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'ABSTRACT

Hypoxia in solid tumors may represent . limitation to
curability by photodynamic therapy (PDT), which requires
oxygen for a therapeutic effect. PDT of R3327-AT rat
prostate tumors, which have a 20-30% hypoxic fraction,
produced growth delays but no cures. The co-administration
of the hypoxic cell cytotoxic agent misonidazole (MISO) with
PDT, produced cures in this anaplastic tumor in 17/35
animals. Combined PDT plus MISO therapy of the R3327-H rat
prostate tumor also significantly enhanced the therapeutic
effect, producing cures in 8/12 animals. The R3327-H tumor
has no hypoxic fraction, which suggests that MISO
cytotoxicity was dirccted against cells made hypoxic by PDT.
These results suggest that the addition of MISO may be
effective in treating PDT-resistant cells in human tumors
and in enhancing the killing of cells rendered hypoxic after

PDT.

Knowledge of tissue optical properties 1is essential to
accurate dosimetry in PDT. Measurements in R3327-AT tumors
revealed strongly forward peaked scattering, and absorption
and scattering coefficients o©of 0.49 em~1l and 270 cm~l
respectively. The use of multiple, implanted fiber optic
light sources 1is an effective means of overcoming limited

light penetration in tissue. Anisotropic light



distributions, emitted from an optical fiber implanted in
excised solid tumors, were described by an analytic model of
light propagation. This model was used to calculate light
distributions in tumors and a lipid phantom, which were
produced by arrays of interstitial cylindrical sources in
translucent plastic needles. These calculations consisted
of interpolations from measurements that were taken by
placing a miniature light probe in a plastic needle, while
illuminating a source in a nearby needle. Typical values of
derived absorption coefficients in excised and in vivo
tumors were 0.50 cm~1 and 0.8 cm~1 respectively;
corresponding penetration depths were 2.6 mm and 1.9 mm.
Light penetration within in vivo tumors progressively
decreased during dosimetry experiments, probably due to
leakage of blood from damaged vasculature. The calculation
of dose distributions by interpolating light measurements
from interstitial needles, may provide a clinically feasible
dosimetry technique which could be undertaken prior to PDT,
in which the light sources are placed within the same

needles.
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Chapter I: INTRODUCTION

Photodynamic therapy (PDT) is a relatively new method of
cancer treatment that has been shown to be capable of
destroying superficial tumors in various sites, including
esophagus, head, neck and skin, lung and bladderl. BPDT is
based on the fact that certain chemicals can function as
photosensitizing agents. When a photosensitizer is present
within tissue, the application of light of an appropriate
wavelength initiates photodynamic action and consequent
cytoxicity. The drug in current clinical use is Photofrin
II, a proprietary derivative of hematoporphyrin which is
activated by red light at 630 nm, Initial encouraging
results from various centers have led to multi-center stage
III clinical trials of PDT for esophageal, bladder and lung
cancer which are currently underway in the United States and
Canada. Individual investigators have treated various other
sites with PDT, which include cancers of the brain? and

eye3, and gynecological tumors4.

In 1982 a research program was initiated at the Cross Cancer

Institute, with the eventual aim of applying PDT to human
prostate cancer and other solid tumors. The incidence of
prostate cancer is second only to lung cancer among North
American men. The majority of patients present with either
locally extensive or metastatic disease, for which there is

no completely satisfactory therapy. Unfortunately, the two



currently accepted methods of treatment for 1localized
prostate cancer, radical prostatectomy and radiotherapy, may
be associated with serious complications including
incontinence, impotence and in the case of radiotherapy,
cystitis and proctitis. For these reasons, an effective
alternate treatment method with potentially fewer and less

harmful side effects would be highly desirable.

A particular technique for treating larger tumors with PDT,
involves the implantation of multiple €£fiber optic 1light
sources directly within the tumor. The fibers are
illuminated by a dye laser beam, which is passed through a
beamsplitting device and focused separately onto the ends of
the optical £fibers. The othér ends of the fibers are
implanted in the tumor. Interstitial PDT has shown promise

in treating both animal and human solid tumors>8,

Although some encouraging results have been obtained with
solid tumors, most successful PDT treatments have involved
superficial and non-invasive cancers. The main problem in
treating large tumors is due to the limited penetration of
red light in tissue. Thus, optical dosimetry is of critical
importance in defining the 1limits of this form of therapy.
Most of this thesis is concerned with various aspects of
optical dosimetry in tissue as applied to interstitial

photodynamic therapy.



Another aspect of the application of PDT examined in this
thesis is the problem of hypoxic regions in solid tumors.
It has been suggested that the successful treatment of solid
tumors with PDT may be limited by regions of hypoxia within
tumors’:8. Photodynamic cytotoxity 1s caused by highly
reactive singlet oxygen 102, which is produced via an energy
transfer process after the absorption of 1light by the
photosensitizer. Studies both in vitre and in vivo have
demonstrated that by reducing the amount of available
oxygen, the photodynamic effect can be inhibited9,10, we
have investigated the efficacy of PDT on a tumor model with
a known hypoxic fraction, the Dunhing R3327~AT rat prostate

tumor. These results are summarized in Chapter II.

Outline of Contents

Chapter II
The responses of Dunning R3327-AT and R3327-H experimental

rat prostate tumors to various interstitial PDT treatment
protocols are assessed. The best responses in both tumor
models are seen when PDT is used in ccmbination with the
hypoxic cell cytotoxic drug misonidazole, under conditions

of mild or moderate hyperthermia.



Chapter III

This chapter describes basic studies of the optical
characteristics of excised R3327-AT tumors. This knowledge
is central to the development in later chapters of
techniques for interstitial 1light dosimetry. Direct
measurements are made of absorpticn, scattering and
attenuation coefficients and a simple model is described,
which gives the space irradiance in tissue in terms of these
parameters. The theoretical model is shown to be consistent
with direct measurements of optical intensities within these

experimental tumors.

Chapter IV

The model of light propagation descriked in chapter III is
developed as a basis for optical dosimetry in solid tumors,
using interstitial 1light sources. Predictions of 1light
dosimetry using the model are interpolated in individual
tumors from sample measurements of optical intensity, taken
with a miniature light detector placed in plastic needles
within the tumor. Calculations of space irradiance from
four interstitial cylindrical irradiators are compared to

direct measurements, made using fiber optic probes.

Chapter V
The technique described in Chapter IV for interpolating
light distributions from interstitial sources is extended to

a larger array of cylindrical irradiators. Tests are



described in both in vivo as well as postmortem tumors and a
tissue-equivalent phantom. The calculation of light dose in
vivo is found to be complicated by significant variations in
local attenuation within individual tumors. Also, 1light
absorption and .attenuation appear to increase with time

during dosimetry experiments.

Chapter VI
The final chapter presents a discussion of some of the

current problems and considerations involved in developing

light dosimetry for clinical interstitial PDT.
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CHAPTER II: TREATMENT OF DUNNING R3327-AT AND R3327-H RAT
PROSTATE TUMORS WITH INTERSTITIAL PHOTODYNAMIC THERAPY IN

COMBINATION WITH MISONIDAZOLE¥*

I. INTRODUCTION

Prostate cancer 1is a leading cause of death in men over the
age of 55. The disease is characterized on presentation by
a great diversity among patients with respect to pathology,
degree of differentiation, rate of tumor growth and

responsiveness to various therapeutic modalities.

The availability of animal models of human malignant disease
can greatly aid in the development of improved therapies.
The inherent diversity of prostate cancer suggests that
multiple animal models may be needed to mimic the various
forms of the disease. However, despite the importance of
this disease relatively few animal models existl. The
Dunning rat prostate adenocarcinomas have been found to be
particularly useful. At least four distinct transplantable

sublines of this tumor have described, all of which

* Two versions of this chapter have been published.
S. Gonzales, M.R. Arnfield, B.E. Meeker, J. Tulip,
W.H. Lakey, J.D. Chapman and M.S. McPhee,"Treatment
of Dunning R3327-AT rat prostate tumors with
photodynamic therapy in combination with
misonidazole,' Cancer Research 46:2858-2862, 1986.
B.D. Hirsch, N.C. walz, B.E. Meeker, M.R. Arnfield,
J. Tulip, M.S. McPhee and J.D. Chapman,
"Photodynamic therapy-induced hypoxia in rat tumors
and normal tissues," Photochemistry and
Photobiology 46:847-852, 1987.



originated from the same tumor that arose spontaneously in

the prostate of an aged Copenhagen rat?:3,

Two of the Dunning sublines that exhibit greatly different
growth kinetic and histologic characteristics are the R3327-
H and R3327-AT tumors. These two tumors can be considered
to represent two extremes of malignant potential within the
spectrum of human prostate cancer. The R3327-H tumor is
hormonally sensitive, slow growing, well differentiated,
well vascularized and relatively sensitive to radictherapy.
The R3327-AT tumor is an anaplastic variant of the 3327-H
tumor that is hormonally insensitive, rapidly growing,
poorly differentiated, poorly vascularized and extremely

resistant to radiotherapy.

A series of studies have been conducted at the Cross Cancer
Institute on the response of these two tumor models to
radiotherapy and various chemotherapeutic agents4r5. In
1982, a program was initiated aimed at evaluating the
effects of photodynamic therapy (PDT) as an alternative
treatment method. Since that time, a series of studies have
pbeen conducted to investigate different parameters which

affect the response to PDT.



II. MATERIALS AND METHODS

A. Animal and Tumor Procedures

First generation (Fl) males from matings of Fisher (female)
and Copenhagen (male) rats were used as hosts for both tumor
lines. The R3327-AT tumor material was originally obtained
from Dr. D. Coffey at Johns Hopkins University, Baltimore,
MD and the R3327-H tumor was obtained from the Papanicolaou
Institute, Miami, Fl. Tumors celected as donors for
transplantation had doubling times of three days or less in
the case of R3327-AT tumors and twelve days or greater in
the case of R3327-H tumors. Cubes of approximately 2-3 mm
were cut into sterile saline and subsequently implanted in
the flanks of animals at least 6 weeks of age, after which
the flank was sutured. Both tumor 1lines were examined
histologically at least twice yearly in order to check tumor
cell drift. Tumors that exhibited drift by either growth

kinetic or histolugical criteria were not used as donor

material.

The R3327-H tumor typically showed a latency period of 3 to
4 months bhefore becoming palpable, whereas the R3327-AT
tumor hecame palpable at 1 to 2 weeks fcilowing
implantation. After becoming palpable, tumors were measured
with calipers in three mutually orthogonal directions at
least once a week while the animals were under light

halothane anesthesia. Tumor volumes were calculated as an



elliptical mass, according to the formula
V=mn x D1 X Dy x D3
6

Each dimension D; was obtained by subtracting 1.3 mm from
the respective caliper measurement, to account for the
thickness of a double layer of skin. Animals were
randomized into specific treatment protocols when the tumors
reached volumes of 0.5-0.8 cm3. The day of treatment was in
all cases designated as day O. Data from treatment
protocols was graphed in either of two ways: in one case, as
the average tumor volume among the treatment group vs time
post treatment and in the other, as the percentage of the
treatment group which regrew to 10x treatment volume vs time

post treatment.

B. Hematoporphyrin Derivative

Two types of hematoporphyrin derivative (HPD), Photofrin I
and IT, were obtained from Photofrin Medical 1Inc.,
Cheektowaga, N.Y. Photofrin I was used only in the
experiment designated Protocol I; Photofrin II was used in
all other experinents. The drugs were administered 1i.p.
four hours prior to laser phototherapy, at doses of 20 mg/kg

and 15 mg/kg for Photofrin I and II respectively.

10



C. Misonidazole

Pure drug MISO (1-(2- hydroxy-3- methoxypropyl)-2
nitroimidazole) was supplied by Hoffman-La Roche Ltd.,
Etobicoke, Ontario. MISO was prepared at a concentration
of 10 mM in sterile physiological saline immediately before
each animal experiment and administered i.p. at a dose of
0.5 mg/g. Animals that were treated by PDT alone received a

comparable volume of sterile physiological saline i.p.

D. Laser Phototherapy

The experimental set-up for laser phototherapy is shown in
Fig.II-1l. A beam splitting device was used to divide the
beam from a Coherent CR-599 argon-driven dye laser into four
separate beams, which were focussed onto the proximal ends
of four 600 micron core diameter optical fibers. The
wavelength of the laser was maintained at 630 + 0.1 nm and
was checked reqularly with a monochromator. The fiber
distal ends were prepared by attaching 1.0 cm 1long
cylindrical diffusing tips (see Appendix I). These tips
have been previousley described in detail®. The four tips
were inserted interstitially to 1.0 cm depth in tumors in a
0.7 x 0.7 cm square grid pattern. The power output per
fiber, which ranged between 75 and 300 mw depending on the
particular experiment, was measured by means of an
integrating sphere, attached to a radiometer (Model 161

optometer and model 2525 integrating sphere, United Detector

11



Technology, Culver City, CA). Total treatment time ranged

from 30-55 min.,.

E. Tumor Temperature

Tumor core and peripheral temperatures were monitored in
most experiments, since previous studies had shown that
hyperthermia can enhance tumor response to PDT /. The
temperature probes consisted of thermocouples mounted within
30 gauge needles, which were attached to a monitor device
capable of recording data from up to 10 probes
simultaneously (OM=-202 temperature logger, Omega
Engineering, Stamford, CT). Temperatures were maintained
within predetermined ranges in order to separate the effects
of hyperthermia from the photodynamic response. Two
different methods were used for controlling tumor
temperature. In the first method, tumors were surface
cooled by an external water flow so that intratumeor
temperatures were maintained in either of two ranges, 40-
41°C or 44-45°cC. In the second method, an electronic
shutter device (designed by the Medical Physics Department
of the Cross Cancer Institute) was used to automatically
maintain the intratumor temperature in one of the two
ranges, by intermittently turning the laser light on or off.
For example, to maintain the temperature in the range 40-
41°C, if the temperature rose to greater than 41°C, the

shutter would automatically block the beam and it would

12



remain blocked until the temperature dropped to below 40°C,

at which point the shutter would re-open.

ITI. RESULTS
A. Protocol I: Effect of Light Dose in PDT of the R3327-AT

Tumor
Photofrin I (20 mg/kg) was administered i.p. four hours
prior to laser phototherapy to animals bearing R3327-AT
tumors of volume approximately 0.5 cm3. Laser light was
applied to tumors interstitially by four fibers at a dose
rate of 300 mW per fiber for either 17 min or 33 nmin,
resulting in a total 1light dose of 1224 J or 2376 J in the
two groups. In Dboth groups tumor core temperatures were
maintained in the range 44-45°C. Figure 1I-2 shows average
tumor regrowth as a function of time for the two treatment
groups and a control group. The growth delays for the 1224
and 2376 J groups were significantly different (p<.01), at

3.1 days and 8.1 days respectively (see Table II-1).

B. Protocol II: Effect of Hyperthermi- iun PDT of the
R3327-AT Tumor

Photofrin II (15 mg/kg) was administered i.p. four hours
prior to laser phototherapy, which was applied at a dose
rate of 300 mw per fiber for 30 min, resulting in a total
light dose of 2160 J. In two separate groups external water
| cooling was used to maintain tumor temperature at 40-41°C or

44-45°C. Table II-1 gives the average growth delays, which

13



were 8.8 days for the lower temperature group and 13.3 days
for the higher temperature group. Figure II-3 shows average
tumor regrowth vs time post treatment, together with an
untreated control group and a fourth group which was treated
with laser 1light alone (2160 J) and maintained at 44-45°C.
This latter group was included to separate the effects of
hyperthermia alone from the effects of PDT plus
hyperthermia. However, little or no growth delay is evident
when compared to the untreated controls. No cures of the
R3327-AT tumors were observed after PDT treatments in either

temperature range.

The 13.3 day growth delay produced by Photofrin II and 2160
J of light at 44-45°C was significantly greater than the 8.1
days observed for Photofrin I and 2376 J in the previous
protocol (p<0.0l1), despite the lower dose of drug (15 mg/kg
vs 20 mg/kg) and the slightly 1lower 1light dose. This
difference was attributed to greater photodynamic activity,
since Photofrin 1II is a more purified form of HpD than

Photofrin I.

C. Protocol III: Effect of Combined PDT and MISO Therapy
on the R3327-AT Tumor

A third protocol was devised to investigate the combined

effects of PDT and MISO on the response of the R3327-AT
tumor. Table II-1 shows the results of administering MISO

(0.5 mg/g) i.p. either 30 min before or immediately after
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laser phototherapy at 40-41°cC, With the addition of MISO,
growth delays were increased from 8.8 to 15.2 days when
added prior to phototherapy and to 16.3 days when added
after, The responses of individual tumors to PDT plus MISO
therapy was~ extremely variable, with some cures observed.
For this reason, instead of displaying the data as an
average tumor regrowth curve, it was plotted in Fig.II-4 as
the number of tumors that regrew to 10X their initial
treatment volume vs time post-treatment. This graphical
method was preferred to the previous method for this case
since locally controlled or cured tumors were immediately
evident from the graph. The MISO before or after PDT groups
are combined in Fig.II-4 into a single (N=20) group of which
9 tumors were cured (defined as no regrowth by 36 days). No

cures were observed in the PDT only group.

The response to combined PDT and MISO therapy is the best
response of the radiation resistant R3327-AT tumor to any
treatment method to date. The above experiment was repeated
a year after it was first performed to confirm these
findings. Results of a similar experiment are shown in
Fig.II-5. The untreated control group regrew to 10x their
treatment volume by 12-16 days post laser therapy. The PDT
only group (2160 J) exhibited significant tumor regression
after treatment, but subsequently regrew to 10x treatment
volume by 20-40 days after therapy. Of the combined therapy

group, 7/15 animals received MISO before laser therapy of

15



which 4 local cures were observed. The remaining 8 animals
received MISO after laser therapy, with 4 of these resulting
in local cures. These results confirm the results of the
first experiment, where 7/20 animals had complete responses
to combined PDT plus MISO therapy. The 8/15 animals in the
second experiment that were complete responders showed no
regrowth by day 44. Seven of these died of lung metastases
between 73-128 days post treatment, with no evidence of
local tumor recurrence upon autopsy. The remaining animal

showed no recurrence at 270 days post treatment.

D. Protocol IV: Effect of Hyperthermia in MISO Cytotoxicity
in the R3327-AT Tumor
Previous studies have reported enhancement of MISO
cytotoxicity at hyperthermic temperaturessrg. A group of
animals given MISO (0.5 mg/g) without laser treatment was
compared with groups given MISO followed by 1laser 1light
(2160 J), which were maintained at 40-41°C and 44-45°C.
Observed tumor growth delays for the MISO alone, 40-41°C and
44-45°C groups were 0.2, 2.2 and 4.4 days respectively (see
Table II-1). The effect of MISO alone at 37°C was not
statistically significant vs a control group. However the
diffefence in response between the two elevated temperature
groups was statistically significant, as was the response of

these groups with respect to the MISO alone group (p<0.01).
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E. Protocol V: Effect of Combined PDT Plus MISO Therapy on
the R3327-H Tumor

Animals were randomized into five treatment groups to study
the effects of two different light doses and MISO on the
response of the slow growing R3327-H tumor. The percentage
of tumors that regrew to 10x their treatment volume is shown
in Fig.II-6. All tumors had regrown to 10x treatment size
by 13.9, 14.9 and 13.8 weeks for the control, laser only and
MISO only groups respectively. The MISO onlv group is not
shown in Fig.II-6 for the sake of clarity, since it is
partially overlapped by the other two curves. Signifiéant
growth delays were observed in a group treated with PDT at
1000 J, which was maintained at 40-41°C by external water
flow. Slightly greater growth delays were observed in a
similar group that was maintained at 40-41°C by intermittent
application of laser light, however all tumors in both of
these groups ultimately regrew. Photodynamic therapy at
2000 J (water cooled) prodﬁced a better response, with 3/8
tumors responding partially and 5/8 completely. However of
the 5 tumors that responded completely, 4 regrew after a
latency period of between 15 and 43 weeks. A single animal

remained free of local recurrence at 47 weeks.

PDT combined with MISO before (N=6) or after (N=6) resulted
in 11 complete responses and 1 partial response. Three of
the complete responders regrew, after latency periods of

approximately 20 weeks. The other 8 animals remained free
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of local recurrence and were presumed cured after follow up
periods of 40-56 weeks. Table 1II-2 gives a comparison of
these R3327-H tumor results from PDT and MISO treatments
with results from equivalent experiments with R3327-AT
tumors. Both PDT and PDT plus MISO were more effective when

applied to the R3327-H tumor than to the R3327-AT tumor.

IV. DISCUSSION

Significant growth delays in both the R3327-AT and R3327-H
tumor models were elicited by the application of PDT. Five
out of eight R3327-H tumors had a complete response to PDT,
with one long term cure. The response of the R3327-AT tumor
was dose dependent, with a greater growth delay observed for
2376 J than for 1224 J. However out of 18 animals treated
with 2000/2160 J at 40-41°C, only 4 complete responses and
no cures were observed. These results demonstrate the
inadequécy of PDT alone in producing long term local control

in these tumor models.

Hyperthermia at 44-45°C by itself had little or no effect on
the growth of R3327-AT tumors. However, mild to moderate
hyperthermia appears to have been beneficial in conjunction
with PDT. PDT at 44-45°C gave a significantly greater
growth delay than at 40-41°C. This is consistent with other
reports of hyperthermic enhancement of PDT 7,10, The tumor
response to PDT was better when 1000 J of laser light was

applied intermittently, than when the tumors were cooled by
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an external water drip. The response to PDT with external
cooling may have been inhibited since the tumor periphery
was kept well below the core temperature of 40-41°C. A
temperature of 39.5°C has been shown to improve tumor
oxXxygenation by stimuiating blood flowll, which may enhance

photodynamic effects.

The R3327-AT tumor is Kknown to contain a large fraction of
hypoxic cells whereas the R3327-H tumor has a well developed
vasculature and 1is presumably well oxygenated4. It 1is
likely that the better oxygenation status of the R3327-H
tumor was a factor rendering it more susceptible to PDT than
the R3327-AT tumor model. Photodynamic action required the
presence of oxygen for the production of the main cytotoxic
agent, singlet oxygen 102. It has been shown in vitro that
photodynamic destruction of cells can be completely
suppressed under anoxic conditions but that such effects
increase with increasing oxygen tensionl?, The R3327-AT
studies presented here support the contention that hypoxic
cells in solid tumors may be a limiting factor in the PDT of

some tumors.

The administration of MISO in combination with PDT resulted
in striking improvements to growth delays and cure rates in
protocols involving both tumor 1lines. MISO is known to be
cytotoxic to hypoxic cells upon prolonged incubationl3. The

significant improvement in tumor response was approximately
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the same, whether MISO was given 30 min prior to or
immediately after phototherapy. This suggests that MISO was
not directly potentiating the effects of PDT, but rather had
a direct cytotoxic action against hypoxic cells in the
tumor. MISO binding studies in this laboratory have shown
that MISO can diffuse into R3327-H and R3327-AT tumors in
significant concentrations if administered immediately after
PDT. Graschew and Shopova14 also observed significantly
improved therapeutic responses in both rat K173 colon
carcinomas and mouse 180 sarcomas when MISO was administered

one hour prior to phototherapy with Photofrin II.

These results are consistent with reports that ischemia and
hypoxia resulting from PDT-induced vascular damage is a
primary cause of tumor necrosisl>/16, The therapeutic
response is enhanced by the addition of MISO which is
selectively lethal to hypoxic cells. The presence of a
hypoxic fraction prior to treatment 1is apparently not
necessary for MISO adjunct therapy to be effective as
witnessed by the excellent result with the well oxygenated
R3327-H tumor. The combination of PDT and MISO has produced
the best therapeutic response of the R3327-AT tumor to date.
Studies with other hypoxic cell cytoctoxic agents together
with PDT are currently in progress in our laboratory to

explore further this promising treatment modality.

20



TABLE II-1 )
Growth Delays of Dunning R3327-AT Tumors Affected by Various Combinations of PDT

and Misonidazole

Light Time to Growth
Treatment No. of Photo- dose MISO regrow to 10x delay
Group animals sensitizer (J) (mg/gm) treatment vol. (days)
Control 10 8.3 0.6 0
Laser dose 1 9 Photofrin I 1224 11.4 *0.9 3.1
Laser dose 2 9 Photofrin I 2376 16.4 1.7 8.1
Laser only 5 2160 8.8 #0.4 0.5
{(44-45°C)
PDT (40-41°C) 10 Photofrin IT 2160 17.1 *5.4 8.8
PDT (44-45°C) 5 Photofrin II 2160 ’ 21.6 6.9 13.3
MISO + PDT 10 Photofrin II 2160 0.5 23.5 £7.5 15.2
(40-41°C) before
MISO + PDT 5 Photofrin II 2160 0.5 23.3 *4.5 15.0
(44-45°C) before
PDT + MISO 10 Photofrin II 2160 0.5 24.6 8.9 16.3
{40~-41°C) after
MISO alone 10 0.5 8.5 %0.8 0.2

before

MISO + laser 10 2160 0.5 10.5 1.4 2.2
{40-41°C) before
MISO + laser 8 2160 0.5 12.7 £2.1 4.4

(44-45°C) before
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TABLE II-2
Comparison of Response to PDT or PDT plus MISO of the
Dunning R3327-AT and R3327-H Tumors

PDT Partial Complete
Tumor treatment response response % Cure
R3327-AT 2160 J 10/18 4/18 0 (0/18)
R3327-AT 2160 J + MISO 10/35 24/35 48 (17/35)
R3327-H 2000 J 3/8 5/8 38 (3/8)
R3327-H 2000 J + MISO 1/12 11/12 67 (8/12)
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Fig.II-1 Experimental arrangement for intratumor irradiation
of rat prostate tumors. Laser light is split and focussed
onto the ends of the optical fibers, which are terminated in
cylindrical diffusing tips and inserted into or around the
tumor mass. Temp., temperature.
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Fig.II-2 Effect of total light dose in PDT of the Dunning
R3327-AT Tumor. Points, average tumor volumes in each
treatment group. Groups include contreols (N=10 animals) and
PDT with Photofrin I and total light doses (TLD) of 1224 J
(N=9) and 2376 J (N=9) of laser energy.
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Fig.II-3 Effect of hyperthermia in PDT of the Dunning R3327-
AT tumor. Average tumor volumes are shown following PDT
with Photofrin II when the tumor core temperature was
maintained in the ranges of 40-41°C (N=10 animals) and 44-
45°C (N=5); also shown are controls and a group with laser
therapy only.
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Fig.II-4 Effect of MISO in PDT of the Dunning R3327-AT
tumor. Points, percentage of the respective group that has
regrown to 10x treatment vol. Shown are controls, PDT with

Photofrin II at 40-41°C and a combined group including MISO
given either before or after PDT at 40-41°C.
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Fig.II-5 Effect of MISO in PDT of the Dunning R3327-AT
tumor. Same experiment as in Fig.II-4, repeated 1 yr later.
Shown are controls (5 tumors,solid circles), PDT only (8
tumors,open c¢ircles) and PDT plus MISO given before or after
(1S tumors,open sgquares).
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Fig.II-6 Effect of MISO in PDT of the Dunning R3327-H tumor.
Points, percentage of the respective group that has regrown
to 10x treatment vol. Control tumors shown as inverted
solid triangles, tumors treated with 2000 J of light only
shown as crosses, tumors treated with PDT at 1000 J (cooled
by water flow) shown as solid circles, tumors treated with
PDT at 1000 J (cooled by light chopping mechanism) shown as
open circles, tumors treated with PDT at 2000 J (water
cooled) shown as solid squares and tumors treated with PDT
at 2000 J and MISO before or after (water cooled) shown as
solid triangles. Maximum intratumor temp. was 41°C for all
tumors receiving laser light.
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Chapter III: OPTICAL PROPAGATION IN TISSUE WITH ANISOTROPIC
SCATTERING™

I. INTRODUCTION

Optical propagation in random or turbid media has been
studied in a variety of contexts and applications including
blood oximetry, the paint and paper industry, oceanic and
atmospheric propagation, plant physiology and skin
phototherapy. Some recent investigation in this area have
focussed on dosimetry for photodynamic therapy, a new and

promising modality of cancer treatment.l:2

Approximate solutions to the Boltzmann transport equation
have frequently been used in radiative transfer studies.
This approach, where the complexity of the wave interaction
with inhomogeneities is replaced by an average scattering
coefficient has been successfully employed for many yenrs3,
although its relationship to the fundamental Maxwell's

equations has not been fully delineated4.

Diffusion theory 1is the simplest approximation to the
Boltzmann equation and 1is easily applied in three-
dimensional geometry, which has led to its use in studies of
* A version of this chapter has been published.
M.R. Arnfield, J. Tulip and M.S. McPhee, "Optical
propagation in tissue with anisotropic scattering,"

TIEEE Transactions on Biomedical Engineering BME-35:
372-381, 1988.
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light distribution in tissue. Numerous experiments have
demonstrated that optical attenuation in tissue £follows a
simple exponential decay for broad beam illumination, or an
exponential times 1/r for a point socurce in spherical

geometrys's. Since the diffusion length can be directly

29

obtained from the form of the exponential, this important

parameter governing the optical distribution has been the
most commonly studied of tissue optical parameters. Other
investigations have established the usefulness of a

diffusion description of optical propagation in blood? 10,

In the case of soft tissues, numerous and varied
morphological features may influence light scattefing
including changes in refractive index at cell boundaries,
the presence of intracellular organelles such as cell nuclei
and mitochondria, as well as the extracellular matrix, etc.
Sizes of these features vary in a wide range from micron to
greater than millimeter dimensions, as for example in the
case of vascular networks, where frequent and abrupt changes
in color and optical density occur. These conditions
present a considerable problem in modelling an average
scattering interaction, since the specific form of the
angular scattering phase function 1is strongly dependent on
the size of scattering centers relative to the wavelength of
incident light. However in general, scattering in tissue at
optical wavelengths may be considered to arise due to

refraction from objects of size comparable to or greater



than the waveléngth~ of incident 1light. This type of
scattering is approximately modelled by the Mie theoryll
which deals with scattering from spheres of arbitrary size.
A general characteristic of this theory is the presence of a
strong forward scattered component in the phase function,
where the axtent of forward écattering depends on the size
of scattering centers relative to wavelength and the

relative refractive indices of scatterers and substrate.

Experimental evidence supports the hypothesis that light
scattering in tissue is anisotropic with significant forward
scattering. Bruls and van der Leunl? and Fine et al.l3
demonstrated forward-peaked scattering functions for human
stratum corneum and epidermis at ultraviolet and visible
wavelengths. Other results confirming forward scattering
have been reported by Wilksch et al.l4 for pig muscle and
Hemenger et al.l® for blood. Although various mathematical
techniques have been utilized in transport problems to
account for the effects of anisotropic scatteringls,
relatively little work has been done with specific reference
to optical propagation in tissue. Diffeyl7 has proposed a
one-dimensional numerical model with anisotropic scattering

for skin optics.

The purpose of the present work is to show that the
transport approximation to the Boltzmann equation18 provides

a good description of three-dimensional light distributions
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in high albedo tissue with forward scattering
characteristics. The original motivation for this
investigation was the need for accurate dosimetry in
photodynamic therapy of solid tumors, especially its
potential use 1in the treatment of human prostate cancersi?,
For this reason the experimental part of the work was
restricted to a detailed study of the Dunning R3327-AT rat
prostate tumor model which both in histology and visual
appearance is similar to some types of human prostatic
carcinomaZ0. Scattering and absorption coefficient and
diffusion length measurements on R3327-AT tumor material
were performed in order to verify the wvalidity of the
theoretical model which relates the small scale optical

constants to the diffusion 1length in a straightforward

manner.

ITI. THEORY

The transport of radiant energy in a medium containing
uniformly distributed scattering and absorbing particles is
governed by an integro-differential equation known as the
equation of transfer, which is equivalent to the Boltzmann
equation used in neutron transport theory and the kinetic

theory of gases. For monochromatic 1light the egquation of

transfer is

Q+ VI(x,2) = -kI(X,2) + kg j I(z,8')
4n

-£(R'->R)dQ' + S(x,0) (1)
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where
I(x,2) = angular energy flux density at position x and
angle Q in Wem~2.s5r~1 |
f(Q'->Q) = angular distribution of light scattered from
angle Q' into angle Q
ks = absorption coefficient in m-1
kg = scattering coefficient is m-1
k = kg3 + kg = extinction coefficient
S(x,2) = volume source intensity in wem=3.sr-1.

The quantity I(x,R) is also known as the specific intensity
or sometimes simply the radiance and specifies the angular
dependence of the flow of optical power at position x.
Since the absorption of 1light in tissue is independent of
the direction on optical propagation, the radiance I(x,Q) is
of less importance in dosimetry than its integral over 4n
solid angle, which is known as the space irradiance $(Xx):

@(x) = I(x,2)de . (2)
4n

The angular distribution of 1light per scattering event
£(R'->Q) 1is  often called the phase function and is
normalized to unity when integrated over 4mn solid angle.
When the phase function is independent of anglie, the
scattering is said to isotropic. For anisotropic scattering
the phase function depends only on the angle between the

incident and scattered radiation. A useful parameter is the
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mean cosine of scattering, defined as

g = Jl uE(u) du (3)
-1

where 1 is the cosine of the angle between incident and

scattered light.

In some situations it is useful to model the phase function
as being sharply peaked in the forward direction,
superimposed on a lower isotropic background. This type of
phase function is an approximation of experimental results
in R3327-AT tumor tissue, as will be shown later (Fig.III-4)

and may be represented by

f(u) = g-6(u-1) + (1-9) (4)
4
where & 1is the Dirac delta function.  The use of a éhase

function of the type in neutrcn transport theory is known as
the transport approximationls. The first and second terms
represent the forward and isotropic scattering components
respectively; g ranges from zero for isotropic scattering to

nearly unity for strongly forward scattering media.

In the equation of transfer (1), the term on the left hand
side represents the change in the flux density due to photon
transport. The first term on the right hand side represents
losses due to absorption and scattering. The second term on
the right represents the gain due to scattering of photons
back into the original direction of motion and the last term

is the contribution from sources. Exact solutions of (1)
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are known only for some simplified geometries and isotropic
scattering. We will be concerned with one of these, the
solution for an isotropic point source of unit power located
at the origin; a derivation can be found in Weinberg and
Wigner21. For the case of an isotropic phase function the

solution is given by

d(r) = Y e Or + 1 e-Br (5)
4D r 4n re
where
Y =2k; . k2 - a? (6)
kg a? - kzk
g = 5k (7)
4
and
D = ky/a? (8)
is the dif-usion coefficient. The first term in (5)

represents the asymptotic part of the optical distribution.
The attenuation constant a 1is the inverse of the diffusion

length (penetration depth) in the medium and is given by

o = JIFZK (1 - 2ka/5k) . (9)

The second term in (5) represents the optical flux in the

rapidly changing or transient region close to the source.

our next concern is how this point source solution to the
transport equation might be modified in order to accommodate
the effects of anisotropic scattering. It turns out that if
the phase function given by (4) 1is used 1in place of
isotropic scattering in the derivation from the Boltzmann
ec¢.ation, the same form for the space irradiance given by

(5) results. However, since the effective scattering
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coefficient is now reduced to account £for the effects of
anisotropic scattering, the total coefficient for scattering
and absorption becomes

k = kg(l - g) + kg . (10)

Equations (5), (7), (8) and (9) remain unchanged but (6) is

modified to read

Y= _ 2k, .k2-az . (11)
(1-g)kg a? - KzK

The first term in equation (5) represents the asymptotic
optical field from an isotropic point source in an infinite
homogeneous medium. This expression is very similar to the
solution from diffusion theory for the same problem, which
is given next for comparison. The diffusion egquation is
derived from the transport equation under the assumption
that the angular power I(x,Q) is only weakly dependent on
direction Q. The steady state diffusion equation for the

space irradiance is

V20 - ko = 0 (12)
D

and the solution for a point source of wunit power in

spherical geometry is given by

1 e”Gr (13)

$(r)
41D r

Where a is given by a = J3Kkzk. The constant factor 1/4nD in
the solution is obtained by considering a small sphere about

the origin and requiring that the total power passing

35



through the sphere equal the source power (see for ex. Ref.

21 or 22).

The diffusion point source condition (13) 1is in fact an
overestimate of the space irradiance at large distances.
The first term in (5) is a better representation of the
asymptotic distribution. The reason for this difference is
that the diffusion solution underestimates the space
irradiance at small distances, since it lacks the transient
term in (5). Since the total optical power over all space
from both solutions must be the same, the diffusion
representation of the asymptotic field 1is higher to

compensate.

The solution of the diffusion equation for a pencil beam of
light has been solved by Johnson? for the case of isotropic
scattering. This solution is an approximation for the field
of a beam of 1light emerging from an optical fiber. We

consider the inhomogeneous diffusion equation:

v2d - kad = -(1 - g)kgTg (14)
D D

where I'y is the volume flux density of unscattered photons
in Wem™2. This is the same as equation (9) in Johnson9,
except that the effective scattering coefficient (l-g)kg has
been used 1in place of kg. The right hand side of (14)
represents sources produced by the initial scattering of
light from the emerging beam. If we assume the phase

function of equation (4), these photons are diffuse since
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they are distributed isotropically by the first scattering
event. The solution of (14) 1is straightforward by
appiication of the Green's function technique, where the
solution is constructed by integrating the solution for a
point source over the volume density of photon sources. The
correct asymptotic point source Green's function is given by
the first term of (5), so that

&(x) = Y J e~ lx-x'l.(1 - g)kg To(x') av (15)
4nd JV  |x-x'|

where |x - Xx'| 1is the distance between the unscattered

source photons and the field point Xx.

In order to simpiify the calculations from equation (15) the
assumption is made that the diameter of the fiber optic tip
is negligible. Also neglected are the beam divergence and
refraction at the interface between tissue and fiber tip.
In this approximation I'y 1is modelled as a line source that
decreases exponentially at the rate (l-g)kg + k5, which is
the rate of attenuation of the beam as it penetrates the
tissue. We consider a spherical geometry with the optical
source at the origin, emitting in the ©=0 direction. The
optical distribution Is independent of azimuthal angle so

that equation (15) becomes

¢(r,8) = ¥ (R e-ajr-r’|
4nb Jo  [r-r'|
(1 - glkg e~ [(1-F)kgtkalr' gp: (16)

where [g - £'| = (r2 + r'z - 2rr'cos®)l/2
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Equation (16) can be  approximated by the following
expression:
$(r,0) = d5(0) e-a(@)-r | (17)
r

This equation £for the optical distribution was first tried
ad hoc as a representation of experimental space irradiance
data (see Results). However the same equation was found to
be a good approximation to the results of calculations using
equation (16). For fixed ®, equation (16) was evaluated
numerically at a representative series of values of r and
equation (17) then fitted to these points with ¢,(@) and
a(®) as free parameters. Errors between egquation (16) and
(17) were typically less the 2% for values of radii r > 3

mm.

ITI. MATERIALS AND METHODS

A. Tumor Material

The tumor 1line used in these experiments was an anaplastic
variant of the Dunning R3327 rat prostate adenocarcinoma
which has been maintained at the Cross Cancer Institute
since 1981 by serial implantation in the flanks of male
Fisher X Copenhagen rats. The volumes of tumors used in
light distribution experiments or as the source of samples
for scattering and absorption coefficient measurements
varied from 20 to 30 cm3. Dissected tumors displayed poor
vascularity and a fairly uniform beige/white color
throughout most of the tumor, with the exception of the

peripheral layer nearest the skin, which was moderately well
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developed with blood vessels. The larger specimens had a
somewhat darker necrotic core and occasional cysts. There
appeared to be a general tendency to greater fluid content
throughout the tissue as the tumor size increased. Tumors
showing obvious cysts upon dissection were omitted from the
study because of the effect of a semitransparent fluid

region on optical propagation.

Samples used in the scattering and absorption coefficient
studies were prepared from cubes of tissue with
approximately 7 mm sides that were taken from intact tumors.
Immediately after excision, the cubes were placed in a
sample tube in a protective embedding medium (Tissue-Tek
0.C.T. 4583, Miles Scientific, 1Il.) and quick~frozen in
liquid nitrogen to minimize ice crystal formation and
consequent cellular damage. Sections of 120 um thickness
were cut from the samples (either immediately or after
frozen storage) using a cryostatic microtome and then placed
between two 2.5 cm diameter circular glass plates. Three 3
mm square X 115 um thick teflon spacers were placed between
the plates near the edge and a thin strip of tape was
attached around

the perimeter of the plates to prevent their relative
movement. Tissue samples were always thawed completely

prior to measurements being taken.
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- B. Goniometer

A goniometer was constructed as illustrated in Fig.II1I-1.
The source of collimated 1light was a 1.0 mw linearly
polarized helium-neon laser emitting at 632.8 nm. The laser
was focussed by a 36 cm focal 1length 1lens to an
approximately 1 mm diameter spot on the surface of the tumor
sections..  Circular apertures were placed immediately in
front of and behind the lens to block stray light. Light
intensity wasﬁ measured using a radiometer on a 24 cm radius
semicircular arc from 0° to 165° with respect to the
direction of laser beam incidence. The regions between 70°
to 110° and 165° to 180° were shadowed by the apparatus
geometry. Measurements were taken at 0.5° intervals between
0° and 10°, at 12° and at 5° intervals from 15° to 70° and
110° to 165°. An aperture of 14 mm diameter was placed in
front of the light detector active surface. At angles of
less than 12°, a smaller (4 mm) diameter aperture
corresponding to 1° of arc was used due to the higher
scattered light intensity in this region, allowing more
precise angular discrimination of the scattered 1light

intensity.

The mean free path in each sample was calculated by applying
Beer's law:

I = Ige d/A (18)
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where
X\ = k™! = mean free path
d = sample thickness
I = intensity of unscattered part of beam after
traversing the sample
I, = intensity of equivalent beam through a reference
sample.
The angle subtended by the aperture when collecting the
unscattered (primary) light I for | mean free path
measurements was 17 mRad. The reference samples were
prepared in the same manner as the tissue samples except
that the transparent O0.C.T. embedding medium was used
between the glass plates in place of a tissue section. Due
to a close refractive index match to glass, the 0.C.T.
prevented spurious reflective losses in the reference sample
by eliminating the internal air/glass interfaces. Specular
reflection from the internal tissue/glass interfaces of the

samples was estimated as less than 1% and hence neglected.

C. Absorbance Measurements

The absorbance of thin tissue sections was measured using
the integrating sphere technique of Costa et al,23 adapted
to available equipment. Fig. III-2 shows a schematic of the
integrating sphere arrangement; for clarity the upper
hemisphere is not shown. The internal diameter of the
integrating sphere was 12.7 cm. In its standard use, a

sheet of 0.13 mm thick transparent plastic with a 2.1 x 3.2
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cm oval barium sulfate reflectance coating at its center is
held within the sphere as shown. The purpose of the coating
is to produce a diffuse light distribution by reflecting a
collimated beam striking the surface at 45° incidence. A
known percentage of the diffuse 1light distribution is
measured by a detector attached to the sampling port,
providing an accurate (calibrated) measurement of the total

power of the incident beam.

In this case the standard operation of the integrating
sphere was modified for absorbance measurements by placing
the sample to be measured near the center of the sphere,
intercepting the path of the laser beam before it struck the
reflectance coating. The same arrangement as in the
goniometer experiment was used for focussing the laser beam
onto the sample. Provision was made to move the integrating
sphere along the vertical axis 1in order to obtain the
average absorption from various locations in the sample.
Depending on the width of the tissue section, between 8 and
12 separate measurements were taken. Identical series of
measurements were done on a reference sample both before and
after each tissue sample in order to account for small

systematic fluctuations in laser beam intensity.
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The absorption coefficient for each sample was obtained from
kg = -(1J2Cpt) 1n (I/I4) (19)
where

I = integrated intensity from the sample

= integrated intensity from a reference sample
t = sample thickness

Cy= correction for refraction at the glass plate

interfaces.

D. Space Irradiance Measurements

The source of optical distributions within R3327-AT tumors
was an implanted optical fiber fed by an argon-ion pumped
dye laser as the light source. The dye laser, tuned by a
dichroic mirror, emitted at 630 nm with an approximately
0.05 nm full width at half maximum line width. The light
intensity emitted from the source fiber was kept constant
for each tumor and was monitored by sampling a small
fraction of the input laser beam. Source intensities of.80—
120 mW were used, 1low enough to prevent changes in tissue

optical properties due to thermal effects

A second implanted optical fiber acted as a probe,
collecting a portion of the light distribution at a given

location. The length of the probe fiber from the tumor to

43



the radiometer was 1 m. Both source and probe fibers were
held inside stainless steel needles to provide rigidity,
minimizing lateral movement of the fiber during insertion
which could result from density variations in the tumor
and/or tissue compression at the needle and fiber tip. The
end of each holding needle was filed flat and the edge was
sharpened around the circumference of the needle tip to
facilitate penetration into the tissue. The optical fibers
were flat-cleaved and positioned so that the flat surface
was aligned with the +tip of the holding needle. A
calibrated positioning stand was constructed which allowed
for insertion of the probe fiber into excised tumors in 1 mm
steps (with 0.1 mm accuracy) from four different directions,
as indicated in Fig., III-3. Because of azimuthal symmetry,
measurements were needed in only a single plane containing

the source fiber.

Two series of light distribution measurements were performed
using different sizes of fiber and needle assemblies. In
exXperiment #1, a 0.6 mm diameter fused silica core optical
fiber was wused with 1.48 mm outer diameter stainless steel
needle. In exXperiment 42, a 0.3 wm diameter fused silica
core fiber was used with a 0.91 mm outer diameter stainless
needle. Measurement series were taken from each of the four
directions beginning 20 mm from the source fiber tip, moving
towards the source and continuing past it and ending the

same distance away, pointing away from the source tip. 1In
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both experiments, it was not possible to obtain the full 40
mm ranges of data for all the tumors since the periphery of

some tumors was less than 20 mm from the source fiber tip.

The optical powers in Watts registered by the radiometer
attached to an implanted probe fiber for various locations
and orientations are indicated by p(r,@;¢) in Fig.III-3.
The argument © indicates one of the four (positive) axes,
corresponding to 0, n/2, n or 3n/2 radians and r 1is the
radial distance from the source fiber tip. The actual
positions of the probe £fibers were displaced somewhat from
the indicated axes because of interference by the source
fiber. The argument ¢ indicates the direction of light
propagation corresponding to the probe orientation, defined
by the normal to the flat surface of the fiber tip. For
isotropically distributed 1light, radiance is independent of
the optical propagation vector Q. In this case the space

irradiance &(r,®) 1is related to the measured optical power

by
¢(r,0) = 4n.p(r,0;0)
g Ac
A. is the cross~sectional area of the probe fiber core and
Q5 is the acceptance solid angle of the probe fiber in

tissue, which is given by

Qg = 2n[l - cos(sin~lNA)] (21)
n

where NA 1is the numerical aperture of the optical fiber and
n is the refractive index of tissue. For non-isotropically

distributed light the magnitude of p(r,@;¢) depends on the
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probe orientation corresponding to to ¢ and equation (20)
must be modified to represent an appropriate angular
average. In the experiments described above, on each axis
two measurement series of 40 mm length were taken by probe
fibers inserted from opposite sides of the tumor. The space
irradiance ¢(r,@) was therefore estimated from the average
of two distinct, oppositely oriented probe measurements

p(r,®;¢) at each location.

IV. RESULTS AND ANALYSIS

A. Scattering and Absorption Measurements on Thin Tissue
Sections

The results of scattering and absorption coefficient

measurements are summarized in the first column of Table
III-1. All bracketed numbers in the Tables and the text

correspond to 95% confidence intervals.

A mean free path of 37 (+16) um was the average of values
obtained by application of Beer's Law to transmission data
from the goniometer. Nine tissue sections taken from
various locations 1in two different tumors were measured.
The thickness of the tissue sections was 115 um,
corresponding to approximately 3 mean free paths. 1In view
of this, it was necessary to consider the possible influence
of multiple scattering on the mean free path results.
Direct evidence of multiple scattering was a diffuse glow

that could be seen in the tissue sample in the area adjacent
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to the focal spot of the 1laser beam. One possible effect
was that of light being scattered out of the narrow (17
mRad) acceptance angle of the detector and then scattered
back into it. This would increase the apparent mean free
path by increasing the value of I in equation (18). This
specific effect has been investigated by Crilly24, who
measured apparent mean free path versus sample thickness in
a variety of tissues including human blood, muscle, adipose
and lactating gland and pig testis and brain. It was found
that the apparent mean free path differed from its actual
(extrapolated) wvalue by 1less than 10% in all cases,
providing the sample thickness was no greater than 3.2 to
6.9 times the mean free path. This particular effect of

multiple scattering was therefore discounted in the current

experiment.

The mean cosine of scattering was the other parameter
derived from the goniometer experiment. Calculations based
on equation (3) were performed on the angular scattering
distribution of each of five tissue sections from two
different tumors, yielding an average value of mean cosine
of 0.86 (* 0.08). In the calculations, each set of data was
corrected for angle-dependent refraction at the air-glass
interface. Light that was registered twice due to
overlapping measurements at angles less that 10° was taken
into account. An additional correction was applied to the

goniometer data to compensate for the cos® dependence of
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light intensity from a surface, where ® is the angle between
the measurement location and the surface normal. The semi-
log plot in Fig. 1III-4 is the average of five experimental
distributions, showing a sharp peak centered at 0° and a
much lower background. There is also a suggestion of a
second peak, smaller than the forward peak, centered at
180°; however this could not be resolved due to the
limitations of the experimental setup. Multiple scattering
was expected to affect the calculated value of mean cosine
by increasing the apparent angle of scattering.
Unfortunately, it was not feasible in our experiment to use
thinner siabs because of the 1low intensity and '"noisy"
appearance of the angular scattered light signal. The value
of g = 0.86 must therefore be considered a lower limit on

the actual value of the mean scattering cosine.

Absorption coefficients were calculated as discussed in the
methods section, to yield an average of k; = 0.49 em~l for
five samples. These values do not take into account the
increased effective path 1length in the samples due to
multiple scattering, which would be expected to result in an

overestimate of the absorbance.

B. Space Irradiance Measurements
Figure III-5 shows the average of space irradiance fall-off
curves of six tumors in experiment #1 on the forward, side

and back axes. The data was adjusted to 100 mW input power.
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These curves display a significant difference in overall
intensity among the three axes. The equivalent average
fall-off curves from experiment #2 are not shown but gave a
similar result. As was discussed previously, the space
irradiance at each position was estimated by taking the
average of measurements using two oppositely oriented probe
fibers. In other words, the fiber tip was at the same
location for each of the two measurements, the probes having
been inserted from opposite sides of the tumor. For
example, for a point on the ©=0 axis at distance r from the
source fiber tip, the space irradiance was calculated from
the average of the measured directional fluxes p(r,0;0) and
p(r,0;n). Typical uncertainties for the space irradiance at

a given position among the tumors in each experiment were

30-40%.

In order to verify that the space irradiance attenuation was
consistent with the model given by equation (17), least
squares fits to the average experimental data using equation
(17) with ¢,(®) and a(®) as free parameters are given in
Fig.III-5 (dashed 1lines). No assumptions about the tissue
optical constants (i.e. kKs,k5,9) were necessary for this
procedure since equation (16) was not used. Equation (17)
was also fitted in the same way to the attenuation data of
each of the four positive axes for each individual tumor.
The resulting values of ¢¢,(®) and a(@) from individual

tumors were averaged for each experiment and are listed in
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Table III-2 as experimental values. A total of six tumors
were included in experiment #1 and e¢ight tumors in

experiment #2.

C. Transport Equation Solution

Theoretical fall-off curves for an "average' tumor in each
of the two experiments were produced by using equation (16)
to calculate the space irradiance at 1 mm intervals from the
source fiber tip. Equation (17) was then fitted to these
curves in the same way as it was fitted to the experimental
fall-off data to generate the "best theoretical fit" values

of ¢,(@) and a(®) in Table III-2.

The choice of kKg,K3z,9 and a used in equation (16) to produce
these results was guided by two considerations. First, the
values had to Dbe consistent with the experimentally
determined optical constants given in Table TIII-1 and
second, the calculations from (16) had to reproduce
reascnably well the space irradiance distributions in the
tumors. A number of parameter sets were tried in equation
(16) before arriving at the values given in Table ITI-1,

which appeared to best fulfill the above requirements.

D. Comparison of Experimental and Theoretical Space
Irradiance
In comparing the experimental and theoretical values of

®5(@) and a(®) in Table III-2, two main sources of error

50



need to be addressed. The first difficulty is that using
equation (16) to calculate the space irradiance along the
forward (©=0) axis requires the integral upper bound to be
truncated. In particular, upper bounds were chosen as the
point at which the unscattered beam intensity was equal to
10% of its initial amplitude. This corresponded to
distances from the source of 3.1 mm and 4.4 mm in
experiments #1 and #2 respectively. The theoretical wvalues
of ¢,(0) resulting from using an integral upper bound of 2
cm in equation (16) were calculated for the ©=n/2 and the
©=rnt and the ©=n axes for comparison. For experiment #1 the
resulting ¢5(@) were 4% and 2% greater than when using the
3.7 mm upper bound. For experiment #2 the difference was
less than 1% for both axes. The errors on the @=0 axis were
necessarily greater since these points were closer to the
neglected unscattered portion of the source beam. As an
example of the far field error, the space irradiance (16)
was calculated for ©=0, r=2 cm, using an upper bound of 1
cm. The corresponding calculations for experiment #1 and #2

using 3.1 mm and 4.4 mm were smaller than these results by

34% and 38% respectively.



Figures 1III-6 and TIII-7 present the space irradiance
attenuation data along with the theoretical curves in a
manner which illustrates the forward axis error in the near
field. Square symbols on each figure represent the ratio of
the measured space irradiance on the ©=n/2 and 8=3in/2 axes
(averaged together) to the space irradiance on the ©=0 axis,
averaged over the group of tumors in the experiment.
Circular symbols represent the ratios of the measured 8=n
axis space irradiance to the 6=0 axis space irradiance.
Typical uncertainties for individual points were 20-30%.
The discrepancies between experimental and calculated ratios
on the upper curves of each figure were concentrated in the
region less that 6 mm from the source £iber tip. The
discrepancies were magnified at points approaching the
integral cutoff due to the singularity in the source
integral, which causes an overestimate in the forward axis

irradiance.

The other major source of error between theory and
experiment was due to light scattering and absorption caused
by the source as well as the probe fiber/needle assemblies.
The blocking and absorption of optical £flux would be
expected to be greatest in the vicinity of the source fiber
assembly which would tend to decrease the measured space
irradiance along the ©=n axis. This 1is borne out by
comparing the theoretical ©=n to ©=0 axis ratio curves with

the experimental ratios in Figs. III-6 and TIII-7 (lower
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curves and circles). As expected, in both cases the
experimental space irradiance on the ©=n axis was lower than
predicted. This discrepancy was more pronounced in
experiment #1, where the cross-sectional area of the holding

needle was 2.6 times as large as in expariment #2.

Apart from the above problems, the theoretical values of the
leading constants ¢,(@) in Table III-2 are in relatively
good agreement with the experimental &,(®), which had
uncertainties ranging between 30 and 70%. The attenuation
constants a(®) are also consistent with experimental values.
Lastly, it should be noted that the predicted space
irradiance was lower than that of diffusion theory by the

factors 7Y = 0.94 and Y = 0.91 in experiments #1 and #2

respectively.

V. DISCUSSION

It appears that forward scattering is an essential
characteristic of tissue which plays an important role in
establishing overall optical distribution. The observed
anisotropic distributions from a pencil beam source contrast
with the symmetrical, circular optical distributions
predicted by diffusion theoryg. The relationship among
optical parameters given by equation (9) also goveris the
penetration of broad beams used in photodermatology. As
previously suggested by Diffey17 as well as by the data

presented here, the use of the standard Kubelka-Munk modelZl>
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may have to be reevaluated in this and other applicatiodns

due to its neglect of forward scattering.

Another implication of scattering anisotropy is that the
local microscopic angular distribution of light (i.e. the
radiance) may not become isotropic until the beam penetrates
relatively deeply into tissue. Images of tumors and blood
vessels in breast tissue can be routinely resolved using
diaphonography at red and near infrared wavelengths at a
depth of 2 cm 26, It is difficult to see how information
from an implanted object at this depth could be transmitted
if the angular distribution becomes nearly isotropic after a
few mm only, as has been suggested on the basis of diffusion

theory 7.

It 1is interesting to compare the . experimental and
theoretical results for the mean cosine of scattering in
R3327-AT tumor tissue with other published reports.
Recently Jacques and Prahl127 compared a one-dimensional
solution to the transport eguation with reflectance and
transmission data from albino mouse dermis at 488 nm.
Values were derived for absorption coefficient Ka»
scattering coefficient kg and scattering anisotropy g of 2.8
cm'l, 239 cm™l and 0.74 respectively. By comparison with
these results, R3327 tumor at 630 nm shows lower absorption,
approximately the same scattering coefficient and a greater

degree of forward scattering. The latter point 1is



consistent with the data of Bruls and van der Leunl? who
showed that forward scattering 1is generally greater at
longer wavelengths. A more comprehensive series of
experiments by Flock et al.%8 has confirmed and extended
these observations of forward scattering 1in tissue.,
Measurements of mean scattering cosine for chicken and
bovine muscle, pig brain and 1% human blood were all in the
range 0.94 - 0.974. The mean cosine of VX-2 tumor was
somewhat lower at 0.639. In all cases, the tissue sample
thickness in these scattering experiments exceeded the mean
free path in the sample, as in the measurements of R3327-AT
tumor reported here, For this reason, the mean cosine of

these tissues may also he : been underestimated due to

multiple scattering effects.

Although it was not employed in the present study, the
approximate point source solution given by equation (13) can
also be useful in estimating the tissue optical constants,
including mean cosine of scattering. This may be
illustrated by applying this solution to published data of
Svaasand and Ellingsen7, who measured optical distributions
at various visible wavelengths from 200 um diameter optical
fibers implanted in human brain tissue. In this study,
experimental data was given in terms of a factor denoted by

k which defines the absolute value of space irradiance and

St

thus cain be converted into the constant 1/4nD that precedes

the exponential in (13). Data was also given for the
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attenuation coefficient 2 (inverse diffusion length). If
these results are combinred, then k; can be calculated via
the formula k4 = a?D. For example, a range of values of kg
of between 1.7 and 2.0 is given for 635 nm light in adult
human brain and a typical value of diffusion length of 1.2
mm is suggested. These values yield a range for the
absorption coefficient of between 1.53 and 1.8 em~l, The
analysis can be carried a step further if the mean free path
of the tissue is known. For example if the mean free path
of 12 um measured by Crilly24 for porcine brain is used in
equation (9), a range of mean cosine g is obtained of
between 0.982 and 0.984 which is comparable to the range for

g given in Table III-1.

VI. CONCLUSIONS

Attenuation measurements from implanted fiber optic sources
in R3327-AT tumors show that light penetration is greatest
in the direction of the beam itself and 1least in the
backwards direction. This anisotropy of the spatial
distribution of light persists to distances of at least 2 cm
from the source and is a result of strong anisotropy in the

scattering phase function.

Predictions of space irradiance utilizing the transport
approximation show general agreement with experimental space
irradiance results. Moreover, the specific optical

constants used in the model are consistent with actual
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measured values of scattering, absorption and attenuation
coefficients. The theory can be applied to other optical
sources, for example broad or implanted cylindrical
irradiators?? and should be useful in future studies of
amorphous media with known forward scattering properties

including blood39, tissue and tissue-equivalent optical

phantoms.
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TABLE III-1
R3327-AT Tumor Optical Constants

Best theoretical fit to
space irradiance data
Measurements on

thin tissue sections Expt.1 Expt.2
Mean free 37 16 40 40
path (um)
Absorption 0.49 +0.44 0.54 0.60
coefficient
(em~1)
Mean cosine >0.86 0.970 0.979

of scattering
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TABLE III-2
Comparison of experimental attenuation data with best

theoretical fit using equations (16) and (17).

!

Experiment 1

3,(@) (mW-cm~1) a(®) (em~1)
AxXis ExXpt. Theory Expt. Theory
(@)
0 220 75 296 3.67 t0.46 3.62
n/2 93 t65 143 3.41 +0.38 3.47
n 34 +9.5 99 3.52 £0.35 3.45
Experiment 2
$5(0) (mW-cm™l) a(®) (cm™1)
Axis Expt. Theory Expt. Theory
(®)
0 310 +108 282 3.20 +0.39 3.33
n/2 113 51 95 3.04 +0.28 3.06
n 77 %45 60 3.21 $0.38 3.04

Note: All data is adjusted to 100 mW source strength
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Fig.III-3 Schematic of space irradiance measurements with
probe locations and orientations labeled according to
rotation in the text.
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Fig.III-4 Mean angular scattering distribution of five 115
um thick sections of R3327-AT tumor. Shown is the raw data
before applying the correction described in the text.

61



| I T | | 1 1 1
103 N
\ o Forward Axis
LA o Side Axis

\ A Backward Axis

T TTTT
L
Q’

L ol

1
-
”

|

by
o
N
T TTIT
ID"
g
4
Jog
4
Jof

P4
Js)
‘I
L

{

i
’

T TTTT
P4
r'4
4
Ll

I
A
O
’

1

Space Irradiance (mW/cm?)
s 2
I’DI
5
ﬁ/

T TTTTT
B
P
,
a

Ll

I
)
|

LRI

Lt

10-? ha
!

! | I L 1 1 L
00 02 04 06 08 10 12 14 1.6

Radial Distance From Source r (cm)
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six tumors in experiment 1, together with curves fitted to
the experimental data according to equation (17).
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Chapter IV: OPTICAL DOSIMETRY FOR INTERSTITIAL PHOTODYNAMIC

THERAPY "

I. INTRODUCTION

Photodynamic therapy has received increasing attention as a
treatment method for various cancers. Most successful
treatments to date have involved superficial tumors,
including tumore of the 1lung, bladder, head and neck, and
skin 1. Significant problems however, may be associated
with the effective treatment of large, invasive lesions.
Since the presence of oxygen in tissue is necessary in order
to initiate the photochemical reaction, regions of hypoxia
in larger tumors may limit the therapeutic response 2-4,
Another problem is the 1limited penetration of 1light in

tissue, which may prevent a sufficient light dose from being

delivered to the tumor.

Limited light penetration has led various investigators to
attempt the treatment of some solid tumors by the direct
implantation of fiber optics, coupled to a dye laser 3-7,
Improvements in the uniformity of the optical distribution
may be achieved by the addition of diffusing tips to the
optical fibers3:4:,8,9 ang by the introduction of multiple
sources within a single tumor mass3:4/7, This interstitial

* A version of this chapter has been accepted for

publication . M.R. Arnfield, M.P. Chetner,

J. Tulip and M.S. McPhee, "Optical dosimetry for

interstitial photodynamic therapy," Medical
Physics, in press.
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application of light has created the need for accurate light
dosimetry. Bolin et al.l10 investigated theoretical factors
which influence the optimum placement of multiple fiber
optic sources in tumors. Isodose distributions in tissue
have been mapped experimentally using a photographic
methodll and by measurements with fiber optic probes in a

three dimensional grid 12,

Some of the theoretical models of 1light propagation in
tissue that have been proposed include diffusion theory
13:14, the transport approximation15 and a multiple flux
modell6, A number of experimental studies have provided
information about optical properties of a variety of tissue
types. These studies have demonstrated that the optical
attenuation coefficient (i.e. the inverse penetration depth)
is highly variable not only from one tissue to another, but
also among samples of the same type of tissue 13,14,17,18,
This fact presents a difficulty in predicting dose
distributions accurately within any particular tissue

volume.

Cancer of the prostate is the second most common cancer
among North American men. The Dunning R3327-AT rat prostate
adenocarcinoma is an anaplastic tumor model with
similarities toc human prostate cancerl?, This model has
been used to test the efficacy of multiple fiber

interstitial photodynamic therapy with the ultimate aim of
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applying it to human prostate cancer 3:4. we report here
the results of a series of experiments using the R3327-AT
tumor, which were carried out in order to evaluate a new
technique with potential application to in vivo interstitial

dosimetry.

II. THEORY

Recent studies have focussed on the details of 1light
scattering interactions in soft tissueld,20,21, With the
notable exception of dark colored organs (eg. spleen,
liver), in most tissues the scattering coefficient for 630
nm light exceeds the absorption coefficient by approximately
two orders of magnitudel7. Another key characteristic of
light scattering in tissue is it's anisotropy; a singly
scattered photon 1is much more likely to be scattered from
its original direction of motion by a small angle than by a
large angle. As 1is well known from transport theory, the
effects of forward scattering can be approximated by
reducing the value of the scattering coefficient by an
amount proportional to 1l-g, where g is the mean cosine of

scattering, defined as

g = jluf(u) du . (1)
-1

In this expression u is the cosine of the angle between the
incident and scattered 1light and f(u) is the angular
scattering phase function. The reduced scattering

coefficient may also called the transport coefficient, Kep,
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by analogy with the transport cross-section of neutron
transport theory 22, It is given by

where kg is the scattering coefficient.

A simple model of 1light distribution in an absorbing and
isotropically scattering medium has been described which is
more accurate that diffusion theory23. This formula can be
applied to the case of an anisotropically scattering medium,
by replacing everywhere the isotropic scattering coefficient
by the transport coefficient Ki,. In this approximation,
the space irradiance at distance r from an isotropic point

source of unit power is given by

d(r) = Y eor + 1 e-(5/4)kr (3)
4nDr 4nr?
where
D= ka/a? (4)
= kKer t kg (5)
Y = Zli_a . k2 - a2 (6)
ktr az - kak
and
a = J3kzk (1 - (2kg)/(5k)) . (7)

D 1is the diffusion coefficient, kz; 1is the absorption
coefficient, k is the total effective coefficient for
scattering and absorption, Y is a parameter accounting for
absorption in the region close to the source and a is the

attenuation coefficient (inverse penetration depth).
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For isotropic scattering, equation (3) agrees within 1% with
the rigorous solution to the transport equation for a point
source, providing the ratio of scattering coefficient to the
sum of the scattering and absorption coefficients exceeds
0.9 23. The equivalent condition for anisotropic scattering
is k¢p/k > 0.9, In this scattering dominant case, the first
term in (3), which represents the asymptotic distribution,
dominates the second term, which mainly represents photons
coming directly from the source. In fact for typical R3327-
AT tumor optical parameters, the second term represents less
than 1% of the right hand side of (3) at distances greater
than 3 mm from the source. For this reason it is neglected

in the analysis that follaows.

For interstitial phototherapy, a source emitting along a
cylindrical 1length improves the uniformity of light
distribution in tissue. A cylindrical source may be
approximated as a sum of discrete point sources, each point
source representing a different section along its length.
We seek to represent the space irradiance ¢(x) arising from
a cylindrical source of power p,, with the end points of the
emitting region located at positions xj; and x;. The source
can be divided 1into N sections, each section being
associated with a point source located at its center. These
point sources are assigned weights w(i), which account for

non-uniform emission along the length of the socurce. The
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space irradiance is given by

N -a-X(i)
$(x) = poY T w(i) e (8)
4nD i=1 X(1i)
where
X(1) = |x - x; - (i-0.5)+(x-%1)| (9)
N
and
N
T w(i) = 1 (10)
i=1

In real tissué the attenuation a is not constant, but varies
with position depending on the local tissue density, fluid
content, blocod supply, and other factors. Thus, the value
of o appearing in (8) is an approximation which represents
an average attenuation coefficient in the tissue region

between the field point and the cylindrical source.

IIT. MATERIALS AND METHODS

A. Tumors

All experiments were performed using R3327-AT tumors, grown
in the flanks of male Fisher X Copenhagen fl hybrid rats.
Seven tumors with an average volume of 14 cm3 were used.
Tumors were excised prior to the experiments to facilitate

access to the tumor.

Figure IV-1 illustrates the experimental setup. The tumor
was placed behind a fixed template and a flat plate was then
positioned behind the tumor to prevent movement during the

experiment. One panel of the template had been prepared
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with a series of holes in a grid pattern with the hole
centers 2.35 mm apart. Four translucent 2 mm outer diameter
plastic needles were inserted through the template into the
tumor to f.rm a square with 9.4 mm spacing. Steel inserts
were used within the plastic needles during insertion to
ensure that they were inserted parallel to one another. The
presence of the four needles in the tissue largely prevented
tissue sag during the measurements. There did not appear to
be any significant blood drainage during the experiments,
consistent with the poor vascularity of the R3327-AT
tumorl?, Dissection of tumors after the experiments showed

minimal blood pooling at the needle locations.

B. Calibration of Sources

The four fiber optic sources that were used in the
experiments were illuminated by an argon pumped dye laser,
tuned to 630 nm. The laser beam was split equally four ways
and focussed onto the proximal ends of four 600 um core
diameter fused silica optical fibers. A c¢ylindrical
irraciator fiber tip was attached to the distal end of each

fiber, as previously described?.

Measurements were performed on each cylindrical tip to
determine the weighting parameters w(i). The measurements
were done with the tip inside a plastic needle, to account
for light scattering by the needle itself as well as

possible fiber tip/needle interface effects. A 1 mm wide by
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2 mm long slit in front of a radiometer was placed against
the plastic needle containing the cylindrical source. The
needle and source were then moved in 1 mm steps in the
direction of the source axis with a light reading being
taken at each step. Each reading corresponded to a 1 mm
wide cross-sectional slice of the needle, giving a direct
measure of w(i). Azimuthal variation of the source output
was checked by rotating the tip 180° and repeating the above
procedure. The azimuthal variation for individual tips was

approximately 5%.

C. Fiber Optic Probes

Two types of miniature light detectors were constructed from
optical fibers. The first type consisted of a 300 wn core
diameter optical fiber that was inserted into a 1.08 mm
outer diameter stainless steel needle. The tip of the
optical fiber was cleaved and aligned with the tip of the
needle, which was sharpened around 1its circumference to
facilitate ©penetration when inserted intc tissue. A
radiometer was placed at the distal end of the optical fiber
to detect 1light transmitted down the fiber. The amount of
light collected by the flat tip probe fiber, ¢, was related
to the space irradiance in tissue, ®, by the expression

® = 4no (11)
QA

where A was the cross-sectional area of the fiber core and
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Qy the acceptance solid angle of the fiber, given by

Q; = 2n (l-cos (sin~! Na)1 . (12)
n

Heren = 1.4 1is the assumed refractive index of R3327-AT
tumor and NA is the numerical aperture of the fiber. This
value of refractive index is consistent with reported values

in other tissues at 630 nm 24.

D. Miniature Isoprobe Detectors

A second type of detector was produced by modifying the tips
of 300 um core diameter fibers. The purpose of these fiber
tips was to sample the space irradiance at a specific
location in tissue, by collecting 1light with equal
efficiency from all incident angles, i.e. isotropically.
For this reason they will be referred to as "isoprobes" (see
Fig.Iv~1). These fiber tips were similar to an isotropic
detector described previously, which consisted of a resin

sphere mounted on a cleaved optical fiber23,

It was necessary to calibrate the readings given by the
isoprobes with respect to the actual space irradiance in
tissue. The isoprobes were not designed for direct
insertion in tissue, but instead were used within
interstitially implanted plastic needles. The isoprobe
response was related to the space irradiance by cross
calibrating it against readings taken by the flat tip probe
at the same tumor locations. These measurements were taken

under the same conditions as the actual dosimetry
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experiments, i.e. at evenly spaced positions along the
transverse central axis of Fig.IV-2, using four cylindrical
irradiators as 1light sources. For one of the isoprobes,the
average and standard deviation of the ratio of isoprobe to
flat probe response for a total of twenty-six points in

three different tumors was 0.44 (0.12).

E. Isoprobe Light Measurements in Tumors

Experiments in rat tumors were designed in order to compare
theoretical dose predictions with actual measurements in
tissue. Each experiment was performed in two stages. 1In
the first stage, a series of sample measurements were
obtained using an isoprobe and the resulting data was
employed in interpolating dose distributions. For thes:
measurements, one of the c¢ylindrical sources was removed
from its plastic needle and the isoprobe inserted into the
needle, so that the isoprobe tip was placed at the férmer
location of the center of the cylindrical source. Each of
the three remaining cylindrical sources was then illuminated
one at a time by the dye laser, generating three separate
light measurements from the isoprobe. The isoprobe was then

removed from the needle and the original cylindrical source
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in each of the remaining three needle locations, generating

a series of twelve sample measurements in total.



Measurement errors due to fluctuations in the dye 1laser
power were accounted for by monitoring the laser power at
the times of the isoprobe measurements. All data was then
adjusted to a source intensity of 100 mW. Another possible
source of error was anisotropy in the probe response. Since
light was received through the sides of the holding needle,
very little was collected into the top end ¢Z the isoprobe.
For this reason, measurements only along a single axis of
rotation were considered to be adequate. The isoprobe was
tested by rotating it within the plastic needle and taking
measurements at different orientations. The standard
deviation of measurements taken at random orientations
(without moving the plastic needle) was between 4 and 5%.
Variations in isoprobe readings due to repositioning error
or rotation of cylindrical sources within their holding

needles was similarly found to be in the 2 - 5% range.

For each isoprobe measurement, equation (8) was solved
numerically for an attenuation coefficient a(i,j), where i
and j refer to the source and probe locations respectively.
Details of this procedure are given below. The resulting
array of twelve attenuation coefficients was then employed
to calculate the space irradiance in the tumor at any

desired locations, as discussed in the Results section.
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F. Validation: Flat Probe Light Measurements in Tumors

The second stage of the tumor experiments consisted of a
series of direct measurements of space irradiance. A flat
tip fiber optic probe was inserted into the tumor and
readings were taken at a series of locations 1 mm apart as
the needle was gradually moved into the tumor. These
measurements were taken along two lines designated as the

transverse and sagittal central axes, as shown in Fig.IV-1.

The values of space irradiance were derived from flat probe
measurements using equation (11). However, it should be
noted that at least two factors can be identified which may
limit the accuracy of this relation. First, (11) is based
on the assumption that the angular distribution of light at
the probe tip is isotropic, which may not be true in all
cases. Second, the presence of the fiber and holding needle
assembly itself affects the local distribution of light. As
previously shown, if the fiber tip is pointing away from the
light source the amount of light detected will be reduced

due to "shadowing" by the fiber and needle assemblyls.

IV. RESULTS AND ANALYSIS

A. Attenuation Coefficients

Experimental data together with corresponding theoretical
curves were obtained from seven separate rat tumors. In
each experiment the theoretical calculations for the

individual tumor were based on twelve sample isoprobe
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measurements. Results of these measurements in one tumor
are given in Table 1IV-1 as an example. Each entry in the
table is an attenuation coefficient that was derived from a
single isoprobe measurement. The column headings indicate
the numbered needle locations of the isoprobe; the row

numbers indicate the location of the 100 mW cylindrical

sources.

The attenuation coefficients a(i,j) in Table 1IV-1 were
calculated from the corresponding isoprobe measurements
using equation (8). The magnitude of the isoprobe reading
determined the space irradiance and hence the left hand side
of (8). The righkt side of (8) was partly determincd by
known quantities which included the source power Po, SOurce
increment weights w(i) and field point to source increment
distances X(1i). The remaining factors D, Y and a were
uniquely determined by equations (4), (6) and (7)
respectively through a suitable choice of absorption and
transport coefficients Kk, and k¢,. The solution to (8) for
a given 1isoprobe reading thus consisted of finding the best

choice of these latter two parameters.

Equation (8) presents a single relation for the two unknowns
Ky and ki In the Dunning R3327-AT tumor, values of the
various optical parameters have previously been
determinedl3. The average scattering coefficient kg was

estimated to be 250 cm~l and a range for the mean cosine of
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scattering g was estimated to be 0.97 - 0.98. Since it is
the product of kg and (l-g) that is of interest rather than
their individual values, it 1is convenient to fix kg = 250
cm~l and select an initial value for mean cosine g in the
previously determined range 0.97 -.098. Although this
procedure provides a useful starting point, the best choice
0. 7 can in fact be determined more precisely in retrospect,
by comparing theoretical with experimental space irradiance

results, as will be discussed below.

Once kg and g were estimated in the above manner, (8) was
then solved numerically for the absorption coefficient k,.
Considering the variability of tissue characteristics, it
may seem somewhat artificial to assume fixed values for the
tumor scattering parameters. However the R3327-AT
adenocarcinoma is histologically guite homogeneous,
consisting of sheets of anaplastic cells with no acinil?,
Hence, it seems unlikely that there would be large
variations in the scattering parameters on a scale much
greater than cellular dimensions. However the degree of
absorption represented by k; may be considered a variable,
since it depends on the local distribution of hemoglobin and

other chromophores.

The above procedure was used to generate the attenuation

coefficients in Table IV-1l. As 1is readily apparent from

(8), the optical transparency is primarily dependent on a,
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which defines the rate of exponential attenuation of light
in tissue. The variation between pairs of isoprobe readings
for the cases where source and probe locations were
exchanged (eg. a(l1,2) vs. a (2,1)) were in general quite
small, as would be expected. The average difference between
attenuation coefficients for this case was found to be about
3%. There were somewhat larger differences among the
derived attenuation coefficients when all pairs of needles
within the same tumor were considered (standard deviation:
8%). This 1is reflected by significant variations in

attenuation coefficients in Table IV-1.

B. Space Irradiance: Theory
The overall 1light distribution in a tumor was calculated
from the array of attenuation coefficients a(i,j). Two
distinct mathematical approaches were taken for these
calculations. In the first approach, a 1local average
attenuation coefficient was assigned to the tissue region
around each cylindrical irradiator by the formula

4

afiy = 1 ¥ a(i,j) (13)
3 3=
j#L

where i1 = source, j = probe.

The space irradiance at any point in the +tumor was then
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calculated by summing over the four sources:

4 N ~a(i) *X(i,k)
(X)) = T poli) Y(i) T w(i,k) e . (14)
i=1 AR D) k=1 S IEWI) -

In (14), all symbols are the same as previously defined for

(8), with i referring to one of the four sources.

The second approach was based on interpolation of the twelve

attenuation coefficients. For example, we consider the
problem of calculating the space irradiance at position Py
in Fig.IVv-2. This diagram shows a transverse slice through
a tumor, at the same vertical level as the isoprobes. The
four plastic needles are shown in cross-section. Direct
measurements of space irradiance were taken in seven tumors
at 1 mm intervals along the central axis indicated by the
dashed 1line. In three of these tumors, irradiance
measurements were also taken along the axis which passes
through point P;, running parallel to the plastic needles.
The attenuation coefficients associated with the region
around source #1 are illustrated on the diagran. The
contribution from source #1 to the irradiance at P, was
calculated using the interpolated attenuation coefficient
a=a(l,3) + _@ J[a(l,4,) - a(l,3)] (15)
n/4

wherela' is the angle shown in the figure. Similarly, point
P4 was calculated by 1linear  interpolation  between
coefficients o(l,2) and afl,3). Interpolation was not

possible for points such as Pj3, which were assigned a



coefficient corresponding to the nearest pair of needles
(a(l,4) in this case). The contributions to the space
irradiance at each point from the other three sources were

calculated in the same manner.

C. Comparison Between Theory and Experiment

Figure 1IV-3 shows the result of intratumor irradiance
measurements along the transverse central axis in a tumor,
together with theoretical curves. The dashed and solid
curves represent results of the atténuation coefficient
averaging and interpolation methods respectively. There are
only minor differences between these two curves, as was the
case for most of the tumors. Figure IV-4 shows experiment
versus theory in one tumcor along the sagittal central axis
through point Pq. Since this axis did not lie within plane
of Fig.IV-2, only the averaging method was applicable to

this case.

A factor which may have affected the accuracy of the
theoretical results was the neglect of the tumor boundary
conditions in the space irradiance calculations. This would
apply to locations near the tumor surfaces, corresponding to

points at either end of Figs.IV-3,IV-4 and IV-5.

As mentioned earlier, the optimum selection of the mean
scattering cosine g was determined by comparison of theory

versus experiment. Figure 1IV-5 shows two interpolated
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curves together with data from the transverse central axis
of a tumor. For both curves the assumed value of scattering
coefficient kg was 250 cm~l, The assumed values of g were
0.964 and 0.974 for the solid and dashed curves
respectively. This illustrates the main effect of varying
g, which was to scale the overall magnitude of the
theoretical curves. For example, the average difference
between predicted space irradiance values was approximately
13% for these two values of g. An assumed value of g of
0.964, corresponding to a transport coefficient of 9.0 em-1
gave the best overall agreement between theory and the
entire series of experiments. The average values of
absorption and attenuation coefficients calculated from

individual isoprobe measurements were 0.469 (0.129) em~1 and

3.55 (0.48) cm~l respectively.

Lastly, Plates IV-1 and iv-2 show sample isodose
calculations for transverse and sagittal slices respectively
through a tumor. Dose is given in units of J/cm2, resulting
from four cylindrical irradiators illuminated for 55 minutes
at a power of 175 mW per fiber. The transverse distribution
represents the tumor section shown in Fig.IV-2; the sagittal
distribution corresponds to the plane containing the
sagittal central axis and perpendicular to the transverse
central axis. An inhomogeneous optical distribution
resulting from variable attenuation 1is apparent in both

figures.

84



V. DISCUSSION

Attenuation characteristics of tissve are highly variable,
depending not only on the specific tissue type and the
particular sample, but also on the time and conditions of
measurements. It has been shown that measurements on the
same samples .1\ay give significant differences in attenuation
if performed in vivo or postmortem 26, Although direct
measurements both in vitro and in vivo frequently display a
well defined and constant rate of attenuation, irregular
attenuation may also exist within individual samples.
Particularly large variations have been found in volumes
containing mixed tumor and normal tissuel8. All of these
sources of variability make the tasks of prediction and

control of 1light distribution in tissue potentially more

difficult. Additional problems can be expected for in vivo

dosimetry arising from changes in blood flow and oxygenation

status.

The accuracy of the present technique 1is necessarily
constrained by the restricted number of isoprobe measurement
locations. The agreement between theory and experiment in
Figs.IV-3,IV-4 and IV-5 appears tc be less than optimum. In
Fig.IV-5 the data points reveal a higher average optical
attenuation in the region represented on the right side
versus the left side of the graph. This difference is less

on the theoretical curve. Discrepancies between theory and
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experiment may alsc arise from factors other than the
limited number of isoprobe measurements. The experimental
points themselves are not necessarily accurate
representations of the space irradiance. These points are
derived from equation (11), which gives the space irradiance

in terms of the amount of light collected by a fiber optic

probe. The accuracy of this representation of space’

irradiance presupposes that the amount of light collected is
independent of the orientation of the probe fiber. This is
in general not the case, due to perturbations in the optical
distribution caused by the presence of the probe fiber and
its holding needle. Additicnal experimental error may be

introduced by inaccurate positioning of the probe needle.

Further inaccuracies are to be expected due to the
approximations in the theory as well as those inherent to
the experimental technique. For example the probe needle
may pass through a region of hyperemia, resulting in
increased light absorption. If the surrounding tissue
volume is by contrast relatively transparent, the isoprobe
readings from nearby plastic needles will also be relatively
high. Thus the calculated average attenuation in the
vicinity of the probe needle will predict a higher space
irradiance than 1is actually present at that location.
Another factor which could influence the results is tissue

distortion due to insertion of the plastic needles.
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As 1illustrated by Fig.IV-5, the accuracy of this
interstitial technigue depends to some degree on an accurate
knowledge of average tissue scattering characteristics.
Only recently have direct measurements on the relevant
parameters of total scattering coefficient and mean cosine
of scattering been performed in some tissueld,21, Flock et
g;.21 measured both of these quantities for a variety of
tissues, including bovine and chicken muscle, pig brain, pig
adipose and VX2 tumor. 1In the first three tissues the mean
cosine of scattering was in the range of 0.940-0.965; it was
somewhat lower in pig adipose and VX2 tumor at 0.771 and
0.639 respectively. Measurements of mean cosine taken with
a similar apparatus yielded a value of 0.86 for bunning
R3327-AT tumor in Chapter III, whereas theoretical
considerations from both that and the present study imply
the true value is in the range 0.96-0.98. This discrepancy
was attributed to multiple scattering effects, since the
sample thickness in the goniometer experiment exceeded the

tissue mean free path by a factor of 3.2.

VI. CONCLUSION

A technique for interstitial 1light dosimetry has been
described. Estimated light distributions have been mapped
by interpolating sample measurements of space irradiance
which were taken at various locations in excised solid
tumors. Significant variations in the 1light attenuation

rate were detected within individual tumors. This result
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implies the need for measurements of tissue optical

properties on an individual basis.

Direct measurements of space irradiance in vitro in seven
R3327-AT tumors suggest the general validity of the
theoretical approach. A knowledge of scattering parameters
for the particular tissue has been identified as a key
factor that defines the correct scaling of the theoretical
curves. However, discrepancies between theory and
experiment of 40% or more at some locations indicate the
limitations of this method and raise rather than answer the
question of what constitutes '"reasonable accuracy'" in PDT
dosimetry. Improved accuracy will probably require a
greater number of sample measurements to account for random
inhomogeneities in the tissue. Further studies are planned

to e¥plore the potential of this new technique.
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TABLE IV-1

Attenuation coefficient array a(i,j) in em~l, from a single
rat tumor. Each a(i,j) was calculated using equation (8)
from a separate isoprobe reading in the tumor.

ISOPROBE
3 1 2 3 4
i
1 -- 3.37 3.28 3.60
SOURCE 2 3.32 -- 2.80 3.09
3 3.32 2.91 -- 3.19
4 3.69 3.15 3.42 --
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Fig.IV-1 Experimental set-up, with four translucent plastic
needles in a 0.94 x 0.94 cm grid. One needle is shown
containing a cylindrical irradiator and another a miniature
isoprobe light detector. Optical fibers within two
stainless steel needles directly probe the tumor space

irradiance along orthogonal axes through the center of the
tumor.
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was calculated using g = 0.964; the dashed curve was
calculated using g = 0.974.
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Plate IV-1. Transverse section isodose distribution from a
55 min. treatment of a rat tumor by four 175 mW cylindrical
sources. This figure represents the same tumor section
illustrated by Fig.IV-2. The square containing the dose
information represents a 4x4 cm area. The white, 1light
grey, dark grey and black_regions represent minimum doses of
500, 250, 120 and 50 J/cm? respectively.
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plate IV-2. Sagittal section isodose distribution from a 55
nin. treatment of a rat tumor by four 175 mW cylindrical
sources. This tumor section corresronds to the plane that
contains the sagittal central axis and is perpendicular to
the transverse central axis. Scale aud dose representation
as in Plate IV-1l.
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Chapter V : PHOTODYNAMIC THERAPY DOSIMETRY IN POSTMORTEM

AND IN VIVO RAT TUMORS AND A TISSUE - EQUIVALENT PHANTOM”

I. INTRODUCTION

Photodynamic therapy (PDT) is coming into increasing use as
a treatment for cancer. Among cancers that have been
successfully treated are lung, bladder and esophageal
tumorsl. Best results have been obtained with superficial
lesions, and although significant palliation of bulky tumors
has been achieved2r3, cures may be difficult to obtain when

the tumor size exceeds about 1.5 cm 4,5,

various strategies have been proposed as means of modifyving
and enhancing the photodynamic effect in tumors. Fingar et
al.® studied the effects of changing the oxygenation status
of tumors. Others have observed improved cure rates in

animal tumors by combining PDT with a radiosensitizer7,

chemotherapeutic agentss, or with external hyperthermiag.
Another route involves optimizing the light dose to tumors
by implanting fiber optic 1light guides directly within the
tumor mass. In Chapter IV, results were given of dosimetry
tests in excised R3327-AT tumors, using four interstitial
cylindrical sources in a square array. In the present
* A version of this chapter has been submitted
for publication. M.R.Arnfield, J.Tulip and
M.S.McPhee, "Photodynamlc therapy dosimetry in

postmortem and in vivo rat tumors and a tissue-
equivalent phantom."

98



chapter, the needle arrangement has been expanded to 10
needles and the dosimetry procedure modified somewhat.
Results are presented of experiments with postmortem and in

vivo tumors, as well as a tissue-equivalent phantom.

II. THEORY

Tissue can be regarded (ideally) as a turbid medium with
uniform distribution of scatterers and absorbers, which in
transport theory is characterized by a scattering
coefficient kg and an absorption coefficient Kki. In many
analyses the scattering is assumed to be isotropic, since
this is the easiest case to deal with mathematically.
However, it has been demonstrated that rather than being
isotropic, scattering 1is in fact strongly forward directed
in various tissues which include chicken and bovine
musclelo, pig brainlo, pig adiposelo and human epidermisll,
as well as in bloodl0,12, The net effect of forward
scattering can be approximated by the simple device of
replacing the isotropic scattering coefficient kg by what

may be termed the transport coefficient Ky, given by

kep = kg(l-9) (1) .

where g is the average cosine of the scattering phase

function.

In the literature on PDT dosimetry, the term space

irradiance is often used to denote the angle integrated
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light flux at position X. It has units of w-m~2and is given
by

d(x) = J I(x,R) 49 (2)
4n

where I(X,Q) is the specific (angular) intensity in
Wom‘z-sr'l. A simple model of light propagation in tissue
described in Chapter III was pbased on an approximation
originally used in neutron transport theory. 1In this model,

the space irradiance at radial distance r from an isotropic

point source is given by

d(r) = 1 (;z.e-ar + e-(5/4)kr) (3)
4n;2 D
where
a = J3kzk (1 - 2ks/5K) (4)
D = ka/a? (5)
k = ktr + ka (6)
and Y = lﬁa-kz - a2 . (7)

Kep @2 = kgk

The attenuation coefficient a is the inverse of the

familiar penetration depth, D is the diffusion coefficient,
k is the total effective coefficient for scattering and
absorption, and Y is a factor accounting for absorption in
the region close to the source. Equation (3) is a good
approximation for the space irradiance from a point source
in cases where scattering dominates absorption. In this
case, the second term in (3) is small compared to the first

term, except close to the source.
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A source emitting along a cylinder can be approximated by a

sum of point sources. If the two ends of a source of total

101

power p, reside at x; and xp, the space irradiance at X is

given by
N . .
®(x) = Po_ g w(i){Y e-aX(i) 4 o=(5/4)kXK(1) 4 (8)
4 i=1 D X(1) X(i)?2

where

X(1) = |x - ¥ - (1-0.5)-(xp - %1)] (9)
N

N

and T w(i) = 1 . (10)
i=1

The w(i) are weighting factors to account for non uniform

emission along the source length.

III. MATERIALS AND METHODS

A. Dosimetry Enclosure

All dosimetry experiments were performec. using a rectangular
chamber constructed of 3/8 inch thick plexiglass panels, as
shown in Fig.V-l1. The front and back panels of the chamber
has identical arrangements of 2 mm diameter holes,
consisting of two concentric patterns plus one hole at the
center. The diameters of the inner and outer circles were
2.0 and 4.0 cm. The holes of the front and back panels were
aligned so that up to a maximum of i? needles could be held
in a parallel arrangement. One of the side panels of the
enclosure had three adjacent holes through which a 1.08 mm
diameter needle could be inserted into the chamber interior,

as pictured.



B. Tumors and Phantom

Three different substrates were used for dosimetry tests:

postmortem and in vivo R3327-AT rat prostate tumors and a

liquid phantom material consisting of a 1lipid emulsion in
combination with a 1light absorbing dye. The R3327-AT
adenocarcinoma is a poorly vascularized, anaplastic variant
of a neoplasm discovered by Dunning which arose
spontaneously in the prostate of a Copenhagen rat in 196114,
Two exXperiments were performed with rats 1lying atop the
dosimetry enclosure. The rats were induced under 1light
halothane anesthesia and maintained with  Kketamine
hydrochloride and xylazine. Volumes of these tumors were 15

and 8 cm3. A third experiment was done with an excised 11

cm3 tumor.

A tissue equivalent phantom was produced by mixing 160 ml of
a lipid emulsion (Soyacal 20%, Alpha Therapeutics
Corp.,Toronto) with 240 ml of a 4.4 X 10~4 molar solution of
Nile blue perchlorate (Eastman Kodak Co.,Rochester, N.Y.).
The average particle size of the 1lipid emulsion was 0.3 u
(personal communication, Alpha Therapeutics Corp.) and its
refractive index was 1.45. Nile blue is an organic dye with
an absorptivity of 7.7 x 104 cm~1l/(mole 1) at 635 nm (Kodak
data sheet #JJ-169). The 1lipid and dye mixture was
sonicated for 5 min with an ultrasonic probe just prior to,

and for 1 min periods at regular intervals during dosimetry
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tests. This procedure was found to improve the stability of

the optical characteristics of the liquid.

C. Light Sources

Interstitial light sources consisted 1.0 cm long cylindrical
diffusing tips attached to ten 600 um diameter fused silica
core optical fibersld (see Appendix I). A beam splitting
arrangement divided the 630 nm beam from a dye laser
approximately equally into the ten fibers. The variation of
output power along the 1length of each tip was measured as
described in Chapter IV. The ten tips used in experiments
were selected for minimal variation in output power with

respect to rotation of the tip (SD<5% for all tips).

D. Fiber Optic Light Probes

Two types of fiber optic light probes were constructed. The
first type consisted of a cleaved 300 um core diameter
optical fiber inserted into a 1.08 mm diameter steel needle.
The fiber tip was aligned with the end of the needle and the
other end of the fiber was attached to a radiometer. The
space irradiance at the probe tip, ¢, was derived from the
following expression:

® = 4no (11)
QaA
where ¢ was the optical power collected by the fiber, A was

the cross-sectional area of the fiber core and Q4 was the
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acceptance solid angle of the fiber. The acceptance angle

is given by

@, =2rt [1 - cos(sin™!NA)} (12)
n
wheren =1.4 and n = 1.45 were the assumed refractive

indices of tumor and phantom mixture respectively and NA was

the optical fiber numerical aperture.

A second type of fiber optic detector was produced Dby
modifying the tips of 300 um core diameter fibers. The
purpose of these "isoprobes" was to sample the space
irradiance at a specific 1location in tissue by collecting
light approximately isotropically. To prepare an isoprobe,
the coating and cladding of a fiber was stripped a distance
of 1 cm from the fiber tip. By simultaneously rotating the
fiber and heating the fiber core with a miniature acetylene
torch, a sphere with an approximate diameter of 1 mm was
formed. This sphere was then sprayed with three coats of
white paint. The exposed length of fused silica between the
sphere and the remaining optical fiber was painted black in
order to prevent the entrance of light in this region. The

entire tip was then sprayed with transparent enamel.

The isoprobe response was calibrated with respect to the
space irradiance in tumor or phantom. This was accomplished
indirectly, by comparing the amount of light collected by

the isoprobe to the light collected by the flat probe, when
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placed at the same location. Since the accuracy of relation
(11) depends on the local angular distribution of 1light,
which is affected by the geometric arrangement of sources
and probe, these calibration experiments were carried out
using multiple cylindrical sources in a geometry similar to
that used in the actual experiments. In the case of R3327-
AT tumor, isoprobe calibrations were done with four sources
in a square array, as described in the previous chapter.
For the lipid phantom, the array consisted of six sources in
a hexagonal arrangement. A total of 26 1indepsndent
comparisons of the isoprobe to flat probe response were
taken in R3327-AT tumors, whereas two independent
comparisons were taken in different phantom mixtur=s. The
results of these tests for the ratio of isoprobe to flat
probe responses (and standard deviations) were 0.44 20.12

and 0.80 +0.02 for tumor and phantom respectively.

E. Isoprobe Light Measurements in Tumors and Phantoms

A total of six cylindrical sources, corresponding to needles
#1 through #6, where used in tumor experiments. This was
+he maximum number, owing to the limited size of the tumors.
In the 1lipid phantom, an additional four sources were used
in holes #7 through #10. Isoprobe measurements were taken
by removing one of the sources and replacing it with the
isoprobe fiber, so that the isoprobe tip was placed at the
previous position of the center of the 1.0 cm source.

Isoprobe measurements were also taken 1in needle #4l1,
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although no source was placed at this location. After
replacing one of the sources with the isoprobe, one of the
other surrounding sources was briefly illuminated by the dye
laser. The amount of light subsequently collected by the
isoprobe, depended on the power emitted by the cylindrical
source, as well as the attenuation characteristics of the
intervening tumor or phantom material. The light received
by the isoprobe was related to the space irradiance using
equation (11), after adjusting for the difference in
response of the isoprobe with respect to the flat probe.
Equation {8) shows that the value of space irradiance is
mainly determined by the average attenuation coefficient a,
which was calculated from the isoproke readings as will be
described in the Results section. 1In tumors, measurements
were taken for every combination of sources #1 through #6
and probe 1location #1 through #6 plus #11, to generate an
array of isoprobe readings. Additional readings were taken

at locations #7 through #10 in the phantom.

The power emitted by each source fiber tip was measured
prior to each experiment and the dye laser output was
monitored throughout the experiments, to account for
fluctuations in laser output. The wvariation in isoprobe
response under rotation or repositioning of the isoprobe was
less that 5%. The equivalent variation for repositioning of

the sources was also under 5%.
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F. Validation: Flat Probe Light Measurements in Tumors and
Phantoms

It was described in the previous section how various
measurements were taken in order to determine average
attenuation coefficients. This information was later used
to interpolate the space irradiance at intermediate points,
between the isoprobe measurement locations. These
interpolated values were compared to space irradiance
measurements, which were taken at 1 mm intervals within
tumors by means of a flat tip probe (see section III-D for
description). Figure V-1 indicates the three axes along
which these flat probe measurements were taken,
perpendicular to the plastic needles. The stainless steel
needle containing the probe fiber, was inserted through one
of the three holes in the side panel of the dosimetry
enclosure and then gradually inserted into the tumor in 1.0
mm increments. A light reading was taken at each increment.
Plastic needle #11 was not in place during these
measurements, since it would have interfered with the
passage of the flat probe needle through the center of the
enclosure. In tumors, flat probe measurements were taken
only on the 0-axis in Fig.v-1l. All three axes were used in

the lipid phantom.
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IV. RESULTS AND ANALYSIS

A. Scattering, Absoirption and Attenuation Coefficients

The space irradiance arising from a cylindrical source was
given approximately by the first term on the right side of
equation (8), where the attenuation coefficient a and other
parameters D and 7Y appearing in this relation were uniquely
specified by the absorption and transport coefficients, k4
and K¢y through ejuations (4), (5),and (7) respectively. By
taking measurements with a source in one plastic needle and
an isoprobe in another, the 1left hand side of (8) 1is
specified, after converting the isoprobe reading at location
X into a corresponding space irradiance. However, since the
equation involves two unknowns, it is necessary to assume a
value for either k¢y or ky in order to solve the equation
based on a single isoprobe reading. In Chapter IV one
approach to this dilemma was described, which was to assume
an average or typical value for the transport coefficient

ker (i.e. the effective scattering coefficient) for R3327-

AT tissue. In this way, the problem of calculating values
of absorption and attenuation (and ultimately space
irradiance) from isolated isoprobe readings became
tractable. The average value of Kk¢p = 9.0 em~1  was

determined as a "best fit" value, by comparing calculated
space irradiance values with direct measurements taken with

a fiber optic probe.
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One of the goals of the experiments in the present chapter
wés to see if average values of k¢, could be estimated
strictly from isoprobe measurements. One way to accomplish
this is to take two independent isoprobe meaéurements at
different distances from the same source, which can then be
used to set up two relations as described above. In these
calculations, the second term in (8) was neglected, since it
was small relative to the first term except near sources.
In the phantom material, the second term represented
approximately 10% of the total light flux at a 1 cm distance
from a source, whereas it represented less than 1% for tumor
at the same distance. Hence this approximation was more
accurate for tumor tissue than for the phantom. This
difference was due to the different ratios of absorption to

total scattering in the two cases.

Two equations, arising from a pair of distinct isoprobe
readings at different distances from the same source can, in
theory, be solved uniquely for the two unknowns K¢, and k.
The arrangement shown in Fig.V-1l, consisting of six needles

at the vertices of the inner hexagon and one in the center,

was suitable for acquiring various pairs of isoprobe

readings. For example, using source 41, measurements of
space irradiance were taken with the isoprobe in needles #4
and #11. For the reading in needle #4, needle #l1 was not
present within the medium, in order not to interfere with

light propagation between the source in #1 and the probe in

109



#4. These measurements defined two simultaneous relations
for k; and K¢p. Another example using source #l, of a pair
of readings which could be solved for key and ky, is the
isoprobe placed in needles #5 and #6. In this way, for each
source location, a number of pairs of simultaneous equations
for ktr and X5 could be set up and solved. After this was
done, these derived values of ki, were averaged together, to

obtain an average for the particular tumor or phantom.

A practical difficulty with the above method for determining
kg and k¢y, is that for there to be a solution to the two
equations requires that the optical coefficients be
reasonably constant in the region containing the needles.
However, variations in absorption were sometimes large in
the three tumors that were studied. The R3327-AT tumor is a
fast growing tumor which quickly outgrows its blood supply,
resulting in a necrotic tumor core. Dissection of the
tumors after dosimetry tests showed a dark grey-brown area
at the core which gradually (but irregularly) became lighter

towards the tumor periphery, which was a light beige color.

A consequence of these color variations due to tumor
physiology was that in some cases, the two isoprobe
méasurements from a single source were not consistent with
the same transport and absorption coefficients. In other
words, no pair of K¢, and k5 were able to simultaneously

satisfy the equations arising from the pair of isoprobe
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readings. However, in most cases a solution was possible.
The results of these calculations are given as the average
values of transport coefficient Kk¢,, in the first row of
Table V-1. The values of K¢, in three tumors ranged between
9.42 and 15.2 cm'l, in reasonable agreement with the result

of 9.0 cm~! deduced in the previous chapter.

In the 1lipid phantom material, the situation was quite
favorable for calculating k¢, due to the optical uniformity
of the medium, and yielded a value for transport coefficient

of 1.86 +0.08 cm~1l,

After the average transport coefficient had been determined
in each phantom or tumor, these results were used to
calculate absorption and attenuation coefficients for each
individual isoprobe reading, to generate arrays ki(i,j) and
a(i,j) where i and j refer to the source and isoprobe
locations respectively. The average values of absorption
and attenuation coefficients from these arrays are given in

Table V-1.

Before leaving the description of the isoprobe measurements,
it should be noted that some difficulty was experienced in
inserting the plastic needles into the tumors in a parallel
fashion. This was especially true of the in vivo tumors due
to overlying skin and the curvature of the tumor surface.

After penetrating through to the far side of the tumor,
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needle positions were adjusted when necessary in order to
line up with the corresponding hole in the back wall of the
chamber. This caused some distortion of the tissue. 1In

both in vivo experiments, two of the needles penetrated both

the tumor and the well-vascularized area between the tumor
and the rat's flank. Isoprobe readings in these needles
were smaller than equivalent values from other needles,

presumably due to accumulation of blood in the vicinity of

the needles.

B. Comparison Between Theoretical and Expeximental Space
Irradiance

Experimental space irradiance values were obtained at 1.0 mm
intervals within tumors along the O-axis'and phantoms along
the axes designated -0.5 cm, 0 and +0.5 cm in Fig.V-1. For
these measurements, sources #1 through £6 were
simultaneously illuminated in the tumors, or sources #1
through #10 in the phantom . These data were compared to
theoretical values that were calculated in the following
manner. First, the average transport éoefficient Ky
together with arrays ki(i,j) and a(i,j) were obtained as
discussed above. This information was then employed in
calculating the space irradiance, which was estimated by
summing the individual contributions of the six (or ten)
sources. At this point the question arose as to the best
value or values of attenuation coefficient a to use in the

calculations of space irradiance. In Chapter IV two
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alternative methods were employed, in determining the
attenuation coefficients to be wused in calculating the
contribution to the space irradiance from a specific source.
These methods were based on either averaging or
interpolating the af(i,j). Since the variation among the
a(i,j) was small in the lipid phantom, the calculated space
irradiance results were essentially the same regardless of
the method used for determining a. However, this was not
true for the tumors because of large variations in the
a(i,3). "he averages and standard deviations of the
attenuation coefficients a(i,j) and associated absorption
coefficients kz(i,j) in postmortem and in vivo tumors and

the phantom are given in Table V-1.

Because of this variability in tumors, it was important that
the value of a that was used, reflect as closely as possible
the actual attenuation in the tumor region near the position
being calculated. Two different methods were adopted and
the resulting theoretical curves compared. In the first

method, the space irradiance at point x in a tumor was
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calculated according to the formula

M N . .
d(x) = I Ppoli) Vi) T wli,k) e-a(i) -X(1i,k)
i=1  4n D(i) k=1 X(i,k)
M N ' '
+ © poli) = wii,k) e-(5/4)k(i) -X(i,k) (13)
i=1 In =1 X(1,k)?

where a(l)=a(1,11), a(2)=a(2,3), a(3)=a(3,2), a(4)=a(4,11),
a(5)=a(5,6), a(6)=a(6,5), a(7)=a(7,8), a(8)=a(8,7),
a(9)=a(9,10) and a(10)=a(l10,9). In (13), the total number
of sources M, was equal to six or ten for tumor or phantom
respectively. The value of the total effective coefficient
for scattering and absorption k(i), was derived from the
absorption coefficient associated with a(i) in combination
with the transport coefficient. Other symbols are defined
as in equation (14), Chapter IV. The rationale behind this
approach can be seen by referring to Fig.Vv-2. For each
needle i, a(i) was equated with the a(i,j) corresponding to
the region closest to the portion of the 0-axis closest to
the needle. For example, a(2) was set equal to a(2,3) since
the portion of the 0-axis closest to needle #2 was between

needles #2 and #3.

Figure V-1 also illustrates the second method, which was
based on interpolation of the a(i,j). For example, when

calculating the contribution of source #l1 to the field at
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Py, the attenuation coefficient used in (8) was

a = af(l,6) + [a(l,11) - a(1,6)] . (14)

w_
/3
The contribution from source #2 at point P, was similarly

calculated by interpolating between a(2,11) and a(2,3).

Figure V-3 gives a comparison in one of the in vivo tumors,
of space irradiance measurements versus calculations. The
squares correspond to axial measurements obtained with the
flat probe, that were begun immediately after the insertion
of plastic needles #1 through #6 and their corresponding
sources. This sequence of measurements required 6 min to
complete. 2fter a lapse of 2 min, a series of isoprobe
measurements was then undertaken in needles #1 through #6,
which took 24 min to complete. Another lapse of 7 min was
followed by a second set of £flat probe measurements,
indicated by crosses on Fig.Vv-3. Lastly, 48 min after the
initial measurements, needle #11 was inserted into the tumor
and isoprobe readings for each of sources #l1 - $6 were

obtained within this needle.

The upper curve in Fig.V-3 was calculated from the isoprobe
measurements according to equation (13); the lower curve was
calculated by the interpolation method, using readings taken
in the central needle (#11). The curve obtained using (13)
matches fairly well the second set of axial measurements,

which were taken shortly after the isoprobe readings. Both
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the isoprobe readings and this second set of flat probe
readings indicate a substantial decrease in space irradiance
with respect to the first set of measurements. The
influence of the final isoprobe readings taken at the tumor
core in needle #11 can be seen by the behavior of the lower
curve at points intermediate between -0.9 and +0.9 cm. This
interpolated curve is lower than the other curve, because the
lower values of the isoprobe measurements at this dark
region of the tumor affect the calculations pertaining to

all six sources,rather than just sources #1 and #4.

Results from the second in vivo tumor are shown in Fig.V-4.
The squares represent a first set of axial measurements;
the crosses, a second set taken immediately afterwards. 1In
this case, the second set was taken while withdrawing the
flat probe from the tumor, whereas all other axial
measurements were taken while pushing the probe into the
tumor. A similar drop in magnitude of the second set of
measurements was observed as with the other in vivo tumor.
The two curves represent calculations based on two separate
sets of isoprobe measurements. The upper curve represents
isoprobe measurements that were taken before the axial
measurements; the lower curve represents measurements taken
afterwards. The lower curve shows the effects of a
reduction in the amount of light received by the isoprobe in
all of needles #1 - #6. However, this drop was not as

pronounced as that seen between the two £flat probe
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measurement series. The upper isoprobe curve (corresponding
to the earlier measurements) was calculated without using
data from needle #l1. This resulted in the large difference

between the two curves in the region between ~0.9 and +0.9.

Figure V-5 shows results from a single postmortem tumor
which include a first (squares) and second (crosses) flat
probe measurement series and calculated curves from two
isoprobe series. In this case, the flat probe measurement
series are similar in magnitude, although they are laterally
displaced. The two curves are derived from distinct
isoprobe series. The difference between them in the region
between -1.0 and 1.0 cm is solely due to the fact that the
second series included measurements in the central needle,
whereas the first did not. Differences between
corresponding isoprobe readings in needles #1 through #6

between the two series were small.

Experiments in the phantom yielded results displayed in
Figs.v-6 and V-7. The squares and upper theoretical curve
in Fig.v-6 correspond to the central axis and the crosses
and lower curve correspond to the axis designated as -0.5 on
Fig.v-1. Figure V-7 shows results for the +0.5 axis of
Fig.v-1. Theory and experiment are in reasonable to good

agreement for all three axes.
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V. DISCUSSION

An important goal in PDT dosimetry is to predict the space
jrradiance at depth in tissue. Since tissue properties vary
widely, it is necessary to obtain at least some limited
measurements on a particular sample in order to do this with
any degree of confidence. Such measurements can then be
interpolated to other locations using a suitable theory.
The results in the 1liquid phantom show that reasonable
accuracy is possible in a homogeneous medium with such a
technique. Similar lipid emulsions have been used as light
diffusing media in PDT treatments of bladder cancerl6,17 and
in other dosimetry studiesl0,18, Unpublished results in our
laboratory indicate that the optical properties of these
liquids can change with time, suggesting that these
materials should be employed with care. The use of an

ultrasonic probe immersed in the liguid appeared to lessen

this problem.

Oon all axes in both the phantom and tumor experiments, there
is an apparent lateral displacement between the theoretical
curves and the experimental points (Figs.V-3 through V-7).
Although this displacement varies in magnitude on the
graphs, it appears to correspond, on average, to a physical
displacement of approximately 1 mm. Due to the symmetry
about the origin of the arrangement of light sources, the
actual placement of the minima and maxima with respect to

the origin should also be symmetrical. This gives good
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reason to believe that the observed displacement 1is an
experimental artifact. Such an effect can be explained, at
least in part, by the directional nature of the flat tip
fiber optic probes, which appear to be sampling the space
irradiance at a location approximately 1 mm in front of the
fiber tip. This distance is comparable in magnitude to the
1.08 mm diameter of the steel needle, which holds the
optical fiber. A similar shadowing effect by the
fiber/needle assembly was noted in Chapter III. We
conclude, that this displacement between the apparent
measurement location and the actual tip of the fiber optic
probe, should be taken into account when comparing theory
with measurements of light in tissue, taken with fiber optic
probes of this type. A number of such experiments have been

reported in the literaturel9-23,

In contrast to the good agreement of theory with experiment
in the phantom, the results in postmortem tumors from
Chapter IV sometimes show significant discrepancies between
theory znd experiment. Results from the excised tumor in
the current study are given in Fig.V-5. There are two
theoretical curves shown; the difference between them is
that the lower curve takes into account isoprobe readings
taken at a single location at the tumor core,whereas the
upper curve does not. The substantial difference in

accuracy between these two curves clearly demonstrates the
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importance of taking sample 1light readings at various

locations throughout a tissue volume.

A source of experimental inaccuracies in tumor experiments
was due to sideways drift of the flat probe holding needle,
as it was inserted into the tumors. For example, for
typical tumor optical parameters, a sideways drift of 1 mm

would result in a change in the measured space irradiance of

between 20% and 30%.

The results in in vivo tumors are very different from the
postmortem results and raise some interesting questions.
Marijnissen and starl® hag reported that 1light readings
taken with an isoprobe in a transparent catheter in tissue,
decreased by up to 90% of their initial values, during the
course of an hour during PDT treatments. The results in
Figs.V-3 and V-4 also show large decreases in observed light
intensities over approximately the same period of time, the
extent of the decrease varying with location. These
decreases are not due to thermal effects, since the average
source power was only about 35 mWw. Also, since no
significant decrease in light transmittance was observed in
the excised tumor, this suggests that the most obvious
cause Wwas vascular injury from the inserted needles,
resulting in a continuous extravasation of blocd. What is
not clear, is how much of this decrease may have been due to

localized pooling of blood around the plastic needles
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containing the sources and isoprobe and/or the flat probe
detector needle. The answer to this question has bearing on
whether the observed decreases in light intensity are real
or at least partly an artifact of the measurement process.
Figure V-4 presents two sequences of direct space irradiance
measurements in an in vivo tumor together with results of
two sets of isoprobe measurements. The first set of
isoprobe measurements was taken before the direct
measurements, whereas the other set was taken after them.
The difference between the isoprobe~derived curves is
considerably 1less than the difference between the two
sequences of direct measurements, although the latter were
taken within only a few minutes of each other. This
suggests that the large decrease in intensity observed in
the second sequence of direct measurements was probably a
localized phencmena, perhaps due to a collection of blood
and other fluid in the path of the flat probe holding
needle. on the other hand, the results for the other in
vivo tumor suggest a different story. In Fig.vV-3, the
isoprobe measurements corresponding to the upper curve were
taken between two sequences of direct irradiance
measurements and in this case they are consistent with the
drop in space irradiance that was observed, suggesting a
more generalized decrease in space irradiance throughout the
tumor and perhaps especially in the vicinity of the plastic

needles. Dissection of this tumor after the experiment did

121



show some pooling of blood where the needles had been

inserted.

In summary, interpolations of isoprobe measurements using a
simple model of light distribution, are in agreement with
direct measurements in a tissue-equivalent phantom. It
appears that the average effective scattering coefficient in
tissue can be estimated, based on a series of isoprobe
measurements in interstitial needles. Such measurements
could, in principle, be performed in a clinical setting
prior to PDT. The dosimetry technique was reasonably
accurate in predicting light intensities at measured points,
in one postmortem tumor. Large variations in local
absorption and attenuation coefficients were consistently
found in tumors, as illustrated.ﬁby the 1large standard
deviations in optical parameteré reported in Table TI.
Although calculations of space irradiance in in vivo tumors
appeared to be reasonably consistent with measured values,
such comparisons were difficult to make, due to rapid
decreases in the apparent transparency of tumor tissue
during the course of the experiments. The cause of these

temporal changes in absorption 1 vivo, was tentatively

attributed to 1leakage of blood from damaged vasculature.
Further in vivo studies are needed, to examine these changes
in optical properties and the significance of this

phenomenon in photodynamic therapy dosimetry.
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Fig.vV-1l Front and side views of the dosimetry enclosure.
Needle holes were evenly spaced on two concentric circles of
2.0 cm and 4.0 cm diameter, with one central hole (#11).
Cylindrical 1 cm long light sources attached to fiber
optics, were placed within 2 mm diameter plastic needles in
holes #1 through #6 for tumors or holes #1 through #10 in
the phantom. The flat tip 1light probe was inserted
perpendicular to the plastic needles, into holes designated
as -0.5 cm, 0 and +0.5 cm in the side wall of the chamber.
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Fig.v-2 Diagram illustrating interpolation of attenuation
coefficients for calculating space irradiance on the 0-axis.
For example, the attenuation coefficient for source #l and

point Py is given by a = a(l,6) + (a(l,11) - a(l,6)].
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Fig.v-3 Space irradiance data on the 0-axis in in vivo tumor
#1 vs theory, using six cylindrical light sources (avg. 35
mw) . Squares and crosses, first and second flat probe
measurement series respectively. Solid curve, theory based
on isoprobe readings in needles #l through #6. Dashed
curve, theory based on the same readings in needles #1
through #6, plus additional readings in needle #11.
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Fig.V-4 Space irradiance data on the 0-axis in in vivo tumor
#2 vs theory, using six cylindrical light sources. Squares
and crosses, first and second flat probe measurement series
respectively. Solid curve, theory based on a first set of
isoprobe readings in needles #1 through #6. Dashed curve,
theory based on a second set of isoprobe readings in needles

#1 through #6, plus #11.
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Fig.V-5 Space irradiance data on the 0-axis in a postmortem
tumor vs theory, using six cylindrical sources. Squares and
crosses, first and second flat probe measurement series
respectfully. Solid curve, theory based on a first set of
isoprobe readings in needles #1 through #6. Dashed curve,
theory based on a second set of isoprobe readings, in
needles #1 through #6 plus #11.
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Chapter VI : GENERAL DISCUSSION

Experimental and theoretical studies on tissue optical and
thermal properties have burgeoned in recent years, mainly as
a result of the advent of laser surgery in general and
photodynamic therapy in particularlrz. Experimental studies
of tissue optical properties have included postmortem and in
vivo tissues and tissue-equivalent phantoms3'4r5. The
requirements of PDT dosimetry have resulted in the
development of a variety of special devices for
interstitial, intraluminal and intracavitary illuminationﬁ,
for direct measurement of light in tissue’ and for detection

and analysis of HpD fluorescence as a diagnostic aid8,

The challenge of future work in the area of tissue optics
will be to bring this knowledge out of the laboratory and
into the operating room and clinic. The present state of
PDT dosimetry in clinical practice is empirical and
essentially consists of prescribing a surface, intracavitary
or interstitial dose based on past experience with the
particular tissue type. For example, the total dose and
dose rate for a cylindrical source implanted in a bronchial
tumor have been specified at 200 J/cm and 400 nmW/cm
respectivelyg. As more sophisticated techniques for
applying PDT clinically come into more frequent use, such as
multiple and CT guided interstitial implantations, more

sophisticated dosimetry will be required to keep pace.
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However, dosimetry in the sense of ionizing radiation
dosimetry, i.e. being able to predict dose at depth with
reasonable accuracy, has not been possible as of yet in
clinical PDT. The main difficulty in introducing dosimetry
that takes into account the properties of the specific
tissue undergoing PDT, is that the clinical situation does
not usually allow the kind of physical intervention that
would be needed. It will probably never be possible to
calculate accurately depth-dose relationships simply by
referring to pre-established tables of tissue properties,
since penetration depths among samples of ostensibly similar
tissues have been shown to vary widely1'3. This variability
stems from the strong dependence of scattering and absorbing
interactions of visible light on random inhomogeneities in

tissue structure, density and coloration.

The use of the R3327-AT tumor tissue as a model for light
propagation and dosimetry, has provided for the detailed
scrutiny under various conditions of a large experimental
solid tumor, which is histologically reproducible. The
penetration depths at 630 nm that have been measured in
R3327-AT tumors (eg. 1.7 to 2.8 mm) fall within the range of
typical values for soft tissuel. In vivo penetration depths
were found to be somewhat smaller than postmortem values.
Wilson et al.3 studied postmortem changes in penetration
depth at visible wavelengths in rabbit muscle and liver and

in pig brain. Light penetration was found to increase
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postmortem in rabbit muscle at all wavelengths. In pig
brain, penetration increased postmortem at 425 nm; however
no significant increase was observed at wavelengths above
600 nm. No systematic changes in penetration were observed
in liver samples. The changes in light penetration that
were observed postmortem were attributed in part to blood
drainage, and it appears likely that this also was a major

contributor to postmortem differences in R3327-AT tumors.

Data presented in Chapter IV suggest that increased
attenuation in vivo may be expected after the insertion of
needles, due to leakage of blood from easily damaged tumor
vessels and capillaries. This effect was observed in the
absence of any photodynamic or thermal action. Decreases in
light intensities of up to 90% over a period of one hour,
have been observed with an interstitial light probe within
tumors during photodynamic therapys. Blood leakage secondary
to vascular trauma might be greater during PDT than in its
absence, as a result of increased blood flow in tissue.
Using laser Doppler velocimetry, blood flow has been shown
to increase during PDT by a factor of 3-10 in tissue

involved with tumorslo.

The above considerations show that the use of optical
phantoms and excised tissues although useful, is of strictly
limited value as a model for in vivo dosimetry. A similar

situation is faced by those studying mechanisms of
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photodynamic tumor destruction and photosensitizer
localization in tumors. In vitro studies on direct B?DT

cytotoxicity to cells do not appear to be relevant models of

the processes leading to tumor destruction i vivo. Evidence

from different studies shows that cell death in PDT treated
tumors only occurs if the cells remain in the tumor
environment following PDT. Cells that are removed from the
tumor immediately after PDT and explanted to other animals
in general remain viablell. By contrast, cell death |is
expressed in vitro as a consequence of direct photodynamic

damage to the specific cel1l?,

The question of the mechanism of tumor destruction in PDT
has relevance to the optimal delivery of light dose. 1In
ionizing radiation dosimetry, cell kill results from direct
damage to cells, especially nuclear DNA. In PDT, the main
target may be the vascular endothelium, which in the hours
following PDT undergoes changes which eventually lead to
vascular stasis and extravasation of erythrocytesl3. It has
been suggested that 1in some cases tumor regrowth has
occurred because of preserved vascular structures near the
base of tumors with surrounding islands of viable tumor,
despite the application of high light and drug doses to the
entire tumorlé. Fingar and Hendersonl® found that long term
control of two mouse tumor models was achieved only if a
margin of normal tissue underl?ing the tumors was damaged.

It these results turn out to be applicable to human tumors,
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more attention may need to be focussed on the application of

light to margins of normal tissue surrounding tumors.

Histological studies of experimental tumors have
demonstrated that areas of PDT-induced necrosis are clearly
and abruptly demarcated from remaining viable tissue. This
fact has made it possible to examine geometric aspects of
tumor necrosis as a function of different drug and light
doses. Fingar et al.l4 studied the effects of PDT on RIF
tumors in mice using different combinations of drug and
light doses. These experiments showed that within certain
ranges, the action of drug and light doses were reciprocal,
that is, the percentage of remaining clonogenic cells at 24
h post-PDT depended on the product of drug times light, not
their individual values. This was true only within limits
defined by minimum or threshold dose levels of 1.2 mg/kg and
15 J/cm2, At a fixed drug dose of 10 mg/kg, there was a
linear increase in the depth of necrosis from the surface of
the tumor, with a logarithmic increase in the dose of light.
This relationship was due to the exponential decrease in
light flux from the tissue surface, and suggests that a
threshold dose for lethal damage was essentially constant

throughout the tumor.

If the existence of a relatively constant threshold light
.dose is confirmed in other experimental tumor models as well

as human tumors, this may be of key importance in future
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treatment planning in PDT. However, much work remains to be
done in determining to what extent the threshold light dose
may vary with tumor location and physiological factors
pertaining to uptake and distribution of the
photosensitizer. Another critical problem is the best
strategy for dealing with surrounding normal tissue and
vasculature, which may contribute to eventual tumor regrowth

by providing nutrients to remaining viable tumor cells.

An important consideration is the role of hypoxia in PDT of
solid tumors. Photodynamic damage occurs mainly through the
cytotoxic effects of singlet oxygen, which is formed by
energy transfer from excited triplet state porphyrins to
ground state oxygen molecules. It has been shown in vitro
that oxygen 1levels of at least 1 % are necessary for a
therapeutic effectlb, Complete cessation of blood flow has
been observed in tumors during the period from a few hours
to one day after pDTL7, As was mentioned earlier, cell
death following PDT only occurs if the cells remain in this
hypoxic environment, which may be the primary £factor
responsible for tumor necrosis. However, a pre-existing
hypoxic fraction containing viable cells may represent
regions of PDT-resistance in some solid tumors, the R3327-AT
tumors being a prime example. The addition of the hypoxic
cell cytotoxic agent MISC to PDT of these tumors was
instrumental in improving the cure rate. A future direction

in combined PDT-chemotherapy may involve other drugs of this
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type, such as SR 2508 (etanidazole), which 1is currently
undergoing clinical trials as a sensitizer in
radiotherapyl®. The chemotherapeutic agent adriamycin has
also been shown to enhance the therapeutic effect in PDT of
experimental tumors, although increased skin
photosensitization may be a contraindication for some

clinical usesl8,

A vigorous area of current research in PDT is the search for
efficient photosensitizers at wavelengths of 650 mnm and
above, where tissue is most transparent to light. Two of
the promising classes of compounds under investigation are
chlorins?0 and phthalocyanineszl. A new class of porphyrins
have shown less skin photosensitization than Photofrin II

and better efficiency at inducing necrosis in tumors??,

Advances in dosimetry will be needed to take full advantage
of these new photosensitizers. Progress towards this goal
will require more data on in vivo tissue optical properties
together with the development of techniques for measuring
them in a manner acceptable in a clinical setting. It has
been undertaken in this thesis to develop some of the
principles of such a method, with the expectation that in
situ light measurements will eventually be employed in
clinical practice to calculate realistic light distributions

.in photodynamic therapy.
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Appendix 1: CYLINDRICAL IRRADIATOR FIBER TIP FOR

PHOTODYNAMIC THERAPY

A cylindrical, diffusing fiber tip was developed for
application to interstitial photodynamic therapy. Details
concerning the 'construction of the fiber tip will not be
given here, since this information has been documented
elsewhere (see footnote). However, a brief description of
the tip, together with pertinent data regarding emission

characteristics, is given below.

Cylindrical tips were 1 cm in length and consisted of a
hollow dome of glass (pyrex), which was coated on its inner
surface with a white epoxy (56C-white, Dexter Corp.,
Industry, CA). The glass dome was glued to the stripped and
cleaved end of a 600 um core diameter optical fiber, as

illustrated in Fig.Al-1.

Tests were conducted to ascertain the cylindrical irradiator
output characteristics using a 1 mW helium-neon laser, which
was focussed onto the input end of the optical f£fiber.
Measurements were taken of both the near and far field light
distributions, of a total of six individual tips. Figure
* A version of this appendix has been published.
M.R.Arnfield, S.Gonzalez, P.Lea, J.Tulip and
M.S.McPhee, "Cylindrical irradiator fiber tip

for photodynamic therapy," Lasers Surg. Med.
6:150--154, 1986.
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Al-2 gives the average near field distribution of the six
tips, as measured by a radiometer. The near field was
measured by holding the radiometer detecting surface behind
a narrow (0.5 mm wide) slit, which was 3 mm distant from the
cylindrical tip. This assembly was scanned along the length
of the tip, to produce a distribution as shown in Fig.Al-2.
Error bars correspond to two standard deviations of the
results from six tips, with each tip emitting 100 mW total

power.

The far field distribution was obtained by moving the
detector on a 31 cm radius circular arc, with the tip at the
center of the circle. The resulting intensity measurements
vs polar angle are given in Fig.Al-3. At each angle, the
relative intensity 1is given by the radial distance from the
origin to the plotted line. The error bars on Fig.Al-3
correspond to the typical variation of output power, under

rotation of the tips about the optical fiber axis.

Lastly, the 1light transmission efficiency of the tips was
measured. The average transmission of the tips was 91.6
+2.6%, considered with respect to the power emitted by the
bare fiber. Since a typical output efficiency for the bare
optical fiber vs the laser input power was 85%, the combined
efficiency of a treatment fiber was typically 0.85 x 0.92 %

100% = 78%
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Fig.Al-1 Schematic diagram of a cylindrical irradiator.
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Fig.Al-2 Near field distribution of a cylindrical tip,

emitting 100 mW total power.

Fig.Al-3 Far field distribution, showing the relative light

intensity on a circular arc around a cylindrical irradiator.



