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Abstract

In this thesis, the modeling of compartment system that can deal
with the kinetics of the dyes is proposed, and lasers or light emission
diodes as light sources are used for measuring fluorescence or
transmittance of the target dyes. Using these methods, the compartmental
analysis with experimental results of the fluorescence and the
transmittance taken from collagen-membrane, rat-cancer-cells, or human-
tissues gives the kinetics of the dyes. These results are studied with the
viability of the rat-cancer-cells or human-liver-function. For the tissues
considered optically scattering, mathematical simulation methods are
proposed to evaluate the dependence of the scattering for the
disappearance rates of the dye.

First of all, the fixation of a photosensitive reagent, tetrabrominated
rhodamine (TBR), onto collagen gels is studied as a model for
photolabeling biological tissues with medical reagents. Irradiation with a
laser causes photo-induced debromination and subsequent covalent
linkage of TBR to collagen. The study addresses the quantum efficiency of
photolabeling, and how dimethylsulfoxide (DMSO) might enhance the
efficiency of photolabeling. Video fluorescence assayed washed gels to
measure the unbleached TBR affixed to a gel.

Next, the variation in photodynamic dose achieved with
protoporphyrin IX (PPIX) and laser radiation is assessed in a cancer cell
culture. The metabolic precursor d-aminolevulenic acid is included in the
incubation media for 24 hour to induce cellular accumulation of
protoporphyrin IX (PPIX) for the purpose of photodynamic therapy
(PDT). The distributions of initial PPIX concentration, photobleaching
light dose, and photodynamic dose, are measured on 124 individual cells
using video laser fluorescence microscopy. Using the survival of the cells
and the photodynamic dose given, a PDT protocol is proposed.



II

The measurement methods for the dye disappearances are
expanded to a non-invasive method to determine indocyanine green, ICG,
dye clearance from the liver. The study of ICG clearance in blood is
clinically used for the estimation of hepatic function especially in Japan.
Multiple blood samplings, however, subject the patients to mental and
physical stress. Furthermore, although it is necessary with this method to
correctly measure the blood sampling time after ICG injection, it is
difficult to accurately measure this time in an actual test.. Thus, a
measuring method without blood sampling has been desired. In this
chapter, a description of an instrument for the non-invasive measurement
of ICG clearance using an optical sensor attached to the fingertip is
presented, and a calibration method before ICG injection is proposed to
solve the problem of changing blood volume. Next, the results of the
clinical evaluation are presented.

Finally, Monte Carlo simulation method and diffusion
approximation method are proposed to examine the disappearance rate
constants of ICG, the so called plasma disappearance rate from the liver.
It is shown that the transmittance calculated by the diffusion theory is
more stable than that by the Monte Carlo method to the slab model. The
disappearance rates are estimated using an optically homogeneous turbid
slab as a tissue model.
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CHAPTER 1

INTRODUCTION

1.1 Introduction and historical remarks

In modern medical treatments, less invasively therapeutic or
diagnostic systems are required. On the other hand, recent progress
of electro optics (Hecht 1990), such as lasers (Siegman 1986,
Verdeyen 1989), fiber-optics (Ezekiel 1982, Ohgoshi 1983), and
semiconductor-devices (Steinmetz 1983) have contributed the fields of
communication (Hahne 1987, Arnon 1994), information (Mollenauer
1980, Hasegawa 1981), measurement (Galliorenzi 1982, McMahon
1981) and so on. The main advantages on the usage of light are the
minimum damage for the object, less electric magnetic interferance,
and the ease of treating huge information (Yoshizawa 1985), so that
the application of electro-optics to the medical treatments has been

expected.

In the biomedical field, before the revolution in electro-optics,
as an application of spectroscopy, testing hepatic function or
measuring cardiac output using a dye such as indocyanine green
(ICG) were investigated (Cherrick 1960, Leevy 1962) in the 1960s. In
the 1970s, the optical fiber system in blood was modeled (Cheung
1973, Reynolds 1975), based on photon diffusion theory (Johnson



1970). Non-invasive skin and tissue reflectance oximeters were also
developed (Takatani 1980) in the late 1970s. However, problems of
the earlier workers included lack of adequate calibration procedure,
unknown distribution of light in biological tissues, and lack of an
appropriate mathematical relation to calculate the change of the dye

concentration # vivo.

In the early 1980s, the noninvasive approach of pulse oximetry
using opto-electronic devices, which combined the principle of
conventional optical oximetry with the plethysmographic principle,
offered a means of noninvasively estimation arterial blood oxygen
saturation (Yelderman 1983, Pologe 1987). Most operation rooms
and intensive care units today are equipped with this device
(Kellerman 1991, Szaflarski 1989). This technique is based on the
measuring the oxygen saturation of hemoglobin as a dye. Another
innovative approach is the use of a very narrow light pulse to
measure transmit time of light signals through tissue (Delpy 1988,
Jacques 1991). This technique characterizes the tissue optical
properties of absorption and scattering, from which absolute tissue
oxygen saturation can be estimated (Chance 1988, Jacques, 1991).
Furthermore, Photodynamic therapy (PDT) has been establishing as
a new approach to cancer treatment in which photosensitizer
localized in cancers are activated under visible light to interact with
oxygen (Gomer 1989, Hampton 1992, Athar 1988, Wilson 1987,
Henderson 1985).



These studies mentioned above are based on measuring dye's
concentration using transmittance, reflectance or fluorescence of the
dye in principle. In other words, each dye's specific absorption or
fluorescence characteristic depending on wavelength is used to
determine the relationship between the concentration or distribution
of the dye in the biological tissues and diagnostic or therapeutic
parameters. Particularly, the treatments appling dyes, such as PDT
or ICG liver function tests using optical technique, are required
adequate monochromatic lights such as lasers and detecting
techniques to know the kinetics of the dye in cells or tissues for
proposing less invasive protocols. Therefore, the kinetics of the dye
in vitro or in vivo should be studied, in addition to measure the dye
concentration, to know the radiation distribution in the target tissue,
to estimate the effect of PDT for cells and to diaghose the hepatic

function.

Developing optical methods that measure the fluorescence or
optical properties of the target dye, and calibration methods that
estimate the relationship between the measurement values and the dye
concentration are required to know the kinetics of the dye.
Furthermore, 7z vivo or in vitro evaluation is required to propose
adequate protocols for treatments or diagnostic standards using the

results of the kinetics.



1.2 Outline of this thesis

According to reasons mentioned above, the modeling of
compartment systems that can deal with the kinetics of the dyes is
proposed, and lasers or light emission diodes are used for measuring
fluorescence or transmittance of the target dyes. Using these
methods, the compartmental analysis with experimental results of the
fluorescence and the transmittance taken from collagen-membrane,
rat-cancer-cells, or human-fingertips give the kinetics of the dyes.
This results are studied with the viability of the rat-cancer-cells or
human-liver-function. For the tissues considered optically scattering,
mathematical simulation methods are proposed to evaluate the

dependence of the scattering for the disappearance rates of the dye.

In Chapter 2, knowing the radiation distribution in the tissue is
discussed using the photo-chemical reaction. When a photon is
absorbed by a molecular chromophore such as rhodamine and
converts that molecule to an excited state, the laser energy has been
converted into a stored form of chemical energy. The excited state
may subsequently participate in a chemical reaction. The photon
essentially behaves as a reagent that is consumed in the
photochemical reaction as a photochemical product is produced. In a
variety of such photochemical reactions, the fixation of a
photosensitive reagent, tetrabrominated rhodamine (TBR), onto
collagen gels is studied as a model for photolabeling biological

tissues with medical reagents in this chapter. Irradiation with an Ar



ion laser causes photo-induced debromination and subsequent
covalent linkage of TBR to collagen. The study addresses(1) the
quantum efficiency of photolabeling, and (2) how dimethylsulfoxide
(DMSO) might enhance the efficiency of photolabeling. Video
fluorescence assayed washed gels to measure the unbleached TBR

affixed to a gel.

In Chapter 3, photodynamic therapy (PDT) for cells as a the
microscopic application of the laser fluorescence measurement
method described in Chapter 2 is discussed. PDT is a form of light
-activated chemotherapy. A photosensitive dye such as porphirin is
injected into the body, where it accumulates in certain cells, especially
cancer cells. Irradiation with an appropriate-wavelength light source
causes photon absorption by the dye, which yields an excited state.
The excited state reacts with oxygen to generate toxic products such
as singlet oxygen. These toxic products injure the local cellular
environment, and the cells. In this chapter, the wvariation in
photodynamic dose achieved with protoporphyrin IX (PPIX) and
laser radiation is assessed in a cancer cell culture. The metabolic
precursor d—aminolevulenic acid is included in the incubation media
for 24 hr to induce cellular accumulation of protoporphyrin IX
(PPIX) for the purpose of photodynamic therapy (PDT). The
distributions of initital PPIX concentration, photobleaching light
dose, and photodynamic dose, are measured on individual cells (rat

mammary cancer cell line, MTF7) using video laser fluorescence



microscopy. Using the survival of the cells and the photodynamic

dose given, a PDT protocol is proposed.

In Chapter 4, the measurement methods for the dye
disappearances mentioned in Chapter 2 and 3 are expanded to a
non-invasive method to determine indocyanine green, ICG, dye
clearance from the liver. The study of ICG clearance in blood is
clinically used for the estimation of hepatic function. Multiple blood
samplings, however, subject the patients to mental and physical
stress. Furthermore, although it is necessary with this method to
correctly measure the blood sampling time after ICG injection, it is
difficult to accurately measure this time in an actual test.. Thus, a
measuring method without blood sampling has been desired. In this
chapter, a description of an instrument for the non-invasive
measurement of ICG clearance using an optical sensor attached to
the fingertip is presented, and a calibration method before ICG
injection is proposed to solve the problem of changing blood volume.

Next, the results of the clinical evaluation are presented.

In Chapter 5, Monte Carlo simulation method and diffusion
approximation method are proposed to examine the disappearance
rate constants of ICG, the so called plasma disappearance rate from
the liver. Over the past 10 years numerous theoretical models have
been developed to describe the fluence distribution in turbid media
such as biological tissues. These include Monte Carlo calculations

(Wilson 1983, Prahl 1989), diffusion approximation derived from



diffusion theory (Star 1989, Jacques 1987), adding doubling theory
(Plass 1973, Prahl 1988), and combined models (Flock 1989). Monte
Carlo calculations are considered as the most precise simulation
method for steady state fluence distribution because various
irradiation geometries can be treated, and the total number of
photons increases the accuracy. The transmittance calculated by the
diffusion theory and by the Monte Carlo method are both shown for
the slab model to estimate the scattering effects for the plasma

disappearance rate and retention rate of ICG from the liver.

Finally, in Chapter 6, the author summarizes the conclusion of

this research and shows some research aspects in the future.



CHAPTER 2

PHOTOLABELING OF A DYE TO MEASURE
THE DISTRIBUTION OF LIGHT

2.1 Introduction

Future applications of lasers and light in medicine and biology
will increasingly involve reagents capable of photoactivation. One
common application is photoactivation of adhesives or epoxies. One
recent example is the photoactivated bifunctional linker which
functions as a bonding agent for the purpose of anastomosis of cut
tissue structures such as nerves, blood vessels, or tubular structures

like the colon or vas deferens (Judy 1994).

The concept of photoactivation can include local
photoactivation of a linking agent to achieve localized deposition of
reagents. Local delivery of light might be used to affix a systemically
delivered reagent at a particular tissue site via photolabeling. The
affixed reagent could elicit a strong biological response
(eg., inflammatory or immunological) which might kill the host if
elicited systematically but which is systemically tolerated when
localized at only one tissue site. Hence, a vigorous biological
response can be targeted against one particular site selected by the

irradiation. For example, a vigorous biological response stimulated



in the area of suspected cancer might enable the body’s defenses to
recognize and attack cancer cells which under normal conditions are

escaping detection.

Therefore, in this Chapter, as a model for photolabeling, the
photolabeling of collagen gels with a fluorescent reagent called
tetrabrominated rhodamine (TBR) (Shea and Hasan et al., 1989;
Jacques and Hasan, 1992) is investigated . When a TBR molecule
absorbs a photon (see Fig.2.1A), one of its bromine atoms is
displaced yielding a radical which can covalently attach to a protein
such as collagen. The experiments involve Ar ion laser irradiation of
collagen gels containing TBR. The affixed unbleached TBR was
observed by fluorescence using an intensified video camera after
removing all the unreacted TBR from the collagen gels with an

overnight wash.
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Figure 2.1: A: Schematic description of collagen photolabeling by
TBR. Photon absorption causes debromination to produce a radical
which binds covalently to the collagen polymer. B: Compartmental
model for photolabeling and photobleaching. Free TBR (A) binds to
collagen by photoactivation, debromination, and covalent bonding,
yielding affixed TBR (B). Photobleaching of free and affixed TBR

converts TBR into a nonfluorescent product (C).
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The experiments addressed (1) the quantum efficiency of
photolabeling, and (2) how dimethylsulfoxide (DMSO) might
enhance the efficiency of photolabeling. The paper presents an
analysis which yields photolabeling rates based on gel-affixed
fluorescence despite losses due to photobleaching of affixed TBR by
prolonged laser exposure. DMSO is known to disrupt the structured
water surrounding macromolecules in solution (Szmant, 1971). The
hypothesis was tested that DMSO enables the TBR molecule and its
photoactivated radical to achieve closer association with the collagen

molecules and thereby enhance covalent linkage.

2.1.1 Compartmental model for TBR photoaffinity labeling and

photobleaching
The experiments in this paper can be described by the simple

compartmental model of Fig. 2.1B. Initially, all the TBR is in
compartment A which refers to free unbleached TBR that has not yet
undergone either photolabeling or photobleaching. The initial
concentration of TBR in the gel is Aq [M]. Laser irradiation causes
binding of TBR onto the gel's collagen molecules. Compartment B
refers to the affixed TBR that is still fluorescent. Compartment C
refers to all TBR that has been converted to a nonfluorescent form

(photobleaching).

The rate constant ki [s-1] describes the rate of photolabeling

collagen with TBR. The expression for kj in [s-1] is:
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ki = ewr E Fp In(10) 1000 b / L (2.1)

The value of k1 depends on the optical extinction coefficient of free
TBR, etbr [em™! M-1], the laser irradiance, E [W cm-2], the quantum
yield for photolabeling, Fp, [dimensionless], which describes the
probability of TBR fixation per photon absorbed by TBR, the
number of photons per J at 488 nm, b [2.46e18 photons J-1], and
Avagadoro's number, L [6.02e23 mole-!]. Since eis by convention
defined using base 10, e = -log19(T)/d where T is transmission and d
is photon pathlength, the factor In(10) is included in Eq. 2.1. Since
there are 1000 cm3 per liter, the factor 1000 is included. The above
expression assumes that the concentration of collagen is in excess
and not rate limiting for photolabeling, which may not be true.
These experiments used 20 UM TBR in 4.5% collagen gels. Table 2.1

summarizes the parameters for a typical experiment.
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Table 1: Parameters for a typical measurement (trial 5 in Fig. 5).
This example is for a gel receiving a 110-s laser exposure that yields

a maximum amount of affixed unbleached TBR.

Experiment: parameter |equation |value units

power P 120e-3 W

beam diameter 2r 0.3 cm

beam area Area nr2 0.071 cm2

irradiance E P/Area 1.7 W cm-2

exposure time t 110 s

radiant exposure H Et 187 ] em2

gel thickness d 500e-4 cm

extinction coefficient of TBR |erbr 6.25¢4 em-1 M-1

initial concentration of TBR | Ao 20e-6 M

photons per J at 488 nm b 1/hc 2.46e18 | photons J-1

Avogadoro's number L 6.02e23 mole-1

Observed:

initial TBR Ao fluorescence
lab units

affixed unbleached TBR B(t) Eq. 2.4b tluorescence
lab units

ratio B(t)/Aq Eq. 2.4b dimensionless

Deduced by curve fitting:

photolabeling rate constant | kj Eqg. 2.1 0.0028 g1

photobleaching rate constant [k Eq. 2.2 0.0077 g1

Calculated:

ratio ki/k2 036 dimensionless

photolabeling/photobleaching

quantum efficiency fp Eq. 2.8 2.8¢-6 dimensionless

photolabeling

quantum efficiency b Eq. 2.9 7.7e-6 dimensionless

photobleaching

time of peak in B tBmax Eq. 6 110 s

peak in B/Ag Bmax/Ao |Eq.7 0.11 dimensionless
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The constant ky [s-1] refers to the rate of photobleaching both
free and affixed TBR. The value for k; depends on the quantum yield
for photobleaching, Fi, [dimensionless], which specifies the number

of molecules of TBR photobleached per photon absorbed by TBR.

The expression for k; is:

ko = e, E Fp, In(10) 1000 b / L

(2.2)

The differential equations describing the model in Fig. 1B are:

dA
s Atk + k2 )

dB

d = Akq - Bk
dC
d = (A+B)k;

The solution of the above solutions are:

A = Ajexpl-(k1 + k2 )t]

B = Ao (1 -expl-kit]) exp[-kat]

C = Ao (1 -explkat])

The initial B increases linearly with exposure time:

(2.3a)

(2.3b)

(2.3¢)

(2.4a)

(2.4b)

(2.4¢)
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B = Ajk;t (2.5)

Figure 2.2 summarizes the above reactions using dimensionless
parameters. Normalizing A, B, and C by the initial amount of free
TBR (A,) yields the dimensionless concentrations, A/Ay, B/Ag, and
C/Ao. Multiplying time by the rate constant for photolabeling yields
a dimensionless time unit, kit. A third dimensionless parameter is
the ratio of the rate of photolabeling to the rate of photobleaching,
ki/k;. Therefore, two dimensionless parameters {kit, ki/ky} can
describe the process of TBR photolabeling and photobleaching in a
generic form. Figure 2.2 plots {A/A,, B/Ay, C/Ao} versus kit for

various ratios of kj/ks.
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Figure 2.2: Dimensionless description of collagen photolabeling by
TBR. The concentrations of free TBR in the gel (A), affixed
unbleached TBR (B), and total photobleached TBR (C) are
normalized by the initial free TBR concentration (Ay) and plotted as
a function of dimensionless time (kit) where ki is the photolabeling
rate constant [s-1]. The family of curves indicate various ratios of
photolabeling to photobleaching (ki/ky = 1/4, 1/2, 1, 2, 4) [s-1].
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When photolabeling is much faster than photobleaching (kj/k;
> 4), B/A, will achieve values exceeding 0.5 although a time delay
occurs before achieving the maximum value. The ratio ki/k> for the
experiments reported here fall in the range of 0.1-0.6 (see Fig. 2.6¢).
The peak in affixed unbleached TBR occurs at tBmax:

k,+k,
k,

ty = InJ[

o 1/k, (2.6)

The peak value Bpax/Ag is calculated by substituting tByay for t in Eq.
2 .4b:

B /A, = (1 ko ko ]kZ/kl

" k1 + k2 pk1 + k2 (2.7)

The experiments reported in this paper involved measurement
of the amount of affixed unbleached TBR (B) using TBR fluorescence
after washing out all free TBR which had not photolabeled to the
collagen gel. The measured data, B/A, vs time, was fitted by Eq. 2.4b

to specify the two rate parameters, k; and k.

2.1.2 Quantum yields for photolabeling and photobleaching

The quantum yield for photolabeling, F;, [dimensionless], is
the probability of a TBR molecule binding to collagen after it has
absorbed a photon. Fj is specified by the value of k; and expressed
by solving Eq. 2.1 for F:
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Fo- ki L B
P~ ewr E In(10) 1000 b~

0.0010 k; (2.8)

The quantum yield for photobleaching, Fy [dimensionless], is
the probability of TBR undergoing a transformation which causes
loss of fluorescence after it has absorbed a photon. F}, is specified by

the value of k, and expressed by solving Eq. 2.2 for Fy:

) ko L ) )
= eir E In(10) 1000 b = 00010 k2 (2.9)

Fp

The factor L/(etbr E In(10) 1000 b) equaled 0.0010 [s] for these

experiments.

2.2 Materials and methods

2.2.1 Chemicals

Tetrabrominated rhodamine (TBR) was prepared by T. Hasan
(Hasan 1989). The TBR was stored in the dark at -26 °C at a stock
concentration of 400 uM in methanol (absorption coefficient
Ra = 25 cm-!). Five experiments (experiment one, trials 1-4;
experiment two) were conducted with one batch of TBR. A second
batch of TBR was used for experiment one, trials 5-6. DMSO
(dimethylsulfoxide, Cat.#D-5879, Sigma Chemical Inc.) was used both
in preparing some of the gels (0-40% DMSO by weight) and in the
washing solution (5% DMSQ) for removal of unreacted TBR. The
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collagen was cell-cultured-tested gelatin from porcine skin

(Cat. #(-2500, Sigma Chemical Inc.).

2.2.2 Collagen gel phantom

The collagen gel phantom solution was prepared using the
recipe in Table 2. About 1/2 ml of the prepared collagen gel solution
was placed in a 33-mm-diameter petri dish to make a thin film (gel
thickness = 500 pm). Actual thicknesses were determined by
transmission measurements at 488 nm using an integrating sphere
(typical transmission was 0.95 through the air/
plastic/air/gel/plastic/air aminate and increased to 0.98 if the gel was
replaced by water). Preparation was conducted under a red safelight
and gelatin stock was kept warm (~45°C) to facilitate mixing. Several
gels were mixed and poured to provide sufficient room for replicative
trials of each experimental condition. Each gel was divided into 16
sites, and each experimental condition used 8 sites. Data were plotted
as the mean * standard deviation (n = 8 gel sites). After
solidification, the petri dishes were covered, sealed with ParafilmTM
to avoid dehydration, and kept inverted to avoid condensation on the
dish cover. When the experiment was first tried, the petri dishes
holding the gels were not covered and sealed, and during the
experiment the gel underwent dessication. Therefore, the first two
trials are labeled as “dessicated” and the last four trials with properly

sealed gels are labeled as “no dessication”. In experiment two, gels
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with different concentrations of DMSO were prepared to study how
DMSO would influence TBR photolabeling.

Table 2: Recipe for preparation of collagen gel.

Component stock

gel with

DMSO

gel without

DMSO

% volume

final amount

% volume

final amount

stock stock
Ha TBR = 25 cm-! 5 Ma TBR =125 |5 Ma TBR = 1.25
(400 uM) (20 uM) (20 uM)
DMSO 25 25% DMSO |0 0% DMSO
10% collagen gel solution |45 4.5% collagen |45 4.5% collagen
water 25 65.5% 50 90.5%

2.2.3 Laser exposure

The 120-mW 488-nm beam from an Ar ion laser (Ion Laser

Technology, Salt Lake City, Utah) was used to irradiate the gel to

achieve photolabeling. The laser beam was focused through a quartz

lens into a 300-um-diameter quartz optical fiber, and the terminal end

of the optical fiber was imaged via a 10X objective lens to form a 3.0-

mm-diameter flat-field circular spot on the gel. The irradiance was

1.7 W/cm2. The collagen-TBR gels were exposed to the Ar ion laser
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beam using a range of exposure times to yield radiant exposures of
0-800 J/cmZ. The beam was delivered through the inverted bottom of
the dish with sealed cover as shown in Fig. 2.3. The gel was inverted
to allow irradiation from the bottom side of the plate which avoided
any vapor condensation interfering with the exposure. Experiments

were conducted at room temperature (25° C).
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Ar laser beam

inverted petri dish

Figure 2.3 Exposure of 0.5-mm collagen-TBR film to Ar ion laser
radiation.
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2.2.4 Washing out unreacted TBR

After irradiation, the gel was placed in a 1000-ml volume of
water with 5% DMSO and stirred overnight. This procedure
washed out the unreacted free TBR. Only a slight background
amount of TBR remained in the unexposed area of the gel, although

the residual amount increased at higher DMSO concentrations.

2.2.5 Video fluorescence measurement

Prior to laser exposure, the TBR fluorescence at each site of the
gels was measured using a low-intensity video fluorescence imaging
system. The gels were illuminated with a low-intensity expanded flat-
field beam (0.8 mW/cm?2) of Ar laser radiation in order to excite TBR
fluorescence. A video camera (Dage-MTI, Inc.) with an image
intensifier (VS2525, Videoscope International, Ltd.) and a dissection
scope (Olympus, Inc.) provided video images which were acquired
by computer (Maclntosh) using image processing software (Image
1.22, NIH). Fluorescence intensity was measured by counting the
mean pixel value within the intended site of laser irradiation. The
initial fluorescence was proportional to the initial free TBR
concentration, A,. After laser exposure and after removal of the
unreacted TBR by overnight washing, the gel fluorescence of each site

was again determined. This fluorescence score was proportional to

the affixed unbleached TBR, B. The ratio B/A, was calculated and
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recorded, which canceled any perturbations caused by minor site-to-

site variations in the gel thickness.

2.3 Results

Figure 2.4 illustrates the fluorescence image of a typical gel
which has received multiple sites of laser exposure. As the laser
exposure increases, the amount of photolabeling increases. However,
at still higher exposures the affixed TBR is photobleached. Two

experiments were conducted.

2.3.1 Experiment 1: Kinetics of photolabeling and photobleaching

The first experiment measured the yield of affixed unbleached
TBR as a function of laser exposure time. The results established the
rate constants for photolabeling and photobleaching of TBR on
collagen gels. Experiments were conducted using gels with or
without 25% DMSO. Gel sites were irradiated for various times at a
constant irradiance, then the unreacted TBR was removed from the
gel by an overnight washing. The fluorescence video system

documented affixed fluorescent TBR as a function of time, B(t).

Figure 2.5 plots the results of a typical gel experiment (trial 5).
The affixed unbleached TBR is plotted as a function of the laser
exposure time [s] at an irradiance of 1.7 W/cm2. The TBR is

expressed as the normalized value of affixed fluorescence/initial
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Figure 2.4: Video image of a gel with regions of affixed TBR
observable as fluorescence after washing unreacted TBR from the gel.
The gel was divided into 16 sites which received Ar ion laser
exposure at 1.7 W/cm?2 for various times in a 3-mm-diameter flat-field
beam. As the radiant exposure [J/cm?] increased, the amount of
affixed TBR increased to a maximum than dropped as continued
exposure caused photobleaching.
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Figure 2.5: Typical experiment (trial 5 in Fig. 6). The affixed
unbleached TBR (B) was normalized by the initial amount of free
TBR (Ao) and plotted versus the exposure time at 1.7 W/cm?2
irradiance. The initial increase in B was rapid, peaked at about 100 s,
then decreased as photobleaching of the TBR occurred. The
inclusion of 25% DMSO in the gel caused an increase in the
maximum value of B/Ay. (Mean % standard deviation , n = 8 gel

sites per radiant exposure.)
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fluorescence, B/Ao, based on the gel fluorescence before and after
laser exposure. The solid lines indicate the fit of Eq. 4b to the data.
The maximum fluorescence intensity occurred after about 110 s or
187 J/cm2. At higher exposures, photobleaching caused gel-affixed
fluorescence to decrease. The addition of DMSO (25% by volume)
increased the maximum yield of photolabeled TBR, Bmax/Ao, by
55% from 0.11 to 0.17. The rate constants (ki, ko) were (0.0028 s-1,
0.0077 s-1) without DMSO and (0.0045 s-1, 0.0072 s-1) with DMSO for

the experimental case of 20e-6 M TBR concentration.

Figure 2.6 summarizes the results for the 6 trials of experiment
1 conducted on separate occasions with freshly prepared solutions
and materials. Figure 6A shows that the photolabeling constant, ki,
was greater in the presence of 25% DMSO than without DMSO.
Figure 2.6B shows no significant effect of DMSO on the
photobleaching rate. Figure 6C shows the ratio k1/k2 was in the
range 0.1-0.6 because photobleaching was dominant over
photolabeling.  During trials 1-2, the gels were not sealed which
allowed dessication. Trials 3-6 were properly sealed. Trials 1-4 used
the first batch of synthesized TBR. Trials 5-6 used a second batch of
TBR. In trials 1-2 DMSO was more effective in enhancing
photolabling than in trials 3-4 because in the dessicated gels the
DMSO acted as a solvent. Comparison of trials 3-4 vs trials 5-6
indicate that the second batch of TBR yielded more efficient

photolabeling than the first TBR batch, although no explanation is
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offered. The mean * standard deviation (n = 4 trials) of (ki, k2) for
trials 3-6 with no gel dessication were (.0012 + .0004 [s-1],
0103 +.0044 [s-1]) without DMSO and (.0025 + .0007 [s-1], .0096 +
0039 [s11) with 25% DMSO.

(See next page)

Figure 2.6: Summary of experiment 1 (six trials). (A) Photolabeling
constant (k7). (B) Photobleaching constant (k;). (C) Ratio ki/ko.
Trials 1 and 2 were unsealed and the gel suffered dessication. Trials
3-6 were sealed and there was no dessication. Trials 1-4 used one
batch of TBR. Trials 5-6 used a second batch that was apparently
more effective. The presence of 25% DMSOQ increased ki relative to
gels without DMSO, but had no significant effect on photobleaching.
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2.3.2 Experiment 2: Dependence of photolabeling on DMSO

The second experiment studied how varying the DMSO
concentration in the gel affected the net yield of affixed unbleached

TBR. At a constant laser exposure (100 J/cm?2), the amount of DMSO

in the gel was varied.

Figure 2.7 shows the affixed TBR fluorescence versus the
concentration of DMSO (% by volume) in the gel. The yield of
photolabeled TBR (B/A,) increased rapidly with added DMSO. The
presence of 10% DMSO increased the yield of TBR fluorescence
about 2-fold. At 25% DMSQO, the yield of TBR reached a maximum
of about 2.4-fold enhancement. At 40% DMSQO, the photolabeling
dropped slightly below the maximum. The experiment was
conducted using the first batch of TBR, so the peak B/Ag value was
lower than that attained in trial 5 shown in Fig. 5 which used the
second batch of TBR. No explanation for the differences in
photolabeling efficiency of the two TBR batches has yet been

determined.
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Figure 2.7: The effect of DMSO concentration on photolabeling of
collagen gel by TBR. Laser exposure was constant at 100 J/cm2.
(Mean * standard deviation , n = 8 gel sites per DMSO
concentration.)
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2.4 Discussion

The use of a fluorescence reagent when conducting
photolabeling studies can be very convenient. The amount of
affixed reagent is easily assayed by a rapid noninvasive optical
measurement, even in 7z vivo animal or cell culture models. But
photobleaching due to prolonged laser exposure can complicate such

a fluorescence assay.

The first experiment illustrated how a compartmental model
can describe the photolabeling process even when photobleaching is
a factor. The maximum amount of observable affixed fluorescent
reagent, Bmax, occurs at a specific time, tBmax. In the case of any
photolabeling reagent which also undergoes photodestruction,

similar kinetics are expected.

The second experiment indicated the ability of DMSO to
enhance photolabeling. DMSO is known to break the water structure
surrounding proteins by replacing the hydrogen bonds of water
molecules. The results of this paper suggest that DMSO has replaced
some of the water around collagen thereby disrupting the water
structure and permitting TBR to move closer to the collagen for more
efficient bonding upon photoactivation by debromination. The
results have shown that 10% DMSO will double the amount of
affixed TBR and 25% DMSO achieves a 2.4-fold maximum

enhancement of photolabeling.
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2.5 Conclusion

The fixation of a photosensitive reagent, tetrabrominated
rhodamine (TBR), onto collagen gels was studied as a model for
photolabeling biological tissues with medical reagents. The kinetics
of photolabeling process was modeled using a compartmental model.
Parameters of the model were determined by experiments on tissue
simulated gel films. It is suggested that DMSO has replaced some of
the water around collagen thereby disrupting the water structure and
permitting TBR to move closer to the collagen for more efficient

bonding upon photoactivation by debromination.

The results showed that photolabeling is a powerful way to
estimate the optical propagation in tissue and also the compartmental
analysis tells us the quantitative information about the photo-

chemical processes.
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CHAPTER 3

PHOTOBLEACHING OF A DYE
FOR CANCER CELLS

3.1 Introduction

In Chapter 2, we discussed the photolabeling process of a
fluorescence dye, TBR, to know the propagation of laser in collagen-
gel-films as a tissue phantom. Photolabeling process is usually
combined with photobleaching process mentioned in the previous
chapter, but it is still essential to measure the concentration of a dye
especially for photo-dynamic therapy, PDT, as a method to treat
cancers. In this Chapter, PDT for cells using 8-aminolevulenic acid
(ALA) is studied. Administration of ALA, the metabolic precursor
for the heme synthetic pathway, can induce the accumulation of
protoporphyrin IX (PPIX) in cells (Malik 1987, Ades 1990). Such
ALA-induced PPIX is currently under investigation in many centers
for the purpose of photodynamic therapy (PDT) which is a light-
activated chemotherapy for cancer and other indications (Dimitrios
1990, Bedwell 1993, Loh 1992). PPIX serves as a photosensitizing
agent for PDT. Establishing effective protocols requires a knowledge
of the local concentration of PPIX in a targeted cell culture or tumor.

Because PPIX photobleaches during irradiation, the photobleaching
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light dose constant is also required to predict the photodynamic dose

experienced by the target tissue.

This Capter reports the distribution of two parameters in a
putatively homogeneous population of cancer cells in culture: (A) the
initial concentration of PPIX in cells, Co [ug/celll, and (B) the
photobleaching light dose constant, H ph [J/cm?2]. The
measurements involved quantitative video fluorescence microscopy of
single cells during prolonged irradiation. The Cyp and Hp were used
to predict the photodynamic dose, DppT photons absorbed by
PPIX/g cells or [ph/g], that would be attained in each cell after
complete photobleaching of all PPIX. A colony formation study of
cell survival after individual irradiation of single cells via the
microscope is presented. The techniques allows specification of the
individualized DppT of cells which were successfully killed and of

cells which survived the treatment.

3.1.1 Photobleaching and fluorescence

Photobleaching of PPIX in a cell is expected to follow first-
order kinetics with respect to the radiant exposure, H [J/cm?2], of the
single cell. Assume that the initial distribution of PPIX is uniform in
a cell at a concentration Cg [ug/ml]. The PPIX in the cell undergoes

photodestruction, called photobleaching, and Cg decays as:

C(t) = Co exp(-t/7) (3.1)
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where

Hpb
T= g (3.2)

The photobleaching time constant, T[s], depends on the irradiance of
the photobleaching light, E [W/cm2], and the photobleaching dose
constant, Hpp [J/cm2].  In our experiments, we measured t at a

specified E and deduced Hp.

3.1.2 The photodynamic dose

The photodynamic dose is defined as the number of photons
absorbed by PPIX per g of cells, DppT [ph/g] (Patterson 1990). This

parameter indicates the number of excited state PPIX molecules
generated per unit mass of cells and is proportional to the amount of

singlet oxygen (putatively) generated which contributes to oxidative
damage leading to cell death. The DpptT parameter provides an
important dosimetric measure for comparison of the efficiency of
different photosensitizers to achieve photodynamic action. Patterson,
Wilson, and Graff (1990) illustrated that DppT was a constant value
independent of the wavelength of irradiation in their study of PDT-

induced necrosis in rat livers (Patterson 1990).

The DppT depends on the irradiance, E, and the concentration

of PPIX, Cy, but this product must be integrated over the exposure
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time, T, since photobleaching depletes the PPIX according to Eq. 1.
The integral is:

T

DPDT = ge; fCo exp(-t/t) E dt
0

GoE CoH
. bor t( 1 - exp(-t/t)) = E l())r b (1 - exp(-H/Hb)) (3.3)

where e is the extinction coefficient of PPIX at 488 nm [0.023cm-
1/(ug/ml)], b is the energy per photon at 488 nm [4.07e-19 J/photon],
r is the density of a cell [~1.0 g/ml], C(t) is the PPIX concentration as
it photobleaches, E is the irradiance [W/cm?2], T is the exposure time

[s], H is the radiant exposure equal to ET [J/cm2], and Hp [J/cm?2]

is the photobleaching exposure that reduces C(t) by a factor 1/e.

If the PPIX is completely photobleached (t>>1, or H>>Hp), the

maximum DppTt obtained is proportional to the product CoHp.

Dppt for complete photobleaching = eClgfIb - (34)

This study measured both Cy and Hp for individual cells. The
maximum DppT obtainable in individual cells was calculated using
Eq. 3.4. In the colony formation study, cells received a radiant
exposure of either 20 or 300 J/cm2 and Eq. 3.3 was used to calculate

the true Dppt of each cell.
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3.2 Materials and methods

3 2.1 Cell cultures

The cancer cell line used in the study was MTF7, cloned from a
7,12-dimethyl-benz[a]-anthracene-induced rat mammary
adenocarcinoma (Tomasovic 1983), courtesy of Dr. Stephen P.
Tomasovic, Department of Tumor Biology, M. D. Anderson Cancer
Center. The cells were grown in a-MEM (Alpha-modified, Minimum
Essential Eagle, Sigma Chemical Co., St. Louis, MO) supplemented
with 10% fetal bovine serum (HyClone Laboratories Inc., Logan,

UT) in monolayers in petri dishes.

ALA (Sigma Chemical Co., St.Louis, MO) was introduced into
the culture media at various concentrations, specified later, and the
cells were incubated as monolayers on petri dishes for 24 hr. The cell
concentration in culture at harvest was ~0.7e6 cells per petri dish
which was not confluent. At the time of the PPIX assay, the cells
were loosened from 3 petri dishes by the addition of trypsin to the
medium (0.25%) and incubated for 5 min at 37 °C. The loosened
cells were resuspended in phosphate buffer saline (PBS), centrifuged,
and resuspended in 1 ml of PBS, to yield 2e6 cells/ml.

Two cell preparations were studied: (Preparation A) Twenty
ul of the cell suspension (40e3 cells) were placed on a glass slide with

a cover slip for fluorescence microscopy. (Preparation B) Cell
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digests were prepared by placing 1 ml of PBS containing 2e6 cells
into 2 ml of Scintigest (Fischer Scientific), a solvent/digestant which
yielded a clear solution after 18 hr. The cell digest was placed in a

polystyrene cuvette for bulk fluorescence measurements using the

OMA.

3.2.2 Fluorescence assay for PPIX

Two fluorescence measurements were conducted. (A) Video
fluorescence microscopy (Fyid) measured single cells. (B) An
optical-fiber fluorescence spectrophotometer (Foma) measured cell
digests. Comparisons of the two measurements together with

calibration experiments using Foma enabled calibration of the video

(Fvid).

3.2.3 Fluorescence microscopy

The level of PPIX in single cells was assayed by the
fluorescence microscopy system shown in Fig. 3.1. The measurement
system used a 488-nm argon ion laser (Coherent, Inc., model Innova
90) delivered through an inverted microscope (Zeiss, Inc., model
Axiovert 405M) to excite PPIX fluorescence in individual cells.
Fluorescence was observed through a 580-nm long-pass filter with an
intensified CCD camera (Video Scope International Inc., VS2525
intensifier, CCD200E camera) and recorded by video tape
(Panasonic, AG-6300). The laser was delivered through an optical
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fiber whose termination was imaged through the microscope to yield
a uniform-field beam in the image plane. The irradiance of the laser
was 5.8 W/cm?2 and the beam was 180 um in diameter. The recorded
fluorescence images were sent to a personal computer (Maclntosh)
for acquisition and analysis using an image processing system
(Image, NIH). The measurements were recorded as a porphyrin

fluorescence score.
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Figure 3.1: Fluorescence microscopy apparatus. An argon ion
laser (488 nm) excited cellular PPIX fluorescence and an
intensified CCD camera viewed the emission through a 580-
nm long-pass filter.
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A porphyrin fluorescence score, Fyid in laboratory units called

[video units/cell], was defined by the following:

Fud = AN Feamera (3.5)

where A was the cell cross-sectional area [um2/cell], N was the
number of pixels per unit area in the image processing system [2.13

pixels/um?], and Fcamera was the fluorescence intensity in

laboratory units [video units/pixel].

3.2.4 Cell digest fluorescence measurements (OMA)

Measurements of PPIX in cell digests utilized a fluorescence
spectrophotometer. The system used a nitrogen-dye laser (Laser
Science, Inc., Newton, MA) at 420 nm delivered through an optical
fiber to excite cell fluorescence and an optical mutichannel analyzer
(OMA) (Princeton Instruments, Inc., Trenton, NJ) to detect
fluorescence. The same 600-um-core-diameter fiber both delivered
excitation and collected emission. The fiber was placed against the
side of a polystyrene cuvette containing a cell digest (preparation B).
The porphyrin fluorescence score (Foma) was determined by
integrating the area under the fluorescence curve between 600-750 nm
and normalizing by a standard reference which was the peak
fluorescence of a fluorescein standard solution routinely measured to

account for day-to-day variation in the system. The background

Foma for cells grown without PPIX was subtracted from all Foma
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measurements, and all values of Fon, reported here have undergone

such a background subtraction.

3.2.5 Calibration experiments

3.2.5.1 Microscope calibration

Cells were incubated for 24 hr in various concentrations of
ALA to yield a range of PPIX levels. Individual cells (preparation A)
were measured with the video camera (Fyiq). A cell digest
(preparation B) was measured with the fluorescence
spectrophotometer (Fom,). Figure 3.2 plots the PPIX fluorescence in
the cell digest (Foma) vs the PPIX fluorescence of the same cells
measured by fluorescence microscopy (Fyid). The relationship was

linear:

oma

Foma = A+ Gid Fyid (3.6)

where A is the y-intercept (10.5 [oma]), and Csir:ila is the slope (0.00044

[oma/(video units/cell)]).
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Figure 3.2: Calibration curve relating the PPIX fluorescence
measured by spectrometer in a cell digest (Foma) vs the fluorescence
measured in cells by video microscopy (Fyiq).
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3.2.5.2 OMA calibration

In a second experiment, cells not grown in ALA were prepared
as a cell digest (preparation B). Known amounts of PPIX [ug] were
added to the digest and Foma measurements made. Figure 3.3 plots
the fluorescence of a cell digest (Foma) vs the amount of added PPIX
[ugl, yielding a linear relation with a slope, ¢ pprx, equal 249

[oma/pg PPIX].
Combining the above two calibration experiments, the
relationship between a video measurement, Fyid, and the cellular

PPIX concentration, Co [pg/ml], was:

A+ Fiid Sideo 105 + Fuig (0.00044) (3.7)

Co = =
CIC;IITDIIaX N Vel (266)(249)Vceﬂ

N was the number of cells in the cell digest (2e6 cells). Vcel]l was the
volume of the particular cell measured [ml/cell]l. Each cell’s volume
(V) was estimated based on the cell’s diameter observed in the two-
dimensional image acquired by the camera, assuming a spherical
shape for the nonadherent cell. Experimentally, the Co values were
specified by Eq. 3.7 from the Fyid values at the start of irradiation
before significant photobleaching could occur. For example, if the
Fyid was 50,000 video units/cell, and the Ve was 2.6e-8 ml/cell, then
the Co was 2.5 ng/ml within the cell.
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Figure 3.3: Calibration curve for PPIX fluorescence in a cell digest
(Foma) vs the pug of PPIX added to the cell digest.
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3.2.6 Colony formation

Cells in mid—log phase growth were plated onto petri dishes at
a low density, about 200 cells per plate, and incubated in 200 pug/ml
ALA for 24 hours. The plates had grids drawn on their bottom
surface to facilitate identification of cells at a given position. A
sampling of cells was observed with the inverted fluorescence
microscope during the individual irradiation of single cells. 36 cells
were given 20 J/cm? and 81 cells were given 300 J/cm2. Video
recordings measured the initial Co of each cell and the decay due to
photobleaching. Because the petri dish imposed a relatively high
amount of autofluorescence, only the initial photobleaching could be
documented, however the values of Hp obtained were similar to the
previous study of cells on glass. In this study, the mean * standard
deviation for Hpp was 102 + 51 [J/cm2]. Because the cells were
adherent to the petri dish, the Vcell was calculated by assuming a
hemispherical shape. The Dppr of each cell was calculated using Eq.
3.3, accounting for the radiant exposure utilized (20 or 300 J/cm?2),
After exposure, the cells were incubated for 3 days, then scored for

signs of successful colony formation.
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3.3 Results

3.3.1. Experimental data

When one observes a fluorescent cell by eye through the
microscope, the total fluorescence is distributed over the cell cross-
sectional area, A [um2], in the field of view to yield a particular
brightness, which can be expressed as Fyid/A [pixel units/um?2].
Figure 3.4 plots Fyiq/A versus A. Cells not incubated in ALA (n =
16) had a mean value of 8.7, and cells incubated in ALA (n = 124)

had a mean value of 107.
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Figure 3.4: The brightness of cellular fluorescence as seen by the eye
with a microscope through 580-nm long-pass filter, quantified by the
video camera as Fyig/A. The total fluorescence (Fyig) was distributed
over the area of the cell (A). Data are plotted versus cell area.
Incubation of cells in ALA (+ALA) yielded about 10-fold brighter
fluorescence than cells grown without ALA (-ALA).
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Figure 3.5 shows the histograms of the initial PPIX
concentration, Co [pug/ml], the photobleaching light dose, Hpb
[J/ecm2], and the photodynamic dose, DppT [ph/g]. The mean (and
range) of Co was 6.0 (1-15) ug/ml. Control cells not grown in SALA
showed 0.52 [pg/ml] (not shown). Assuming these Cg values were
primarily due to PPIX and that background non-porphyrin auto-
fluorescence in the 600-750 nm range was negligible, the amount of
PPIX induced by 5ALA was about ten times the amount of
endogenous PPIX in cells. The Hb was 135 (25-300) J/cm?2, which
was surprisingly variable. The maximum DppT obtained after
complete photobleaching of PPIX was calculated to be 5.2e19 (3e18-
2¢20) ph/g.

(See next page)

Figure 3.5: Histograms of (top) the initial concentration of PPIX,
(middle) the photobleaching light dose constant, and (bottom) the
photodynamic dose achieved by complete photobleaching of the
cellular PPIX.
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Figure 3.6 shows the correlation between DppT and Cgp, and the
mean values of 5.2e19 ph/g and 6.0 ug/ml, respectively. The slope
should be eHphb/br or 8.7¢18 (ph/g)/(ug/ml), as indicated by the
solid line. The noise derives from variations in the experimentally
measured Hp and the measured cell size used to estimate Vcel] for
calculation of Cgy. The slope overestimates the data at low Cp and
underestimates the data at high Cyp. The most striking aspect of the
data is that this apparently homogeneous population of cells is

behaving so heterogeneously with respect to PPIX accumulation and

photobleaching.
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Figure 3.6: Correlation of the maximum photodynamic dose

(Dppt) and the PPIX concentration in cells (Cg), with mean values
5.2e19 ph/g and 6 ug/ml, respectively. The slope should be eHpb/br,
as described in Eq. 3.4.
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3.3 3 Bleb formation

Figure 3.7 shows bleb formation, an indicator for
photodynamic damage to cell membranes, in a cell after 350 J/cm2 of
laser exposure which was sufficient to cause nearly complete
photobleaching of PPIX. Before the cell was exposed to the laser
(Fig. 3.7a), there was no bleb. After exposure (Fig.3.7b), the cell
displayed a bleb at the 10 o’clock position. The bleb itself had no
PPIX fluorescence.
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Figure 3.7: Bleb formation in a cell exposed to laser radiation that
completely photobleaches the cellular PPIX. (a) Cell before exposure.
(b) Cell after exposure.
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3.3.4 Colony formation

The results of the colony formation study are shown in Fig. 8.
The calculated DppT for each cell is specified by the y-axis. In the
study, 36 cells received 20 J/cmZ and 81 cells received 300 J/cm2
radiant exposure. After 3 days incubation, the occurrence of cell
colonies was scored. The cells killed by PDT and those that survived
are compared. The Dppr obtained with 300 J/cm2 was higher than
with 20 J/em2, of course, and the rate of colony formation was lower
at the high exposure than the low exposure, 3/81 (3.7%) vs 8/36
(22%), respectively. However, there was not a sharp threshold value
of DppT which demarcated death from survival. Some dosages were
as low as 1el18 but achieved cell kill. Other dosages were as high as
3e19 and failed to kill. The threshold DppT for killing falls in the
range of 1el18-3e19. Within that range, most cells were killed but a
significant fraction survived. Our work continues to explore celling

killing vs survival at low DppT exposures.
3.4 Discussion
The concept of a threshold photodynamic dose was studied by

Patterson, Wilson, and Graff (1990) using another photosensitizer,

aluminum chlorosulphonated phthalocyanine (AISPC) (Patterson
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Figure 3.8: Colony formation study. Cells individually received light
exposure while video recordings documented Cgy and Hpb, allowing
the DppT of individual cells to be calculated. Cells received either 20

or 300 J/cm2 at 488 nm wavelength. The Dppr values of cells that
died and cells that survived to form colonies are shown. The lowest
dose that killed was about 1e18 ph/g and the highest dose that failed
to kill was 3e19 ph/g.
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1990). They reported a threshold DppT of 3.8e19 for achieving
necrosis in rat liver. These authors also estimated a threshold DppT
of 8.6e17 for the photosensitizer PhotofrinIl to achieve necrosis in
human tumors, based on the work of Potter (Potter 1989). Recently,
Chen et al. (1994) have reported a threshold DppT of 4.0e19 for
Photofrinll to achieve necrosis in dog prostate (Chen 1994). The
estimated range for a threshold DppT of 1e18-3e19 reported for PPIX
in this paper is consistent with the values for PhotofrinII. PPIX

appears relatively efficient in achieving photodynamic killing of cells.

3.5 Conclusions

The analysis for PDT in cells is discussed. The amount of
PPIX attained by the cells ranged between 1-15 pg/g cells, with a
mean value of 6.0 pug/g cells. The photobleaching dose constant was
135+ 56 J/cm2. The photodynamic dose obtainable after complete
photobleaching ranged between 2e18-5¢19 with a mean value of
5.2¢19 [photons absorbed by PPIX per g cells]. A colony formation
study indicated that the threshold DppT required for cell killing fell in

the range of 1e18-3el9.
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CHAPTER 4

METHOD FOR MEASURING DYE DILUTION
IN BLOOD AND ITS CLINICAL EVALUATION

4.1 Introduction

So far, the fluorescence of dyes are applied for measuring the
concentration of the dye or the propagation of light. In Chapter 3, /»
vitro measurement of the dye concentration in a single cells based on
a fluorescence microscopy was discussed. In addition to using
fluorescence, transmitted lights through an object can be applied for
measureing a dye 7x# wvitro or in vivo. In this chapter, we intend to
apply the fluorescence method mentioned previous Chapters for
transmittance measurement using indocyanine green dye, ICG, i#
vivo which has done conventionally 7# vitro. Indocyanine green
(ICG)(Fox 1957) is widely used as a sensitive tracer for the
estimation of hepatic function. The principal characteristics of ICG
are very low toxicity, confinement to the vascular compartment
because of binding to plasma proteins, rapid excretion from liver and
presence of an absorption maximum near the isobestic point of
hemoglobin (Landsman 1978). In particular, the study of ICG
clearance rate in blood is one of the best methods for evaluating
hepatic diseases such as liver cirrhosis (Takaki 1967, Howard 1967).

In 1969 a reference method using ICG clearance rate was established
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by the Japanese Society of Gastroenterology (Namihisa 1969).
Clinically, multiple blood samplings have been necessary to
determine the values for the ICG tests (Namihisa 1963) such as
plasma disappearance rate and 15-minute retention ratio after
intravenous ICG injection which subject the patients to mental and
physical stress. Furthermore, although it is necessary with this
method to correctly measure the blood sampling time after the ICG
injection, it is difficult to accurately measure this time in an actual
test. Accordingly, a measuring method without blood sampling has
been desired. A non-invasive method was tried to developed by
using a spectrophotometric measurement of the ear lobe (Yokosuka
1986). Although the spectrophotometric method called the ear piece
method, was developed as an ICG test without blood sampling,
fitting and stabilization of the optical sensor presents some
difficulties. To eliminate those problems, a new method by measuring
the transmittance light through the tip of the index finger before and
after ICG injection was proposed. This paper describes this newly

developed instrument and its evaluation.

4.1.1 Optical characteristics of ICG

After its introduction, ICG soon came into general use for dye
dilution tests. The principal advantage of the dye used 7# vivo was the
presence of an absorption maximum near the isobestic point of
hemoglobin. Absorption spectra of ICG and hemoglobin are shown

in Figure 4.1. In human tissue, hemoglobin, which is contained in the
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blood, is the major absorbance factor. The spectrum of hemoglobin
changes depending on its oxygen saturation but the absorption
maximum of ICG is close to this isobestic point. Therefore, ICG
concentration can be measured 77 vivo at 805nm unaffected by

hemoglobin oxygen saturation.

4.1.2 ICG test using blood sampling

Clinically, the ICG tests are standard methods for the patients
with hepatic diseases. The tests are conducted with the patient in a
supine position in a fasting state. Blood is sampled before
intravenous ICG injection . In general, one blood sampling is
performed as a reference. After intravenous injection of ICG, blood
sampling is also performed three times after of 5, 10 and 15 minutes.
Blood plasma is separated upon coagulation of a blood clot so that
the absorbance at 805 nm is measured through a spectrophotometer
to obtain ICG concentration values in the blood plasma from a
previously obtained line, corresponding to ICG concentration in
blood vs. absorbance. These ICG concentration values in the blood
plasma are plotted on the ordinate of semilogalithmic scale with time
recorded on the abscissa because the disappearance is expected to

follow first-order kinetics with respect to the time after ICG injection.
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Figure 4.1: Absorption spectra of hemoglobin and indocyanine
green(ICG). ICG has its peak absorbance at 805 nm in protein
solution. This wavelength is the isobestic point of hemoglobin. There
is no ICG absorbance at more than 900 nm.
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The plasma disappearance rate, K [min-1] is calculated using the

formula;

Ci= Co - exp(-Kt) (4.1)

logCo - logC
K= —e0 8 (42)

where t is time in minutes after ICG injection, Ci5is ICG
concentration in the blood plasma after 15 minutes and Cg is the
calculated initial ICG concentration in the plasma, when the ICG
dosage is 0.5 mg per kilogram of body weight. The 15 minute
retention ratio Rjs as a clinical estimation value of hepatic function is

defined as follows:
C
Ri5 = (:_105 100 [%], (4.3)
Usually, C, in Eq.(4.3) is clinically determined to be 1.00.

4.1.3 Prototype of continuous method

A dichromatic ear densitometer measured the difference of the

transmittance at 800 and 900 nm to derive the ICG concentration (Sg)

as follows:;

Sg = Kg - (logTs00 - logTooo ), (4.4)
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where Ky is a constant that depends on the ICG absorption
coefficient. Tgoo and Togg are the transmittances at 800 and 900 nm
respectively. However, the output measured by Eq.(4.4) fluctuates due
to influence from the changing blood volume at the measuring site.

Considering this problem, the following relationship was derived

(Aoyagi 1975),

log(Ig00/Tg00)
& = "log(Isgo/Ta00) Kb - Ke (43)

S

where K}, is the constant value of the bloodless state. In this method,
before ICG injection, the ear lobe is pressed by the ear piece of the
dichromatic ear densitometer in order to obtain measurements of Iggg
and I9gg, the bloodless transmittances at 800 and 900 nm. Next,
measurements of the normal blood-containing state is obtained by
releasing the pressure on the earlobe and measuring Tgoo and T9go ,
the transmittances at the same two wavelengths. In actuality, the
values Igoo, Iogg and Ky, are treated as constant values. Using with the
two conditions described above as references, Tggg and T9go,
transmittances of the former normal state after ICG injection, are
measured to calculate Sgvalue. As a result, it is reported that the
influence of the change of blood volume can be compensated for
using this method. However, to obtain correct ICG disappearance
curve, common problems that exist in conventional ear densitometry
must be addressed:

a) because using a Xenon or halogen lamp as a light source heats the

ear piece, more than 20 minutes idling time is necessary to stabilize
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the densitometer, but since the ear lobe is warmed, the blood volume
gradually increases and hemoglobin is oxygenated,

b) the ear piece frequently slips down because of its weight, but the
blood volume decreases when it is attached tightly to prevent
slipping, and

c) to get enough absorbance of ICG from the ear lobe, heating or

some other method is necessary to increase blood flow.

4.2 Materials and methods

4.2.1 The newly developed measuring algorithm

Relationship between the transmittances at 810 and 940 nm

before injection of ICG are expressed as:

1CG
log Tg10 = Asio + Agio (4.6)

log To40 = Agao (4.7)

where Tg1g and To4q: transmittance through the fingertip at 810 and
940 nm, Agjg and Aog4q: are the absorbances of tissue and blood at
810 and 940 nm.

Extracting absorbance information on ICG is done by seeking
Agl:OGfrom Eq.(4.6). However, changes in the ICG concentration
contain a large noise component. This is because the absorbance of

the blood varies greatly with changes in the blood flow volume in the
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end of the finger, thus causing the noise component. In order to
remove this noise component using this apparatus, a wavelength at
which ICG does not have absorbance is used as shown in Eq.(4.7).
The relationship between the absorptions of the two wavelengths by
the blood and tissue is shown by the following equation before the
intravenous injection of ICG, which establishes calibration constants

between the wavelengths of the transmitted light.
logTglg = a- logTog0 + b (4.8)

Here, a and b are constants decided by the least square method at
the time calibration is actually performed. In practice, Eq.(4.8) is
obtained by greatly changing the amount of blood flow in the end of
the finger by raising and lowering the hand to which the ICG sensor
has been attached. After intravenous injection of ICG, the calibration
data from Eq.(4.8) is used to calculate the blood and tissue
absorbance of Eq.(4.6) from Eq.(4.7), and the ICG absorbance AIg(foG
is calculated by subtracting this. Therefore, the ICG concentration, Sg,

is defined as :
S g = {logTsglo - (a-IogTo40 + b)} Kg (4.9)

The value S g is constantly zero before the injection of ICG, if the
blood volume changes, and is defined as the base line of the

disappearance curve. The time change of Sg is expressed as:
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Sg=So - exp(-K - t) (4. 10)

where t represents the elapsed time in minutes after injection of ICG,

and So represents the Sg value at t =0. Further, R15 is expressed as:

Ris = exp(-K - 15) (4. 11)

4.2.2 Optical sensor

The ICG clearance meter has light emitting diodes (LEDs) that
emit at 810 and 940 nm, and a near-infrared silicon photodiode used
as a photodetector. The 810 nm wavelength is very close to 805 nm
isobestic wavelength and this transmittance variation due to
hemoglobin oxygen saturation is negligible. In addition, the optical
absorption by ICG is quite high at 810 nm, but quite low at 940 nm.
Two LEDs are mounted on one small, glass-epoxy base. The LED

base and photodiode are mounted on a flexible printed circuit(FPC).

This FPC is molded by casting polyurethane for electric
insulation and mechanical durability. Clinically, as shown in Figure
4.2, the optical sensor is fixed on the tip of the index finger by using a
soft adhesive PVC tape to prevent blood congestion and permit this

sensor to be attached to a finger tip with any shape.
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Adhesive tape

Figure 4.2: Optical Sensor attached to the fingertip
LED; Light Emission Diodes. PD; Photo Diode
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4.2.3 The hardware system

Figure 4.3 shows a hardware block diagram. The LEDs are
pulsed in order to obtain higher intensity output, to eliminate DC
drift problems and to avoid LED overheating. The light transmitted
through the finger is detected by the photodiode. The resulting signal
from the photodiode is amplified and enters the sample/hold circuits
where the difference of the transmittances at each wavelength, and the
background are synchronously sampled and held. The sampled DC
signal is digitized for computer processing,. then latched in order to

be taken into the micro-computer synchronously.
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Figure 4. 3 Block diagram of the hardware system



71

4.3 Results

4.3.1 The system characteristics

This instrument measures the change in the blood ICG
concentration over time, and it is necessary that the output of the
optical sensor reflect the ICG concentration. Therefore, in order to
evaluate the basic performance of this instrument, a standard
solution equivalent to the blood ICG concentration during ICG test
is prepared. The optical sensor was attached to an optical cuvette
filled with the standard solution and sought the relation ship between
the ICG concentration and the output voltage, Sg [V], of the sensor.
The results, as shown in Figure 4.4, confirmed that the output of the
sensor demonstrated a linear relationship with the ICG

concentration.
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Figure 44 The linearity between ICG concentration and output
voltage.
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4.3.2 Clinical evaluation

4.3.2.1 Method

Hepatic clearance studies were obtained in 16 healthy adult
subjects who had histologic evidence of a normal hepatic and 454
patients with biochemical evidence of hepatic diseases (103 chronic
hepatitis, 134 liver cirthosis, 67 hepatoma, 11 acute hepatitis and 139
with other diseases). The optical sensor was attached to the tip of the
index finger using adhesive tape. Each patient was injected rapidly
without force in the antecubital vein with 0.5mg of ICG per kilogram

of body weight.

4.3.2.2 Results

(1) Comparison with blood sampling method

The correlation between values from the blood sampling
method and those of the finger-piece method was examined. A
correlation equation for K indicated y=0.816x-0.002 (r=0.889) (Figure
4.5). The correlation equation for Ris showed y=1.1x+6.4 (r=0.951)
(Figure 4.6).
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(2) Values in hepatic diseases

K and Ris for various hepatic diseases measured by the
finger piece method were examined. Values of K were 0.147 + 0.022
in the healthy control group, 0.156 + 0.051 in the acute hepatitis
group, 0.118 £ 0.035 in the chronic hepatitis group and 0.071 + 0.036
in the hepatic cirrhosis group. A significant difference (p<0.001) was
obtained between the chronic hepatitis group and the control group.
Also, there was a significant difference (p<0.001) between the liver

cirrhosis group and the control group.

Values of Rys were 11.63 + 3.69% in the control group, 13.36 +
19.16% in the acute hepatitis group, 19.29 + 8.98% in the chronic
hepatitis group and 39.39 £ 19.16% in the liver cirrhosis group. The
chronic hepatitis group showed a significant difference (p<0.001)
from the control group and from the liver cirrhosis group. In
addition, the liver cirrhosis group showed a significant difference
(p<0.001) from the control group. A significant difference was not
observed in the liver cirrhosis group between cases with or without

primary hepatic carcinoma.

4.6 Discussion

In this Chapter, a description of an instrument for the

continuous non-invasive measurement of both K and Rjs5 and the

results of the clinical evaluation for about 470 patients were



77

presented. The authors propose a biocalibration method before ICG
injection particularly 7# vivo measurement, to solve the problem of
changing blood volume, satisfactory results were consequently
obtained. It is interesting to compare our method with the previous
study. For example, Yokosuka et al., settled an idling time to stabilize
the change of blood volume. For artifacts, however, this method can
be considered as a passive way in comparison with the positive
method as explained in this paper. It is not necessary to settle an
idling period in the proposed method. Additionally, in the clinical
evaluation, the non-blood-sampling method was found to be more
convenient because there was no waiting time and no infection, which
often results from blood sampling. Another main advantage of this
method is that a continuous ICG disappearance curve is obtained.
The disappearance curve makes it possible for the progress of
hepatic lesions to be diagnosed clearly without calculating K and Rjs,
Moreover, the curve would be helpful for researchers who are
interested in the kinetics of ICG, when they construct or analyze
compartment models (Paumgartner 1970, Ishigami 1988, Kanda

1988) based on the compartment analysis.

4.7 Conclusion

In this chapter, the we discussed the method of testing the
hepatic clearance of a dye and its clinical application. A high
correlation between the values obtained by this method and by the
blood sampling method was observed, showing that the ICG test by

the finger-piece method is considered to be a useful and sensitive
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method for clinical use. Furthermore, this method might be useful for

testing the liver before and after liver transplantation.
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CHAPTER 5

NUMERICAL ANALYSES FOR ICG
CLEARNACE IN A TURBID MEDIA

5.1 Introduction

Indocyanine green (ICG) (Fox 1957) described in the previous
chapter is a tricarbocyanine dye that has been used for measuring
cardiac output and hepatic function in human for 30 years. Especially
in Japan, it has been widely used as a sensitive tracer in hepatic dye
clearance tests (Namihisa 1963). However, Several blood samplings
are required to determine the plasma disappearance rate (k) of ICG
by using a spectrophotometer. In Chapter 4, as an ICG test without
blood sampling, the finger piece method using an optical sensor was

described (Awazu 1990, Namihisa 1990).

Briefly, the finger piece method was carried out as follows; an
optical sensor consisting of two LEDs and a photodiode is fixed to
the tip of the finger, calibration is conducted by raising and lowering
the arm to compensate the changing of the blood volume at the
measuring site, then ICG is administered intravenously and the
optical sensor measures the optical transmittance through the finger
to calculate k . Clinical results showed in Chapter 4 tells us good

relationship between the non-invasive method and the conventional
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blood sampling method. It is cliniccaly useful, however, the
calculation to determine the plasma disappearance rate, k in 1/min,
is based on the transmittance of light through the fingertip, but
tissues such as the finger tip should be considered as highly optically

scattering matters.

In such a light-tissue interaction, it is important to model light
transport in tissues, which are turbid media. Among the available
models are Monte Carlo simulations,(Pickering 1993, Firbank 1993,
Wilson 1990, Jacques 1993, Patterson 1989, Jacques 1994, Liu 1993)
diffusion theories, (Patterson 1991, Tromberg 1993, Thomsen 1994,
Hielscher 1994, Farrell 1992, Kienle 1994, Farrell 1992) and finite
difference methods,(Groenhuis 1983). As a mathematical model to
treat turbid tissues, Monte Carlo simulations of photon propagation
offer a flexible yet rigious approach toward photon transport (Wang
1992). But, it takes a long time to get the result using Monte Calro
simulation. On the other hand, diffusion approximation has a
possibility to give an adequate solution for the same problem in a
short time. Therefore, in this Chapter, the both methods are applied
to the light propagation in a slab model to simulate the actual
transpotation pf the light through the fingertip as a simple slab. The
simulation results are compared with 77 vivo result to examine the

effectiveness of scattering to the plasma disappearance rate.
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5.2 Materials and methods

5.2.1 Monte Carlo simulation

The Monte Carlo method is a method to estimate the exact
solution to light distributions. This is done by the set of all possible
paths of photons through objects. To compute the light distributions
according to tissue geometries and optical properties, including
refractive index (n), absorption coefficient (,), scattering coefficient
(1s), and anisotropy factor (g), Monte Carlo program is written for
turbid media such as tissues. The delta- scattering technique was used
for photon tracing to greatly simplify the algorithm because this
technique allows a photon packet to be traced without worrying
about the interfaces between tissues. This technique can be used only
for refractive-index-matched tissues, although it allows the ambient
clear media (e.g., air) and the tissue to have mismatched refractive
indices. The tissue system is assumed to have multiple tissue types
with matched refractive indices. The interaction coefficient of the ith
tissue type, defined as the sum of pa and ps, is denoted by, pi. The

techniques is briefly summarized as follows.

1. Define a majorant interaction coefficient wm, pm > i, pi for all i.

2. Select a distance R,

R = - In(x) / Um, (5.1)
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where x is a uniformly distributed random number between 0 and 1

(0 < x <1). Then, determine the tentative next collision site rk' by:
rk'=rk-1+ Ruk-1, (5.2)

where rk-l is the current site and uk-1 is the direction of the flight.
3. Play a rejection game:

a. With a probability of p(rk')/up, accept this point as a real
interaction site (rk =rk');

b. Otherwise, do not accept rk' as a real interaction site but
select a new path starting from rk' with the unchanged direction uk-1

(i.e., set tk-1 = rk' and return to Step 2).

An imaginary interaction event that changes neither the weight
nor the direction of the photon is introduced to understand the
validity of this algorithm. This definition implies that such imaginary
interactions are not physically observable, i.e., they can be introduced
with any interaction coefficient at any point. Now if the majorant
interaction coefficient ()tm) is a sum of the real (i) and imaginary
(Wim) interaction coefficients, then in the procedure outlined above, a

fraction of the interactions,

1— Hre _ Him (5.3)
Hm Hnm

are Imaginary interactions. On ten average, for every Hm total

interactions, there will be pre interactions accepted as real
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interactions. The mean free path for the majorant interactions in the
delta-scattering method is 1/, and the mean free path for the real
interactions in the direct method is 1/ue. Therefore, the photon will
move to the correct interaction site using the delta-scattering

technique as it would using the direct method, i.e.,

Bm A/ Bm) = Ree(1/ e ) (5.4)

where the left-hand side is the average distance traveled by the photon
packet with pUm total steps or with pre real interactions in the delta-
scattering method and the right-hand side is the average distance
traveled with pre real interactions in the direct method. During the
tracing of each weighted photon, the light absorption, reflectance, or
transmittance are correspondingly scored into different arrays
according to the spatial and temporal positions of the photon.
Multiple photons are traced to achieve an acceptable statistical

variation.

5.2.2 Diffusion theory

When using photon diffusion theory, the optical properties

needed are the absorption coefficient (i) and reduced scattering
coefficient (us'=(1-g)us). Two related coefficients are the transport
interaction coefficient(pt') and the effective attenuation coefficient

(eff), which are respectively expressed by the following relationship:
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and
Heff = V3 Ha M’ (5.6)

The inverse of the transport interaction coefficient is defined as one

transport mean path (mph' = 1/p;')

Diffusion theories for semi-infinite tissues have been presented
elsewhere (Farrell 1992). Here, The diffusion theoty is extended for
tissue slabs such as the fingertip. An infinitely narrow laser beam
(pencil beam) is incident upon a tissue slab whose optical properties
are refractive index n s', and thickness d. The pencil beam is
approximated by an isotropic point source that is 1 mfp' below the
tissue surface. A cylindrical coordinate system is set up, where the z
axis originates on the top tissue surface and points downward
perpendicularly to the tissue surface. The steady state diffusion

equation for a homogeneous medium is:
S-Ha=-AV20 (5.7)

In this cylindrical coordinate system, the fluence caused by an

isotropic point source at z = zgin an otherwise infinite medium has

been analytically solved. The response to a point source S is:
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— 1 CXP(—HeffP)
¢(z,1,2¢) D )

(5.8)

where z and r are the cylindrical coordinates of the observation point
and p is the distance between the observation point and the source,

lLe.,

p=1(z~2)% +12 (5.9)

and D is the diffusion constant

’

1

D‘—“—_.
3u

(5.10)

Since we are interested in the transmittance on the bottom tissue

surface, the contribution of this isotropic point source is

dzlz=1 47p

To compute the fluence caused by an isotropic point source in
a tissue slab based on Eq.(5.8) We need to convert the slab into an
infinite medium by satisfying the boundary condition with an array
of image sources. Since the fluence on the two real boundaries is not

zero, two extrapolated virtual boundaries where the fluence is
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approximately zero are used. The two virtual boundaries are the

distance Zb away from the tissue surfaces, where Zb is
Zb=2 A D, (5.12)

where A is related to the internal reflection ri. When the boundary

has matched refractive indices, A = 1; otherwise, A can be estimated

by

_1+I‘i
l—I’i

A (5.13)

ri = -1.440 npelé+ 0.710 npel-! + 0.668 + 0.0636 npel (5.14)

where npe] is the relative refractive index of the tissue (Groenhuis
1983). Figure 5.1 shows the positions of the original isotropic point
source and its image sources about the two virtual boundaries. Each
mirroring changes the sign of the point source. The z coordinate of

ith positive or negative image source is

Zi(x) = -Zb + 1 (d + 2Zb) + (zo + Zb). (5.15)

Once theses image sources are used, the boundary condition is
approximately satisfied, and hence the true boundaries can be

removed. The problem is converted into an array of isotropic
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sources of both signs in an infinite medium. A linear combination of
Eq. (5.8) for different source positions will, therefore, yield the fluence
of the isotropic point source in the original tissue slab. and a linear
combination of Eq.(5.11) for different source positions will yield the

transmittance.

©
®

Zo* ®

Tissue

Zh — — — — — — — — T — _———_
b f_ vertual boundary

©
®

Figure 5.1: Distribution of the image source for a tissue slab. The
original isotropic point source is z=1 mfp' below the tissue surface
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5.2.3 Optical model for the finger tip

A tissue optical such as the fingertip is first considered as an
optically homogeneous. Incident light comes in from the upper layer
of the tissue model, and a detector detects transmitted light from the
bottom layer of the tissue model. Optical properties such as tissue
and blood at the wavelength with the maximum ICG absorption, 805
nm, are determined using published data (Landsman 1978). ICG
optical property at various concentrations at 805nm is measured in

0.5% - albumin solution using a spectrophotometer.

5.3 Results

5.3.1 ICG optical property using a spectrophotometer

Figure 5.2 shows the ICG concentration in 0.5%-albumin

solution versus absorption coefficient paig [cm-1] using a

spectrophotometer. The linear relationship can be found between the

ICG concentration and i, From the equation fitted, pai in [em 1] is

Mai = 2.58 Cig (5.16)
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Figure 5.2: ICG concentration versus absorption coefficient in a clear
media
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where Cig is ICG concentration in 0.5% albumin solution. Since low
percentage albumin solution can be considered as a non scattering
matter, spectrophotometric analysis is not affected by scattering in

this range.

5.3.2 Simulation results of Monte Calro method and diffusion

approximation.

First, a typical set of tissue optical with refractive index
between air and tissue nrel =1.37, g = 0.95, p; = 0.478 + pujcm-1 |
1s=545.2 cm-1 and pg' =27.3 cm-1 is assigned to the model. Second,
the background absorption or scattering are varied to estimate their

effect to the decay constant.

In Figure 5.3, the results of the method computing the diffuse
transmittance based on the diffusion theory is compared with those
computed by the Monte Carlo method (Wang 1992), in which the
Monte Carlo simulation results are considered accurate. Although the
number of image sources is infinite, the series is truncated after four
pairs of sources. For the diffuse transmittance, the diffusion theory
seems to be accurate, but the Monte Carlo simulation result is too
noisy to permit a definitive conclusion especially at low ICG
concentration because of statistical errors. The other disadvantage of

the Monte Carlo method is that programs have to run for a long time



91

-3
1.6 10 , , , , ,
™ 1.410° — & - Monte Carlo i
g —— Diffusion Theory
S~
—, 1210° 1
l_
Q -3
o 110 i
c
S .
= 810 -
-
(73]
C -4
T 610 |
3 4
= 410 A
-6 -4
2 10 | | | 1 | |

0 005 01 015 02 025 03 035

|CG absorption coefficient, 4, [1/cm]

Figure 5.3 Diffuse transmittance of a pencil beam incident upon a
tissue slab are computed with the diffusion theory and compared
with the Monte Carlo simulation The slab thickness is 1 ¢m, nd the
optical properties of the tissue are refractive index nrel=1.37,

Habm=0.478 cm-1, and ps'=27.3 cm-1
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to give accurate estimates. Following the low of large numbers, the
average values are estimated without bias, but the standard deviation
of the estimated average values only decreases as 1/YN, where N is
the number of photons generated. In this case 1,000,000 photons were
used to calculate, and the calculation time was about 24 hours by Sun
workstation. Therefore, diffusion approximation can give an
appropriate result to examine the dependence of scattering in this

model with a simple geometry such as a slab model.

Figure 5.4 shows the diffuse transmittance, T, of a tissue model
with ICG having different background absorption coefficient
According to these simulation results, when the tissue has high
absorption such as 1.2 [em-1] or more, the relationship between the
ICG absorption coefficient determined by the concentration and the
diffuse transmittance is linear, but a tissue with low background 0.8

[cm-1] or less has not linear relationship.

In actual transmittance measurement used a photodetector, the
measuring values are equal to -In(T) which can be called an apparent
absorption coefficient, [la(app) because the pathlength of the model is
1 cm. Figure 5.5 shows the relationship between calculated pa(app) by
the diffusion approximation and ICG absorption coefficient. This
also implies the non-linearity between ICG concentration and

measured value because of the scattering and background effect.
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5.3.3 Estimation of the decay constant of ICG using the diffusion

approximation

Using the above simulation results based on the diffusion
theory, the decay constant, so called plasma disappearance rate, k in

min-!, is examined for various conditions. The k is defined as

Clg - CO CXp(—k"[) (5.17)

where Cq in mg/d! is initial ICG concentration, and t in minuets is

time after ICG was injected intravenously. Usually, Cig is measured
as ICG concentration in blood plasma using spectrophotometer.
Samples included ICG are treated as non-scattering media because
there are no tissues and blood cells. Therefore, there is a linear
relationship between paj and Cig descried in section 5.6.1. In a turbid
media such as a tissue, however, there is no linear relationship
between a(app) and Cig determined by the absorption coefficient of
ICG, Uai, described in section 5.6.2.

Figure 5.6 shows typical ICG clearance curves estimated using
k values determined by a spectrophotometer and the diffusion theory.

Tt is clear that the curves in a clear media are different from those
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curves measured by the diffuse transmittance through the model
proposed. This implies calculated k in a clear media, ke, is different
from k in a turbid media, k. Expanding these results. Figure 5.7
shows the relationship between k. and k. Clinically, the linear
regression equation between k¢ and kiis known as k=0.816k.
(Namihisa 1990). Therefore, the diffusion approximation also gives

a well fitted results compared to the clinical data.
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5.4 Discussion

To measure the decay constant of a dye concentration such as
ICG directly from measuring site i# vivo, knowing optical properties
such as absorption and scattering coefficient is important because the
scattering and background absorption produce lower number of
decay constants called plasma disappearance rate. The summation of
clinical data may solve this problem, but theoretical analysis is still
powerful to analyze the effect. In actual /# vivo measurements,

various thickness and tissue optical properties should be considered.

5.5 Conclusion

An optical tissue model for ICG test is proposed to simulate
the light propagation in the finger tip using the Monte Carlo method
and diffusion theory. The diffuse transmittance based on the
diffusion theory gave more stable results than that based on the
Monte Calro simulation for this model. The simulation results show
that scattering and back ground absorption produce the smaller
value of the decay constants than the values measured using a

spectrophotometer. Clinical data was well fit the simulation result.
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CHAPTER 6

CONCLUSION

In this thesis, kineticis of dye in tissue and cells are measured
by optical methods. The modeling of compartment system that can
deal with the kinetics of the dyes is proposed in chapter 2, and lasers
or light emission diodes are used for measuring fluorescence or
transmittance of the target dyes. Using these methods, the
compartmental analysis with experimental results of the fluorescence
and the transmittance taken from collagen-membrane, rat-cancer-cells,
or human-tissues gives the kinetics of the dyes. This results are
discussed the viability of the rat-cancer-cells in chapter 3 or human-
liver-function in chapter 4. For the tissues considered optically
scattering, mathematical simulation methods are proposed to
evaluate the dependence of the scattering for the disappearance rates

of the dye in chapter 5. These chapters are summarized as follows.

1) In Chapter 2, The fixation of a photosensitive reagent,
tetrabrominated rhodamine (TBR), onto collagen gels was studied as
a model for photolabeling biological tissues with medical reagents.
The kinetics of photolabeling process was modeled using a
compartmental model. Parameters of the model were determined by
experiments on tissue simulated gel films. The results showed that

photolabeling is a powerful way to measure the optical propagation
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in tissue and also the compartmental analysis tells us the quantitative
information about the photo-chemical processes. The results also
suggested that DMSO has replaced some of the water around
collagen thereby disrupting the water structure and permitting TBR
to move closer to the collagen for more efficient bonding upon

photoactivation by debromination.

2) Chapter 3 was concerned with photo-dynamic therapy
(PDT) using PPIX for single cancer cell. The amount of PPIX
attained by the cells ranged between 1-15 pg/g cells, with a mean
value of 6.0 pg/g cells. The photobleaching dose constant was
135+ 56 J/cm2. The photodynamic dose obtainable after complete
photobleaching ranged between 2e18-5¢19 with a mean value of
5.2¢19 [photons absorbed by PPIX per g cells]. A colony formation
study indicated that the threshold Dppt required for cell killing fell in
the range of 1e18-3e19. Therefore, to make a suitable protocol for
PDT, the threshold of Dppr for single cell is much more important
than the average value of DppT. Furthermore, calibration methods
developed in this chapter give advantages for determine the absolute

concentration using fluorescence.

3) In Chapter 4, a non-invasive method for an ICG test of
hepatic function was developed. A high correlation between the
values obtained by this method and by the blood sampling method
was observed, showing that the ICG test by the finger-piece method is

considered to be a useful and sensitive method for clinical use.
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4) In chapter 5, an optical tissue model for ICG test is
proposed to simulate the light propagation in the finger tip using the
Monte Carlo method and diffusion theory. The diffuse transmittance
based on the diffusion theory gave more stable results than that
based on the Monte Calro simulation for this model. The simulation
results show that scattering and back ground absorption produce
the smaller value of the decay constants than the values measured
using a spectrophotometer. Clinical data was well fit the simulation

result.

As we mentioned, we have dealt with 3 types of materials using
kinetic analysis of the dyes in tissues and cells. The study of light-
tissue interaction offers the opportunity to optimize clinical or
experimental protocols. Especially, the variety of monochromatic
light such as lasers available to medicine continues grow, and more
sophisticated protocols are under development. Industry has found
that optical systems designed for medicine can be commercial
successes (e.g., ophthalmology and dermatology), and its interest in
the medical optics market is increasing. The study of mechanisms of
light -tissue interaction can guide the industry related to electro-optics

in its development of new devices for medical applications.
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