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1 Background

Photodynamic therapyPDT) is a cancer therapy that uses

nonionizing photons and a photosensitizer to treat solid tu-
mors and surface malignancit$he efficacy of PDT depends

on the simultaneous presence of photosensitizer,
oxygen. Visible light is used to excite the photosensitizer. This
excitation initiates a cascade of chemical reactions, involving
highly reactive oxygen intermediates that produce cellular

damagé.

Models for the photodynamic dosimetry offer a quantita-
tive basis for the improvement of PDT treatment protocols,
and require accurate measurements of tissue optical propertie
for their implementation. In the explicit dosimetry metHod,
the PDT threshold dose is defined as the minimum number of
photons absorbed by the photosensitizer per unit tissue vo
ume required to produce tissue necrosis. By contrast, an im-

Abstract. We compared light-induced fluorescence (LIF) to nominal
injected drug dose for predicting the depth of necrosis response to
photodynamic therapy (PDT) in a murine tumor model. Mice were
implanted with radiation-induced fibrosarcoma (RIF) and were in-
jected with 0, 5, or 10 mg/kg Photofrin. 630-nm light (30 J/cm?, 75
mW/cm?) was delivered to the tumor after 24 hours. Fluorescence
emission (N excitation= 545 NM, A emission= 628 nm) from the tumor was
measured. The LIF data had less scatter than injected drug dose, and
was found to be at least as good as an injected drug dose for predict-
ing the depth of necrosis after PDT. Our observations provide further
evidence that fluorescence spectroscopy can be used to quantify tis-
sue photosensitizer uptake and to predict PDT tissue damage. © 2003
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1560011]
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plicit PDT dosimetry modélrelies on the measurement of a
variable that depends sensitively on a range of the response-
determining treatment factors. In theory such measurements
eliminate the need to measure all other tissue factors explic-
light, angitly- Variation in the fluorescence emission of a photosensi-
tizer, for example, can in some instances be correlated with
tissue response and is thus a leading candidate for implicit
dosimetry.

At the University of Pennsylvania, we are carrying out
clinical trials with PDT for treatment of peritoneal sarcofna,
malignant pleural effusion, mesothelioma, and recurrent pros-
date cancer. It is well known that there are substantial varia-
tions in drug uptake and light dose distribution in biological
systems. Several groups have investigated tissue fluorescence
|.as a surrogate for actual tissue drug concentration, as a pre-
dictor of PDT tissue respon$e® In the present study we used
before-PDT fluorescence as a means to characterize tis-
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sue drug concentration. We then correlated the laser-induced Computer

fluorescenceLIF) and the nominal injected drug dose with .

PDT-induced depth of necrosis, and with each other. /ZA}:
e

2 Study Design, Materials, and Methods
2.1  Mouse Tumor Model Optical fibers

The radiation-induced fibrosarcon®IF) tumor cell line was Probe
maintained according to strict protocol iof vitro andin vivo cCD
passages as described earifeFor in vivo studies, the RIF Mongehromator|
tumor was implanted on the shoulders of female C3H mice .
(average weight 21.2)gTaconic, Germantown, New York Tissue
by intradermal |nject|0_n_03>_< 10° Ce"S_' Tumors were treated . Fig. 1 Schematic of the experimental setup for the light-induced fluo-
about one week after injection, at a size of about 5t0 7 MM in rescence measurements. The instrument consists of three parts: the

diameter. At that size, all tumors were free of visible necrosis. CCD camera, wavelength dispersion system (monochromator), and
fiber optics probe head.

2.2 Assessment of PDT Tissue Damage

Mice were injected with O(n=2), 5 (n=3), and 10(n o o

=3) mg/kg Photofrin(QLT Phototherapeutics Incorporated ~SOIVe for uer, we assumed the diffusion approximation for
Vancouver, B.C., CanagldV via tail veins. Light was deliv- I|ght'trarlls.port was valid, and' fit our reflectance data using the
ered to the tumor 24 hours after drug injection using the emis- SéMi-infinite medium approximatioh

sion of a KTP-YAG-pumped Rhodamine 6G dye ladeaser- 5

scope model XP, San Jose, Califojn@perating at 630 nm 1(p)=(Alp%)exp(— ppef)- @
with a Microlens output optical fibe(Rare Earth Medical,  Here, I(p) is the reflected light intensity at distanpefrom
West Yarmouth, MassachusettsThe fluence rate was 75  the source, and is proportional to the incident light intensity
mWi/cn?, and the total delivered light dose was 30 Jlcm gt the entrance into the tumor tissue. Ploténgp? (p)] versus
Incident light intensity was measured by standard power , yield u.¢ as the slope. The optical penetration depth

meters (Coherent, Auburn, Californja Prior to PDT, mice =1ttt -
were anesthetized by an intraperitoneal injection of ketamine/  Qur probe arrangement allowed us to enhance the LIF sig-
xylazine (175/10 mg/kg. nals by integrating over several consecutive detectors. In our

To assess the tissue damage by PDT in the RIF murinecase, LIF signals from the first three fibers were used. The
tumor, we adopted a procedure similar to the work of Fingar fluorescence measurements were typically obtained in less
et al.ll At 24 hours after PDT treatment, tumors were excised than a second. Approximately 200 nW of ||ght from a tung_
and fixed. They were cut in half vertically with respect to the sten halogen lamp was coupled into the tissue using one
skin surface, and stained with hematoxylin-eosin. Measure- 210.um core diameter multimode source fiber. The detection
ments of the depth of necrosis from the skin inward were fipers collected the LIF and transported the light emission to
made on a graded reticulenicrons using light microscopy  the entrance slit of the imaging monochromat®@0 gr/mm,
by our pathologist who was blinded to the injection dose and f#=4, Acton Research, Acton, MassachusetEhe spectra
to the florescence signal. For each excised tumor, three to fiveywere collected before and after light delivery concurrently in
sections were taken near the midline. There were no signifi- the range of 500 to 900 nm using a liquid nitrogen cooled
cant variations in the depths of necrosis. We are using the cCD camerdPrinceton Instruments, 16 bit, 24m pixel size,

deepest depth of necrosis in each tumor in this work. 330x 1100 pixels)that operated at 163 K.
The LIF signal was smoothed and normalized at 615 nm.
2.3 Fluorescence/Absorption Spectroscopy The normalization corrected for variation of the incident light

We have developed an apparatus that may be used for botHPOWer. The fluorescence spectra contained a combination of
fluorescence and absorption measureméfig. 1). Incident autofluorescence and Photofrin fluorescence. To monitor tis-
light for absorption measurements was derived from a lamp SU€ uptake, the Photofrin fluoresceripeak 628 was inte-
source. The instrument was converted into a fluorescencegrated between 615 and 645 riffig. 2). In this range, the

spectrometer by using an interference bandpass fi@eiel) Photofrin fluorescence was clearly distinguishable from tissue
to select our desired excitation ligfs45 nm,~20 nm full- autofluorescence in the control migéig. 3a)]. _
width half maximum(FWHM)] from the total lamp output. Statistical analysis was performed using routines provided

Detection was accomplished using a fiber-optic probe made ofbY SPSS(SPSS Incorporated, Chicago, Illinpiand Excel
32 fibers placed in a line with 0.24-mm separation between (Microsoft Corporation
their centers. The distance between the source and the first
detection fiber was 0.44 mm.

Data analysis algorithms were developed using LabView® ] ) ) )
graphical programming languagilational Instruments, Aus-  3+1  Tissue Photofrin Concentration with LIF
tin, Texas. We estimated the effective attenuation coefficient SPe€ctroscopy
Mei Of the tumor tissue based on the absorption signals col- Fluorescence spectroscopy is rapidly approaching clinical use
lected by detectors located 1.16 to 5 mm from the source. Toin many context$®* For example, fluorescence microscopy

3 Results and Discussion
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41 Absolute quantification of drug fluorescence is complex and
35 - requires attention to photon transport physics and photobiol-
2 3 ogy. Tissue optical properties affect the true light dose at spe-
§ 25 - cific locations below the tissue surface, and can complicate
5 5| the interpretation of tissue fluorescence measurements. The
g 5 latter effect arises because the source distribution of excitation
g ] light depends on tissue optical properties at the excitation
05 | wavelength, and because propagation of the fluorescent pho-
'0 tons depends on tissue optical properties at the emission

wavelength. Despite these difficulties, absolute determination
of drug concentration in a semi-infinite phantom based on LIF
has been reporté§:!’

In-vivo use of these methods is complicated and is under
active investigatios:*® For example, in PDT of early stage
carcinomas of the esophagus with tétnata-hydroxy-
phynylchlorin (MTHPQO, investigators have found large
variations of mTHPC uptake among patieh&uctuations in
the degree of tumor destruction between patients were found

makes possible a detailed examination of drug deposition in t0 be related to mucosal drug uptake as measured by LIF,
cells and tumor tissu¥.We have explored the utility of mac-  Suggesting that LIF may be used as a guide for PDT. By using
roscopic LIF spectroscopy for providing semi-quantitative LIF as a measure o_f tissue photosenS|_t|zer__concentra'uon,
measures of tissue Photofrin uptake, and we correlated fluo-these investigators improved the predictability of PDT-

rescence measurements with the PDT-induced tissue depth offduced tumor destruction. This earlier study suggested that

560 580 600 620 640 660 680
Wavelength, nm

Fig. 2 Calculation of LIF signal of tissue Photofrin. The overall signal
consists of autofluorescence and the LIF. Excitation wavelength was
545 nm. The Photofrin fluorescence was integrated from 615 to 645
nm (hatched area).

the PDT-induced tissue damage was also dependent on the

necrosis. o
fluence rate. In the research, we quantify tissue damage by
measuring the depth of necrosis at a fixed fluence rate that is
commonly used in PDT.
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Fig. 3 (a) In-vivo LIF monitoring of tissue Photofrin uptake showing

LIF signal i

ncreases with the amount of Photofrin injected. The mice

were injected with 0, 5, and 10 mg/kg Photofrin, respectively, 24
hours prior to these measurements. (b) Photobleaching of Photofrin
immediately after PDT, and partial replenishment of Photofrin LIF after

five hours.

The spectra were obtained from a mouse injected with 10

mg/kg Photofrin.
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3.2 Depth of Light Penetration

Figure 3a) shows thein vivo Photofrin LIF spectra from tu-
mors on three mice with 0, 5, and 10 mg/kg tail vein IV
injection of drug, respectively. In our murine tumor model,
the Photofrin fluorescence peaks at 628 nm were clearly mea-
surable(Fig. 2. From our absorption measurements, we cal-
culated the optical depth of penetratiorat 630 nm.5 was
6.3+ 1.2 mm.The data on PDT-induced necrosis suggest that
different depths of therapeutic light penetration did not sig-
nificantly correlate with the depth of necosis. The Pearson
correlation coefficients betweehand depth of necrosis was
0.295.

3.3 Quantification of Tissue Photofrin Uptake

Assuming the drug distribution was uniform, we estimaled
the source of our fluorescence signal was predominantly from
depths of ordef.4+0.2 mm. Our measured Photofrin fluo-
rescence peak is consistent with what other investigators have
observed? In the control miceg(without Photofrin injectioh,

LIF signals and tissue necrosis were negligiifeg. 4). This

is consistent with known observations that conditions with
either light or drug alone are not enough to cause tissue ne-
crosis; a combination of the two is requirédThe Pearson
correlation between the injected drug dose and the LIF signals
was high with a coefficient of 0.875. Based on the LIF mea-
surements, we observed that tissue Photofrin uptake may vary
with the same injected doses at 5 or 10 mg/kg. In our case it
was especially true for mice injected with 5 mg/kg Photofrin
(Fig. 4. The mice received Photofrin via tail vein injection;
success of the injection was readily monitored visually. There-
fore, we postulate that variation in tissue Photofrin concentra-
tion was largely due to tumor uptake. The sources of variable
tumor uptake, which may include factors such as tumor an-
giogenesis and metabolic level, will require further
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Fig. 4 Fit of depth of necrosis to injected Photofrin dose in (a) mg/kg
and (b) to LIF.

investigation. However, Figs.(8 and 3b) suggest the back-
ground fluorescence in both the tumor and the normal tissue is
minimal and is unlikely to be the source of the observed
variation. Our data suggest that the pre-PDT LIF intensity is
an indicator of average drug concentration in the tumor and is
critical for PDT-induced tissue necrosis.

Photobleaching is a well-known phenomenon in PDT. LIF
spectroscopy is capable of ragiasitu monitoring of tissue
photosensitizer concentration. The temporal dynamics of pho-
tosensitizer bleaching during PDT has been studiedl has
provided insight about fractionation of the PDT light dose.

Such experiments force us to reevaluate treatment protocols

on a fundamental levét? In this study, we also observed
significant photobleaching after the PDT in the murine tumor
model [Fig. 3(b)]. The maximum photobleaching was about
85%, and interestingly, about 30% of the LIF signals replen-
ished 4 hours after PD{data not shown The background
fluorescence as seen after PDT was siifali. 3(a)], indicat-

ing that the fluorescence peak represented the tissue Photofrin6.

uptake.

3.4 Comparison of LIF and Drug Dose for Prediction
of Depth of Necrosis

The Pearson correlation coefficient between the nominal drug
dose and depth of necrosis was 0.771. The correlation coeffi-
cient increased to 0.941 using LIF signals as a measure of
tissue Photofrin concentration. Figure 4 shows the results of
linear regression using LIF and injected drug dose with re-
spect to predicting depth of necrosis. The goodness of fit mea-
sure R-square is superior for LIf©.86) compared to the in-
jected drug dos€0.59. While suggestive, we note that our

Correlation of In Vivo Photosensitizer . . .

sample size is rather small; further work must be done to
conclude that LIF is more predictive of the depth of necrosis
than the injected drug dose.

Finally, we observed variability in depth of tissue necrosis
by PDT at the same nominal drug dageég. 4). In particular,
mouse 4 has much less tissue necrosis than the other mice
injected with 5 mg/kg PhotofriiiFig. 4). Using LIF spectros-
copy, mouse 4 was found to have low tissue Photofrin uptake,
possibly accounting for the low degree of necrosis. To rule out
the possibility of mouse 4 skewing the statistics, we also cal-
culated the correlation coefficients omitting mouse 4. The
Pearson correlation coefficients between the nominal drug
dose to the depth of necrosis was 0.831. The correlation co-
efficient improved to 0.930 using LIF signals as a measure of
tissue Photofrin concentration.

4 Conclusion

Even with our relatively small sample size, we have found
that LIF spectroscopy can be used to monitor tissue Photofrin
uptake, and can be used to predict tissue depth of necrosis.
The results suggest that real tinresitu LIF measurements
may facilitate the individualized choice of an optimal PDT
drug and light dose.
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