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Abstract
Background and Objective—In a recently completed pilot clinical study at Roswell Park Cancer
Institute, patients with superficial basal cell carcinoma (sBCC) received topical application of 20%
5-aminolevulinic acid (ALA) and were irradiated with 633 nm light at 10–150 mW cm−2.
Protoporphyrin IX (PpIX) photobleaching in the lesion and the adjacent perilesion normal margin
was monitored by fluorescence spectroscopy. In most cases, the rate of bleaching slowed as treatment
progressed, leaving a fraction of the PpIX unbleached despite sustained irradiation. To account for
this feature, we hypothesized a decrease in blood flow during ALA-photodynamic therapy (PDT)
that reduced the rate of oxygen transported to the tissue and therefore attenuated the photobleaching
process. We have performed a detailed analysis of this hypothesis.

Study Design/Materials and Methods—We used a comprehensive, previously published
mathematical model to simulate the effects of therapy-induced blood flow reduction on the measured
PpIX photobleaching. This mathematical model of PDT in vivo incorporates a singlet-oxygen-
mediated photobleaching mechanism, dynamic unloading of oxygen from hemoglobin, and provides
for blood flow velocity changes. It permits simulation of the in vivo photobleaching of PpIX in this
patient population over the full range of irradiances and fluences.

Results—The results suggest that the physiological equivalent of discrete blood flow reductions is
necessary to simulate successfully the features of the bleaching data over the entire treatment fluence
regime. Furthermore, the magnitude of the blood flow changes in the normal tissue margin and lesion
for a wide range of irradiances is consistent with a nitric-oxide-mediated mechanism of
vasoconstriction.

Conclusion—A detailed numerical study using a comprehensive PDT dosimetry model is
consistent with the hypothesis that the observed trends in the in vivo PpIX photobleaching data from
patients may be explained on the basis of therapy-induced blood flow reductions at specific fluences.
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INTRODUCTION
Photodynamic therapy (PDT) combines photosensitizer, light, and oxygen (3O2) to produce
singlet oxygen (1O2), which is understood to be the primary photochemical mediator of cell
injury and death. In 5-aminolevulinic acid (ALA)-PDT, the pro-drug ALA is converted into
the photosensitizer protoporphyrin IX (PpIX) through the heme biosynthetic pathway.
Topically administered ALA-PDT is particularly effective in treating skin cancer because of
its rapid clearance, tumor selectivity, and easy delivery. This therapy has received approval
for the treatment of superficial basal cell carcinoma (sBCC) in the European Union and is
undergoing clinical trials in the United States [1].

Acute pain during irradiation is the primary adverse side effect of clinical ALA-PDT [2,3]. A
recently completed clinical trial of ALA-PDT for sBCC at Roswell Park Cancer Institute
investigated the treatment-induced pain and PpIX photobleaching kinetics over a wide range
(10–150 mW cm−2) of irradiances administered at 633 nm [4]. PpIX photobleaching in the
lesion and the adjacent perilesion normal margin was monitored by fluorescence spectroscopy.
In most cases, the rate of bleaching slowed as treatment progressed, leaving a fraction of the
PpIX unbleached despite sustained irradiation.

To account for this observation, we hypothesized a possible decrease of blood flow during
ALA-PDT, which reduces the rate of oxygen transported to the tissue and therefore slows down
the photobleaching process. Although we are not aware of any experiments to date that have
investigated blood flow during ALA-PDT in human subjects, several clinical and preclinical
studies have demonstrated a decrease [5,6] or increase [7,8] in tumor blood flow following
PDT. This therapy-induced blood flow change is likely due to the vascular effects mediated
by the treatment, such as direct damage to the tumor vasculature [9] and/or vasoconstriction/
vasodilatation induced by decrease/increase in the production of nitric oxide (NO) [10], other
vasoactive substances, or by edema [8]. To test this hypothesis, we used a recently developed,
comprehensive mathematical model of PDT in vivo [11] to simulate the measured irradiation-
induced PpIX photobleaching. This model incorporates all of the relevant photophysical and
physiological phenomena, including a 1O2-mediated photobleaching mechanism, blood flow,
and dynamic unloading of oxygen from hemoglobin. Solutions to time-dependent oxygen
transport-with-reaction equations that include these phenomena enable the rigorous simulation
of macroscopic observable quantities, such as photobleaching, which can be directly compared
to experiments. Using this model, we simulate the in vivo photobleaching of PpIX in this patient
population over a wide range of irradiances with a narrow distribution of photophysical
parameters related to a 1O2-mediated bleaching mechanism. Our numerical results indicate
that the in vivo PpIX photobleaching data over the entire fluence regime may be successfully
captured by introducing the physiological equivalent of discrete, therapy-induced blood flow
reductions at specific fluences.

METHODS
Clinical Trial and Photobleaching Measurements

The details of the clinical trial at Roswell Park Cancer Institute and the PpIX fluorescence
measurements from human sBCC have been reported elsewhere [4] and are described briefly
here. Thirty-three sBCC in 26 patients were included in the trial. The lesion size ranged from
5–20 mm in diameter. Twenty percent ALA (DUSA Pharmaceuticals, Inc., Wilmington, MA)
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was applied to the entire treatment field. After a 4 h drug incubation, the skin was treated with
633 nm laser light at irradiances of 10, 20, 40, 50, 60, or 150 mW cm−2. A custom PDT treatment
and spectroscopy probe was positioned 80 mm from the surface of the tissue using a tripod
base [4,12]. PpIX fluorescence at each fluence rate was excited by the 633 nm treatment laser
and measured without interruption of treatment repeatedly throughout PDT using a portable
system that integrated PDT delivery and spectroscopy [12]. The treatment field diameter of 25
mm included the lesion and perilesion margin of normal tissue. Fluorescence within the range
665–770 nm was measured at two, 4 mm-diameter spots, one located in the lesion and the other
in the perilesion margin, until the PpIX amplitude was bleached to ~10% of its pretreatment
level. The fluorescence spectra were corrected for the instrument response and possible effects
of tissue optical properties. The latter was done by dividing the measured fluorescence with
broad band reflectance measurements acquired in the same geometry during brief, programmed
interruptions in laser irradiation. A singular value decomposition (SVD) fitting algorithm was
used to extract the contribution of PpIX fluorescence from the measured fluorescence spectra.
Monte Carlo simulations of fluorescence photons reaching our detector showed that
approximately half of the detected signal originated between the surface and a depth of 0.7
mm, and 80% of the fluorescence signal originated within 1.3 mm of the surface [13].

In Vivo PDT Oxygen Transport and Consumption Model
The PDT oxygen consumption and transport model has been described in detail previously
[11]. Briefly, two finite-length cylindrical capillaries are separated by a specified intercapillary
distance. Each capillary is the oxygen source to the surrounding tumor tissue. As blood flows
along the capillary, 3O2 is transported within the capillary and into the adjacent tissue in both
radial, r, and axial, z, directions. Sensitizer is distributed in the tissue region, and
reacted 1O2 is accumulated. This model has the ability to incorporate initially non-uniform
sensitizer distributions. However, because no data are available on the microscopic distribution
of PpIX in human sBCC, the initial sensitizer concentration is assumed to be homogeneous
throughout the tissue region. Based on the above transport considerations and the Hill equation,

(1)

where SO2 is the hemoglobin 3O2 saturation, Ccap the 3O2 concentration dissolved in the vessel,
n the Hill coefficient, and C50 the 3O2 concentration dissolved in the vessel corresponding to
an SO2 of 0.5, the time-dependent PDT-3O2 transport-with-reaction equations within the
capillary and tissue can by derived from mass conservation. The equation in the capillary is
written

(2)

where

(3)

Wang et al. Page 3

Lasers Surg Med. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and the equation in tissue is

(4)

Here, Ctiss is the 3O2 concentration in the tissue, t is time, V the blood flow velocity, Csat the
maximum saturated concentration of 3O2 bound to hemoglobin, and Rc and b are the capillary
radius and half the distance between two adjacent capillaries, respectively. Γ is the sum of the
metabolic, Γmet, and photodynamic, ΓPDT, rates of 3O2 consumption. Michaelis–Menten
kinetics [14] are used to describe the 3O2 dependence of metabolic 3O2 consumption. The
specific form of ΓPDT used in this study incorporates the self-sensitized 1O2-mediated
bleaching mechanism developed by Georgakoudi et al. [15] and a low photosensitizer
concentration correction proposed by Finlay [16] and by Dysart et al. [17]. The photobleaching
of PpIX has been shown to be consistent with this mechanism [18–20]. The expression for
ΓPDT is written

(5)

where

(6)

and Γ0 = βPDTψ. Γ0 is the initial, maximal rate of photochemical 3O2 consumption prior to
photobleaching under conditions where 3O2 is not rate limiting, [S0](0) is the initial ground-
state photosensitizer concentration prior to irradiation, βPDT is the proportionality constant
between Γ0 and fluence rate ψ. The time integration of Equation (5) for a given irradiation
period yields the corresponding photodynamic dose, defined as the local amount of
reacted 1O2 per unit volume of tissue.

The definitions of the parameters used in the model are given in the Nomenclature. The two
diffusion equations for the capillary (Eq. 2) and the tissue regions (Eq. 4) are solved numerically
using a finite difference method, subject to the previously described boundary and initial
conditions [11]. Solutions to the coupled PDT oxygen consumption and transport equations
(Eqs. 2 and 4) for a given treatment condition yield the time-evolved microscopic distributions
of 3O2, 1O2, and PpIX concentration. The volume-averaged, experimentally observable
quantities such as photobleaching can be calculated from the microscopic distribution of PpIX
concentration in the tissue region. Tables 1 and 2 list the photophysical and physiological
parameters specific to this study. The values and origins of other model parameters have been
previously described [11].

Determination of βPDT and Fitting Procedures
With the exception of βPDT for PpIX in human sBCC, the other parameters required in the
simulation can be found either in the literature or our previous report [11]. To determine the
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value of βPDT, we fit the computed volume-averaged PpIX bleaching to the measured initial
bleaching data at each irradiance, with the assumption that the blood flow is not significantly
perturbed at the earliest fluences. We then determine the βPDT which gives the minimum
reduced Chi-square ( ) fit to the data, and use this value (Table 2) along with other
experimentally determined parameters (Table 1) to simulate the rest of the bleaching data,
which requires incorporation of treatment-induced blood flow reductions.

Blood flow is a product of vessel cross-section and blood velocity. For technical reasons
originating in the details of the numerical method [11], in this study we fixed the vessel cross-
section as a constant, so we can simulate treatment-induced blood flow changes by simply
varying the value of the blood velocity. From the standpoint of oxygen transport to the tissue
volume, reduction in flow velocity is equivalent to a smaller vessel diameter. To fit the
experimentally determined bleaching curves over the entire range of treatment fluences, we
use the mathematical model with a consistent set of parameters (Table 1) and the best-fit
βPDT values for each irradiance case (Table 2) to simulate the bleaching curves by changing
the blood velocity at specific fluences. Figure 1 shows the standard procedure of the fitting
process; here the bleaching data were measured from lesion regions irradiated at 60 mW
cm−2. Initially, a simulated bleaching curve with an initial blood velocity of 300 μm
second−1 [5] is generated by the mathematical model, and this curve is used to determine the
fluence at which a first velocity change is initiated (Fig. 1a). This fluence is determined visually
at the point where the simulated bleaching curve deviates from the experimental data. Once
this fluence is determined, we reduce the velocity systematically at this fluence and rerun the
simulations, using the minimum in  calculated within a proper fluence range, 0–6.6 J
cm−2 in the case of Figure 1a, to identify the velocity value which provides the best-fit to the
measured bleaching curve. After determining the value of the first velocity reduction at the
appropriate fluence, we run the simulations with this new velocity until the simulated bleaching
curve again deviates from the experimental data. We then reduce the velocity again and use
the  criterion as described above to obtain the best second reduced velocity (Fig. 1b). For
the case of 60 mW cm−2 lesion (Fig. 1b), the second reduced velocity is also the last changed
velocity for the entire data set optimally fit by the simulated bleaching curve. Therefore, the
full range of fluences is used for the  calculation.

RESULTS
Figure 2 shows averaged ± standard deviation (SD), normalized PpIX fluorescence from seven
lesions versus fluence for an irradiance of 150 mW cm−2, measured in the lesion and normal
tissue margin. We observe that the sensitizer quickly degrades to 20% of its initial value after
fluences of 23 and 53 J cm−2 delivered to the lesion and margin regions, respectively, and the
bleaching curves flatten at high fluences. This phenomenon is not consistent with a
continuously available supply of oxygen.

Figure 3 shows the best fits to PpIX photobleaching data at early fluences for lesion (a and b)
and normal tissue margin (c and d). Results for irradiances in the range 50–150 mW cm−2 and
10–40 mW cm−2 are shown in Fig. 3(a and c) and (b and d), respectively. The averaged ± SD,
normalized PpIX bleaching data for the different irradiances are represented by symbols. The
various line styles are the simulated best-fit bleaching curves for these irradiances at these
initial fluences. As described in the Methods Section, we extract the photophysical parameter
βPDT (Table 2) for each case through these fits. The average best-fit value (+/−) SD of βPDT
from all the cases is 0.89 ± 0.28. Figure 3a–d also demonstrates that the mathematical model
incorporating a 1O2-mediated bleaching mechanism is able to simulate the clinical bleaching
data at early fluences over a wide irradiance range.
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Returning to Figure 1, which was introduced in the Methods Section, we present a
representative example of fitting PpIX bleaching data within the entire fluence range by
introducing the blood velocity reductions at specific fluences into the mathematical model (Eq.
2). The bleaching data shown in Figure 1 were measured from five lesion regions irradiated at
60 mW cm−2. Figure 1a,b shows the simulated bleaching curves with the first and second blood
flow velocity reduction at 2.4 and 6 J cm−2, respectively. Figure 1a shows that the simulated
bleaching curve with a constant blood velocity of 300 μm second−1 does not reproduce the
experimental data after 2.4 J cm−2. Simulation results generated with blood velocity reductions
initiated at 2.4 J cm−2 over the range 90–135 μm second−1 are shown. A reduction to 113 μm
second−1 gave the best fit using a  criterion within the fluence range between 0 and 6.6 J
cm−2. However, in order to obtain a reasonable fit to the entire bleaching curve, we need to
introduce a second velocity reduction. Figure 1b shows that the simulated bleaching curve with
a first velocity reduction to 113 μm second−1 at 2.4 J cm−2 starts to depart from the data after
a fluence of 6 J cm−2. We then reduce the velocity again at 6 J cm−2 over the range 50–90 μm
second−1 and identify the best-fit value as 70 μm second−1. By reducing the velocity twice in
this way, we are able to obtain an excellent fit for the entire bleaching curve (Fig. 1b).

To rigorously evaluate our fitting methodology, we calculated the  of the fit as a function of
the reduced blood flow velocity and selected fluence, using the representative case of a lesion
treated at 60 mW cm−2 as an example. Figure 4 shows the  versus the first reduced velocity
initiated at 1.8, 2.4, and 3 J cm−2 (Fig. 4a) and the second reduced velocity implemented at
5.4, 6, and 6.6 J cm−2 (Fig. 4b). The  in Figure 4a is computed from fits to the measured
PpIX fluorescence over the range of fluences from 0 to 6.6 J cm−2. We find the minimum in

 is located at 113 μm second−1 for the fluence of 2.4 J cm−2, and the goodness-of-fit is indeed
quite sensitive to the choice of fluence at which the flow reduction is introduced (Fig. 4a). In
contrast to the results of Figure 4a, for the second velocity reduction, the  calculated over
the entire fluence range is not as sensitive to the choice of fluence (Fig. 4b). We also notice
that the minima of these three  curves are all close to 70 μm second−1 (Fig. 4b). Therefore,
for the case of the second velocity change, the value of the revised velocity is more important
for the fit than is the fluence at which it is implemented. To estimate the uncertainties in these
minima in  we introduce a width E (μm second−1), illustrated in Figure 4a, which defines
half the velocity range between the minimum in  and the nearest, symmetrically positioned
sampled velocities. Thus, for the case of 2.4 J cm−2 depicted in Figure 4a, the best-fit reduced
velocity value with this measure of uncertainty is 113 ± 6 (μm second−1). This criterion was
applied for all the cases modeled in this study.

Figures 5 and 6 show the best fits of our simulations (solid lines) to the PpIX bleaching data
measured in margin and lesion for irradiances of 50–150 and 10–40 mW cm−2, respectively.
The dashed vertical lines indicate the fluences at which we initiated a velocity change. The
figure legends report the reduced velocities and the specific fluences at which they were
necessary. All the bleaching data are fit using a common set of photophysical parameters
(Tables 1 and 2) related to a 1O2-mediated bleaching mechanism, and incorporating blood
velocity reductions at specific fluences. Except for the 150 mW cm−2 lesion and margin cases,
where three reductions in flow velocity were needed in order to optimize the fits, all the other
bleaching data over the entire range of treatment fluences can be fit by invoking two velocity
reductions. To more quantitatively explore the extent of the blood flow changes during ALA-
PDT of human sBCC, we plot the percentage of first (Fig. 7a–c) and second (Fig. 7d–f) blood
flow decrease with respect to the initial value versus fluence rate for the lesion and margin
regions. The error bars indicate the uncertainties in the estimates of the percentage blood flow
decrease, which were calculated using the criterion introduced in Figure 4a. Figure 7a,b,d,e
shows that the extent of blood flow reduction decreases with increased irradiance from 10 to
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40 or 60 mW cm−2, and then begins to increase up to 150 mW cm−2. The percentage of blood
flow decrease is more than 50% and 65% for the 1st and 2nd change, respectively, for all the
cases we considered (Fig. 7a,b,d,e). Figure 7c,f compares the percentage of blood flow decrease
between margin and lesion for 1st and 2nd blood flow change, respectively. We find the flow
reduction is greatest at 150 mW cm−2 for both margin and lesion, and for most irradiance cases,
the percentage of blood flow decrease is higher at margin than lesion.

DISCUSSION
Several other mathematical models have been proposed to describe oxygen transport
and 1O2 dose deposition during PDT in vivo [21–23]. To the best of our knowledge, the model
used in this study is the most comprehensive form developed so far in that it includes important
dynamic photophysical and physiological phenomena, such as the 1O2-mediated bleaching
mechanism, blood flow, and the unloading of oxygen from hemoglobin. The results presented
here illustrate that our PDT model, in a form that incorporates a 1O2 photobleaching
mechanism, has the ability to simulate the PpIX bleaching data measured in human subjects
over a wide range of irradiances. These simulations introduced for the first time therapy-
induced blood flow reductions, which enable the simulation of the measurements over the
entire fluence range.

PpIX photobleaching kinetics have been shown to be consistent with a 1O2-mediated
mechanism in preclinical animal models [18–20] and recently in human sBCC by Cottrell et
al. [4]. In the current study, our mathematical simulations of those human data further support
this interpretation of the PpIX photobleaching kinetics. The plots of Figure 3 demonstrate that
this model incorporating the 1O2-mediated bleaching mechanism effectively simulates the
experimentally measured photobleaching kinetics at early fluences over a wide range of
irradiance, 10–150 mW cm−2.

The experimental measurements, shown in Figures 1 and 2, reveal a flattening of the bleaching
kinetics beyond an initial steep loss of fluorescence. These phenomena are also observed in
preclinical animal studies [24,25] and suggest a possible ALA-PDT-induced blood flow
decrease during treatment. These observations motivated us to introduce PDT-induced blood
flow reductions into our model in order to completely simulate the in vivo PpIX photobleaching
data. The mathematical model we used here is able to implement a series of blood flow changes
for any succession of fluences. In the specific cases considered here, the results of Figures 5
and 6 indicate that we need to include at least two blood flow reductions at specific fluences
for the simulated bleaching curves to fully capture the PpIX bleaching data. For the case of a
150 mW cm−2 irradiance, three blood flow reductions were necessary.

As noted in the Methods Section, our measured fluorescence spectra were corrected for possible
confounding effects of tissue optical properties by division with broad band reflectance
measured over the same wavelength range and in the identical geometry. In practice, these
corrections were very modest, and the reflectance did not exhibit the changes that might be
expected given the blood flow reductions predicted by our simulations [4,13]. There are several
possible reasons for this apparent discrepancy. The most likely explanation is that, unlike the
fluorescence measurements which were performed during PDT irradiation, the reflectance
measurements required an interruption in the irradiation. This break was kept as short as
possible, but the sequential measurements at the two locations in the treatment field may have
been long enough to allow reoxygenation of hemoglobin. A future modification to our optical
system will enable reflectance measurements to be made during irradiation.

Although the therapy-induced blood flow effects simulated by our mathematical model may
indeed be responsible for the slower photobleaching phase observed in human sBCC, this is
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not the only possible explanation for this phenomenon. Kruijt et al. [25] observed a similar
two-phased PpIX bleaching kinetics in the rat esophagus, with an initial rapid PpIX bleaching
followed by a second slower phase that persists for the rest of the irradiation. On the basis of
their PpIX fluorescence measurements, those authors suggested that the phased bleaching is
due to an initially inhomogeneous PpIX concentration in the different layers of the esophagus,
which contributes the distinct bleaching rates during therapeutic illumination. Our results
certainly do not exclude the possibility that a spatially inhomogeneous PpIX concentration is
one of the factors producing the phased PpIX bleaching kinetics.

Our numerical results predict that the magnitude of the blood flow decrease with respect to the
initial value is greatest in the highest and lowest irradiance cases and moderate at the fluence
rates ranging from 40 to 60 mW cm−2 (Fig. 7). This observation may in part be due to a decrease
of nitric oxide (NO) production during ALA-PDT. The endothelium of blood vessels uses NO
to signal the surrounding smooth muscle to relax, thus inducing vasodilatation and a blood
flow increase. Similarly, a decrease in NO may result in vasoconstriction and decreased flow.
Because the biosynthesis of NO requires molecular oxygen, decreased tissue oxygen levels
during PDT may attenuate the NO production [26]. Therefore, the significant blood flow
reduction observed at 150 mW cm−2 is consistent with ALA-PDT consuming oxygen, thereby
inducing a decrease of NO and vasoconstriction. In contrast, the strong blood flow reduction
observed at the lowest irradiances, 10–20 mW cm−2, may be due to efficient PDT impairment
of the NO production by the endothelial cells [27] under these treatment conditions. Generally,
for a given fluence, low irradiance deposits more 1O2 dose than high irradiance because of
more available oxygen. Interestingly, as shown in Figure 7c,f, for most cases the calculated
percent blood flow decrease is greater in the margin than in the lesion. This may also be
consistent with an NO mechanism in that the normal vessels in the margin have greater smooth
muscle control that do vessels in the sBCC [10,28].

Although this simple capillary-based oxygen transport model is able to simulate the in vivo
PpIX bleaching measured in human sBCC and suggests possible physiological responses
during treatment, we conclude by noting that our mathematical model does not fully describe
the complexity of oxygen transport. The volume of tissue interrogated by fluorescence
spectroscopy is supplied by many vessels, which undoubtedly respond heterogeneously to the
effects of PDT. Thus, our model of discrete blood flow changes should be interpreted as a first
approximation to a complex situation. Further, within the upper skin layers, the tissue has
oxygen support from both the outer atmosphere and from the blood vessels within the dermis
[29]. Therefore, to more rigorously simulate the dose deposition and photosensitizer bleaching
during topical PDT, we anticipate building a PDT-3O2 model specific for the skin, which
integrates oxygen supply from the air and blood vessels. In addition to these theoretical
approaches, it is clear that experimental studies of blood flow in sBCC during ALA-PDT are
urgently needed. An attractive method for doing this may be diffuse correlation spectroscopy,
which has been implemented in an off-surface geometry during PDT by Yu et al. [30]. Finally,
although the consequences of these treatment-induced blood flow reductions are not yet clear,
they may suggest a therapeutic role for topically or systemically administered vasodilators.
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n Hill coefficient
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Dcap
3O2 diffusion constant within capillary (μm2 second−1)

Dtiss
3O2 diffusion constant within tissue (μm2 second−1)

Csat maximum saturated concentration of 3O2 bound to hemoglobin (μM)

C50 dissolved 3O2 concentration in the vessel corresponding to 50% SO2 (μM)

kp the rate of monomolecular decay of the sensitizer triplet state (second−1)

kot the bimolecular rate of triplet sensitizer quenching by 3O2 (μM−1 second−1)

kos the bimolecular rate for 1O2 reaction with ground-state sensitizer (μM−1 second−1)

koa the bimolecular rate of reaction of 1O2 with biological substrate [A] (μM−1

second−1)

δ a characteristic sensitizer concentration at and below which 1O2-mediated bleaching
becomes independent of sensitizer concentration (μM)

[S0] sensitizer ground state (μM)

[A] cellular target (μM)

Γmet rate of metabolic oxygen consumption (μM second−1)

ΓPDT rate of photodynamic oxygen consumption (μM second−1)

V blood flow velocity (μm second−1)

Rc capillary radius (μm)

b half the distance between two adjacent capillaries (μm)

ψ fluence rate (mW cm−2)

Γ0 the initial, maximal rate of photochemical 3O2 consumption prior to photobleaching
under conditions where 3O2 is not rate limiting (μM second−1)

βPDT proportionality constant between Γ0 and fluence rate ψ (μM cm2 second−1 mW−1)
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Fig. 1.
Fitting process for an averaged ± SD, normalized PpIX photobleaching curve for an irradiance
of 60 mW cm−2 and sBCC lesions. The data were measured from five lesions. a: The simulated
bleaching curves with a constant initial velocity 300 μm second−1 and 1st blood velocity
reduction at 2.4 J cm−2. b: Simulated bleaching curves with a single reduced velocity of 113
μm second−1 at 2.4 J cm−2 and a 2nd blood velocity reduction at 6 J cm−2. The best-fit
parameters for this bleaching curve are 113 and 70 μm second−1 at 2.4 and 6 J cm−2,
respectively.
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Fig. 2.
Averaged ± SD, normalized PpIX fluorescence from seven lesions versus fluence for an
irradiance of 150 mW cm−2, measured in the lesion and normal tissue margin.
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Fig. 3.
Simulations of PpIX photobleaching compared to experimental data at early fluences for lesion
and normal tissue margin. a,b: Cases of 50–150 and 10–40 mW cm−2 for lesion, respectively,
and (c) and (d) are the cases for normal tissue margin. The averaged ± SD, normalized PpIX
bleaching data for different irradiances are represented by symbols. The various line styles are
the simulated best-fit bleaching curves for these irradiances at these initial fluences. All of the
simulated curves are produced using a set of photophysical parameters related to a 1O2-
mediated bleaching mechanism.
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Fig. 4.
a: The reduced Chi-square ( ) versus 1st reduced velocity at 1.8, 2.4, and 3 J cm−2 and (b)
2nd reduced velocity at 5.4, 6, and 6.6 J cm−2 for the case of a lesion treated at 60 mW cm−2.
For the 1st blood velocity reduction (a), the goodness-of-fit is sensitive to fluence, but for the
2nd decrease (b), the goodness-of-fit is more sensitive to the choice of the value of the reduced
velocity. The width E (μm second−1) is a measure of the uncertainty in the best fit reduced
blood flow velocity and is defined as half the distance in velocity between the minimum in

 and the nearest, symmetrically positioned sampled velocities.
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Fig. 5.
Simulations of bleaching curves measured in margin (a–c) and lesion (d–f) for irradiances of
50–150 mW cm−2. The dashed vertical lines indicate the fluences at which blood velocity
changes were initiated. The figure legend shows the reduced velocity at selected fluences. The
initial blood velocity was 300 μm second−1.
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Fig. 6.
Simulations of bleaching curves measured in margin (a–c) and lesion (d–f) for irradiances of
10–40 mW cm−2. The dashed vertical lines indicate the fluences at which blood velocity
changes were initiated. The figure legend shows the reduced velocity at selected fluences. The
initial blood velocity was 300 μm second−1.

Wang et al. Page 17

Lasers Surg Med. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Percentage of 1st (a–c) and 2nd (d–f) blood flow decrease relative to the initial value versus
fluence rate for lesion and margin regions. The error bars indicate the uncertainties in the
estimate of the percentage blood flow decrease, calculated using the criterion introduced in
Figure 4a. Generally, the blood flow reduction decreases with an increase of irradiance from
10 to 40 or 60 mW cm−2, and then begins to increase up to 150 mW cm−2 (a,b) and (d,e). In
most cases, the percentage of flow decrease is larger in the margin than in the lesion (c,f).
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TABLE 1

Photophysical and Physiological Parameters Used in the Simulations

Symbol Value

kp/kot
* 11.9 μM

kos/koa[A]a 90 M−1

[S0] (t = 0)b 2.67 μM

Intercapillary distance 130 μm

Capillary radius 5.5 μm

Capillary length 350 μm

Initial blood velocityc 300 μm second−1

Γmet 11 μM second−1

SO2 (t = 0) 0.76

n 2.46

*
We used the value of kp/kot measured from photofrin-PDT in multicell tumor spheroids [15].

The value of Γmet was measured from multicell tumor spheroids (unpublished data).

a
Georgakoudi and Foster [31].

b
Star et al. [32].

c
Schacht et al. [5].
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TABLE 2

Calculated βPDT for Each Irradiance

βPDT (μM second−1 mW−1 cm2)*

Irradiance (mW cm−2) Lesion Margin

150 0.85 0.4

60 0.65 0.85

50 0.85 0.85

40 0.6 1

20 1.2 1.45

10 1.05 0.9

*
The value of βPDT used for generating the bleaching curves for each irradiance case for both lesion and normal tissue margin, respectively. The

average value with SD of βPDT from all the cases is 0.89 ± 0.28.
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