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ABSTRACT

Explicit dosimetry of treatment light fluence and implicit
dosimetry of photosensitizer photobleaching are commonly
used methods to guide dose delivery during clinical PDT. Tis-
sue oxygen, however, is not routinely monitored intraopera-
tively even though it is one of the three major components of
treatment. Quantitative information about in vivo tissue oxy-
genation during PDT is desirable, because it enables reactive
oxygen species explicit dosimetry (ROSED) for prediction of
treatment outcome based on PDT-induced changes in tumor
oxygen level. Here, we demonstrate ROSED in a clinical set-
ting, Photofrin-mediated pleural photodynamic therapy, by
utilizing tumor blood flow information measured by diffuse
correlation spectroscopy (DCS). A DCS contact probe was
sutured to the pleural cavity wall after surgical resection of
pleural mesothelioma tumor to monitor tissue blood flow
(blood flow index) during intraoperative PDT treatment. Iso-
tropic detectors were used to measure treatment light fluence
and photosensitizer concentration. Blood-flow-derived tumor
oxygen concentration, estimated by applying a preclinically
determined conversion factor of 1.5 X 10° pMs cm 2 to the
blood flow index, was used in the ROSED model to calculate
the total reacted reactive oxygen species [ROS]rx. Seven
patients and 12 different pleural sites were assessed and large
inter- and intrapatient heterogeneities in [ROS]rx were
observed although an identical light dose of 60 J cm > was
prescribed to all patients.

INTRODUCTION

Light, photosensitizer and tissue oxygen are the three most
important factors required by photodynamic therapy (PDT) to
produce reactive oxygen species (ROS) that kill tumor cells
directly, damage tumor vasculature and stimulate the body’s
immune response (1-3). In clinical practice, PDT is generally
prescribed as a drug dose (mg of photosensitizer per kg of body
weight) and a treatment light fluence (J cm™?), along with a
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drug-light interval and a light fluence rate (mW cm™2). Dosime-
try of light fluence is routinely performed to guide PDT delivery,
but the delivered light doses are limited in terms of their accuracy
for predicting treatment outcome because they do not account for
the variation in tissue optical properties, the pharmacokinetics
and photobleaching of photosensitizer and tumor oxygenation
during PDT (4-6). Compared to the light fluence and photosensi-
tizer photobleaching ratio, PDT dose defined as the absorbed
light dose by the photosensitizer during PDT has been shown to
be a better dosimetric quantity for prediction of treatment out-
come as long as the oxygen supply is sufficient (4—6). However,
this PDT dose metric is less effective when tissue is deprived of
oxygen. Since both photochemical consumption of oxygen and
microvascular shutdown can lead to tissue hypoxia during PDT,
ROS produced via the interactions of all three PDT inputs is the
best dose metric for prediction of treatment outcomes. ROS effec-
tively accounts for temporal changes in the light, photosensitizer
and tissue oxygen during PDT (5-12). Direct measurement of
ROS, however, is very challenging in clinical settings due to the
extremely weak signal and the short lifetime of ROS (13-15).
Our work employs an approach based on an empirical macro-
scopic reactive oxygen species explicit dosimetry (ROSED)
model that has been proposed to calculate the total amount of
reacted reactive oxygen species ([ROS]rx). The model utilizes
the light diffusion equation and the complete set of PDT kinetic
equations which quantify dynamic interactions between the light,
the photosensitizer concentration and the tissue oxygenation
(16,17). Recent studies in mice models suggest that measurement
of tissue oxygen is necessary to improve calculation of [ROS]rx,
especially for Photofrin-mediated PDT, due to large heterogene-
ity in PDT-induced physiologic response (4,8,9). The ROSED
model-calculated tissue oxygen (302) concentrations were found
to be in good agreement with measured values for mice treated
by BPD- and HPPH-mediated PDT, but the large mouse-to-
mouse variations in the temporal changes of [302] for Photofrin-
mediated PDT were difficult to model mathematically using
ROSED (8,9). Moreover, although there is a plethora of estab-
lished techniques for in vivo tissue oxygen measurement, to the
best of our knowledge, the Food and Drug Administration
(FDA) has not approved an instrument which can be used to
measure tissue oxygen noninvasively in patients during PDT.
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Here, we demonstrate the potential use of tumor blood flow to
perform ROSED when tissue oxygen information is not available
during clinical PDT. Blood flow can be measured noninvasively
using an optical modality known as diffuse correlation spec-
troscopy (DCS). First, we investigated the relationship between
tumor blood flow and tumor oxygen during Photofrin-mediated
PDT of mice bearing radiation-induced fibrosarcoma (RIF)
tumors. Based on the resulting preclinically determined blood
flow to oxygen conversion factor, we performed ROSED for
Photofrin-mediated photodynamic therapy of patients with malig-
nant pleural mesothelioma. Explicit measurements of light flu-
ence rate and fluorescence measurements of Photofrin
concentration were performed using an isotropic detector. A cus-
tom DCS contact probe was sutured adjacent to the isotropic
detector to measure blood flow of the pleural cavity wall concur-
rently during PDT delivery. Information about light fluence,
Photofrin concentration and blood-flow-derived oxygen were
then used in calculation of [ROS]rx. Different dose metrics,
including light fluence, PDT dose and [ROS]rx were also com-
pared and assessed for intra- and interpatient heterogeneity.

MATERIALS AND METHODS

Tumor model and PDT treatment conditions. We conducted a preclinical
study using a murine model to investigate the relationship between the
dynamics of tumor oxygen and blood flow during PDT. Female C3H mice
(Charles River Laboratories, Kingston, NY) between 6 to 8 weeks of age
were used in this study. Radiation-induced fibrosarcoma (RIF) tumors
were propagated on the shoulders of mice by intradermal injection of
3 x 10° cells. The mice were fed with chlorophyll-free (alfalfa-free)
rodent diet (Harlan Laboratories Inc., Indianapolis, Indiana, USA) for two
weeks prior to treatment to eliminate the fluorescence signal from
chlorophyll-breakdown products, which overlap with the emission
spectrum of Photofrin fluorescence. Fluorescence measurements were
taken every day after they were fed with the modified diet to evaluate and
confirm the elimination of chlorophyll contamination on Photofrin
fluorescence during PDT treatment. PDT was performed when tumors
reached ~4—-5 mm in diameter. The treatment area was depilated with Nair
(Church & Dwight Co., Inc., Ewing, NJ, USA) and 5 mg kg’1 Photofrin
was injected via tail vein 24 h prior to measurements and light delivery.
Tissue optical properties and Photofrin fluorescence spectra were obtained
using a custom-made multifiber contact probe, as described elsewhere
(18,19), before and after PDT. Tissue oxygenation and blood flow
changes were monitored continuously during the delivery of PDT using
oximeter and DCS as described below. At a 24-h drug-light interval,
superficial irradiation of the tumor was performed with a 630-nm laser
(Biolitec AG., A-1030, Vienna). A microlens fiber was coupled to the
laser to irradiate the tumor uniformly. The details of the PDT treatment
conditions are summarized in Table 2. Animals used in this study were
under the care of the University of Pennsylvania Laboratory Animal
Resources and the studies were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee.

Measurement of tumor tissue oxygenation during preclinical PDT.
Tumor oxygen was monitored throughout the PDT treatment in mice
using an optical oxygen partial pressure (pO,) monitor (OxyLite Pro,
Oxford Optronix, Oxford, UK), with a bare-fiber-type probe (NX-BF/O/
E, Oxford Optronix, Oxford, UK). The tip of the probe was inserted into
the tumor at approximately 1-2 mm depth from the treatment surface to
measure the changes in tissue oxygen partial pressure within the tumor
mass during PDT. 20, concentration was then approximated by
multiplying the measured pO2 with >0, solubility in tissue, which is
1.295 uM mmHg ' (20,21).

Diffuse correlation spectroscopy (DCS) for blood flow measurement.
DCS is an optical spectroscopic technique that measures the rapid
speckle intensity fluctuation induced by blood flow. Specifically, DCS
derives blood flow information from the temporal intensity
autocorrelation function of the detected multiply scattered light (22).
DCS employs coherent near-infrared light that travels diffusively through
tissue and scattered multiple times before emerging from tissue surface.

During each scattering event, the phase of the scattered light is altered.
At the detector, multiple light fields that have traveled along different
paths through the tissue, and thus have different phases, will interfere
constructively and destructively and create a speckle pattern. Dynamic
scatterings of the moving red blood cells cause the speckle pattern to
change in time. As these temporal intensity fluctuations of the detected
light are sensitive to the motions of red blood cells in the tissue
microvasculature, the DCS signals provide a direct measure of blood
flow. These temporal fluctuations can be quantified by computing the
normalized intensity temporal autocorrelation function,
(1) = <I(OI(t+1) > / <I(t)*>, at multiple delay-times, 7, where I(7)
is the intensity of the detected light at time 7, and the angular brackets,
(), represent time averages. Normalized electric field autocorrelation
function, g;(t) = G(1)/Gi(r =0) is then derived from measurements
of g,(1) via the Siegert relation (23): g»(t) = 1 + flg1(z)|*, where f is a
constant determined primarily by the experimental collection optics. The
electric field autocorrelation function, G,(t) = <E*(t)E(t 4+ 1)> obeys
a correlation diffusion equation in highly scattering media (24,25). Blood
flow index (BFI) is obtained by fitting g;(t) to the analytical solution of
the correlation diffuse equation in the semi-infinite geometry (26).

Measurement of blood flow during preclinical PDT. DCS, within a
noncontact probe setup, was used to monitor blood flow changes in mice
during PDT. A detailed description of the DCS instrument can be found
in (22,27). Briefly, a continuous wave 785-nm laser with long coherence
length (CrystaLaser Inc., Reno, NV) delivered light through a source
fiber, and the diffuse reflected light was collected using two single-mode
fibers located 0.3 cm laterally from the source fiber. These fibers were
mounted on the imaging plane of a camera with sensor removed. A
camera lens was used to focus the laser and to collect diffuse reflected
light from the tumor at a fixed distance of 15 cm from the camera lens.
This detected light has probed a “banana shaped” volume of tissue that
span ~1/2 of the source detector separation (i.e. ~0.15 cm) below tissue
surface (28,29). This setup permits noncontact measurements of blood
flow during PDT without obstructing the treatment light. Two single
photon counting avalanche photodiodes were used to detect the diffuse
light in parallel. Notch filters at 630 nm and a 785 nm bandpass filter
were used to prevent the ambient room light and the strong 630 nm
treatment laser from saturating the detectors. Tissue blood flow
measurements started 5 min before the beginning of PDT treatment and
lasted until completion of PDT.

Clinical PDT treatment and PDT dose detection. The primary goal of
this study is to demonstrate and perform explicit dosimetry ROSED in a
clinical setting by utilizing knowledge acquired preclinically. Patients
with pathologically confirmed epithelioid malignant pleural mesothelioma
were enrolled in a phase II randomized clinical trial of extended
pleurectomy/decortication with or without Photofrin-mediated PDT.
Photofrin (provided by Pinnacle Biologics, Chicago, IL, USA) was
administered at 2 mg per kg of body weight as an intravenous infusion
approximately 24 h prior to the anticipated time of intraoperative PDT.
After surgically resecting all gross disease, PDT treatment was performed
with 630 nm light to a total fluence of 60 J cm > as previously
described (30-34). Briefly, the pleural cavity was filled with diluted
Intralipid solution to aid with light scattering and 60 J cm™2 630 nm
light was delivered to the pleural cavity via an optical fiber inserted into
modified endotracheal tube filled with 0.1% Intralipid. Homogeneous
light delivery is accomplished by continuously moving the light source
around the pleural cavity with continuous feedback monitoring of light
fluence rate and cumulative fluence provided by 8 isotropic detectors
(Medlight, Switzerland) sutured to the chest wall. Four of the eight
isotropic detectors were used to monitor the light dose and Photofrin
fluorescence simultaneously. Long pass filters (Semrock, Inc., Rochester,
NY, USA) were used to block the treatment light before the fluorescence
was recorded by 4 single-channel spectrometers (Exemplar, B&W Tek,
Inc., Newark, DE, USA).

A schematic diagram of ROSED dosimeter which consists of a PDT
dose dosimeter and a DCS module is shown in Fig. 1(a). PDT dose
dosimeter consists of photodiodes for light fluence rates measurements
and spectrometers for fluorescence measurements. More details about
PDT dosimeter and the quantification of absolute Photofrin concentration
from measured fluorescence spectra can be found in (19).

Measurement of blood flow during clinical PDT. DCS monitoring of
tissue blood flow during pleural PDT was implemented using a custom-
built DCS contact probe as shown in Fig. 1(b). The contact probe
consists of a side-firing multimode source fiber and three single-mode
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Figure 1. (a) Schematic diagram of the PDT dosimeter and DCS, (b) a
picture of the DCS contact probe, which consists of one multimode
source fiber and 3 single-mode detector fibers positioned at 0.4, 0.7 and
1 cm laterally from the source.

detector fibers polished at 45°. Light from a continuous wave 785 nm
laser with long coherence length was delivered through the source fiber.
The reflected diffuse light was collected using the detector fibers located
at 0.4, 0.7 and 1.0 cm from the source fiber, which correspond to a
range of probed tissue depth between 0.2 to 0.5 cm. Three single photon
counting avalanche photodiodes were used to detect the diffuse light in
parallel. The DCS probe was mounted onto a clear acrylic rectangle pad
with small holes at each corner that allowed it to be sutured adjacent to
one of the isotropic detectors measuring light fluence rate and
photosensitizer fluorescence data. Tissue blood flow was measured
continuously throughout the PDT treatment. The study started with one
DCS contact probe for the first two patients, and it was later expanded
for the next five patients to include the second DCS contact probe to
enable simultaneous measurements of blood flow at two different pleural
sites.

Calculation of [ROS]rx using ROSED. The PDT process is described
by a set of kinetic equations which can be simplified to compute the
production of [ROS]rx (4,8,9,13). These equations are dependent on the
temporal and spatial distribution of light fluence rate (¢b), photosensitizer
concentration ([Sp]), ground state oxygen concentration ([3 0,]), oxygen
supply rate (g) and the photosensitizer-specific reaction-rate parameters
(0, B, o and &). The relevant equations are:

diso] [0y - .
Tto_ *W([%]*b)ﬂsokm (1)
dfo,] POy . [0,
dtz - _[302]i_ﬁ¢[s()]g+g(1 - [3022]())7 (2)
aROS,, . [0y

Definitions and values of the five specific PDT photochemical
parameters for Photofrin are given in Table 1. Since light fluence rate,
Photofrin concentration and tissue oxygen were measured in this study,
only Eq. (3) is needed to calculate for [ROS]rx. For the calculation of
[ROS]rx, the term on the right-hand side of Eq. (3) is integrated over the
time course of PDT treatment using the measured value of 20,1, [Sol
and light fluence rate. In vivo light fluence rate distribution can be

Photochemistry and Photobiology 3

estimated from the in-air light fluence rate using a 6-parameter analytic
expression (35). Tissue optical properties needed for this calculation were
obtained from diffuse reflectance measurements using the multifiber con-
tact probe. Besides using the value of [*0,] measured by Oxylite Pro, we
also investigated the use of tissue blood flow measured by DCS during
PDT to calculate for [ROS]rx. The rationale of using tissue blood flow as
a surrogate for [?0,] is because convective supply of oxygen depends
directly on blood flow. Changes in tissue oxygenation depend critically
on oxygen consumption and supply by blood flow. A conversion factor
of 1.5 x 10° pMs cm 2 was found to be needed to scale the blood flow
index to match the measured tissue oxygen. [ROS]rx calculated based on
[0,] measured by Oxylite was compared with that determined based on
DCS blood-flow-derived oxygen.

RESULTS

Chlorophyll spectra in mouse fluorescence measurements

Figure 2(a) shows the spectral comparison of mouse tissue aut-
ofluorescence, chlorophyll fluorescence and Photofrin fluores-
cence. Chlorophyll fluorescence spectrum has a peak at
~675 nm, which overlaps significantly with the fluorescence
spectrum of Photofrin. This chlorophyll peak could significantly
contaminate the measured fluorescence and complicate the calcu-
lation of Photofrin concentrations. Our data suggest that chloro-
phyll signal decayed quickly after the mice were fed with the
modified diet and its peak intensity reduced to <5% of the initial
value, 10 days after diet change (Figure 2(b)). All Photofrin
measurements in this study were taken at least two weeks after
the mice were fed with chlorophyll-free rodent diet to make sure
fluorescence measurements were not affected by the presence of
chlorophyll.

Correlation between tumor oxygen and blood flow

Figure 3 shows the comparison of tissue oxygen measured using
two different techniques for seven mice during PDT treatment:
blue lines for OxyLite Pro measurements and red lines for DCS
measurements. For OxyLite Pro measurements, tumor oxygen (in
um) was approximated from the measured tumor oxygen tension
(in mmHg) by multiplying by 1.295 uM mmHg~'. For DCS
measurements, tumor oxygen was approximated from the blood
flow index (cm?s Y using the conversion factor of
1.5 x 10° pMs cm ™2 We have previously demonstrated (8,36),
in murine models, that the magnitude of DCS-measured blood
flow index can be scaled by a factor of 1.5 x 10° to match the
magnitude of the tumor oxygen level at the beginning of light
delivery for PDT. Indeed, in the present investigation, we com-
puted the average ratio of the entire spectrum of tumor oxygen

Table 1. Model parameters used in the macroscopic kinetics equations
for Photofrin.

Parameter Definition Value References

e(m ' pM Y Photofrin extinction 35 x 1077 (@)
coefficient

E(em® s ' mw ) Specific oxygen 37 x 107° (@)
consumption rate

o (M) Specific photobleaching 7.6 x 107> (4)
ratio

p (uUM) Oxygen quenching 11.9 “)
threshold concentration

0 (LM) Low-concentration 33 4)
correction
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Figure 2. (a) Spectra of mouse tissue autofluorescence, chlorophyll fluo-
rescence and Photofrin fluorescence; (b) Fluorescence spectra taken from
mice a day (solid line) and 10 days (dotted line) after feeding on chloro-
phyll-free rodent diet. Fluorescence peak intensity at 675nm on day 10
was less than 5% of the initial peak intensity on day 1.

to tumor blood flow for all mice investigated and determined a
similar blood flow index to tumor oxygen conversion factor of
~1.5 x 10° pMs cm 2 Generally, results in Fig. 3 show large
variation in temporal changes of tumor oxygenation for mice
treated with similar and different PDT treatment conditions. Mea-
surements of tumor oxygen during PDT is therefore very impor-
tant for accurate ROSED, since the heterogeneities in temporal
changes in tumor oxygen cannot be modeled using Eq. 2.
Although the overall trends in tumor oxygen obtained from
Oxylite and DCS measurements are in good agreement, there are
subtle differences in the absolute level of oxygen concentration
between the two methods. To test if these differences would
affect the accuracy of ROSED, we calculated and compared the
cumulative [ROS]rx using Eq. 3 based on Oxylite-measured
[20,] and blood-flow-derived [20,]. A summary of the treatment
conditions for the seven mice, including in-air light fluence rate,
treatment time, initial Photofrin concentration in tumors [Sy] and
the calculated total reacted reactive oxygen species concentration
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Figure 3. Comparison of tissue oxygen measured using the Oxylite Pro
(blue dotted lines) and blood-flow-derived tissue oxygen estimated as the
product of the blood flow index and a conversion factor of
1.5 x 10° uMs cm 2 (red solid lines).

[ROS]rx are given in Table 2. It should be noted that Photofrin
concentrations were measured at different timepoints during PDT
treatment to account for photobleaching, but only initial values
of Photofrin concentration are reported here. Despite differences
in the absolute level of tumor oxygen, the calculated [ROS]rx
based on the two oxygen measurement methods are in close
agreement as shown in Table 2. Differences between the calcu-
lated [ROS]rx based on Oxylite-measured [20,] and blood-flow-
derived [302] data are within 12% for all mice. This suggests
that tumor blood flow index, which can be measured noninva-
sively during clinical PDT, can legitimately be used to derive
tumor oxygenation and to calculate for [ROS]rx with desired
accuracy. It should be noted that all seven mice used in this
study were a subset of the animals used in a previous report (9),
in which a more comprehensive investigation on the correlation
between [ROS]rx and treatment outcomes can be found.

Temporal and spatial distribution of light fluence rate,
oxygen and Photofrin during pleural PDT

Figure 4 shows explicit measurements of light fluence rate,
blood-flow-derived oxygen and Photofrin concentration at two
different sites in the pleural cavities of two patients (Figs 4(a),
(c) and (e) are for patient #37, and Figs 4(b), (d) and (f) are for
patient #38) during PDT treatment. Figure 4(a) shows temporal
changes in light fluence rate detected on the tissue surface of
apex (blue line) and posterior mediastinum (red line) in the pleu-
ral cavity of patient #37 during the time course of PDT treat-
ment; and Fig. 4(b) shows the treatment light fluence rate
detected on the tissue surface of posterior mediastinum (blue
line) and posterior sulcus (red line) for patient #38. Rapid and
large fluctuations in the detected light fluence rates were
observed for all pleural sites and for all patients (not shown in
Fig. 4). These fluctuations in treatment light fluence rate are due
to movement of the treatment light wand in the pleural cavity as
the PDT surgeon “paints” the light dose uniformly over the
entire pleural cavity. High fluence rates (up to 600 mW cm ™ 2)
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Table 2. In-air light fluence rate (¢,;,), treatment time, initial Photofrin concentration in tumors [PS] and total reacted reactive oxygen species concentra-

tion [ROS],, calculated based on measured [?O,] and DCS blood flow.

Initial Photofrin Calculated [ROS],, (mM)

In-air light fluence rate, Treatment concentration,
Index Mouse # Dair (MW cm?) time (s) [PS] (uM) Measured [2O5] DCS blood flow
1 12-1 75 1800 6.9 1.39 1.35
2 12-2 75 1800 6.8 1.24 1.18
3 12-3 75 1800 5.2 1.07 1.12
4 12-4 75 1800 5.7 1.09 0.95
5 11-2 75 3333 6.5 2.33 221
6 11-3 75 3333 42 1.73 1.92
7 11-4 75 3333 4.5 1.89 1.81

were detected when the PDT treatment wand was in close prox-
imity to an isotropic detector. Very low or no treatment light flu-
ence rate was detected when the PDT treatment wand was
moved away from an isotropic detector to a distant pleural site.
Light fluence dosimetry at pleural sites, where no DCS measure-
ment was performed, are not reported in this paper.

Figures 4(c) and (d) show the temporal changes in tumor oxy-
gen measured at the same pleural sites (as in (a) and (b)) for
patient #37 and patient #38. Oxygen concentrations were approx-
imated from the blood flow index obtained from DCS measure-
ments, by multiplying the DCS blood flow index by the
conversion factor determined preclinically (as described above).

We can see that tumor oxygen levels were low at the begin-
ning of PDT treatment, suggesting tissue hypoxia due to surgi-
cal damage of the tissue vasculature. As PDT starts, tumor
oxygen fluctuates significantly, and the fluctuation patterns are
distinct from site-to-site and from patient-to-patient during light
delivery. Interestingly, fluctuations in tumor oxygen were corre-
lated with variations in light fluence rate. Figures 4(g) and (h)
show overlay plots of fluence rate and tumor oxygen taken
from apex and PM locations in patient #37. Comparison
between light fluence rate and tumor oxygen shows that high
fluence rate induces rapid increase in tumor blood flow and
hence increase in tumor oxygen. During periods of low light
fluence rate, tissue blood flow (oxygen) decreases and/or returns
to the baseline level.

Figures 4(e) and (f) plots temporal changes in local Photofrin
concentration measured at two pleural sites for patient #37 and
patient #38. Only Photofrin concentration at sites where DCS
measurement was performed are shown. Each data point in
Fig. 4(e) and (f) represents a Photofrin concentration that is
obtained from one fluorescence spectrum using the method
described elsewhere (19). Photofrin concentrations are corrected
for variation in tissue optical properties, obtained using diffuse
reflectance spectroscopy, based on an analytical correction func-
tion (19). Photofrin fluorescence was excited using the PDT
treatment laser. The highly fluctuating treatment light fluence
rate, due to the fact that the light source was constantly circulat-
ing in the lung cavity, resulted in +15% uncertainty in the
extracted Photofrin concentration. Mean concentration of Photo-
frin was calculated for all data points every 10 min of treatment
time, and the results are shown as solid lines in each plot. The
mean Photofrin concentrations exhibit no sign of photobleaching
for all measurement sites and for all patients (including data not
shown) during the time course of PDT treatment. The mean
Photofrin concentrations for each pleural site was used for the

calculation of [ROS]rx using ROSED and are summarized in
Table 3.

Calculated [ROS]rx using ROSED for clinical PDT

Cumulative [ROS]rx generated by PDT was calculated using
ROSED by integrating the right-hand side of Eq. 3 over the time
course of PDT treatment. Temporal and spatial distribution of
light fluence rate on the tissue surface (¢), mean Photofrin con-
centration ([So]), blood-flow-derived tumor oxygen (PO,]) and
photophysical parameters (& and PB) are needed for the calculation
of [ROS]rx. The ROSED-calculated [ROS]rx (mM) for 12 sites
in seven patients are summarized in Table 3. Comparison to
other commonly used dose metrics, namely light fluence
J cmfz), and the PDT dose (uM J cmfz) defined as the product
of light fluence and photosensitizer concentration, are also
included in Table 3. Tissue optical properties used for the correc-
tion of Photofrin concentration, and the resultant mean corrected
Photofrin concentration ([Photofrin]) are also provided. The
mean (standard deviation) optical properties (U,, 1s’) of all pleu-
ral tissues for the seven patients are 0.37 £ 0.15 and
9.4 + 2.2 cm !, respectively. The mean Photofrin concentration
of all pleural tissues for seven patients is 6.2 + 2.1 mg kg™'.
Note, 1 mg kg~! of Photofrin is equivalent to 1.65 pM of
Photofrin. PDT treatments were delivered based on light dosime-
try until the prescribed 60 J cm™2 of light fluence. Therefore, the
light fluence detected at the surface for all pleural sites are equal
as shown in Table 3.

Despite using the same light dose, PDT dose delivered to all
sites can be quite different. The mean (standard deviation)
PDT dose delivered to these seven patients is 614 +
202.6 uM J cm™2, with a maximum of 1029.6 uM J cm™> and
minimum of 382.1 pM J cm 2. The variations in delivered
PDT dose are mainly due to the intra- and interpatient hetero-
geneities in Photofrin uptake. Lastly, assessment of ROSED
reveals large variation in the calculated [ROS]rx for all patients,
with a mean (standard deviation) of 0.59 + 0.25 mM and a
range of 0.31-1.17 mM. These values are consistent with those
reported in previous preclinical Photofrin-mediated PDT studies
(4,8,9,37).

DISCUSSION

Treatment light fluence is the most commonly used dose metric
for clinical PDT dosimetry due to its simplicity of measurement
and correlation to treatment outcome. PDT dose is a better metric
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Figure 4. Real-time measurements of (a—b) treatment fluence rate, (c—d) blood-flow-derived oxygen and (e—f) Photofrin concentration measured from
two pleural cavity sites. (a), (c) and (e) are measurements taken from patient #37; (b), (d) and (f) are measurements taken from patient #38. (g) and (h)
are overlay plots of fluence rate and oxygen measurements taken from patient #37.

than light fluence alone, with improved treatment outcome pre- PDT dose dosimetry by concurrent measurement of light fluence
diction because it accounts for variations in tumor photosensitizer rate and photosensitizer concentration during PDT. In preclinical
uptake. Our group has demonstrated the feasibility of clinical investigations, [ROS]rx, or ['O,]rx for type-Il PDT only, have
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Table 3. Tissue optical properties, mean Photofrin concentration, light fluence, PDT dose and [ROS]rx at the surface of 12 pleural sites on seven
patients. The light fluence rate on surface is the same at 60 J cm ™ for all patients.

Patient Site Ha (em™h s (ecm™Y)  [Photofrin] (mg kg’l) Light fluence at surface (J cm~2)  PDT dose (WM J cm™2)  [ROS]rx (mM)
#20 PM 0.42 10.3 7.2 60 710.8 0.69
#27 ACW 0.32 8.9 5.7 60 564.3 0.34
#29 PCW 0.65 13.2 9.8 60 965.3 1.17
ACW 0.38 9.6 6.0 60 594.0 0.46
#35 PM 0.48 9.2 5.7 60 564.3 0.85
AS 0.35 9.1 6.7 60 663.3 0.33
#37 PM 0.17 5.9 4.1 60 396.0 0.75
Apex 0.22 6.3 39 60 382.1 0.59
#38 PM 0.23 6.8 44 60 435.6 0.41
PS 0.62 12.3 10.4 60 1029.6 0.72
#40 PM 0.25 10.2 4.1 60 403.9 0.31
AS 0.35 11.2 6.7 60 659.3 0.41
Average 0.37 £ 0.15 94 + 22 6.2 + 2.1 60 614 £+ 202.6 0.59 + 0.25

ACW = anterior chest wall; AS = anterior sulcus; PCW = posterior chest wall; PM = posterior mediastinum; PS = posterior sulcus. 1 mg kg’l

Photofrin = 1.65 uM Photofrin.

been demonstrated to be the best dose metric to predict PDT
treatment outcome (4-6); however, its clinical implementation is
challenging due to a lack of FDA-approved instrument to mea-
sure tissue oxygenation reliably during PDT.

For our work, we employ the ROSED model (Eq. 2). In prin-
ciple, it can be used to estimate [?O,] when PS-specific photo-
physical parameters are known, and the estimated [O,] is found
to be in close agreement with measured tumor oxygen during
preclinical PDT using several photosensitizers, including HPPH
and BPD (10,11). However, for Photofrin-mediated PDT, large
mouse-to-mouse heterogeneity in tumor oxygen changes has
been observed in preclinical studies (8,27) and these intersubject
variations in [302] cannot be modeled using Eq. (2). Thus, expli-
cit measurement of tumor oxygen is needed to improve the accu-
racy of the calculated [ROS]rx to better predict for treatment
outcome.

Since the convective oxygen delivery depends directly on
blood flow, increasing blood flow will increase the delivery of
oxygen via the blood to the tissues. Our previous simulation
study (20) showed that maximum oxygen supply rate (g)
increases linearly with blood flow velocity (v,). Indeed, in our
present investigation, we observed that changes in tumor blood
flow during PDT correlates well with the temporal changes in
tumor oxygen (see Fig. 3). Tumor blood flow is measured using
DCS, which is a noninvasive optical modality that can be
employed clinically to collect patient’s blood flow data. The
average ratio of tumor oxygen to tumor blood flow for all mice
was determined to be 1.5 x 10°. The conversion factor has a
unit of pMs cm2; hence the blood-flow-derived tumor oxygen
(blood flow index multiplied by conversion factor) has the same
units as measured tumor oxygen (uM). Although a single
1.5 x 10° conversion factor between these two parameters was
used in this study, we have observed variations in the conversion
factor between mice, between 1 x 10° to 2 x 10° in previous
reports (8,10,27,36). Mouse-to-mouse variation and temporal
change in the conversion factor could happen over the course of
a treatment and contribute to the subtle mismatches between
OxyLite-measured tumor oxygen and blood-flow-derived tumor
oxygen traces as shown in Fig. 3. However, we found that the
variation in the conversion factor (between 1 x 10° to 2 x 107)
has impacted minimally on the value of calculated [ROS]rx
based on blood-flow-derived oxygen.

Tissue optical properties used to determine blood flow indices
were obtained from diffuse reflectance measured before the
beginning of PDT treatment. Tissue optical properties were
assumed to be constant during the time course of PDT. Irwin
et al. (38) has investigated the effect of optical properties on the
DCS blood flow indices and found that u has a greater influ-
ence on blood flow than p,. However, one should expect larger
temporal variation in tissue g, than g, due to the rapid and
large fluctuations in tumor blood flow that would cause the total
hemoglobin concentration to change significantly. u,’ depends on
the size, morphology and structure of the tissue components and
is less likely to highly vary during the time course of a PDT
treatment. Based on Irwin’s investigation, a 150% change in tis-
sue absorption would result in approximately 40% error in the
estimated blood flow index. Therefore, small mismatches
between traces of OxyLite-measured tumor oxygen and blood-
flow-derived tumor oxygen as shown in Fig. 3 could be due to
over- or underestimation of blood flow indices caused by false
assumption of constant tissue optical properties in this study. For
future PDT studies, concurrent measurements of DCS and optical
properties would be useful to account for temporal variations in
tissue p, and u. Nevertheless, despite the potential error in
blood-flow-derived tumor oxygen as discussed above, [ROS]rx
calculated based on blood flow in this study are in very good
agreement with the [ROS]Jrx calculated using measured [302].
We found that small differences in [°O,] have minimal impact
on the calculation of [ROS]rx.

In conclusion, for the first time, we performed ROSED in a
clinical setting with concurrent explicit measurements of light
fluence rate and PS concentration using a PDT dose dosimeter,
and blood flow using DCS. Tumor oxygenation was estimated
by multiplying DCS blood flow index by a preclinically deter-
mined conversion factor of 1.5 x 10° pMs cm™ 2. The mean (s-
tandard deviation) of calculated [ROS]rx from a total of 12
pleural sites and seven patients is 0.59 £ 0.25 mM. The results
reveal large inter- and intrapatient heterogeneity in [ROS]rx,
although PDT treatment was performed to a prescribed light dose
of 60 J cm™2. ROSED has been demonstrated in preclinical stud-
ies to be a useful predictor of treatment outcome, because it
accounts for both subject-to-subject and site-to-site variations in
PS concentration and tissue oxygenation. As for clinical studies,
due to ongoing status of clinical trial, treatment outcome
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information is still blinded and not assessible for the subjects
who were recruited in this manuscript. A more detailed investi-
gation of correlation between model-calculated [ROS]Jrx with
clinical outcomes will be performed when data become available
in the near future. Nevertheless, this study suggests that real-time
ROSED could be explored to guide physicians in creating a
homogenous [ROS]rx at all areas of disease, thereby providing
for the desired treatment goal.
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