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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/cm2 and a light dose rate of 50 mW/cm2 . 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 (R2 = 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.1–6 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.5, 7–10
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.11–13 To date, most clinical PDT
treatments have been performed using a predetermined PS dose, a ﬁxed time interval between photosensitizer
and light administration, and a stipulated irradiation time with a ﬁxed incident light irradiance (in units of
mW/cm2 for surfaces, or speciﬁed as mW/cm for cylindrical illuminators). Using this protocol, most pre-clinical
and clinical PDT studies indicate a considerable variation in the treatment response.12 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.14, 15 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.16–19 Recent developments of ﬂuorescence detection techniques have made online
dosimetry of PS possible. Both ﬁber based dosimeters20 and wide-ﬁeld ﬂuorescence imaging dosimeters21–24
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 microsampling 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.25, 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 microsampling 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 × 105 cells of the Dunning prostate tumor R3327 MAT-LyLu (Metastatic
AT-Lymph Node and Lung),27 on the right ﬂank in a volume of 50 µl. Animals were followed daily to track the
tumor growth. Tumors were treated when they reach 150-300 mm3 (approximately 7 days post injection).

2.2. Photosensitizer
A liposomal formulation of the photosensitizer benzoporphyrin derivative (BPD),28, 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.30–32

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 µm diameter optical ﬁber. Laser beam was collimated through a coupling lens on the
end of the ﬁber to a 1cm diameter beam spot over the tumor surface. The tumors received an average incident
irradiance 50 mW/cm2 , as evaluated by an optical power meter (Thorlabs Inc, NJ). The time of irradiation
was ﬁxed for the ﬁrst two groups, and then varied in the latter three groups to maintain a group where each
animal received a ﬁxed total dose, as deﬁned below. Tumor-bearing animals were divided into ﬁve groups of
11-20 animals. The control group and standard PDT group were as follows: (a) PS-only Control group (CTRL):
20 animals were injected verteporﬁn 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 irradiation right after PS dosimetry with total light dose of 75 J/cm2 and an average light irradiance of 50 mW/cm2 .
Photodynamic dose was estimated by multiplying the photosensitizer uptake of each individual and the total light
dose of 75 J/cm2 . 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 compensating the light dose of each animal to achieve a total PDT dose equivalent to that calculated by the mean PS
dose multiplied by 75 J/cm2 might be optimal. However, alternative measures of the photosensitizer dose based
upon the 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/cm2 . This was achieved by each animal being given a light dose which
was compensated to achieve the same total PDT dose (light dose multiplied by drug dose). These formulas used
the following deﬁnitions below. In these deﬁnitions, the photosensitizer concentration distribution in the entire
control group was used to calculate the mean, [P S]C , the mean of the upper quartile [P SU Q ]C and the mean of
the lower quartile [P SLQ ]C . In the same way, for each individual animal in the compensated groups they were
used to calculated the mean photosensitizer concentration, [P S]i , or the lower quartile [P SLQ ]i , or the upper
quartile [P SU Q ]i . Once calculated for each animal, the compensated dose was estimated and the animals were
treated in one of the three groups according to the formulas:
(c) Compensation-to-Median PS value treatment group (CM-PDT): 17 animals. Total light dose for each subject
was calculated from the dose calculation formula:
Total light dose = (75J/cm2 ) × ([P S]C )/([P S]i )
(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 = (75J/cm2 ) × ([P SLQ ]C )/([P SLQ ]i )
(e) Compensation-to-Upper PS quartile, PDT treatment group (CU-PDT): 19 animals. The total light dose for
each subject was calculated from the formula:
Total light dose = (75J/cm2 ) × ([P SU Q ]C )/([P SU Q ]i )

2.5. Tumor Regrowth Assay and Model Based Interpretation
Tumor regrowth assay was used to quantify the treatment eﬀects of photodynamic therapy. Width (a), length
(b) and height (c) were measured with slide calipers to determine the tumor volume, and calculations were
performed using the formula V = π6 × a × b × c. The longitudinal tumor volume data, as a function of time (in
days) after treatment, are displayed on a semi-logarithmic scale. The advantage of the semi-logarithmic versus
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 vt = ln(Vt ), where Vt is the tumor volume at time t,
facilitates modeling of tumor growth and regrowth in treatment groups and their statistical comparison.33 The
33
following tumor regrowth
 model
 has been applied to mathematically describe the dynamics of treated tumors:
−δt
vt = α + βt − ln (SF %) e
− 1 , where α is the log tumor volume before the treatment, β is the growth rate
of unaﬀected tumor cells, δ is cell loss constant at which the treated cells die, 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 NCPDT 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 213±71 mm3
and 2224±735 mm3 . The coeﬃcients of variation were 33.4% and 33.1% respectively. The animals in the NonCompensated PDT treatment group showed considerably more variation in growth dynamics after treatment.
On day 1, the mean tumor volume was 204 mm3 with a standard deviation of 55 mm3 , which corresponds to a
coeﬃcient of variation of 26.9%. On day 8, the mean tumor volume increased to 1753±1151 mm3 , corresponding
to coeﬃcient of variation of 65.7%. By ﬁtting the tumor volume to a double-exponential regrowth model, the
control tumors were found to grow at an exponential rate of , 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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Figure 1. (a) Fluorescence intensity histogram for two individual animals. Coeﬃcients of variation for the ﬂuorescence
intensity measurement are 11.9% and 64.2% for the left and right panel respectively. (b) Overall intra-tumor variation
from 40 animals. Coeﬃcient of variation is 66.0%. (c) Overall inter-tumor variation in photosensitizer uptake, the mean
and standard deviation are 0.51 and 0.29, corresponding to a coeﬃcient of variation of 57%.

Tx. Group
NC-PDT
CL-PDT
CM-PDT
CU-PDT

DT
3.42 ± 0.41 (12.0%)
2.75 ± 0.28 (10.1%)
3.39 ± 0.26 (7.5%)
3.72 ± 0.30 (8.1%)

TGD
3.54 ± 0.53 (15.0%)
2.22 ± 0.33 (14.9%)
2.84 ± 0.28 (9.9%)
3.29 ± 0.32 (9.7%)

19.68
35.75
27.12
21.77

±
±
±
±

SF%
4.94 (24.9%)
5.72 (16.0%)
3.78 (14.0%)
3.47 (15.9%)

Table 1. Summary of tumor doubling time, tumor growth delay and surviving fraction for all treatment groups.

variation: 15.0%), tumor doubling time 3.42±0.41 days (coeﬃcient of variation: 12.0%) and surviving fraction
of 19.7±4.9% (coeﬃcient of variation 24.9%) See Table 1 for these details.

3.3. Correlation between BPD tumor uptake and PDT treatment outcome
Tumor response to PDT was evaluated as a function of tumor BPD uptake at the time of illumination. Survival
fraction was used to represent the tumor response to PDT treatment. The survival fraction was found inversely
correlated with BPD uptake as shown in Figure 3, ((R2 = 37.3%, p < 0.05)).

3.4. Compensated PDT reduces the inter-tumor variation in treatment response
Compensated PDT dose calculations were based on the photosensitizer dosimetry histogram values. All measurements were performed 3 hours after intravenous verteporﬁn injection. Inter-tumor (macroscopic) variations
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Figure 2. Tumor growth dynamics of animals in CTRL group (a) and NC-PDT group (b). Coeﬃcients of variation for
tumor volumes are 33.4% and 33.1% at day one and day six for CTRL animals, and 26.9% and 65.7% at day one and day
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Figure 3. Correlation between BPD tumor uptake level and PDT treatment responses. 20 animals were included.

in the mean photosensitizer uptake are illustrated in Figure 4(b)4(d)4(f) for CU-PDT, CM-PDT and CL-PDT
groups respectively. The mean and standard deviation for macroscopic photosensitizer uptake are 0.49 and 0.16
for CL-PDT (coeﬃcient of variation = 33%), and 0.44 and 0.13 for CM-PDT (coeﬃcient of variation = 30%) and
0.50 and 0.17 for CU-PDT (coeﬃcient of variation = 34%). Overall intra-tumor (microscopic) variations in BPD
uptake are shown in Figure 4(a)4(c)4(e) for three compensated PDT groups. The mean and standard deviation
are 0.49 and 0.19 for CL-PDT (coeﬃcient of variation = 39%), and 0.44 and 0.18 for CM-PDT (coeﬃcient of
variation = 41%) and 0.51 and 0.21 for CU-PDT (coeﬃcient of variation = 41%). Compensated PDT treatments
were performed 8 days following MAT-LyLu tumor implantation. The averaged volumes of the tumors being
treated were 220.7±54.0 mm3 (24% variation), 220.1±46.2 mm3 (21%), and 190.9±54.6 mm3 (29%) for CL-PDT,
CM-PDT and CU-PDT. Tumor volumes were recorded everyday after treatments (Figure 5(a)5(b)5(c)). Variations of tumor volume on day 8 were 35%, 31% and 42% for CL-PDT, CM-PDT and CU-PDT. These values
are signiﬁcantly less than the variation in tumor volume on day 8 of Non-Compensated PDT treatment group
(p<0.05) (Figure 3.4). Coeﬃcient of variation in doubling time (DT), tumor growth delay (TGD) and surviving
fraction (SF%) were 11.1%, 14.9% 16.0% for CL-PDT, 7.5%, 9.9% and 14.0% for CM-PDT and 8.1%, 9.7%
and 15.9% for CU-PDT. Variations in these characteristic parameters are signiﬁcantly less than was observed in
compensated PDT treatments (p<0.05).
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Figure 4. Distributions of intra-tumor (microscopic) variation (a, c, e) and inter-tumor (macroscopic) variation (b, d, f)
in photosensitizer uptake for CU-PDT (a, b), CM-PDT (c, d) and CL-PDT (e, f) animals.
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Table 2. Paired comparisons of doubling time, tumor growth delay and surviving fraction for all treatment groups.

Tx. Group
CL-PDT vs NC-PDT
CM-PDT vs NC-PDT
CU-PDT vs NC-PDT
CM-PDT vs CL-PDT
CU-PDT vs CL-PDT
CU-PDT vs CM-PDT

DT
0.18
0.94
0.56
0.09
0.02 
0.4

TGD
0.03 
0.24
0.69
0.16
0.02 
0.29

SF%
0.03 
0.23
0.73
0.21
0.04 
0.3

3.5. Comparison of treatment eﬃcacy of PDT treatments
All treatments showed eﬀective control of tumor growth, but CL-PDT had signiﬁcantly less control of the tumor
growth as compared with NC-PDT, CM-PDT and CU-PDT (Figure 3.5). Paired comparisons of doubling time,
tumor growth delay and surviving fraction showed CL-PDT had signiﬁcantly shorter doubling time, as well as
signiﬁcantly shorter tumor growth delay and larger surviving fraction (Table 1 and Table 2).

4. DISCUSSIONS
Compared with the advanced treatment planning in radiation therapy, PDT dosimetry, dose distribution calculation and treatment planning are still in their infancy. During the last twenty years, many PDT dosimetry
tools have been designed and tested. These include physical parameter dosimetry, e.g. light dosimetry,34, 35 PS
dosimetry,20–24, 30, 32 oxygen dosimetry,36–40 singlet oxygen generation41–44 and physiological parameter dosimetry, e.g. blood ﬂow measurement,45 or NADH measurement.46 Fluorescence dosimetry has been proposed for a
long time and has considerable discussion about it as perhaps the most ideal and stable way to measure dose in
vivo, yet to this date no clinical implementation of the concept has been used to tailor individual patient dose.
This study was designed to demonstrate the variation in PS uptake, the variation in tumor biological response to
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PDT treatment, their correlation and do a preliminary examination of the advantage of PS-dosimetry controlled
PDT treatment planning.
There is considerable variation in PS uptake between tumors and within a tumor observed in this study,
with 57% coeﬃcient of variation between animals and a factor of 14 in total variation of the mean value. After
the PS is injected in the animal, PS molecules are distributed in the vasculature tree, transported across the
vessel wall, and diﬀused in the tumor parenchyma.47 The variation of PS concentration at diﬀerent areas of
tumor can be explained by the variations in these PS transport processes, e.g. diﬀerent vasculature architecture,
capillary permeability, and tumor interstitial diﬀusivity.47 Figure 1(c) illustrates that diﬀerent animals may
have diﬀerent PS microscopic distributions even when they have the same mean PS uptake. For animal A, the
PS concentration histogram can be ﬁtted well with a normal distribution; while for animal B, there is a higher
fraction of the lowest PS measurements, which probably indicates animal B has many less well-perfused vessels.
The probe used in this study is designed to sample superﬁcial regions of tissue in order to reduce the eﬀect
of photon scattering.20 However, this is an artifact of the measurement technique which must be interpreted
appropriately as the data are examined, and is a problem which is not readily solved. Probes which sample
deeper in the tumor can be developed, but have the problem of sampling larger volumes of tissue, and so do not
give a good measure of the tissue heterogeneity. Thus, an underlying hypothesis to this interpretation is that
the measurements from the surface of the tumor can be used to represent overall PS uptake by the tumor, if
suﬃcient sampling spots are taken. This may not be true, but presents an attempt to acquire multiple point data
sets from a solid tumor in vivo, and has been examined by comparison with frozen section microscopy analysis
in a previous paper, showing reasonable agreement.15 The data in Figure 1(b) suggests there is considerable
inter-tumor variation in PS uptake (as much as 14 fold increase in some animals). This large degree of variation
is of course problematic, especially for the case as used in clinical implementation where no PS dosimetry is
implemented, and every subject receives the same stipulated light irradiation. Subjects with lower PS uptake
could be under-treated, resulting in partial response or even no response to the PDT treatment, or potentially
even worse complications such as enhanced aggressiveness of the disease.48 The origin of PS uptake inter-tumor
heterogeneity is not completely understood, however it appears to be due to the chaotic patterns of vessels
within tumors which lead to a highly heterogeneous and unpredictable environment at the microscopic level.47
It is interesting to compare the inter-tumor variation and intra-tumor variation in PS delivery. First, individual
tumors have signiﬁcantly diﬀerent PS microscopic distributions, as shown in Figure 1(a); second, the PS uptake
variation at diﬀerent points within one tumor is not easily predicted and bears no correlation to the variation
between separate tumors; third, the overall relative intra-tumor variation estimated from a large group of tumors,
is greater than the inter-tumor variation from the same population, indicating again that the micro-heterogeneity
of each tumor dominates the variance observed.
Using a well accepted tumor regrowth assay49 and a double exponential model,33 the growth characteristics
were assessed for the MAT-LyLu Dunning prostate tumor model. Fitting the tumor growth dynamics to the
double-exponential model for each subject indicates signiﬁcant variation in the treatment response (Figure 2).
This treatment response indicates that variation in photodynamic dose delivered to individual animals must
be present. In fact, there is a signiﬁcant correlation between the treatment eﬃcacy and the BPD level in
the tumor. This is not surprising, since, in this study, PDT treatments were carried out on the tumors with
approximately same geometry, with similar light ﬂuence. Thus, it appears that the variation in the delivered
photons to tissue/tumor per unit time can be ignored, and the variance between animals is largely attributed to
drug uptake variation.
Based on these observations, it is reasonable to assume that adjusting the irradiation time is a reasonable
method for compensating for the variation in PS uptake and for keeping the photodynamic dose constant. The
three target photodynamic doses studied represent lowest-quartile, median and upper quartile of the photodynamic doses in the Non-Compensated PDT group. It is not surprising to observe that the treatment eﬃcacy of
CL-PDT is signiﬁcantly less than the other treatment groups, since a lower photodynamic dose is delivered to
these animals. Other treatment groups did not show a treatment diﬀerence (Figure 3.5, Table 1 and Table 2).
This indicates that increasing the irradiation time alone will result in a depletion of PS, and the tumor could be
under-treated. Although the treatment eﬃcacy are diﬀerent, the variations in growth dynamics are signiﬁcantly
reduced for all three compensated PDT groups. However, there is still a 11-20% higher variation as compared
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with the control animals (Figure 3.4) This could be explained by variation in tumor oxygenation and/or variation
in PS photobleaching dynamics.
There are still other factors besides photosensitizer concentration which will signiﬁcantly aﬀect the tumor
treatment eﬃcacy. For example, tumor oxygenation could be monitored non-invasively, yet this is challenging.36–39, 50–54 Even with tumor oxygenation microscopic distributions, (percentage of hypoxia, etc.), adjusting
the irradiation time alone is not a practically useful option for routine treatment monitoring, at this stage of
the technology development. For a tumor with higher percentage of hypoxia fraction, and lower PS uptake,
increasing the light irradiation time with a stipulated irradiance would still likely be insuﬃcient as the lack of
photosensitizer and oxygen is a multiplicative eﬀect, requiring prohibitively long irradiation times for suﬃcient
eﬀect and photobleaching of the PS may still take place from non-oxygen dependent mechanisms. Alternatively,
diﬀerent light irradiation schemes can be performed, e.g. decreasing the irradiance, while keep the total radiation
dose same. This will also make the irradiation time longer, but will allow the oxygen and PS to re-perfuse in the
tumor. Another option is to alter the tumor oxygenation itself, by the application of inﬂammatory mediators,
e.g. histamine, bradykinin, substance P, or through oxygen or carbogen breathing. These agents may cause a
rapid transient increase in endothelial permeability or plasma oxygenation and result in a plasma leakage.55–61
Variation in photobleaching dynamics is another problem that needs to be solved. The observed bleaching rate
can be heterogeneous, where diﬀerent PS and diﬀerent tumor environments can result in altered photobleaching
rates. Each of these issues are complex and are themselves areas of intense research eﬀort in PDT mechanisms.
In this paper, the focus has remained on photosensitizer dosimetry, mainly because it is easily implemented, has
high potential impact, and yet remains untested in clinical trials. The important observation of this study is that
PS ﬂuorescence can be a useful metric of treatment eﬀect and can be used to correct for the total dose required for
treatment on an individual subject basis. Follow up of this study will involve studying other treatment outcome
metrics such as tumor cure rate, to determine if the eﬀect holds for the conditions required for human tumor
studies. For clinical and experimental work, several real-time PS dosimeters have been designed and tested for
online, real-time measurement of PS concentration in the tumors. With dynamic PS concentration information,
it should be possible to develop a real-time treatment planning methodology which will improve the homogeneity
of treatment outcome.

5. CONCLUSIONS
There are considerable inter-tumor and intra-tumor variations in verteporﬁn PS concentration uptake within
tumors and between tumors. The variation of PS between individual tumors leads to a variation in treatment
response following PDT treatment. If a prescribed light irradiance and irradiation time is used based upon PS
ﬂuorescence dosimetry measurements, the tumors regrowth rates become less variable between subjects in the
same treatment group. In the future, PS-dosimetry and treatment planning of diﬀerent light radiation doses
should be examined as a real option for standard treatment in PDT.
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