units/ml penicillin-streptomycin (Mediatech). All animal procedures were car-

ried out according to a protocol approved by the Dartmouth College Institutional Animal

Care and Use Committee (IACUC). Copenhagen rats (male, 6-8 weeks old) were used in

this study, and were obtained from Charles River Laboratories (Wilmington, MA). Subcu-

taneous MAT-LyLu tumors were induced by injecting approximately 1× 105 MAT-LyLu

cells (suspended in 0.05 ml PBS) subcutaneously into the animal flank after shaving. The

tumor growth was measured daily with calipers. Tumors were used for the experiment at

9-12 days after inoculation, with a surface diameter of 7-9 mm and a thickness of 2-4 mm.
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7.2.2 Cellular and Vascular Targeting Photodynamic Therapy

A 690 nm wavelength diode laser system (Applied Optronics, CT) was used throughout

the study for irradiation of tumor. The light was delivered through a 140µm optical fiber,

and illuminated the tumor surface over 1 cm diameter beam spot after passing through

a fiber optic collimator. The MAT-LyLu tumors were exposed to an incident fluence

rate of 50 mW/cm2, as measured by an optical power meter (Thorlabs Inc., North New-

ton, NJ). Animals were anesthetized with an intramuscular injection of ketamine-xylazine

(90 mg/Kg and 9 mg/Kg) and placed on a heating pad maintained at 37◦C, throughout the

treatments.

In the vascular targeting PDT treatment group (vPDT), animals received verteporfin

intravenously at a dose of 0.25 mg/kg BPD-MA per bodyweight. Tumors (n= 11) in vPDT

group were exposed to 75 J/cm2 total light dose 15 min after verteporfin administration.

Animals in the cellular targeting PDT treatment group (cPDT) (n= 20) received 1 mg/kg

BPD-MA via i.v. injection, and were exposed to a same total light dose 3 hours after

verteporfin injection. Tumors in the control group (CTRL) (n= 20) also received 1 mg/Kg

BPD-MA, but were not exposed to light illumination.

7.2.3 Tumor Regrowth Assay

A tumor regrowth assay was used to quantify the treatment effects of photodynamic ther-

apy. Width (a), length (b) and height (c) were measured with slide calipers to determine
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the tumor volume, and calculations were performed using the formulaV = π6 × a× b× c.

The longitudinal tumor volume data, as a function of time (in days) after treatment, are

displayed on a semi-logarithmic scale. The advantage of the semi-logarithmic versus reg-

ular scale is that exponentially growing tumors follow a straight line so that the effects of

the tumor growth delay are clearly seen. Moreover, expressing observations asvt = ln(Vt),

whereVt is the tumor volume at timet, facilitates modeling of tumor growth and regrowth

in treatment groups and their statistical comparison [316]. The following tumor regrowth

model [316] has been applied to mathematically to describe the dynamics of treated tumors:

vt = α+βt− ln (S F%)
(
e−δt − 1

)
, whereα is the log tumor volume before the treatment,β is

the growth rate of unaffected tumor cells,δ is a cell loss constant at which the treated cells

die, andS F% is survival fraction. This model allows computing other treatment endpoints

such as tumor regrowth delay (TGD) computed as and doubling time (DT) as the solution

to the equation. Tumor regrowth delay (TGD), doubling time (DT) and survival fraction

(S F%) were used to determine variation of tumor response within and between groups.

7.2.4 Photosensitizer Pharmacokinetics Quantification

Verteporfin plasma concentration quantification

In the vPDT treatment group, animals were anesthetized and verteporfin was injected at

0.25 mg/Kg BPD-MA as described above. Verteporfin plasma concentrations from each

animal were measured at different time points after photosensitizer i.v. injection. At these
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times, 200µl blood was drawn from the Jugular vein of each animal at 3, 5, 10, and 15

min. Animals then received light treatment as described above. The plasma was separated

from the blood by centrifugation at 8000 rpm at 4◦C. The plasma was diluted by a factor

of 10 in a solution of 1% SDS in PBS and placed in a 2.5 ml cuvette. The fluorescence

spectrum was recorded by a FluoroMax-2 (Jobin Yvon Inc., Edison, NJ) excited at 430 nm.

The peak fluorescence intensities at 690 nm were converted to g/ml using the fluorescence

intensity for the BPD concentration calibration curve.

Verteporfin tissue concentrationin vivo quantification by Aurora Fluorometer

In the cPDT group, animals were injected verteporfin intravenously at a dose of 1.0 mg/Kg.

At 3 hours after photosensitizer administration,in vivo measurements were taken with the

Aurora fluorometer [256, 289, 290, 295]. The probe end was designed with 100 micron

diameter fibers to constrain the volume of tissue sampled to be smaller than the average

scattering distance of tissue (typically 100-200 microns) [289]. The system has been tested

in several phantoms and animal studies, and has been systematically compared to tissue ex-

traction values, using the photosensitizer tetrasulphonated aluminum phthalocyanine [290].

In this study, the system was used to monitor fluorescence at multiple sites on the surface

of the tumor, using 20 distinct locations and sampling 10 times from each site. The system

was designed to sample each location for 0.5 seconds, and leave less than 1% bleached from

each spot for the measurements. In practice the repeated measurements from each location
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were analyzed to determine that photobleaching had not caused a significant systematic

decrease in the values during the 10 repeated measurements. The set of 200 data points for

each animal were used to analyze the verteporfin distribution heterogeneity within a tumor

for each animal. The average of these 200 data points were used to represent the verteporfin

tumor uptake and to analyze the uptake variation between individual animals.

Verteporfin tissue concentrationex vivoquantification by Fluorescence Microscopy

In a separate group, tumor bearing animals received i.v. injection of verteporfin at 1.0

mg/Kg. At 15 min or 3 hours post drug administration, animals were sacrificed and tumor

tissues were rapidly dissected, embedded in TissueTek medium and snap-frozen in liquid

nitrogen. Cryosections of 10 micron thickness were cut from the frozen tumor, and fluo-

rescence of BPD-MA was then analyzed with a Nikon Diaphot-TMD fluorescence micro-

scope equipped with a chroma filter set specially designed for this fluorophore(excitation:

425/40 nm, emission: 700/30 nm).
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7.3 Results

7.3.1 Intra-tumor and Inter-tumor Variation in Verteporfin Pharma-

cokinetics

Verteporfin plasma pharmacokinetics

Verteporfin plasma pharmacokinetic profiles after a single bolus i.v. injection of verteporfin

in tumor bearing rats are shown in Figure7.1. The plasma concentration decreased rapidly

during the time course of monitoring. The individual normalized data were then fitted to

a single exponential decay modelC(t) = Ae−αt, and then verteporfin elimination half-lives

were calculated byτ 1
2α
= ln2/α. Table7.1listed these verteporfin plasma pharmacokinetic

parameters were for the 11 animals in the vPDT group. The final global fitted single-

exponential decay model can be expressed as:

C(t) = 0.995e−0.072t (7.1)

where t is the time after verteporfin injection (in minutes) andC(t) is the normalized

verteporfin plasma concentration. The metabolic half-life for verteporfin is thus 9.61 minutes

which is consistent with our previous results Chapter4.
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Figure 7.1: Normalized verteporfin plasma concentration as a function of time after a single
i.v. injection. Individual plasma concentration profiles were normalized to their mean
concentration at time zero. The normalized individual profiles were plotted in thin black
lines with black circles, and the fitted curve to the mean was plotted in a red thick curve.

Animal ID Age Body Weight A τ 1
2α

(Weeks) (g) (A.U.) (mins)
1 7 175 0.91 9.84
2 7 170 0.93 10.48
3 6 180 1.07 9.48
4 7 175 1.02 9.24
5 7 185 1.04 8.99
6 6 195 0.87 14.04
7 6 170 1.04 8.28
8 7 180 1.08 8.51
9 6 185 1.05 8.53
10 7 175 1.03 8.73
11 7 185 0.89 9.38

Table 7.1: One compartment model parameter estimations for individual animals. Each
pharmacokinetic data set was fitted toC(t) = Ae−αt, elimination half-livesτ 1

2α
= ln2/α.
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Verteporfin tissue concentration variability evaluated by fluorescence microscopy

To quantify the variation of BPD-MA fluorescence intensity at different locations within

a tumor, and the mean fluorescence intensity between tumors, 40X magnification was

used for sampling the fluorescence in frozen tissues. Each fluorescence image contained

682×512 pixels which is equivalent to 1150×863µm2. At least ten 1150×863µm2 fluores-

cence images were obtained at different locations within a tumor from each animal, and 13

and 14 animals were included in the 15 min and 3 hr time point groups, respectively.

Verteporfin fluorescence intensity of each 1150×863µm2 sampling area was quantified.

The averages of fluorescence intensities measured from different images from the same

tumor were used to represent the uptake level for that individual. Comparison of individual

tumor uptake between 15 min group and 3 hr groups is shown in Figure7.2(a)and Table

7.2. Verteporfin fluorescence intensity was found significantly higher in the 3 hr group

compared to 15 min group (p < 0.05).

The fluorescence intensities of each image from individual animals were pooled to-

gether and summarized in the histogram (Figure7.2(b)) for the analysis of intra-tumor

variation of verteporfin uptake. The coefficient of variation (standard deviation mean ratio)

was used to evaluate the variabilities of verteporfin concentration level at distinct locations

within the tumor. Statistical analysis of these fluorescence microscopy data are listed in

Table7.2.

The coefficient of variation (CV%) and mean values of each set of verteporfin fluo-
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(a)

(b)

Figure 7.2: Verteporfin tumor uptake evaluated by fluorescence microscopy. Vascular tar-
geting PDT group (15 m) included 237 fluorescence images from 13 animals, whereas
cellular targeting PDT group (3 h) included 190 fluorescence images from 14 animals.
Comparisons were presented in box-plot (a) and histogram (b) to illustrate the inter-tumor
and intra-tumor variation in BPD distribution.
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Histogram Number of Mean± Std CV% Meant-test f -test Variancef -test
samples (〈 f 〉 ± σ) p value for statistics p value for

〈 fl〉 , 〈 fp〉 σ2
l /σ

2
p σ2

l = σ
2
p

15-min image 237 21.02± 1.97 9.37 0.000 0.34 0.000
3-h image 190 25.09± 3.36 13.39

15-m individual 13 20.95± 1.65 7.88 0.003 0.23 0.017
3-h individual 14 24.37± 3.42 14.03

Table 7.2: Statistical analysis for histograms shown in Figure7.2., for intra-tumor variation
7.2(b), and inter-tumor variation7.2(a). The mean (〈 f 〉) and standard deviation (σ) for each
histogram is shown in the 3rd column. The 4th column shows the coefficient of variation
representing the extent of variation. The 5th column reports on thep-value that the means
of the vascular targeting PDT group and cellular targeting PDT group are different (i.e.
〈 fl〉 , 〈 fp〉). In the 6th column the results of thef -statistic are shown which is the ratio of
the variances. In the 7th column thef -testp-values are shown for the hypothesis that the
variances are equal (i.e.σ2

l = σ
2
p).

rescence measurements were used to analyze the photosensitizer fluorescence intra-tumor

variability and inter-tumor variability. Figure7.3illustrates that there is an inverse correla-

tion between tumor verteporfin uptake and the extent of photosensitizer variability (CV%)

inside the tumors in the 3 hr group (R2 = 45.8%, p = 0.008). However, no such correlation

was found in the animals in the 15 min group (R2 = 4.3%,p = 0.495).

Verteporfin tissue concentration variability evaluated by the Aurora fluorometer

Similar analysis was performed on verteporfinin vivo quantification data. Measurements

were taken using 30 animals in the 15 min group and 40 animals in the 3 hr group. The

mean fluorescence intensity of 100 data points was evaluated from 20 locations on the

tumor and these were used to represent the verteporfin uptake level in that tumor. The
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(a)

(b)

Figure 7.3: Correlation between verteporfin uptake intra-tumor variability and inter-tumor
variability analyzed for vascular targeting PDT (15 m)(a) and cellular targeting PDT (3
h)(b).
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coefficient of variation represented the intra-tumor variation of verteporfin uptake.

The box-plot of verteporfin uptake for individual tumors from both groups can be seen

in Figure7.4(a). Consistent with the observation from fluorescence microscopy analysis,

verteporfin uptake levels were found significantly higher at 3 hrs after verteporfin i.v. in-

jection (p = 0.000). Both the coefficient of variation analysis and two populationF-test

indicated that the inter-individual variation in verteporfin uptake was significant higher in

this group (Table7.3). Overall intra-tumor variation from both groups can be seen from the

histogram in Figure7.4(b). The mean, standard deviation,t-test, andf -test were listed in

Table7.3.

Histogram Number of Mean± Std CV% Meant-test f -test Variancef -test
samples (〈 f 〉 ± σ) p value for statistics p value for

〈 fl〉 , 〈 fp〉 σ2
l /σ

2
p σ2

l = σ
2
p

15-min regional 2239 0.28± 0.15 53.57 0.000 0.20 0.000
3-h regional 4278 0.50± 0.33 66.00

15-m individual 30 0.27± 0.08 29.63 0.003 0.08 0.000
3-h individual 40 0.51± 0.29 56.86

Table 7.3: Statistics for histograms shown in Figure7.4 of inter-tumor variation in7.4(a),
and intra-tumor variation in7.4(b). The mean and standard deviation for each histogram is
shown in the 3rd column. The 4th column is the coefficient of variation. The 5th column
reports on thep-value that the means are the different. In the 6th and 7th columns the
results of thef -statistic are shown comparing the variance.

Analysis of the correlation between intra-tumor variation and verteporfin uptake were

performed in a similar way as discussed above. An inverse correlation was observed be-

tween tumor verteporfin uptake and the extent of photosensitizer variability (CV%) in the

3 hr group (R2 = 43.3%, p = 0.000). No such correlation was found in the animals in 15
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(a)

(b)

Figure 7.4: Verteporfin tumor uptake evaluated by the Aurora fluorometer. Vascular target-
ing PDT group (15 m) included 2239 samplings from 30 animals, whereas cellular targeting
PDT group (3 h) included 4278 samplings from 40 animals. Similar to Figure7.2, com-
parisons were presented in box-plot (a) and histogram (b) to illustrate the inter-tumor and
intra-tumor variation in BPD distribution.
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min group (R2 = 0.1%,p = 0.897) Figure7.5.

7.3.2 Growth Dynamics post Cellular and Vascular Targeting PDT

To assess the tumor response to different types of PDT treatments, the tumor volume was

measured daily immediately following PDT treatment. The growth dynamics were then

fitted to a double exponential model [316] to characterize the biological response to the

treatment.

The animals in the photosensitizer-only control group showed faster and less variable

growth dynamics (Figure7.6(a)). The mean± standard variation of tumor volume on day

one and day six were 213±71 mm3 and 2224±735 mm3. The coefficients of variation were

33.4% and 33.1%, respectively.

The animals in the cPDT treatment group showed considerably more variation in growth

dynamics after treatment. On day one, the mean tumor volume was 204 mm3 with a stan-

dard deviation of 55 mm3, which corresponds to a coefficient of variation of 26.9%. On day

eight, the mean tumor volume increased to 1753±1151 mm3, corresponding to coefficient

of variation of 65.7%.

However, animals in the vPDT group responded differently after treatment. On day

one, the mean tumor volume was 208 mm3 with a standard deviation of 30 mm3, which

corresponds to a coefficient of variation of 14.2%. Vascular targeting PDT controlled the

tumor more effectively compared to cellular targeting PDT. On day ten, the mean tumor
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(a)

(b)

Figure 7.5: Correlation between verteporfin intra-tumor variability and inter-tumor vari-
ability analyzed from the Aurora Fluorometer. Coefficient of variation were plotted as a
function of the mean fluorescence intensity for tumors in vascular targeting PDT group (n
= 13)(a) and cellular targeting PDT groups (n= 14)(b).
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volume increased to 1529±336 mm3, corresponding to coefficient of variation of 21.9%.

By fitting the tumor volume to a double-exponential regrowth model, the control tu-

mors were found to grow at an exponential rate of e0.467×days, with a doubling time of 1.45

days. Cellular targeting PDT treated tumors showed an average growth delay of 3.65 days

(standard deviation: 0.39, coefficient of variation: 10.6%), tumor doubling time 3.50±

0.45 days (coefficient of variation: 12.8%) and surviving fraction of 18.7± 4.2% (coeffi-

cient of variation 22.7%). Vascular targeting PDT showed a growth delay of 5.16± 0.14

days, tumor doubling time 6.32± 0.13 days, and surviving fraction of 8.47± 0.86%. The

standard deviation and coefficient of variation for each parameter are listed in Table7.4.

Group DT TGD SF%
CTRL 1.45± 0.03 (2.1%) NA NA
cPDT 3.65± 0.38 (10.6%) 3.50± 0.45 (12.8%) 18.77± 4.26 (22.7%)
vPDT 6.32± 0.13 (2.1%) 5.16± 0.14 (2.7%) 8.48± 0.86 (10.2%)

Table 7.4: Summary of tumor doubling time, tumor growth delay and surviving fraction
for all treatment groups.

7.3.3 Correlation between Verteporfin Pharmacokinetics and PDT Treat-

ment Outcome

Relation between tumor response to vPDT and verteporfin plasma pharmacokinetics

Tumor response to PDT was evaluated as a function of normalized verteporfin plasma con-

centration att = 15 min measured by FluoroMax as described in the Materials and Methods

session. Survival fraction (S F%) was used to represent the tumor response to the PDT treat-
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(a) (b)

(c)

Figure 7.6: Tumor growth dynamics of animals in the CTRL (a), cPDT (b) and vPDT
groups (c). Coefficients of variation for tumor volumes were 33.4% and 33.1% at day one
and day six for CTRL animals, and 26.9% and 65.7% at day one and day eight for the
cPDT animals; 14.2% and 21.9% at day one and day ten for the vPDT animals.
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ment. The survival fraction was found inversely correlated with the normalized verteporfin

concentration at timet = 15 min as illustrated in Figure7.7. The regression analysis showed

R2 = 44.0% andp = 0.026.

Figure 7.7: Correlation between normalized verteporfin plasma concentration and vascular-
targeting PDT treatment response. Survival fraction of treated tumors in vascular targeting
PDT group were plotted as a function of normalized plasma concentration at timet = 15 m,
showing an inverse correlation between these parameters (p = 0.026).

Relation between tumor response to cPDT and verteporfin tissue distribution

Tumor response to PDT was evaluated as a function of verteporfin uptake in the tumor at the

time of illumination measured by the Aurora fluorometer, as described in the Materials and

Methods session. Survival fraction (S F%) was used to represent the tumor response to the

PDT treatment. The survival fraction was found inversely correlated with the verteporfin

tumor uptake (the mean of 100 measurements) as illustrated in Figure7.8. The regression

analysis showedR2 = 44.1% andp = 0.001.
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Figure 7.8: Correlation between verteporfin level and cellular targeting PDT treatment
responses. Survival fraction of treated tumors in cellular targeting PDT group were plotted
as a function of mean fluorescence intensity measured by Aurora fluorometer at timet =
3 h, showing an inverse correlation between these parameters (p = 0.001).

7.4 Discussion

PDT treatment using verteporfin has been approved for the treatment of wet form AMD,

and is under clinical trials for cutaneous non-melanoma skin cancer and psoriasis. Ex-

tensive preclinical research has been carried out using verteporfin as therapy for prostate

cancer, Barretts’ esophagus [122] and multiple sclerosis [317]. We have previously demon-

strated that verteporfin can be used to primarily target tumor vasculature or tumor cells by

adjusting the drug-light interval. For a short drug-light interval,e.g., verteporfin molecules

concentrate in the tumor vascular compartment. Most photodynamic reactions take place

in the tumor vasculature. Whereas, for a long drug-light interval, verteporfin molecules

transport across the vascular wall and diffuse through tumor interstitium, and accumulate
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in tumor cells, when the light treatment is performed, the photodynamic action happens

inside the tumor cells.

In theoretical estimates of the threshold dose, the threshold PDT dose is defined as

the minimum number of photons absorbed by the photosensitizer per unit tissue volume

[305] to kill the tissue. The concentration of photosensitizer molecules at the site of pho-

todynamic reaction is clearly a determinant factor in this calculation. However, there are

substantial variation in photosensitizer uptake between tumors and within a tumor. How

do these microscopic variation correlate with the inter-tumor variation, and how does this

pharmacokinetic variability affect PDT treatment? The objectives of this part of the study

were first to characterize the verteporfin pharmacokinetic variability at systemic and tumor

levels, and second to relate the verteporfin intra-tumor variability to inter-individual vari-

ability, and last to relate verteporfin pharmacokinetic parameters to the biological responses

to cellular and vascular targeting PDT treatment.

In Chapter4, we reported the verteporfin plasma concentration as a function of time af-

ter drug i.v. injection. In that study, verteporfin concentration in plasma was measured up to

8 hours post administration, and was fitted to a double-exponential decay model. Here, we

performed a plasma pharmacokinetic study on 11 tumor bearing animals, and followed the

plasma concentration up to 15 minutes post administration when the animals received light

treatment. Verteporfin plasma pharmacokinetic data was then fitted with an exponential de-

cay model. The elimination half-life was consistent with the first decay half-life observed
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in our previous work. Individual plasma concentration profiles were normalized to their

mean concentration at timet = 0 min after drug i.v. injection. The data were processed

this way so that the variation between individuals could be preserved. Figure7.1illustrated

the individual plasma pharmacokinetics, showing that there were about 8% variation in the

parameterA and 17% variation in the elimination half-life among individuals (Table7.1).

This observed variation in parameterA can be due to variation in the photosensitizer i.v.

administration process ,e.g., human errors in tail vein injection, or variation in the subjects

health. This latter issue occurs if health issues lead to variation in the binding process of

verteporfin to low density lipoproteins (LDLs). Plasma LDL concentration varies from in-

dividual to individual, and for the same individual, varies from day to day. The unbound

hydrophobic photosensitizers are taken up by the macrophage system and eliminated from

the body, and this process results in a faster clearance. It has been reported that the serum

protein concentration, such as human serum albumin (HSA), LDL, and transferrin, tends to

decrease with age [281]. Older animals or those with compromised health may have more

unbound hydrophobic verteporfin molecules and likely have a faster clearance.

The verteporfin tumor uptake study focused on variability of photosensitizer concen-

tration between individual animals and in the microscopic variability within a tumor. Two

drug quantification methods were used,ex vivofluorescence microscopy andin vivo Au-

rora micro-fluorometry. In Chapter6, the effect of sampling region size upon quantifica-

tion of tissue verteporfin concentration was examined, showing that the observed spatial
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heterogeneity decreases as the sampling size increases due to the signal averaging over a

larger volume of tissue. Thus it is important to be cautious when these measurement data

are interpreted. Figure7.2(b)and7.4(b)illustrate the inter-individual and intra-individual

variability in verteporfin concentration measured by these two methods.

There are several interesting facts demonstrated in these graphs. First, verteporfin con-

centration levels were significantly higher at 3 hours post injection in contrast to 15 min.

This can be observed by either comparing the individual tumor uptake, or the histograms

of verteporfin intra-tumor distribution using both microscopy and fluorometry methods, as

illustrated in Figure7.2(a)and7.4(a)). We have discussed the drug distribution process

in Chapter3 and4, and demonstrated that after i.v. injection, photosensitizer distributes

in the systemic circulatory system, tumor vasculature, and transport across the tumor ves-

sel wall, and then diffuses through tumor interstitium. At early time points, photosensi-

tizer molecules are constrained in the vasculature compartment due to the limited vascular

permeability. Photosensitizer quantification was performed through fluorescence intensity

measurement over a tumor tissue region of size approximately 1× 1 mm2 which contains

an average of 73 vessels (Chapter5). The fluorescence intensity readings are the average of

photosensitizer fluorescence intensity in the vasculature compartment over the 1× 1 mm2

tumor tissue region. Hence it lowers the fluorescence readings. Another cause of lower

fluorescence intensity readings at 15 min is that there could be photosensitizer quenching

processes, where photosensitizer molecules undergo non-radiative relaxation with adjacent
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molecules.

Second, the inter-individual verteporfin uptake variability was more pronounced at 3

hours compared to the inter-individual variability observed at 15 minutes. This phenomena

was observed from the measurements obtained by both quantification techniques (Figure

7.2(a)and7.4(a)). As listed in Table7.2 and7.3, inter-individual Variation values were

14.03%v.s. 7.8% from the microscopy study, and 56.86%v.s. 29.63%, for 15-m and 3-h

groups. Thef -test for equal covariance showed significantly less variability in 15-m mi-

croscopy and Aurora measurements groups (p = 0.017 andp = 0.000 for microscopy and

Aurora measurements respectively). This observation is accompanied with the fact that

verteporfin intra-tumor variabilities are significant higher in 3-h groups (Figure7.2(b)and

7.4(b), Table7.2 and7.3). Again, this can be explained by the distribution processes of

photosensitizer inside the tumor. At 15 minutes after i.v. injection, most verteporfin mole-

cules are in the vascular compartment, verteporfin concentration in the tumor vasculature

should be related to systemic plasma concentration, where only about 10% of variabil-

ity was found among individuals in this study (Figure7.1). This variability was further

averaged out when the verteporfin concentration was quantified over a 1× 1 mm2 tumor

tissue region. On the other hand, at 3 hours, verteporfin molecules flow across the tu-

mor vessel walls, diffuse through tumor interstitium, and then transport into the tumor cells

through LDL-receptor endocytosis. Each three of these processes contain factors that cause

verteporfin distribution heterogeneity (Chapter3 and4).
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Taking transvascular transport as an example, it was demonstrated that the effective

permeability coefficient of verteporfin in subcutaneous tumors varied from individual to in-

dividual (CV%= 16%) and from different locations within a tumor (CV%= 26%) (Chapter

4). This phenomena was further confirmed by the correlation study of intra-tumor variabil-

ity and verteporfin individual tumor uptake, as shown in Figure7.3(a), 7.5(b), 7.3(b)and

7.5(b). In both fluorescence microscopy and Aurora fluorometry studies, an inverse corre-

lation between verteporfin fluorescence intra-tumor variation and tumor uptake was found

at 3 hrs. This variation is caused by the variability factors of different transport processes,

e.g., heterogeneous permeability and heterogeneous interstitial diffusion rate. However, at

15 min, the causes of intra-tumor variation are photosensitizer systemic plasma concentra-

tion, vessel densities around the sample area, and regional hemodynamics of tumor vas-

culature. Also, verteporfin concentration variation in tumor vasculature might be averaged

out when a 1× 1 mm2 area of tumor tissue is sampled.

It is interesting to compare measurement data using two different photosensitizer quan-

tification techniques. Fluorescence microscopy analysis of photosensitizer tumor distrib-

ution is by far the most reliable technique to study the drug spatial distributions at dif-

ferent microscopic levels,e.g., drug intracellular distribution, drug concentration in tumor

intravascular or extravascular compartment. However, it is an invasiveex vivoquantifi-

cation technique and limits its usage in clinical settings. Spectrofluorometry techniques

offer non-invasive quantification of drug levels in the tumor, but lack the ability to measure
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drug concentration at the microscopic level (Chapter6). As illustrated in7.2(b)and7.4(b),

Table7.2 and7.3, verteporfin concentrations measured by the Aurora fluorometer exhibit

higher variabilities compared to fluorescence microscopy analysis. The configuration of

the detection probe used in this Aurora fluorometry study has been discussed elsewhere

[256, 289, 290, 295]. It represents a sampling volume of roughly 3× 3 mm2. In theory,

the variation observed in Aurora measurements should be less compared with the fluores-

cence microscopy analysis where a sampling volume of approximately 1× 1 mm2 tissue

is measured. However, verteporfin quantification via the Aurora spectrometer were per-

formed with repetitive samplings at different tumor locations. This will inevitably increase

the standard deviation of the measurement due to the photobleaching of photosensitizer.

Although the sampling volume of fluorescence microscopy is small, there is not much pho-

tobleaching of photosensitizer during the study, thus the variation remain less.

At both 15 min and 3 hrs, intra-tumor variabilities are found larger than the inter-

individual variabilities using both quantification methods. To illustrate these comparisons,

each measurement of verteporfin concentration at distinct locations and the mean values

for individual animals were plotted side by side in Figure7.9. This phenomena can be

explained in a similar manner as we explored the sampling size effect on verteporfin quan-

tification. That is: by averaging the multiple measurements at different locations within the

tumor, the microscopic heterogeneities of photosensitizer distribution can be suppressed.

Thus the mean value of these multiple measurements can be used to represent the photo-
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sensitizer uptake level of the whole tumor regardless of the spatial distribution of photo-

sensitizer molecules inside the tumor. This can be problematic when the photosensitizer

concentration in a specific compartment of the tumor dominates the treatment efficacy, such

as in vPDT.

(a) (b)

(c) (d)

Figure 7.9: Comparison of verteporfin concentration intra-tumor variation and inter-tumor
variation. The box-plots illustrate the intra-tumor variation and inter-tumor variation in
BPD fluorescence intensity measured by fluorescence microscopy (a) & (b), and Aurora
fluorometer (c) & (d).

Vascular targeting PDT now has become a common area of development in clinical
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PDT treatments aimed at debulking solid tumors, because of its effectiveness and limited

skin sensitivity. Extensive vascular targeting PDT studies have been conducted using a

short drug-light interval after verteporfin injection and showed vessel constriction, leakage

and vascular shutdown after treatment. Consistent with our previous findings and investi-

gations by Fingar and Kurohane, vascular targeting PDT exhibited a more effective control

of tumor, which can be seen from Figure7.6. Another feature observed from this study is

that variation in biological response to vascular targeting PDT was found much less than

the biological response to cellular targeting PDT7.4. There are two possible explanations

for this. Firstly, PDT reactions take place in the tumor vasculature, where the verteporfin

concentration variation is much less between individuals, besides, there is enough oxygen

supply for the production of singlet oxygen. Secondly, vascular targeting PDT damages

the tumor endothelial cells, and triggers inflammatory response of the tumor after treat-

ment. This process might spatially homogenize the treatment effect, and produce a ho-

mogeneous macroscopic necrosis in the tumor. To further explore the effect of verteporfin

plasma pharmacokinetic variability on vascular targeting efficacy, the survival fractions of

individual tumor were plotted against the AUC (area under curve) of verteporfin plasma

pharmacokinetics. A weak but statistically significant correlation was found between these

two parameters. The weak correlation might be due to the heterogeneous and intermittent

blood flow inside the tumor as we have discussed in Chapter3 and4.

Using a longer drug-light interval protocol, verteporfin molecules extravasate from tu-
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mor vasculature, and distribute in the tumor parenchyma, primary PDT reactions take place

in the extravascular compartment. Thus verteporfin concentration in tumor parenchyma

determines the biological response. This less heterogeneous verteporfin distribution does

not require microscopic quantification of verteporfin in specific compartments. Thus a non-

invasive, fiber bundle based spectrometer can provide enough information about verteporfin

concentration in the tumor tissue. Indeed, verteporfin concentration measured by multi-

ple sampling using the Aurora fluorometer correlated well with the surviving fraction, as

can be seen from Figure7.8. In Chapter5, we have discussed the effect of tumor micro-

environment on cellular and vascular PDT treatment, and concluded that the higher hypoxia

fraction observed in subcutaneous tumor limited the effectiveness of cellular targeting PDT.

In comparison to that, we hypothesized that an indicator paralleled to hypoxic fraction in

the oxygen histogram analysis should be a determinant for cellular targeting PDT treat-

ment. For example, the lower quartile of verteporfin concentration histogram generated

from the multiple measurements within a tumor might correlate to this. However, no such

correlation was found between the lower-quartiles and treatment efficacy of cellular PDT

(data not shown). This can be explained by the large intra-tumor variability observed at 3

hours after verteporfin injection. The lower readings are a mixture of locations where there

is either limited drug delivery or photobleaching during the measurement. Another possi-

ble explanation is that the inflammatory response in cellular targeting PDT might even out

the low photosensitizer areas where limited PDT reactions occur.
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7.5 Conclusion

In summary, there was 15% inter-tumor variation in BPD plasma concentration at the time

of light irradiation in vascular targeting PDT group, 40% inter-individual variation in BPD

fluorescence intensity measured by Aurora fluorometer at the time of irradiation in cellular

targeting PDT group. Tumor response to treatment were found significantly less variable

to vascular targeting PDT than to cellular targeting PDT. 22.7% inter-individual variation

was found in tumor survival fraction in response to cellular targeting PDT whereas it was

10.2% in vascular targeting PDT group. The inter-individual variability in response to vas-

cular targeting PDT is mainly due to the verteporfin plasma pharmacokinetic variability

(R2 = 44% , p = 0.026); whereas, the inter-individual variability observed in cellular tar-

geting PDT is caused by the heterogeneity in the drug transport processes (R2 = 44%, p =

0.001). This implies that different photosensitizer monitoring techniques should be utilized

in vascular targeting and cellular targeting PDT, but applied in different manner where they

sample the pertinent fraction of the tissue to be targeted.

200



Chapter 8

Photosensitizer Pharmacokinetic

Modulation

The transport processes of verteporfin have been characterized using two MAT-LyLu tu-

mor inoculation sites, and it was determined that orthotopic tumors have a higher vessel

density, vascular permeability and higher interstitial diffusion rate as compared to subcu-

taneous tumors. This higher transport rate leads to higher verteporfin uptake in orthotopic

tumors at 15 mins after intravenous injection, but not at 3 hrs. The inter-individual and

intra-individual verteporfin pharmacokinetic variability study presented in Chapter5 indi-

cated that at 15 minutes post verteporfin injection, most verteporfin molecules are confined

in the intravascular compartment of the tumor. The mean fluorescence intensity signal,

measured by either fluorescence microscopy or by the Aurora fluorometer, was dominated
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by the total number of photosensitizer molecules in the intravascular compartment. How-

ever, at the 3 hr time point after verteporfin intravenous injection, most photosensitizer has

extravasated from the intravascular space into the tumor interstitium, via a passive diffusion

processes, because of the concentration gradient across the vessel wall. These extravasated

molecules follow the concentration gradient in the tumor interstitium and diffuse through

the interstitial space. Using mathematical modeling, it was estimated that for the interstitial

diffusion process, 3 hrs is rather a long diffusion time. The rule of thumb for interstitial

diffusion is that the time constant (τD), for a specific molecule, with diffusion coefficientD,

to diffuse across distanceL is approximatelyL2/4D. For diffusion coefficient of verteporfin

in MAT-LyLu tumors (0.88µm2/s for subcutaneous tumors, and 1.59µm2/s for orthotopic

tumors),τD is of order of 47 mins and 26 mins for 100µm distance in subcutaneous and

orthotopic tumors respectively. In addition, since most molecules are in the extravascular

space, the mean fluorescence intensity of a tumor region with 1× 1 mm2 area is determined

by the total number of photosensitizer molecules in tumor interstitium. Thus, transvascular

permeability appears to be the parameter that determines the mean fluorescence intensity

the most.

In Chapter7, it was established that there was a correlation between mean fluores-

cence intensity and the PDT treatment efficacy. This conclusion was drawm based upon

the fact that cellular targeting PDT is less effective and much more variable, as compared

to vascular targeting PDT . This higher inter-individual variability observed in cellular tar-
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geting PDT is explained by the verteporfin inter-individual pharmacokinetic variability, es-

pecially the variability in intra-tumor distribution processes, such as distribution in tumor

vasculature, transvascular transport and interstitial transport. This spatially heterogeneous

transport processes results in a highly spatially variant BPD-MA distribution, leading to

inter-individual variation in BPD-MA pharmacokinetics. Of all three transport parameters,

transvascular permeability showed an important role in determining BPD-MA concentra-

tion level at 3 hrs post drug administration. This implies that by enhancing the transvascu-

lar transport process,e.g., increasing the vascular permeability (P), a higher photosensitizer

concentration can be achieved and thus reduce the inter-individual variation in photosen-

sitizer tumor uptake, and as a result, reduce the inter-individual variability in response to

cellular targeting PDT treatment.

8.1 Introduction

The rationale of this study comes from the cause-effect relationship that was found in pho-

tosensitizer transport parameters, as related to the PDT treatment efficacy. Cellular tar-

geting PDT requires preferential accumulation of photosensitizer molecules in the tumor

parenchyma. Thus the effective delivery of photosensitizer to the tumor cells is important

for an effective cellular targeting PDT treatment. This type of treatment is achieved by

lengthen the drug-light interval, in a way such that allows the photosensitizer to transport

across the tumor vessel walls, and diffuse through tumor interstitium. However, each step
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of these transport processes presents a high spatial and temporal heterogeneity. Most im-

portantly for the 3 hr drug-light interval, the transvascular transport parameter permeability

(P), seems to be a dominant factor affecting the BPD tumor uptake, and as a result, it

influences the cellular targeting PDT treatment efficacy.

The increase vascular permeability induced by the inflammatory mediators is of par-

ticular interest to cellular targeting PDT, where the photosensitizer tumor uptake is limited

by the lower permeability and heterogeneous transvascular transport processes inside the

tumor. Inflammatory mediators, such as histamine, bradykinin, and Substance P (SP),

are known to increase the permeability of venule, resulting in tissue edema [318, 319].

The mechanism underlying this increases permeability has been extensively studied. It has

been demonstrated from the pathology studies that these inflammatory mediators cause gap

formation at venular endothelial junctions, and the permeability increase is due to the for-

mation of such gaps. Gaps formation is thought to result from the contraction of endothelial

cells [320, 321]. This induced increase in permeability has been shown to be transient, even

during the continuous infusion of inflammatory mediators, such as histamine and SP. Fox

et al. demonstrated that during 60-min exposure to histamine, cat and rat mesenteries ex-

hibited leaky sites just 1 or 2 minutes after the onset of topical application of histamine,

and peaked at 5 to 10 minutes, and then disappeared at 20-30 minutes [322]. In Weidner’s

study, SP was applied intradermally via large cut-off plasmapheresis capillaries and it was

found to induce dose-dependent vasodilation and protein extravasation characterized by a
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fast onset and a desensitization within a time course of 30 minutes [323]. The mecha-

nism for this permeability recovery phenomenon is believed attributed to the enclosure of

the endothelial gaps triggered by the signaling pathways in the cytokine network [324].

In this study, the effect of SP application upon the photosensitizer verteporfin transvascu-

lar transport process was investigated, with a focus on the pharmacokinetics and possible

improvements to cellular targeting PDT treatment efficacy.

8.2 Materials and Methods

8.2.1 Tumor and Animal Model

Male Copenhagen rats (6-8 weeks old), obtained from Charles River Laboratories (Wilm-

ington, MA), were used throughout the study. The R3327 MAT-LyLu Dunning prostate

tumor cells [253] were cultured as discussed in previous chapters. The subcutaneous MAT-

LyLu tumors were induced by injecting approximately 1× 105 MAT-LyLu cells (suspended

in 0.05 ml PBS) subcutaneously into the shaved rat flank. Tumors were used for experi-

ment at 7 to 8 days after implantation when they reached a size of 6 to 9 mm in diameter.

No spontaneous necrosis was observed at the time experiment.
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8.2.2 Photosensitizer and Inflammatory Mediator

Verteporfin, obtained from QLT Inc. (Vancouver, Canada), was used in this study. Verteporfin

was reconstituted according to the manufacturer’s instructions. This stock solution was in-

jected intravenously to animals at various times prior to use, with a dose of 1.0 mg/Kg.

Substance P (5µg/ml, Peninsula Laboratories, Belmont, CA) was dissolved in 100 mM

acetic acid containing 0.9% NaCl.

8.2.3 Laser Doppler Blood Flow Monitoring

Laser Doppler blood flow measurement was taken with Moore Instruments Laser Doppler

Perfusion Monitoring System (Wilmington, DE). Optical fiber probe with a diameter of

200µm was inserted in the tumor tissue through a 28-gauge needle. Blood flow was mon-

itored for 1 hour after SP intra-tumor injection. All the flow data were normalized to the

average pre-SP injection value for all animals.

8.2.4 Transvascular Permeability Coefficient Evaluation

Macroscopic permeability evaluation

Evans blue was used to assess tumor vascular permeability change after SP application.

Quantification of the leakage of Evans blue, which binds to albumin in systemic circula-

tion, provided a measurement of plasma protein leakage. Tumors were excised from the
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animals at 15 minutes, 1 hour, 3 hours and 24 hours after Evans blue injection. Tumors

were weighed, minced, and extracted with formamide (1 ml per 100 mg tumor tissue) for

72 hours. The solutions were centrifuged and the absorbance of Evans blue in the super-

natant was measured at 620 nm by a spectrophotometer. The absorbance data were all nor-

malized to the highest value obtained to generate relative results for comparison between

SP treated group and control group.

Microscopic permeability evaluation

Verteporfin permeability (P) was determined from BPD fluorescence images taken from

tissues that were removed at 15 minutes post verteporfin injection. Animals in the control

group received i.v. injection of verteporfin at a dose of 1 mg/Kg, the tumors in SP treated

group received the intra-tumor injection of SP followed immediately verteporfin i.v. in-

jection at the same dose as animals in the control group. 15 minutes later, animals were

injected DiOC7(3) (Molecular Probes, Eugene, OR) to obtain information of tumor vascu-

lature location and shape with fluorescence microscopy from frozen sections. Injections

were administrated i.v. 1 minute before sacrifice at a concentration of 1 mg/Kg (dissolved

in 75% dimethyl sulphoxide in phosphate buffered saline)[114, 173, 252]. To prevent the

further diffusion of DiOC7(3) and BPD, tumors were isolated and frozen in OCT with liquid

nitrogen and then further sliced to 10µm slides (near the center of the tumor) for fluores-

cence microscopy studies.
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Details about the permeability mathematical model has been discussed in Chapter5. In

general, effective permeability coefficients of BPD in MAT-LyLu tumors were calculated

as:

PdE f f = (1− Ht)
V
S

dIi/dt
Ip,0

(8.1)

whereHt is average hematocrit in tumor vessels [325], V andS are the total volume and

surface area of vessels within the tissue volume captured by the fluorescence microscope,

dIi
dt is the total fluorescence intensity change per unit time,Ip,0 is intravascular fluorescence

intensity at time of verteporfin injection [187]. A total of 5 to 7 microscopic fields (with

an area of 1 mm2) were randomly taken from each section. Three sections were examined

for each tumor and 5 and 6 animals were included in the SP treated and control groups,

respectively.

8.2.5 Verteporfin Plasma Pharmacokinetics

To illustrate the effect of SP application on verteporfin systemic pharmacokinetics, animals

were anesthetized and verteporfin was injected at 1 mg/Kg BPD-MA, for the animals in

SP treated group, 50µl 5 µg/ml SP were injected in tumor at the same time. Verteporfin

plasma concentrations from each animal were measured at different time points after pho-

tosensitizer i.v. injection. 200µl blood was drawn from the Jugular vein of each animal

at 5, 10, 15, 30 minutes and 1, 2, 3, 4, 6 and 8 hours. The plasma was separated from the
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blood by centrifugation at 8000 rpm at 4◦C. The plasma was diluted by a factor of 10 in a

solution of 1% SDS in PBS and placed in a 2.5 ml cuvette. The fluorescence spectrum was

recorded by a FluoroMax-2 (Jobin Yvon Inc., Edison, NJ) excited at 430 nm. The peak

fluorescence intensities at 690 nm were converted to g/ml using the fluorescence intensity

for the BPD concentration calibration curve.

8.2.6 Verteporfin Tumor Pharmacokinetics

Verteporfin tissue concentrationin vivo quantification by Aurora Fluorometer

In both groups, animals were injected with verteporfin intravenously at a dose of 1.0

mg/Kg. For the animals in SP treated group, before verteporfin i.v. injection, 50µl SP

solution was injected in the subcutaneous tumors. At 3 hours after photosensitizer adminis-

tration,in vivomeasurements were taken with the Aurora fluorometer [256, 289, 290, 295].

The configuration of this system has been discussed in Chapter6 and7. In a similar man-

ner, the system was used to monitor fluorescence at multiple sites on the surface of the

tumor, using 20 distinct locations and sampling 10 times from each site. The set of 200

data points for each animal were used to analyze the verteporfin distribution heterogeneity

within a tumor for each animal. The average of these 200 data points were used to repre-

sent the verteporfin tumor uptake and to analyze the uptake variation between individual

animals.
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Verteporfin tissue concentrationex vivoquantification by Fluorescence Microscopy

In a separate group, tumor bearing animals received i.v. injection of verteporfin at 1.0

mg/Kg. At 3 hours post drug administration, animals were sacrificed and tumor tissues

were rapidly dissected, embedded in TissueTek medium and snap-frozen in liquid nitro-

gen. Cryosections of 10 micron thickness were cut from the frozen tumor, and fluores-

cence of BPD-MA was then analyzed with a Nikon Diaphot-TMD fluorescence micro-

scope equipped with a chroma filter set specially designed for this fluorophore(excitation:

425/40 nm, emission: 700/30 nm). Up to 30 to 40 1× 1 mm2 distinct locations were

randomly selected to evaluate the BPD tumor pharmacokinetics.

8.2.7 PDT Treatment and Tumor Regrowth Assay

Tumor bearing animals were divided into four groups: PDT group (n= 6), SP+PDT group

(n = 6), SP only control group (n= 5), verteporfin only control group (n= 6), and SP

vehicle control group (n= 4). Animals in the PDT group received 1 mg/Kg verteporfin i.v.

injection followed 3 h drug-light interval, and received 50 mW/cm2, 75 J/cm2 light treat-

ment. Animals in SP+PDT group received intra-tumor injection of 50µl SP, and 1 mg/Kg

verteporfin i.v. injection, followed 3 h drug-light interval and same light delivery as in PDT

group. In the verteporfin only group, animals received 1 mg/Kg verteporfin intravenously,

and no light treatment was performed. In SP, and SP vehicle control groups, animals were

injected 50µl SP and 50µl NaCl in the tumor respectively, and no light treatment was
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delivered.

Width (a), length (b) and height (c) were measured with slide calipers to determine the

tumor volume, and calculations were performed using the formulaV = π6 × a× b× c. The

longitudinal tumor volume data, as a function of time (in days) after treatment, are then

displayed on a semi-logarithmic scale.

8.3 Results

8.3.1 Verteporfin Plasma Pharmacokinetics

Verteporfin plasma pharmacokinetics in SP treated animals showed no significant differ-

ence compared to the animals in control group (p > 0.05). Verteporfin plasma pharma-

cokinetics were fitted to a two-compartment model, the four empirical parameters (A, B,

τ 1
2α

, andτ 1
2β

) were estimated. Each animal set of four empirical parameters was listed in

Table8.1. The experiment data and fitted curve are shown in Figure8.1. No significant dif-

ference in these parameter between two groups (p > 0.05). In Figure8.1, the final global

fitted model is represented by a red thick curve, and the raw data are represented by the

black thin curves.
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A B τ 1
2α

τ 1
2β

(A.U.) (A.U.) (mins) (hrs)
Ctrl 0.84± 0.08 0.18± 0.02 6.28± 2.07 5.84± 1.13
SP 0.84± 0.12 0.17± 0.04 8.27± 4.52 7.35± 2.49

Table 8.1: Two-compartment model parameter estimations for SP treated animals and con-
trol animals. Each pharmacokinetic data set was fitted toC(t) = Ae−αt + Be−βt, elimination
half-livesτ 1

2α
= ln2/α andτ 1

2β
= ln2/β.

(a) (b)

Figure 8.1: The normalized BPD plasma concentration is shown as quantified from samples
taken from four rats of each group. The mean data was fitted to bi-phase exponential decay
model, with the result shown by the red thick line. The connected points are normalized raw
data from the measurements at each point for individual animals. No significant difference
was observed between two groups (p > 0.05).
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(a) (b)

Figure 8.2: Histogram of average tumor vessel area in control tumors (a) and Substance
P treated tumors (b). Functional tumor vasculature was stained by injecting a perfusion
marker DiOC7(3) (1 mg/Kg, i.v.) to the tumor-bearing animal. Tumor vessel size data were
generated by analyzing 121 control tumor images and 99 Substance P treated tumor images
with NIH ImageJ. No significant difference in vessel area between two groups (p = 0.323).

8.3.2 Tumor Vasculature Morphology

The functional vasculature of MAT-LyLu tumors was stained by intravenously injecting

a fluorescent perfusion marker DiOC7(3) and the representative images. The number of

functional blood vessels and average vessel size in each fluorescence microscopic field

(10X, with an area of 1 mm2) was analyzed with NIH ImageJ using an automatic threshold.

As shown in Figure8.2, no significantly different vessel area is found for the SP injection

group and control group 15 minutes post SP intra-tumor injection. The average area of

vessels were 211.0± 74.7 pixel2 and 221.5± 81.3 pixel2 for SP treated group and control

group (p = 0.323).
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8.3.3 Change of Tumor Vascular Permeability to Evans Blue

Vascular permeability in the MAT-LyLu tumors were assessed by Evans blue tumor uptake

(Figure8.3). Uptake of Evans blue dye was significantly higher in the SP treated tumors

than the control animals at 1 hour and 3 hours after injection (p < 0.05). No significant

difference in tumor Evans blue level was found at 15 min and 24 hours after administration

(p > 0.05).

Figure 8.3: Effects of SP on vascular permeability to Evans blue. Tumors were excised
at different time points after i.v. injection of Evans Blue (10 mg/Kg in PBS). The uptake
of Evans Blue was measured by spectrophotometry after tissue extraction with formamide.
Each group includes 3 to 5 animals.
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8.3.4 Change of Tumor Microscopic Vascular Permeability

The mean effective permeability coefficients of tumors in both groups are shown in Figure

8.4. The SP treated tumors exhibited a significantly higher effective permeability coefficient

as compared with control tumors (0.04268± 0.01226µm/s; 0.02608± 0.00432µm/s;

p <0.005; Figure8.4).

Figure 8.4: Average effective permeability coefficients before and after SP application. SP
application significantly increase the microscopic vascular permeability (p < 0.005). Data
shown in this graph were obtained from 88 fluorescence images from 5 animals in each
group.
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8.3.5 Change of Verteporfin Tumor Pharmacokinetics

Effect of SP on verteporfin tumor pharmacokinetics was analyzed through two photosen-

sitizer quantification methods. Inex vivofluorescence microscopy analysis, the mean flu-

orescence intensity of verteporfin in a 1× 1 mm2 region was measured using a 40X mag-

nification objective. These data were pooled together and used to generate fluorescence

intensity histogram to illustrate the intra-tumor variation in verteporfin tumor pharmacoki-

netics. These intra-tumor variabilities in the SP and control groups are shown in Figure

8.5(a). Animals in the SP treated group showed a significantly higher verteporfin level

compared to control tumors (p < 0.05). The averages of fluorescence intensities measured

from different images from the same tumor were used to represent the uptake level for that

individual. Comparison of individual tumor uptake between the SP treated group and the

control group are shown in Figure8.5(b). Verteporfin fluorescence intensity was found to

be significantly higher in the SP treated group (p < 0.05).

In the second approach, verteporfinin vivoquantification were taken using 5 animals in

the SP treated group and 5 animals in the control group. The mean fluorescence intensity

of 100 data points was evaluated from 20 locations on the tumor and these were used to

represent the verteporfin uptake level in that tumor. The coefficient of variation represented

the intra-tumor variation of verteporfin uptake. The box-plot of verteporfin uptake for

individual tumors from both groups can be seen in Figure8.6(b). Consistent with the

observation from fluorescence microscopy analysis, verteporfin uptake levels were found
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significantly higher in SP treated animals (p < 0.05).

8.3.6 Change of Tumor Blood Flow

Intra-tumor injection of SP (50µl) led to significantly increased blood flow very shortly af-

ter injection. This response gradually declined, possibly due to the desensitization process.

The blood flow dropped down to the control values at time point 6.4± 1.7 min (n= 6)

(Figure8.7). Blood flow dynamics of animals in the SP group are shown in black with

circles, and the SP vehicle (NaCl) control animals (n= 3) plotted in red lines.

8.3.7 Enhancement of PDT Treatment Efficacy

Tumor regrowth measurements are shown for different treatment groups and control groups

in Figure8.8. Data points represent the average tumor volume for 6 animals in each group,

and error bars show the standard deviation for these mean values. PDT treatments and

PDT+SP treatment both induced tumor regrowth delay, and the SP+PDT group was found

to be clearly more effective than the PDT only group. Animals in SP control group also

demonstrated a slight tumor regrowth delay at days 5 post treatment (Figure8.8).
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(a)

(b)

Figure 8.5: Verteporfin tumor uptake evaluated by the fluorescence microscopy. Compar-
isons between SP treated group and control group were presented in a histogram (a) and a
box-plot (b) to illustrate the effects of SP on BPD fluorescence inter-tumor and intra-tumor
variation. 5 animals were included in each group.
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(a)

(b)

Figure 8.6: Verteporfin tumor uptake evaluated by the Aurora fluorometer. Comparisons
between SP treated group and control group were presented in a histogram (a) and a box-
plot (b) to illustrate the effects of SP on BPD fluorescence inter-tumor and intra-tumor
variation. 4 and 5 animals were included in control and SP treated group respectively.
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Figure 8.7: Blood flow changes after SP application recorded in MAT-LyLu tumors using
a laser Doppler blood flow system. Normalized blood flow dynamics were plotted for
individual animals. SP treated tumors (n= 6) are plotted in black line with circle; control
tumors (n= 4) are plotted in red lines.
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Figure 8.8: Tumor volume changes in response to PDT treatments. Animals in the PDT
group received 1 mg/Kg verteporfin and were exposed to 75 J/cm2 light illumination at 3
hrs. Animals in PDT+SP group received 50µl intratumor injection of SP before verteporfin
administration, tumors received the same photosensitizer dose and light dose as in the PDT
group. Animals in control groups received SP, NaCl or Verteporfin without light treatment.
There were 6 animals in each group.
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8.4 Discussion

In Chapter5 and7, it was established that there were connections between photosensi-

tizer transport parameters, photosensitizer pharmacokinetics, and PDT treatment efficacy.

The cause-effect relations among these parameters implies that individual photosensitizer

pharmacokinetic variability can be modulated by manipulating the transport processes dur-

ing the photosensitizer delivery process, and as a result, inter-individual variability in re-

sponse to PDT treatment can be reduced. Cellular targeting PDT requires effective delivery

of photosensitizer molecules to the tumor parenchyma. Photosensitizer inter-individual

variability and intra-individual pharmacokinetic variability is severe, and, not surprisingly,

inter-individual variability in response to cellular targeting PDT has been found to be the

most variable when compared to vascular targeting PDT.

In the 3-h drug-light interval cellular-targeting PDT protocol, verteporfin tumor cell

uptake is limited mainly by the transvascular transport process, rather than photosensitizer

interstitial transport process. This is due to the time constantτD, which is much shorter

than the drug-light interval 3-h. Thus, inter-individual variability in photosensitizer tumor

uptake can be modulated by controlling the transvascular transport process, and in turn

reduce the inter-individual variability in response to cellular targeting PDT.

There are variety of approaches to modulate the macromolecule transvascular transport

process in solid tumor. These approaches modulate the process through one or more of the

following pathways:
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1. Direct damage to the endothelial cells;

2. Increase blood flow;

3. Increase the exchange surface area;

4. Alter the interstitial fluid pressure.

Perhaps, the most frequently and widely studied increased vascular permeability phe-

nomenon is the large increase in permeability in acute or chronically inflamed tissues.

Extensive studies have been performed to investigate the effects of the inflammatory me-

diators on various tissues, such as, trachea, striated muscle, mesentery, skin and airway

mucosa. SP is one of the neurogenic inflammatory mediators present in sensory nerves

[326], triggers neurogenic inflammation, in which plasma leakage is prominent feature.

The purpose of this study present here is to investigate the effect of SP on photosensi-

tizer transport process, photosensitizer tumor pharmacokinetics, and its effect on cellular

targeting PDT efficacy.

Verteporfin plasma pharmacokinetics have are not affected by the intra-tumor injection

of SP, as can be seen from Figure8.1 and Table8.1. This is an attractive feature since

a localized permeability increase is desired in the tumor. In our early studies of SP, an

intravenous injection through tail vein was been examined. Verteporfin tumor uptake in

these animals did not show any increase, and even exhibited a decrease in tumor uptake

(data not shown). This might be due to the fact that post-capillary venules are the vessels
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that are most sensitive to inflammatory stimuli, which are often found an absence in the

tumor sites. By injecting SP locally, a localized transvascular transport modulation can be

achieved, thus limiting photosensitizer pharmacokinetic modulation locally.

Vasodilation has been reported for in many SP inflammation studies. Brooket al.

demonstrated that the percentage of dilated vessels is between 40-80% in small arterioles

in the rat cremaster muscle [327]. However, in our study, the range of average vessel areas

are comparable in SP treated and control tumors (Figure8.2). This can be explained by

the temporal dynamics of SP vasodilation effect. In Brook’s study, the vessel diameter was

evaluated via television microscopy, thus the temporal dynamics of the vessel morphology

can be evaluated. In this study, we used fluorescence microscopic perfusion images at 15

minutes after SP administration. At this time point, vasodilation might have already recov-

ered to the normal level. Thus, SP treated tumors did not show differences compared to

the control animals. This temporal effect can be confirmed from the blood flow dynamics

post SP injection. Figure8.7 indicates that shortly after SP administration, the blood flow

increases about 5 fold higher compared to the controls. This increased blood flow relaxed

back to the baseline within an average 6 minutes (Figure8.7). Therefore, the observed

vessel area at 15 minutes would be comparable to the controls.

Substance P induced vascular leakage is transient and followed by a rapid desensitiza-

tion process. This is explained by the endothelial gaps formation and re-closure after ex-

posure to SP. This gaps formation process is accompanied by vessel dilation and increased
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blood flow observed shortly after SP treatment. Thus increased blood flow and exchange

area is another factor that affect the transvascular transport. We evaluated the vascular

permeability via macroscopic tumor Evans blue extravasation assay and microscopic flu-

orescence microscopy. In Evans blue analysis, an increased Evans blue extravasation was

found at 1 hour and 3 hours post administration (Figure8.3). At 15 minute, there is slightly

but not significant difference between the SP treated and control group. This is probably

due to the localization of Evans blue-albumin conjugates. Since at early time point post

Evans blue administration, Evans blue-albumin conjugates accumulates in the intravascu-

lar compartment, the total Evans blue tumor level is determined by the concentration in the

intravascular compartment. However, after a longer period of time, Evans blue-albumin

conjugates extravasate across tumor vessel wall and distributed in tumor interstitium. Thus

the number of conjugates extravasated determines the total tumor uptake. Therefore, SP

induced transvascular permeability increases are more pronounced at 1 and 3 hours.

An inflammatory mediator induced vascular permeability increase has been extensively

studied. Wuet al. measured the effective permeability coefficient toα-lactalbumin in the

rat mesentery during 15 min of 10−3 M histamine suffusion, and showed a maximum 15

fold higher permeability at 4 min, and approximately 6 fold higher at 15 min [328]. We

have found approximately 60% increase in the microscopic transvascular permeability co-

efficient (Figure8.4). This value is much smaller than the results shown by other investiga-

tors. These investigations were performed mostly on the post-capillary venules in normal
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tissues, such as trachea, mesentery, and skin, where the interstitial pressure is much lower

than inside the tumor. As a results, the transvascular transport process is dominated by con-

vection rather than diffusion. After SP injection, molecules extravasate through these gaps

via the fluid exchange across the vessel wall. However, in the tumor tissue, the interstitial

fluid pressure is much higher. Even though the gaps have formed providing enough space

for transvascular transport, photosensitizer molecule still have to follow the concentration

gradient diffuse into tumor interstitium.

The increased permeability induced by Substance P led to a higher verteporfin uptake

in tumor at 3 hours after injection. This can be seen from both fluorescence microscopy

analysis and Aurora fluorometry analysis showing there is about 40 to 50% increase in

verteporfin fluorescence intensity (Figure8.5 and8.6). It is interesting to see that in Fig-

ure8.5(a), the fluorescence intensity intra-tumor distribution seemed more heterogeneous

in the SP treated group. This heterogeneity is characterized by one peak centered around

the mean value and a smaller peak centered at the control mean value. This phenomenon

might due to the heterogeneous SP intra-tumor administration. For a small portion of re-

gions inside the tumor, there is limited SP delivered, thus the transvascular transport is not

affected by SP injection. However, when integrated to the whole tumor, this effect is less

pronounced, and the inter-individual variability in verteporfin uptake is reduced (Figure

8.5(b)and8.6(b)).

PDT induced tumor growth delay was measured to examine the effect of SP on tumor
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treatment response. It is not surprising that SP+PDT treatment controlled the tumor growth

best, since SP administration enhances the photosensitizer transvascular transport, and in-

creases the photosensitizer uptake. One interesting fact observed from the tumor growth

analysis is that the inter-individual variability in response to PDT in SP+PDT group seemed

to be less compared to the PDT treated group. This can be seen from Figure8.9. There are

two possible reasons for these. First, by modulating the photosensitizer transvascular trans-

port process, less inter-individual variability in verteporfin tumor uptake was achieved, at 3

hours. Secondly, an inflammatory condition is of importance to PDT treatment. More and

more evidence has pointed to the fact that PDT damage is induced through the disintegra-

tion of cellular membrane which triggers the inflammation process. Endogenous injection

of inflammatory mediators seemed to enhance this PDT-induced inflammatory process, and

show a better control of tumor. At the same time, this inflammatory process homogenizes

the heterogeneous distribution of photosensitizer inside the tumor, and reduces the inter-

individual variability in response to PDT.

8.5 Conclusions

In this study, the intra-tumor application of Substance P was shown to increase the pho-

tosensitizer transvascular permeability 64%, enhance the photosensitizer BPD uptake by

48% measured by fluorescence microscopy and and 35% quantified by Aurora fluorome-

ter. Inter-individual pharmacokinetic variability and inter-individual variability in response
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(a) (b)

Figure 8.9: Individual growth dynamics for SP+PDT (a) and PDT group (b). Coefficients
of variation for tumor volumes are 12.5% and 20.5% at day one and day eight for SP+PDT
treated animals, and 12.7% and 63.9% at day one and day eight for PDT treated animals.

to cellular targeting PDT was found reduced by 40% and 50% after application of Sub-

stance P. The treatment with Substance P and cellular targeting PDT exhibited a better

control of tumor. This study implies that increasing photosensitizer transport may be a

useful mechanism for reducing the inter-individual variability in standard PDT treatment.
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Chapter 9

Photosensitizer Dosimetry Controlled

PDT Treatment Planning

9.1 Introduction

Over the past 30 years, PDT protocols have been developed for numerous types of cancers

and pre-cancers conditions. FDA approved PDT sites include skin, head and neck and

gastrointestinal tract [77, 87, 329].

To date, most clinical PDT treatments have been performed using a predetermined PS

dose, a fixed time interval between photosensitizer and light administration, and a stipulated

irradiation time with a fixed incident light irradiance (in units of mW/cm2 for surfaces, or

specified as mW/cm for cylindrical illuminators). Using this protocol, most pre-clinical
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and clinical PDT studies indicate a considerable variation in the treatment response [77].

Although some of this treatment response variation can be due to the biologic variation

in response to therapy for different histologic subtypes or different tumor geometries, the

issue of varying photosensitizer concentration in the tumor tissue would seem to be a con-

tributing factor. As a matter of fact, significant heterogeneity in PS tumor uptake has been

demonstrated in both animal and human tumors [88, 330]. Yet this issue is also the one

that can be readily addressed within vivodosimetry measurements, by simply adding more

light dose where there is lower drug dose. There is a well known reciprocity between

drug and light dose, which has been demonstrated in experimental tumors for several years

[310, 331–333]. Or through developing an integrated treatment plan which integrates the

fluorescence in real time during the treatment to estimate the overall dose [REF Wilson

paper]

Recent developments of fluorescence detection techniques have made online dosime-

try of PS possible. Both fiber based dosimeters [289] and wide-field fluorescence imaging

dosimeters [291, 300, 334, 335] have been designed and tested in phantom, animal and

clinical studies. These fluorescence measurements can provide information about photo-

sensitizer concentration in different tumors and in different areas within a tumor. Currently,

most PS dosimetry systems focus on the overall change of PS concentration without enough

attention on the variation of measurements within each subject. This is partially because

some PS dosimetry systems tend to sample large tissue volumes and therefore are not able
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to detect PS uptake heterogeneity. The micro-sampling probe in the dosimeter system used

in this study allows detection of PS variation in tumor tissue on the size scale of 100 mi-

crons. It is generally accepted that photodynamic therapy dose is defined as the number of

photons absorbed by photosensitizer per unit volume of tissue [336, 337]. This determina-

tion is readily calculated by multiplying the concentration of PS by its extinction coefficient

and the light fluence incident in that location. Thus, in order to deliver the same PDT dose,

as the concentration of PS changes, the light fluence should be adjusted accordingly to

compensate for this PS inter-subject variation.

The objective of this study was to examine the feasibility and outcome of an individ-

ual PDT regimen based on PS dosimetry measurements in a well-characterized rat prostate

tumor model. The PS tumor uptake variation was assessed using the micro-sampling PS

dosimetry system and, based on these measurements, the light dose was adjusted to de-

termine whether such a modification would improve treatment outcome. If this overall

hypothesis is true, it would open up the possibility of subject-customized PDT dosimetry

along the lines of radiation therapy treatment planning.
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9.2 Materials and Methods

9.2.1 Animals and tumor model

Male Copenhagen rats with an average body weight of 120 g-150 g, were used for this study

(Charles River Laboratories, Wilmington, MA). All animals were housed in the Dartmouth

Medical School animal facility. This facility and program are AAACAC accredited and

adhere to all USDA guidelines for animal research use. The animals were housed in a

temperature controlled environment with a 12-hr light/dark cycles, having free access to

water and standard laboratory diet. All procedures and experiments were approved by

the Dartmouth College Institutional Animal Care and Use Committee. The animals were

anesthetized using an intra-muscular injection of a mixture of Ketamine and Xylazine at

a dose of 90 mg/Kg and 10 mg/Kg respectively. A subcutaneous tumor was introduced

by injection of 1× 105 cells of the Dunning prostate tumor R3327 MAT-LyLu (Metastatic

AT-Lymph Node and Lung) [253], on the right flank in a volume of 50µl. Animals were

followed daily to track the tumor growth. Tumors were treated when they reach 150-

300 mm3 (approximately 7 days post injection).

9.2.2 Photosensitizer

A liposomal formulation of the photosensitizer benzoporphyrin derivative (BPD) [111,

115], verteporfin-for-injection (QLT Inc., Vancouver, BC, Canada), was used for all stud-
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ies. Following reconstitution, animals received 1.0 mg/Kg BPD intravenously (tail vein).

Photosensitizer dosimetry was then performed, and tumors were irradiated 3 hours after PS

administration.

9.2.3 Photosensitizer dosimetry

Immediately prior to light treatment, the skin over the tumor area was carefully removed

for measurement of the PS fluorescence in the tissue. The surrounding vasculature was

preserved as much as possible to minimize bleeding and changes in optical properties of

the tumor. PS concentration measurement was achieved using a customized commercial

fluorimeter system (Aurora Optics, Inc., Hanover, New Hampshire) at 20 distinct locations,

sampling 5 times at each site. A set of 100 data points for each animal was used to analyze

the intra-tumor variation of fluorescence intensity for each animal. The average of these

100 data points was used to represent the PS uptake for individual animals and for the

analysis of inter-tumor variation. All the measurements were recorded 3 hours after PS

administration. The fluorimeter system employed a 405 nm diode laser, a 660 nm long-

pass filter and a photomultiplier tube for detection. The fiber bundle contained 6 detection

fibers and a center excitation fiber. The six detection fibers each has 100 micron diameter

in order to constrain the distance of tissue sampled to be smaller than the average scattering

distance (mean free path) of tissue, which is typically 100-200 microns. The sampling time

for each measurement was limited within 0.5 seconds, so that less than 10% photobleaching

233



9.2. Materials and Methods 234

occurred when a repeated sampling was taken from an individual spot on the tissue [256,

290, 295].

9.2.4 Photodynamic dose calculation and Photodynamic therapy treat-

ment

Irradiation of tumors was achieved using a 1 Watt maximum, 690 nm wavelength diode

laser (Applied Optronics, CT) delivered via a 140µm diameter optical fiber. Laser beam

was collimated through a coupling lens on the end of the fiber to a 1cm diameter beam spot

over the tumor surface. The tumors received an average incident irradiance 50 mW/cm2, as

evaluated by an optical power meter (Thorlabs Inc, NJ). The time of irradiation was fixed

for the first two groups, and then varied in the latter three groups to maintain a group where

each animal received a fixed total dose, as defined below. Tumor-bearing animals were

divided into five groups of 11-20 animals. The control group and standard PDT group were

as follows: (a) PS-only Control group (CTRL): 20 animals were injected verteporfin intra-

venously and received PS dosimetry without laser illumination 3 hours post injection. (b)

Non-Compensated PDT treatment group (NC-PDT): 20 animals received the i.v. injection

of Verteporfin-For-Injection, and photosensitizer dosimetry 3 hours post injection. Animals

received the PDT irradiation right after PS dosimetry with total light dose of 75 J/cm2 and

an average light irradiance of 50 mW/cm2. Photodynamic dose was estimated by multiply-

ing the photosensitizer uptake of each individual and the total light dose of 75 J/cm2. The
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effect of compensating the light dose to the photosensitizer concentration was examined in

three ways. Since the fluorescence from each animal was measured in up to 100 samples,

each subject had a distribution of values from which to estimate the photosensitizer dosein

vivo. It was hypothesized that compensating the light dose of each animal to achieve a total

PDT dose equivalent to that calculated by the mean PS dose multiplied by 75 J/cm2 might

be optimal. However, alternative measures of the photosensitizer dose based upon the his-

togram of values from each animal, would be to use the lower quartile of the distribution,

or possibly the upper quartile of the distribution. In order to test if the mean lower quartile,

or mean upper quartile values of the PDT dose were better suited to reduce variance in

treatment effect, treatment groups were included which received PDT doses equivalent to

the lowest photosensitizer quartile and the highest photosensitizer quartile, each multiplied

by the light fluence of 75 J/cm2. This was achieved by each animal being given a light

dose which was compensated to achieve the same total PDT dose (light dose multiplied by

drug dose). These formulas used the following definitions below. In these definitions, the

photosensitizer concentration distribution in the entire control group was used to calculate

the mean, [PS]C, the mean of the upper quartile [PSUQ]C and the mean of the lower quar-

tile [PSLQ]C. In the same way, for each individual animals in the compensated groups they

were used to calculated the mean photosensitizer concentration, [PS] i, or the lower quartile

[PSLQ] i, or the upper quartile [PSUQ] i. Once calculated for each animal, the compensated

dose was estimated and the animals were treated in one of the three groups according to

the formulas:
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(c) Compensation-to-Median PS value treatment group (CM-PDT): 17 animals. Total light

dose for each subject was calculated from the dose calculation formula:

Total light dose= (75J/cm2) × ([PS]C)/([PS] i)

(d) Compensation-to-Lower PS quartile PDT treatment group (CL-PDT): 11 animals re-

ceived photosensitizer dosimetry 3 hours after verteporfin injection. The total light dose

for each subject was estimated from the formula:

Total light dose= (75J/cm2) × ([PSLQ]C)/([PSLQ] i)

(e) Compensation-to-Upper PS quartile, PDT treatment group (CU-PDT): 19 animals. The

total light dose for each subject was calculated from the formula:

Total light dose= (75J/cm2) × ([PSUQ]C)/([PSUQ] i)

9.2.5 Tumor Regrowth Assay and Model Based Interpretation

Tumor regrowth assay was used to quantify the treatment effects of photodynamic therapy.

Width (a), length (b) and height (c) were measured with slide calipers to determine the

tumor volume, and calculations were performed using the formulaV = π6 × a× b× c. The

longitudinal tumor volume data, as a function of time (in days) after treatment, are dis-

played on a semi-logarithmic scale. The advantage of the semi-logarithmic versus regular

scale is that exponentially growing tumors follow a straight line so that the effects of the

tumor growth delay are clearly seen. Moreover, expressing observations asvt = ln(Vt),
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whereVt is the tumor volume at timet, facilitates modeling of tumor growth and regrowth

in treatment groups and their statistical comparison [316]. The following tumor regrowth

model [316] has been applied to mathematically describe the dynamics of treated tumors:

vt = α + βt − ln (S F%)
(
e−δt − 1

)
, whereα is the log tumor volume before the treatment,

β is the growth rate of unaffected tumor cells,δ is cell loss constant at which the treated

cells die, andS F% is survival fraction. This model allowed computing other treatment

endpoints such as tumor growth delay (TGD) computed as and doubling time (DT) as the

solution to the equation . Tumor growth delay (TGD), doubling time (DT) and survival

fraction (S F%) were used to determine variation of tumor response within and between

groups.

9.3 Results

9.3.1 Inter-tumor and intra-tumor variation in photosensitizer uptake

Photosensitizer dosimetry measurements were performed on 40 animals (20 from CTRL

group, 20 from NC-PDT group) at 3 hours post injection of verteporfin. Photosensitizer

fluorescence intensity measured via PS dosimeter (Aurora Optics, Lebanon, NH) varied

considerably between tumors and between locations on each tumor. Figure9.1(a)demon-

strates two tumors, one with small intra-tumor variation (coefficient of variation= 11.9%)

and one with a large intra-tumor variation (coefficient of variation= 64.2%)(coefficient of
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variation= standard deviation to mean ratio). This information illustrates how animals may

have different photosensitizer uptake distributions,e.g. animal B has a higher percentage

of low photosensitizer uptake area compared with animal A, possibly due to necrotic areas

or damaged blood flow. The overall intra-tumor variation summarized from 40 animals is

shown in Figure9.1(b). Differences in data distribution for individual animals and a larger

population are shown. Inter-tumor variation of photosensitizer uptake is shown in Figure

9.1(c). This graph summarizes the average photosensitizer uptake from 40 animals (coef-

ficient of variation: 56.9%). Photosensitizer uptake is represented by the average of 100

data points measured from each tumor. In Figure9.1(a), the mean and standard deviation

are 0.291 and 0.082 for rat A (smaller variation), and 0.296 and 0.190 for rat B (larger vari-

ation), which correspond to coefficient of variation values of 11.9% and 64%, respectively.

The mean and standard deviation in Figure9.1(b)were 0.50 and 0.33, and coefficient of

variation was 66.0%. In Figure9.1(c), the mean and standard deviation values are 0.51 and

0.29, corresponding to a coefficient of variation of 57%.

9.3.2 Inter-tumor variation in treatment response

To assess the tumor response to PDT treatment, the tumor volume was measured daily im-

mediately following PDT treatment. The animals in the photosensitizer only control group

showed faster and less variable growth dynamics (Figure9.2). The mean± standard vari-

ation of tumor volume on day one and day six were 213±71 mm3 and 2224±735 mm3.
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(a)

(b) (c)

Figure 9.1: (a) Fluorescence intensity histogram for two individual animals. Coefficients
of variation for the fluorescence intensity measurement are 11.9% and 64.2% for the left
and right panel respectively. (b) Overall intra-tumor variation from 40 animals. Coefficient
of variation is 66.0%. (c) Overall inter-tumor variation in photosensitizer uptake, the mean
and standard deviation are 0.51 and 0.29, corresponding to a coefficient of variation of
57%.
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The coefficients of variation were 33.4% and 33.1% respectively. The animals in the

Non-Compensated PDT treatment group showed considerably more variation in growth

dynamics after treatment. On day 1, the mean tumor volume was 204 mm3 with a standard

deviation of 55 mm3, which corresponds to a coefficient of variation of 26.9%. On day

8, the mean tumor volume increased to 1753±1151 mm3, corresponding to coefficient of

variation of 65.7%. By fitting the tumor volume to a double-exponential regrowth model,

the control tumors were found to grow at an exponential rate of e0.467×days, with a doubling

time of 1.48 days. Non-compensated PDT treated tumors showed an average growth delay

of 3.54 days (standard deviation: 0.41, coefficient of variation: 15.0%), tumor doubling

time 3.42±0.41 days (coefficient of variation: 12.0%) and surviving fraction of 19.7±4.9%

(coefficient of variation 24.9%) See Table9.1for these details.

(a) (b)

Figure 9.2: Tumor growth dynamics of animals in CTRL group (a) and NC-PDT group (b).
Coefficients of variation for tumor volumes are 33.4% and 33.1% at day one and day six
for CTRL animals, and 26.9% and 65.7% at day one and day eight for NC-PDT animals.
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Tx. Group DT TGD SF%
NC-PDT 3.42± 0.41 (12.0%) 3.54± 0.53 (15.0%) 19.68± 4.94 (24.9%)
CL-PDT 2.75± 0.28 (10.1%) 2.22± 0.33 (14.9%) 35.75± 5.72 (16.0%)
CM-PDT 3.39± 0.26 (7.5%) 2.84± 0.28 (9.9%) 27.12± 3.78 (14.0%)
CU-PDT 3.72± 0.30 (8.1%) 3.29± 0.32 (9.7%) 21.77± 3.47 (15.9%)

Table 9.1: Summary of tumor doubling time, tumor growth delay and surviving fraction
for all treatment groups.

9.3.3 Compensated PDT reduces the inter-tumor variation in treat-

ment response

Compensated PDT dose calculations were based on the photosensitizer dosimetry his-

togram values. All measurements were performed 3 hours after intravenous verteporfin

injection. Inter-tumor (macroscopic) variation in the mean photosensitizer uptake are illus-

trated in Figure9.3(b)9.3(d)9.3(f) for CU-PDT, CM-PDT and CL-PDT groups respectively.

The mean and standard deviation for macroscopic photosensitizer uptake are 0.49 and 0.16

for CL-PDT (coefficient of variation= 33%), and 0.44 and 0.13 for CM-PDT (coefficient of

variation= 30%) and 0.50 and 0.17 for CU-PDT (coefficient of variation= 34%). Overall

intra-tumor (microscopic) variation in BPD uptake are shown in Figure9.3(a)9.3(c)9.3(e)

for three compensated PDT groups. The mean and standard deviation are 0.49 and 0.19 for

CL-PDT (coefficient of variation= 39%), and 0.44 and 0.18 for CM-PDT (coefficient of

variation= 41%) and 0.51 and 0.21 for CU-PDT (coefficient of variation= 41%). Com-

pensated PDT treatments were performed 8 days following MAT-LyLu tumor implantation.

The averaged volumes of the tumors being treated were 220.7±54.0 mm3 (24% variation),
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220.1±46.2 mm3 (21%), and 190.9±54.6 mm3 (29%) for CL-PDT, CM-PDT and CU-PDT.

Tumor volumes were recorded everyday after treatments (Figure9.4(a)9.4(b)9.4(c)). Vari-

ations of tumor volume on day 8 were 35%, 31% and 42% for CL-PDT, CM-PDT and

CU-PDT. These values are significantly less than the variation in tumor volume on day 8

of Non-Compensated PDT treatment group (p<0.05) (Figure9.3.3). Coefficient of varia-

tion in doubling time (DT), tumor growth delay (TGD) and surviving fraction (SF%) were

11.1%, 14.9% 16.0% for CL-PDT, 7.5%, 9.9% and 14.0% for CM-PDT and 8.1%, 9.7%

and 15.9% for CU-PDT. Variations in these characteristic parameters are significantly less

than was observed in compensated PDT treatments (p<0.05).

9.3.4 Comparison of treatment efficacy of PDT treatments

All treatments showed effective control of tumor growth, but CL-PDT had significantly less

control of the tumor growth as compared with NC-PDT, CM-PDT and CU-PDT (Figure

9.3.4). Paired comparisons of doubling time, tumor growth delay and surviving fraction

showed CL-PDT had significantly shorter doubling time, as well as significantly shorter

tumor growth delay and larger surviving fraction (Table9.1and Table9.2).
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(a) (b)

(c) (d)

(e) (f)

Figure 9.3: Distributions of intra-tumor (microscopic) variation (a, c, e) and inter-tumor
(macroscopic) variation (b, d, f) in photosensitizer uptake for CU-PDT (a, b), CM-PDT (c,
d) and CL-PDT (e, f) animals.
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(a) (b)

(c)

Figure 9.4: Tumor growth dynamics of animals in compensated PDT groups. Coefficients
of variation for tumor volumes are 24% at day one and 35% at day eight for CL-PDT (a),
21% at day one and 31% at day eight for CM-PDT (b), and 29% at day one and 42% at day
eight for CU-PDT (c).

Tx. Group DT TGD SF%
CL-PDTv.s.NC-PDT 0.18 0.03? 0.03?

CM-PDT v.s.NC-PDT 0.94 0.24 0.23
CU-PDTv.s.NC-PDT 0.56 0.69 0.73
CM-PDT v.s.CL-PDT 0.09 0.16 0.21
CU-PDTv.s.CL-PDT 0.02? 0.02? 0.04?

CU-PDTv.s.CM-PDT 0.4 0.29 0.3

Table 9.2: Paired comparisons of doubling time, tumor growth delay and surviving fraction
for all treatment groups.
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Figure 9.5: Coefficients of variation for tumor volumes. Data shown are CTRL group (day
one and day six), and NC-PDT, CL-PDT, CM-PDT, CU-PDT groups (day one and day
eight). CTRL= PS only control group; NC-PDT= Non-Compensated PDT; CL-PDT=
Compensated-to-Lower PS quartile PDT treatment group; CM-PDT= Compensated-to-
Median PS value PDT treatment group; CU-PDT= Compensated-to-Upper PS quartile
PDT treatment group.

9.4 Discussion

Determining the best dosimetry technique for PDT has been an ongoing area of research

for the past few decades. The path to correct and improve the accuracy of dosimetry can

be envisioned somewhat by examining the parallel path that radiation therapy dosimetry

has taken in that same time period. Clinical ionizing radiation therapy has developed from

classical rectangular beams to intensity modulated radiation dose delivery where the total

dose distribution can be controlled in three dimensions [338], and patient-specific dosime-

try and treatment planning can be routinely realized to deliver dose distributions which are

customized to the patients tissue and geometry [338]. Compared with the advanced treat-
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Figure 9.6: Averaged tumor volume on each day post treatment for all the groups. Error
bars represent the standard deviation of measured tumor volumes. Open circle= CTRL;
star= NC-PDT; open triangle= CL-PDT; open square= CM-PDT; open diamond= CU-
PDT. Each point represents the mean± SD.
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ment planning in radiation therapy, PDT dosimetry, dose distribution calculation and treat-

ment planning are still in their infancy. During the last twenty years, many PDT dosimetry

tools have been designed and tested. These include physical parameter dosimetry,e.g. light

dosimetry [339, 340], PS dosimetry [256, 289, 291, 295, 300, 334, 335], oxygen dosime-

try [264, 341–344], singlet oxygen generation [27, 345–347] and physiological parameter

dosimetry,e.g. blood flow measurement [257], or NADH measurement [348]. Fluores-

cence dosimetry has been proposed for a long time and has had considerable discussion

about it, as perhaps the most ideal and stable way to measure dosein vivo. Yet to this date,

no clinical implementation of the concept has been used to tailor individual patient doses.

This study was designed to demonstrate the variation in PS uptake, the variation in tumor

biological response to PDT treatment, and do a preliminary examination of the advantage

of PS-dosimetry controlled PDT treatment planning.

It was observed that there is considerable variation in PS uptake between tumors and

within a tumor, with 57% coefficient of variation between animals and a factor of 14 in

total variation of the mean value. After the PS is injected in the animal, PS molecules

are distributed in the vasculature, transported across the vessel wall, and diffused in the

tumor parenchyma [138]. The variation of PS concentration at different areas of tumor

can be explained by the variation in these PS transport processes,e.g.different vasculature

architecture, capillary permeability, and tumor interstitial diffusivity [138]. Figure9.1(c)

illustrates that different animals may have different PS microscopic distributions even when
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they have the same mean PS uptake. For animal A, the PS concentration histogram can be

fitted well with a normal distribution; while for animal B, there is a higher fraction of the

lowest PS measurements, which probably indicates animal B has many poorly perfused

vessels. The probe used in this study is designed to sample superficial regions of tissue

in order to reduce the effect of photon scattering [289]. However, this is an artifact of the

measurement technique which must be interpreted appropriately as the data are examined,

and is a problem which is not readily solved. Probes which sample deeper in the tumor

can be developed, but have the problem of sampling larger volumes of tissue, and so do

not give a good measure of the tissue heterogeneity. Thus, an underlying hypothesis to

this interpretation is that the measurements from the surface of the tumor can be used to

represent overall PS uptake by the tumor, if sufficient sampling spots are taken. This may

not be true, but presents an attempt to acquire multiple point data sets from a solid tumor

in vivo, and has been examined by comparison with frozen section microscopy analysis

in a previous paper, showing reasonable agreement [330]. The data in Figure9.1(b)sug-

gests there is considerable inter-tumor variation in PS uptake (as much as 14 fold increase

in some animals). This large degree of variation is of course problematic, especially for

the case as used in clinical implementation where no PS dosimetry is implemented, and

every subject receives the same stipulated light irradiation. Subjects with lower PS up-

take could be under-treated, resulting in partial response or even no response to the PDT

treatment, or potentially even worse complications such as enhanced aggressiveness of the

disease [240]. The origin of PS inter-tumor heterogeneity is not completely understood,
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however it appears to be due to the chaotic patterns of vessels within tumors which lead

to a highly heterogeneous and unpredictable environment at the microscopic level [138].

It is interesting to compare the inter-tumor variation and intra-tumor variation in PS de-

livery. First, individual tumors have significantly different PS microscopic distributions, as

shown in Figure9.1(a); second, the PS uptake variation at different points within one tumor

is not easily predicted and bears no correlation to the variation between separate tumors;

third, the overall relative intra-tumor variation estimated from a large group of tumors, is

greater than the inter-tumor variation from the same population, indicating again that the

micro-heterogeneity of each tumor dominates the variance observed.

Using a well accepted tumor regrowth assay [349] and a double exponential model

[316], the growth characteristics were assessed for the MAT-LyLu Dunning prostate tumor

model. Fitting the tumor growth dynamics to the double-exponential model for each subject

indicates significant variation in the treatment response (Figure9.2). Significant variation

in the photodynamic dose delivered to individual animals must be present to cause these

variation in response. Yet in this study, PDT treatments were carried out on the tumors with

approximately same geometry, with similar light fluence. Thus, it appears that the variation

in the delivered photons to tissue/tumor per unit time can be ignored, and the variance

between animals is largely attributed to drug uptake variation. It is therefore reasonable to

assume that adjusting the irradiation time is a reasonable method for compensating for the

variation in PS uptake and for keeping the photodynamic dose constant. The three target
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photodynamic doses studied represent lowest-quartile, median and upper quartile of the

photodynamic doses in the Non-Compensated PDT group. It is not surprising to observe

that the treatment efficacy of CL-PDT is significantly less than the other treatment groups,

since a lower photodynamic dose is delivered to these animals. Other treatment groups did

not show a treatment difference (Figure9.3.4, Table9.1and Table9.2). This indicates that

increasing the irradiation time alone will result in a depletion of PS, and the tumor could

be under-treated. Although the treatment efficacy are different, the variation in growth

dynamics are significantly reduced for all three compensated PDT groups. However, there

is still a 11-20% higher variation as compared with the control animals (Figure9.3.3) This

could be explained by variation in tumor oxygenation and/or variation in PS photobleaching

dynamics.

There are still other factors besides photosensitizer concentration which will signifi-

cantly affect the tumor treatment efficacy. For example, tumor oxygenation could be mon-

itored non-invasively, yet this is challenging [58, 264, 341–343, 350–353]. Even with

tumor oxygenation microscopic distributions, (percentage of hypoxia,etc.), adjusting the

irradiation time alone is not a practically useful option for routine treatment monitoring,

at this stage of the technology development. For a tumor with higher percentage of hy-

poxia fraction, and lower PS uptake, increasing the light irradiation time with a stipulated

irradiance would still likely be insufficient as the lack of photosensitizer and oxygen is a

multiplicative effect, requiring prohibitively long irradiation times for sufficient effect and
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photobleaching of the PS may still take place from non-oxygen dependent mechanisms.

Alternatively, different light irradiation schemes can be performed,e.g. decreasing the ir-

radiance, while keep the total radiation dose same. This will also make the irradiation time

longer, but will allow the oxygen and PS to re-perfuse in the tumor. Another option is to

alter the tumor oxygenation itself, by the application of inflammatory mediators,e.g. his-

tamine, bradykinin, substance P, or through oxygen or carbogen breathing. These agents

may cause a rapid transient increase in endothelial permeability or plasma oxygenation

and result in a plasma leakage [97, 318, 319, 328, 354–356]. Variation in photobleaching

dynamics is another problem that needs to be solved. The observed bleaching rate can be

heterogeneous, where different PS and different tumor environments can result in altered

photobleaching rates. Each of these issues are complex and are themselves areas of intense

research effort in PDT mechanisms. In this paper, the focus has remained on photosen-

sitizer dosimetry, mainly because it is easily implemented, has high potential impact, and

yet remains untested in clinical trials. The important observation of this study is that PS

fluorescence can be a useful metric of treatment effect and can be used to correct for the

total dose required for treatment on an individual subject basis. Follow up of this study will

involve studying other treatment outcome metrics such as tumor cure rate, to determine if

the effect holds for the conditions required for human tumor studies. For clinical and ex-

perimental work, several real-time PS dosimeters have been designed and tested for online,

real-time measurement of PS concentration in the tumors. With dynamic PS concentration

information, it should be possible to develop a real-time treatment planning methodology
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which will improve the homogeneity of treatment outcome.

9.5 Conclusions

There are 57% inter-tumor and 66% intra-tumor variation in verteporfin PS concentration.

The variation of PS between individual tumors leads to a variation in treatment response

following PDT treatment. If a customized change to the prescribed light irradiance and

irradiation time is used, based upon PS fluorescence dosimetry measurements, then the

tumors regrowth rates become less variable between subjects in the same treatment group.

For example, in this study, we have reduced the inter-individual variability in response to

PDT from 25% in conventional PDT to average 15% in compensated-PDT treatments. In

the future, PS-dosimetry and treatment planning of different light radiation doses should

be examined as a real option for standard treatment in PDT. Further studies looking at the

same model with the endpoint of tumor cure should be carried out to ensure that this effect

is observed.
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Chapter 10

Conclusions

This thesis explored the relationship between photosensitizer microscopic transport processes,

intra-tissue and inter-individual pharmacokinetic variability and inter-individual variability

in response to PDT treatment. New strategies to reduce the inter-individual variation have

been proposed.

The pharmacokinetics of the photosensitizer verteporfin (photoactive agent BPD-MA

in a lipid formulation) has been studied in rat Dunning MAT-LyLu prostate tumor model in-

oculated in orthotopic and subcutaneous sites. It was shown that MAT-LyLu tumors grown

at the orthotopic site exhibited 66% higher photosensitizer uptake early on after verteporfin

i.v. injection, but this difference become less pronounced after several hours. The tumor

microenvironment study showed that orthotopic tumors present with a 16.4% higher vessel

density, 13.3% smaller vessel size and 100% lower VEGF expression level. Subcutaneous
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tumors present 60.8% higher percentage of hypoxic fraction. Photosensitizer transport pa-

rameters, such as vascular permeability and interstitial diffusion coefficient were found to

be 50% and 80% higher in orthotopic tumors. We concluded that the higher photosensi-

tizer uptake in orthotopic tumors was due to these higher transport rates observed in these

tumors, i.e., higher vessel density, larger exchange area, higher permeability and higher

interstitial diffusion rate. These values of transport parameters are increased partly due to

the higher expression of VEGF in orthotopic tumors. Tumor necrosis areas were analyzed

to assess tumor response to PDT treatment and a significantly one fold higher percentage

of necrosis area was found in the orthotopic tumors in response to cellular targeting PDT

treatment. This was explained by the higher hypoxia fractions observed in subcutaneous

tumors, limiting the photodynamic damage.

This initial comparison between the two tumor types did not provide us with infor-

mation about which transport parameter was dominant for photosensitizer tumor uptake,

and how the inter-individual photosensitizer pharmacokinetic variability occurs. In Chap-

ter 5, two mathematical models were presented to characterize the microscopic transport

processes, transvascular transport and interstitial diffusion. The correlation between these

microscopic transport parameters and photosensitizer tumor uptake was then analyzed.

The inter-individual variability in plasma pharmacokinetics was demonstrated in Chap-

ter 5, where it was found there was about 20-25% variation in parameterA, B, τα 1
2

and

τβ 1
2

extracted from individual plasma concentration dynamics based on a two-compartment
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model. Microscopic transvascular transport and interstitial transport model were devel-

oped based on the tumor microvasculature geometries obtained from histology images.

Using a co-staining technique, photosensitizer fluorescence images of tumor tissues were

partitioned into intravascular compartment and extravascular compartment. The mean flu-

orescence intensity in intravascular compartment were found highly heterogeneous at sub-

cutaneous inoculation sites (CV%= 22%), possibly due to the heterogeneous blood flow

in subcutaneous tumors. The extravascular compartment showed a significantly 38% lower

mean fluorescence intensity as compared to the intravascular compartment at both tumor

inoculation sites, 15 min after verteporfin injection. A 18% higher mean extravascular flu-

orescence intensity was found in orthotopic tumors, which can be explained by the higher

transvascular permeability calculated in orthotopic tumors. Photosensitizer fluorescence

intensity in the extravascular compartment was then plotted as a function of distance from

the capillary wall. Significant variation were found among individual tumors and different

regions within a tumor. This is because of the heterogeneous interstitial diffusion processes

during the photosensitizer delivery to the tumor cells. Using a two-dimensional finite el-

ement model, effective interstitial diffusion coefficient was calculated for different tumors

and multiple regions within a tumor. Subcutaneous tumors exhibit a lower and less variable

diffusion coefficient as compared to orthotopic tumors. The effects of transport parameters

such as, tumor vasculature architecture, transvascular permeability and interstitial diffusion

coefficient on photosensitizer tumor uptake were studied once these transport parameters

have been quantified. A strong correlation between total vascular volume and verteporfin
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tumor uptake at 15 min was found in both tumor inoculation sites (R2 = 64.1%,p < 0.001

for subcutaneous tumors, andR2 = 63.6%, p < 0.001 for orthotopic tumors). Transvas-

cular permeability and interstitial diffusion coefficient seemed to have less effect on the

verteporfin tumor uptake at this time point (p > 0.05). However, for a longer drug-light

intervale.g.3 h, verteporfin tumor uptake is determined by the total photosensitizer mole-

cules in extravascular compartment, which depends on the transvascular permeability.

Comparisons between different photosensitizer sampling techniques were discussed in

Chapter6. We have shown that the size of the region sampled affect the measurement his-

togram of the photosensitizer fluorescence intensity values, but does not affect the mean

value. As the region sampled is increased to larger than the inter-vascular distance, the

histogram tends to become narrower, and loses the lowest and highest values of the his-

togram, because of the averaging effect in a larger sampling area. A 100µm periphery ring

with average 2 fold higher fluorescence intensity was observed using a higher magnifica-

tion objective microscope analyzing the frozen tissue samples. This mesoscopic variation

is an important issue for non-invasive sampling of tumor tissue, since these measurements

are taken from the surface of the tumor and this sampling region is biased towards higher

values than the mean intensity of the whole tumor. The interpretation of the size scale of

heterogeneity and validations of non-invasive quantification of photosensitizer fluorescence

using the Aurora fluorometer were also discussed.

Once these microscopic transport models have been developed, and the correlation be-
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tween these microscopic transport parameters and microscopic photosensitizer tumor up-

take were established, our next objective was to understand the relationship between photo-

sensitizer intra-tumor variability and inter-individual variability, as well as the relationship

between individual pharmacokinetics and PDT treatment efficacy. In Chapter7, it was

shown that inter-individual variation in verteporfin tumor uptake at 3 h after i.v. injection

is related to intra-tumor variation (R2 = 44.3%, p < 0.05). This implies that variation in

microscopic transport processes may be related to the spatial heterogeneity of photosensi-

tizer intra-tumor distribution, and possibly lead to inter-individual variation in verteporfin

tumor uptake. The correlation study of verteporfin tumor uptake at 3 h and cellular PDT

treatment response indicates the variation observed in response to treatment is caused by

the inter-individual variation in photosensitizer tumor uptake (R2 = 44%,p < 0.05). Thus,

a connection chain has been established from the microscopic transport to intra-, inter-

individual photosensitizer uptake and to the effectiveness of cellular PDT treatment. On

the other hand, inter-individual variation in verteporfin tumor uptake at 15 min after injec-

tion seems to not relate to the intra-tumor variation, and rather the effectiveness of vascular

targeting PDT correlates to the verteporfin plasma concentration (R2 = 46%, p < 0.05).

This implies that different photosensitizer monitoring techniques should be utilized in vas-

cular and cellular targeting PDT, and should be applied in a manner where they sample the

pertinent fraction of the tissue to be targeted.

Observations in Chapter5 and7 implies that inter-individual variability in observed in
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cellular targeting PDT may be caused by the heterogeneity in drug transport process. Using

mathematical models, we have concluded that the dominant transport parameter affecting

the tumor uptake at 3 h post verteporfin administration is transvascular permeability. Thus

it was hypothesized that modulating the microscopic transvascular transport process might

enhance the verteporfin tumor uptake, thereby reducing the inter-individual variability and

reducing the variation in response to cellular targeting PDT. Effects of a neurogenic in-

flammatory mediator, Substance P, on verteporfin transvascular transport, tumor uptake

and PDT efficacy have been investigated. Verteporfin plasma pharmacokinetics were not

been affected by the intra-tumor application of Substance P. A 40% increase in microscopic

vascular permeability was found after SP treatment. This is accompanied with an average

5-fold increase of blood flow in the tumor. This increase of blood flow is transient and

it relaxes back to the normal level 5 min after SP application. Pre-treatment with SP re-

duced the inter-individual variation in verteporfin tumor uptake by 40% , and the variation

in response to cellular targeting PDT by 50%.

Another strategy to reduce the inter-individual variability in response to cellular tar-

geting PDT is through photosensitizer dosimetry controlled PDT treatment planning. The

rationale of this comes from the classic photodynamic dose theory, that biological response

to PDT is correlated to the number of photons absorbed by the photosensitizer molecules

in the target tissue. The inter-individual variation in photosensitizer uptake can therefore

compensated by adjusting the delivered total light dose to the tumor controlled by the dose
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calculation based on photosensitizer quantification in the targeting tissue. The photosen-

sitizer tumor uptake was measured non-invasively using the Aurora fluorometer system,

and based on these measurements, the light dose was adjusted. The tumor regrowth rates

becomes less variable between subjects in the same treatment group with individualized

PDT light treatment compared to the non-controlled PDT treatment. The inter-individual

variation in response to PDT can be reduced from 25% in non-controlled PDT treatment

compared to 15% in dosimetry-controlled PDT treatment.

This thesis address the inter-individual photosensitizer pharmacokinetic variability prob-

lems in PDT treatment, provided insightful information about verteporfin pharmacokinetics

in a rat prostate tumor model. The origins of this pharmacokinetic variability and its effects

on tumor response to PDT treatment have been presented. This thesis provided novel strate-

gies to reduce the inter-individual pharmacokinetic variability and treatment effectiveness

for the clinical PDT trials.
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