Photosensitizer dosimetry controlled PDT treatment planning
reduces inter-individual variability in response to PDT
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ABSTRACT

Effective Photodynamic therapy (PDT) treatment depends on the amount of active photosensitizer and the
delivered light in the targeting tissue. For the same PDT treatment protocol, variation in photosensitizer
uptake between animals induces variation in the treatment response between animals. This variation can be
compensated via control of delivered light dose through photodynamic dose escalation based on online dosimetry
of photosensitizer in the animal. The subcutaneous MAT-LyLu Dunning prostate tumor model was used in this
study. Photosensitizer BPD-MA uptake was quantified by multiple fluorescence micro-probe measurements at 3
hours after verteporfin administration. PDT irradiation was carried out after photosensitizer uptake measurement
with a total light dose of 75 J/cm? and a light dose rate of 50 mW /cm?. Therapeutic response of PDT treatments
was evaluated by the tumor regrowth assay. Verteporfin uptake varied considerably among tumors (inter-tumor
variation 56% standard deviation) and within a tumor (largest intra-tumor variation 64%). An inverse correlation
was found between mean photosensitizer intensity and PDT treatment effectiveness (R? = 37.3%, p < 0.005). In
order to compensate individual PDT treatments, photodynamic doses were calculated on an individual animal
basis, by matching the light delivered to provide an equal photosensitizer dose multiplied by light dose. This was
completed for the lower-quartile, mean and upper-quartile of the photosensitizer distribution. The coefficient
of variance in the surviving fraction decreased from 24.9% in non-compensated PDT (NC-PDT) treatments to
16.0%, 14.0% and 15.9% in groups compensated to the lower-quartile (CL-PDT), the median (CM-PDT) and
the upper-quartile (CU-PDT), respectively. In terms of treatment efficacy, the CL-PDT group was significantly
less effective compared with NC-PDT, CM-PDT and CU-PDT treatments (p < 0.005). No significant difference
in effectiveness was observed between NC-PDT, CM-PDT and CU-PDT. The results indicate that by measuring
the mean photosensitizer concentration prior to light treatment, and then adjusting the light dose appropriately,
a more uniform treatment can be applied to different animals thereby reducing the inter-individual variation in
the treatment outcome.
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1. INTRODUCTION

The emerging cancer treatment modality, photodynamic therapy (PDT), has recently been accepted for the
treatment of certain malignant and non-malignant diseases.! ® PDT involves photosensitizer (PS) localization
and light irradiation to the target tissues. Upon irradiation, PS molecules are excited, which interact with
surrounding molecules, leading to the generation of singlet oxygen and/or free radicals that are toxic to cells.> 710
The massive production of singlet oxygen is thought to be the major mechanism behind tumor cell lysis. Over
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the past 30 years, PDT protocols have been developed for numerous types of cancers and pre-cancers conditions.
FDA approved PDT sites include skin, head and neck and gastrointestinal tract.!* '3 To date, most clinical PDT
treatments have been performed using a predetermined PS dose, a fixed time interval between photosensitizer
and light administration, and a stipulated irradiation time with a fixed incident light irradiance (in units of
mW /cm? for surfaces, or specified as mW /cm for cylindrical illuminators). Using this protocol, most pre-clinical
and clinical PDT studies indicate a considerable variation in the treatment response.'?> Although some of this
treatment response variation can be due to the biologic variation in response to therapy for different histologic
subtypes or different tumor geometries, the issue of varying photosensitizer concentration in the tumor tissue
is definitely a contributing factor. As a matter of fact, significant heterogeneity in PS tumor uptake has been
demonstrated in both preclinical and clinical PDT studies.'®* > Yet this issue is also the one that can be readily
addressed with in vivo dosimetry measurements, by simply adding more light dose where there is lower drug dose.
There is a well known reciprocity between drug and light dose, which has been demonstrated in experimental
tumors for several years.!619  Recent developments of fluorescence detection techniques have made online
dosimetry of PS possible. Both fiber based dosimeters?® and wide-field fluorescence imaging dosimeters?!~24
have been designed and tested in phantom, animal and clinical studies. These fluorescence measurements can
provide information about photosensitizer concentration in different tumors and in different areas within a tumor.
Currently, most PS dosimetry systems focus on the overall change of PS concentration without enough attention
on the variation of measurements within each subject. This is partially because some PS dosimetry systems
tend to sample large tissue volumes and therefore are not able to detect PS uptake heterogeneity. The micro-
sampling probe in the dosimeter system used in this study allows detection of PS variation in tumor tissue
on the size scale of 100 microns. It is generally accepted that photodynamic therapy dose is defined as the
number of photons absorbed by photosensitizer per unit volume of tissue.?*26 This determination is readily
calculated by multiplying the concentration of PS by its extinction coefficient and the light fluence incident in
that location. Thus, in order to deliver the same PDT dose, as the concentration of PS changes the light fluence
should be adjusted accordingly to compensate for this PS inter-subject variation. The objective of this study
is to examine the feasibility and outcome of individual PDT regimen based on PS dosimetry measurements in
a well-characterized rat prostate tumor model., The PS tumor uptake variation was assessed using a micro-
sampling PS dosimetry system and, based on these measurements, the light dose was adjusted to determine
whether such a modification would improve treatment outcome. If this overall hypothesis is true, it would open
up the possibility of subject-customized PDT dosimetry along the lines of radiation therapy treatment planning.

2. MATERIALS AND METHODS
2.1. Animals and tumor model

Male Copenhagen rats with an average body weight of 120 g-150 g, were used for this study (Charles River
Laboratories, Wilmington, MA). All animals were housed in the Dartmouth Medical School animal facility. This
facility and program are AAACAC accredited and adhere to all USDA guidelines for animal research use. The
animals were housed in a temperature controlled environment with a 12-hr light/dark cycles, having free access
to water and standard laboratory diet. All procedures and experiments were approved by the Dartmouth College
Institutional Animal Care and Use Committee. The animals were anesthetized using an intra-muscular injection
of a mixture of Ketamine and Xylazine at a dose of 90 mg/Kg and 10 mg/Kg respectively. A subcutaneous
tumor was introduced by injection of 1 x 105 cells of the Dunning prostate tumor R3327 MAT-LyLu (Metastatic
AT-Lymph Node and Lung),?” on the right flank in a volume of 50 ul. Animals were followed daily to track the
tumor growth. Tumors were treated when they reach 150-300 mm?® (approximately 7 days post injection).

2.2. Photosensitizer

A liposomal formulation of the photosensitizer benzoporphyrin derivative (BPD),?%29 verteporfin-for-injection

(QLT Inc., Vancouver, BC, Canada), was used for all studies. Following reconstitution, animals received
1.0 mg/Kg BPD intravenously (tail vein). Photosensitizer dosimetry was then performed, and tumors were
irradiated 3 hours after PS administration.
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2.3. Photosensitizer dosimetry

Immediately prior to light treatment, the skin over the tumor area was carefully removed for measurement of
the PS fluorescence in the tissue. The surrounding vasculature was preserved as much as possible to minimize
bleeding and changes in optical properties of the tumor. PS concentration measurement was achieved using
a customized commercial fluorimeter system (Aurora Optics, Inc., Hanover, New Hampshire) at 20 distinct
locations, sampling 5 times at each site. The set of 100 data points for each animal were used to analyze the
intra-tumor variation of fluorescence intensities for each animal. The average of 100 data points for each animal
was used to represent the PS uptake by the individual animal and for the analysis of inter-tumor variation. All
the measurements were recorded 3 hours after PS administration. The fluorimeter system employed a 405 nm
diode laser, a 660 nm long-pass filter and a photomultiplier tube for detection. The fiber bundle contained 6
detection fibers and a center excitation fiber. The six detection fibers each has 100 micron diameter in order
to constrain the distance of tissue sampled to be smaller than the average scattering distance (mean free path)
of tissue, which is typically 100-200 microns. The sampling time for each measurement was limited within 0.5
seconds, so that less than 10% photobleaching occurred when a repeated sampling was taken from an individual
spot on the tissue.?0 32

2.4. Photodynamic dose calculation and Photodynamic therapy treatments

Irradiation of tumors was achieved using a 1 Watt maximum, 690 nm wavelength diode laser (Applied Optronics,
CT) delivered via a 140 wm diameter optical fiber. Laser beam was collimated through a coupling lens on the
end of the fiber to a lcm diameter beam spot over the tumor surface. The tumors received an average incident
irradiance 50 mW /cm?, as evaluated by an optical power meter (Thorlabs Inc, NJ). The time of irradiation
was fixed for the first two groups, and then varied in the latter three groups to maintain a group where each
animal received a fixed total dose, as defined below. Tumor-bearing animals were divided into five groups of
11-20 animals. The control group and standard PDT group were as follows: (a) PS-only Control group (CTRL):
20 animals were injected verteporfin intravenously and received PS dosimetry without laser illumination 3 hours
post injection. (b) Non-Compensated PDT treatment group (NC-PDT): 20 animals received the i.v. injection of
Verteporfin-For-Injection, and photosensitizer dosimetry 3 hours post injection. Animals received the PDT irra-
diation right after PS dosimetry with total light dose of 75 J/cm? and an average light irradiance of 50 mW /cm?.
Photodynamic dose was estimated by multiplying the photosensitizer uptake of each individual and the total light
dose of 75 J/cm?. The effect of compensating the light dose to the photosensitizer concentration was examined
in three ways. Since the fluorescence from each animal was measured in up to 100 samples, each subject had a
distribution of values from which to estimate the photosensitizer dose in vivo. It was hypothesized that compen-
sating the light dose of each animal to achieve a total PDT dose equivalent to that calculated by the mean PS
dose multiplied by 75 J/cm? might be optimal. However, alternative measures of the photosensitizer dose based
upon the histogram of values from each animal, would be to use the lower quartile of the distribution, or possibly
the upper quartile of the distribution. In order to test if the mean lower quartile, or mean upper quartile values
of the PDT dose were better suited to reduce variance in treatment effect, treatment groups were included which
received PDT doses equivalent to the lowest photosensitizer quartile and the highest photosensitizer quartile,
each multiplied by the light fluence of 75 J/cm?. This was achieved by each animal being given a light dose which
was compensated to achieve the same total PDT dose (light dose multiplied by drug dose). These formulas used
the following definitions below. In these definitions, the photosensitizer concentration distribution in the entire
control group was used to calculate the mean, [PS]¢c, the mean of the upper quartile [PSyg]c and the mean of
the lower quartile [PSrglc. In the same way, for each individual animal in the compensated groups they were
used to calculated the mean photosensitizer concentration, [PS];, or the lower quartile [PSrg];, or the upper
quartile [PSygl;- Once calculated for each animal, the compensated dose was estimated and the animals were
treated in one of the three groups according to the formulas:

(¢) Compensation-to-Median PS value treatment group (CM-PDT): 17 animals. Total light dose for each subject
was calculated from the dose calculation formula:

Total light dose = (75.J/cm?) x ([PS]c)/([PS):)

(d) Compensation-to-Lower PS quartile PDT treatment group (CL-PDT): 11 animals received photosensitizer
dosimetry 3 hours after verteporfin injection. The total light dose for each subject was estimated from the
formula:
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Total light dose = (75.J/cm?) x ([PSLglc)/([PSLo)i)

(e) Compensation-to-Upper PS quartile, PDT treatment group (CU-PDT): 19 animals. The total light dose for
each subject was calculated from the formula:

Total light dose = (75.J/cm?) x ([PSuglc)/([PSugl:)

2.5. Tumor Regrowth Assay and Model Based Interpretation

Tumor regrowth assay was used to quantify the treatment effects of photodynamic therapy. Width (a), length
(b) and height (¢) were measured with slide calipers to determine the tumor volume, and calculations were
performed using the formula V' = % x a x b x ¢. The longitudinal tumor volume data, as a function of time (in
days) after treatment, are displayed on a semi-logarithmic scale. The advantage of the semi-logarithmic versus
regular scale is that exponentially growing tumors follow a straight line so that the effects of the tumor growth
delay are clearly seen. Moreover, expressing observations as v; = In(V;), where V; is the tumor volume at time ¢,
facilitates modeling of tumor growth and regrowth in treatment groups and their statistical comparison.?3 The
following tumor regrowth model®® has been applied to mathematically describe the dynamics of treated tumors:
vy =a+ B8t —In(SF%) (e“”‘ — 1), where « is the log tumor volume before the treatment, § is the growth rate
of unaffected tumor cells, 0 is cell loss constant at which the treated cells die, and SF% is survival fraction.
This model allows computing other treatment endpoints such as tumor growth delay (T’GD) computed as and
doubling time (DT) as the solution to the equation . Tumor growth delay (T'GD), doubling time (DT') and
survival fraction (SF%) were used to determine variations of tumor response within and between groups.

3. RESULTS
3.1. Inter-tumor and intra-tumor variation in photosensitizer uptake

Photosensitizer dosimetry measurements were performed on 40 animals (20 from CTRL group, 20 from NC-
PDT group) at 3 hours post injection of verteporfin. Photosensitizer fluorescence intensity measured via PS
dosimeter (Aurora Optics, Lebanon, NH) varied considerably between tumors and between locations on each
tumor. Figure 1(a) demonstrates two tumors, one with small intra-tumor variation (coefficient of variation =
11.9%) and one with a large intra-tumor variation (coefficient of variation = 64.2%)(coefficient of variation =
standard deviation to mean ratio). This information illustrates how animals may have different photosensitizer
uptake distributions, e.g. animal B has a higher percentage of low photosensitizer uptake area compared with
animal A, possibly due to necrotic areas or damaged blood flow. The overall intra-tumor variation summarized
from 40 animals is shown in Figure 1(b). Differences in data distribution for individual animal and a larger
population are shown. Inter-tumor variation of photosensitizer uptake is shown in Figure 1(c). This graph
summarizes the average photosensitizer uptake from 40 animals (coefficient of variation: 56.9%). Photosensitizer
uptake is represented by the average of 100 data points measured from each tumor. In Figure 1(a), the mean
and standard deviation are 0.291 and 0.082 for rat A (smaller variation), and 0.296 and 0.190 for rat B (larger
variation), which correspond to coefficient of variation values of 11.9% and 64%, respectively. The mean and
standard deviation in Figure 1(b) were 0.50 and 0.33, and coefficient of variation was 66.0%. In Figure 1(c), the
mean and standard deviation values are 0.51 and 0.29, corresponding to a coefficient of variation of 57%.

3.2. Inter-tumor variation in treatment response

To assess the tumor response to PDT treatment, the tumor volume was measured daily immediately following
PDT treatment. The animals in the photosensitizer only control group showed faster and less variable growth
dynamics (Figure 2). The mean =+ standard variation of tumor volume on day one and day six were 213471 mm?
and 22244735 mm?®. The coefficients of variation were 33.4% and 33.1% respectively. The animals in the Non-
Compensated PDT treatment group showed considerably more variation in growth dynamics after treatment.
On day 1, the mean tumor volume was 204 mm? with a standard deviation of 55 mm?, which corresponds to a
coefficient of variation of 26.9%. On day 8, the mean tumor volume increased to 175341151 mm3, corresponding
to coefficient of variation of 65.7%. By fitting the tumor volume to a double-exponential regrowth model, the
control tumors were found to grow at an exponential rate of , with a doubling time of 1.48 days. Non-compensated
PDT treated tumors showed an average growth delay of 3.54 days (standard deviation: 0.41, coefficient of
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