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The aim of this study was to investigate the use of ['éF]fluoro-2-
deoxy-D-glucose (FDG) and a small-animal PET scanner to
assess early tumor response after photodynamic therapy (PDT)
in mice. PDT consists of intravenous administration of a photosen-
sitizer that accumulates preferentially in tumor tissue, followed by
local illumination of the tumor with red light. Two different
photosensitizers were used: Photofrin (Pll), which has been
approved for clinical use, and disulfonated aluminum phthalocya-
nine (AIPcS), which is a second-generation drug. These drugs
have been shown to induce tumor necrosis through different
action mechanisms, i.e., mainly initial vascular stasis (PIl) or
direct tumor cell kill (AIPcS). FDG PET was used to follow both
perfusion and metabolic activity in the tumor tissue. Methods:
The study was performed using a mouse model implanted with
two contralateral murine mammary tumors (5 mm diameter X 2.5
mm thickness) on the back. Only one tumor was subjected to
PDT, whereas the other tumor served as a control. A total of 13
mice were studied, 1 without illumination, 3at30 minand3at2h
after PDT with both PII-PDT and AIPcS-PDT. Dynamic PET
imaging of the mice, which were placed in pairs in a prostate
position parallel to the transaxial planes of the Sherbrooke
animal PET scanner, was performed after a bolus injection of 11
MBq (300 pCi) FDG. Blood samples were collected concurrently
from 1 mouse during each study using an automated microvolu-
metric blood sampler. Results: Analysis of the tumor time-activity
curves showed that (a) scans during the first 3 min provided an
estimate of tumor perfusion, as confirmed by the blood samples;
(b) the tumor FDG uptake after 15 min was a direct measurement
of tumor metabolism clearly demonstrating the relative efficacy of
the two PDT drugs; and (c) the tumor tracer concentration in the
interval 3—15 min after FDG injection is an appropriate indicator
of the different mechanisms of tumor necrosis through indirect
vascular stasis (PIl) or direct cell kill (AIPcS). Conclusion: This
pilot study confirmed the feasibility of using dynamic in vivo PET
imaging for assessing early tumor response to PDT in mice.
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PET permits the in vivo quantification of positron-
emitting tracers, thus providing a dynamic picture of the
distribution of a radiopharmaceutical over time. Such direct
measurement of the time course of radiotracers has been
used to investigate a variety of physiological and biochemi-
cal processes, including blood flow and perfusion, metabo-
lism, protein synthesis and receptor-specific ligands (/-3).
Until recently, quantitative PET studies were limited mostly
to humans or large animals because of the poor spatial
resolution of existing clinical PET scanners (4-6). The
development of high-resolution PET scanners dedicated to
small-animal imaging (7-12) now makes it possible to
consider these methodologies for research applications in
laboratory animal models. Indeed, PET has the potential to
supplant the classic dissection-based approaches in a num-
ber of pharmaceutical and physiological research studies
(13). A specific advantage of PET is the ability to perform
fast, dynamic studies in the same animal, which allows
consistent kinetic data to be gathered regardless of interani-
mal variability. Another advantage of PET is the possibility
of performing repeated measurements in the same animal
over extended periods, thus allowing longitudinal and
follow-up studies. One such application of PET in animal
research deals with the evaluation of tumor metabolism and
response to therapy.

Photodynamic therapy (PDT) is a new treatment modality
for solid tumors. The procedure consists of the administra-
tion of a photosensitizer that accumulates preferentially in
the tumor, followed by the local illumination of neoplastic
tissues with red light (reviews, 14-16). The light absorption
by the photosensitizer results in the formation of a variety of
activated oxygen and radical species, which initiate a
cascade of biochemical reactions leading to microvascular
collapse as well as direct tumor cell kill, resulting in tumor
necrosis and eventually cure (/7). The rapid response of
tumors to PDT may result, in part, from the rapid and
efficient induction of apoptosis and from cell necrosis
(18,19).

Photofrin (PII; QLT Phototherapeutics, Inc., Vancouver,
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British Columbia, Canada), a mixture of hematoporphyrin
derivatives, was approved in 1995 in the U.S., Canada,
Japan and several European countries for clinical PDT of
selected cancers, including early lung cancer (20). However,
this photosensitizer preparation presents several disadvan-
tages, notably chemical heterogeneity, low absorption of
tissue-penetrating red light and long-term cutaneous photo-
sensitivity (27). In the search for improved second-
generation photosensitizers, phthalocyanines (PcSs) have
been proposed (22-24). Compared with porphyrins, these
dyes offer a higher molar extinction coefficient at a red-
shifted absorption maximum of approximately 680 nm,
which results from the condensation of benzene rings to the
periphery of their porphyrin-like macrocycle. Phthalocy-
anines form stable chelates with metal cations, and the
biologic potential of the water-soluble gallium, aluminum
and zinc-sulfonated phthalocyanine has been well docu-
mented. We have previously shown that among differently
sulfonated phthalocyanines (PcSs), the amphiphilic dye-
bearing sulfonate groups on two adjacent benzene rings
exhibits optimal in vitro phototoxicity (25) because of better
cell-penetrating properties (26) and targeting of photosensi-
tive intracellular sites (27,28). In contrast to PII, for which
PDT efficacy is mostly mediated by indirect effects on the
tumor microvasculature, amphiphilic disulfonated alumi-
num phthalocyanine (AlPcS) induces tumor necrosis with
fewer vascular effects. The existence of different mecha-
nisms of action of these two types of photosensitizers is
supported by histopathological findings (29) as well as
measurement of tumor vascular effects (30,31) and tumor
cell survival after PDT (32). Previously, we used tracer
techniques to quantify the effect of PDT on the tumor
vasculature by using the clinical perfusion agent %"Tc-
hexakis-2-methoxyisobutyl isonitrile (MIBI) (33). The poten-
tial to use ['8F]fluoro-2-deoxy-D-glucose (FDG) PET to
monitor tumor glucose metabolism after PII-PDT in an
animal model has recently been demonstrated (34). In this
study, we evaluated the use of FDG and animal PET to
measure tumor response after PDT in mice, both in terms of
changes in perfusion rates and metabolic activity. In addition
to confirming the usefulness of animal PET in assessing the
efficacy of an experimental cancer treatment modality, this study
allowed us to evaluate the potential of FDG PET to quantify the
involvement of different action mechanisms associated with
specific treatment protocols leading to tumor regression.

MATERIALS AND METHODS

Photosensitizers

Lyophilized PII was supplied by QLT Phototherapeutics, Inc.
and was reconstituted with 30 mL dextrose (5%) in sterile water to
obtain a concentration of 2.5 mg/mL. Aliquots were frozen and
further diluted in dextrose (5%) at the time of use, according to the
recommendations of the supplier. AlPcS, i.e., the disulfonated
fraction enriched in isomers with sulfonate substituent on adjacent
benzene rings, was prepared by the condensation method, as
described previously (35), and formulated in an oil emulsion
containing 10% Cremophor EL (Sigma, Mississauga, Ontario,

Canada) and 3% 1,2-propanediol (Sigma) in phosphate-buffered
saline and then sterile filtered (0.2 um). The dye concentration was
determined by spectrophotometry after dilution in dimethyl for-
mamide (€ggonun = 250,000 M~! cm™!). The working solution of
AlPcS was prepared by diluting the stock solution in phosphate-
buffered saline such that a 0.2-mL administrated volume gave a
1-umol drug dose.

Animal Model

All experiments were performed on male BALB/c mice (18-22
g) (Charles River Breeding Laboratories, Montreal, Quebec,
Canada) bearing two EMT-6 mammary tumors. The experiments
were conducted following a protocol approved by the Canadian
Council on Animal Care and the in-house ethics committee.
Animals were allowed free access to water and food throughout the
experiments. Before tumor implantation, hair on the hind legs and
the backs of the mice was removed by shaving and chemical
depilating (Nair, Whitehall, Mississauga, Canada). The two tumors
were implanted on the backs of the animals by intradermal
injection of 2 X 105 EMT-6 cells suspended in 0.05 mL Way-
mouth’s growth medium.

Photodynamic Therapy

For PDT studies, mice were used 17 d after tumor cell
inoculation (mean external tumor size =5 * 1 mm diameter,
2.5 £ 0.5 mm thickness). The mice were given an intravenous
administration of 5 mg/kg PII or 1 pmol AlPcS (0.2 mL/20 g)
through the tail vein. These are the minimum administered doses
required for these agents to inflict a similar level of tissue damage 3
d after PDT (32). After 24 h, one tumor was treated with an 8-mm
beam of red light (200 mW/cm? for a total fluence of 400 J/cm?),
whereas the other tumor served as a control. The light consisted of a
broad band, 650-700 nm (AlPcS) or 600-650 nm (PII), generated
by a 1000-W Xenon lamp, equipped with a 10-cm circulating water
filter and two glass filters (Corion LL-650 and LS-700 or Corion
LL-600 and LS-650; Corion Corporation, Franklin, MA).

PET Study

A total of 13 mice under ketamine-xylazine anesthesia were
prepared with indwelling PE- 10 catheters (inner diameter 0.28 mm,
outer diameter 0.61 mm) in the jugular vein and administered with
75 USP heparin. Mice were then placed 2 by 2 in a prostate position
on a polystyrene holder, allowing simultaneous imaging of 2
animals in a transversal plane. The position of the scanner bed was
adjusted such that the mice were parallel to the transaxial planes
and the four tumors were centered within the axial field of view
(FOV) of the scanner with the help of a laser beam. At predeter-
mined times after PDT treatment (30 min and 2 h), each mouse was
injected intravenously with 11 MBq (300 uCi) FDG in a variable
volume of 30-100 pL saline over a 30-s interval using an infusion
pump and then chased with 100 pL saline. FDG was supplied by the
Chedoke-McMaster Hospital cyclotron facility (Hamilton, Ontario,
Canada). The specific activity varied between 18,500 GBg/umol
(500 Ci/umol) and 2200 GBg/pumol (60 Ci/umol) from the first to
the last injection.

PET scans were obtained with the Sherbrooke high-resolution
animal PET scanner, the first positron tomograph based on
avalanche photodiode detectors (/2,36). This scanner achieves a
reconstructed resolution of 2.1 mm transaxially X 3.1 mm axially, a
sensitivity of 2600 cps/MBq (100 cps/uCi) for an axial line source
in air at the center of FOV and a high noise effective sensitivity
achieved through low random and scatter event rates (/2). The
following serial dynamic PET data were obtained, starting at the
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beginning of FDG injection: 30 frames of 5 s, 34 frames of 20 s and
6 frames of 60 s. Static scans of 3 min with oversampling motion
(36) were obtained at the end of the dynamic sequences for
reconstruction at higher resolution on a grid of 256 X 256 pixels
(0.95 mm/pixel). Accidental coincidences measured in a delayed
time window were subtracted from the emission data, and the
emission sinograms were subsequently normalized for counting
efficiency. Image reconstruction was performed using the maximum
likelihood expectation maximization reconstruction method with
30 iterations. For quantitative evaluation, regions of interest were
defined in the medial portion of the tumors. Time-activity curves
were generated and corrected for radionuclide decay.

Blood samples of 10 pL were collected simultaneously with the
help of a computer-controlled microvolumetric sampler (37,38) at
20, 30, 50 and 90 s and S, 15, 25 and 40 min after injection of the
radiotracer. A small section (6 pL) of the implanted catheter connected
to a “T” junction was used for both the injection of FDG and the
blood sampling. The tubing was chased with 20 pL saline after
FDG injection and was counted in a gamma counter (Wallac model
1282; Wallac, Turku, Finland) to measure possible contamination
after the experiment. Injecting air bubbles through a T connector
created individual blood samples in the tubing. At the end of the
experiment, the tubing containing the samples was measured, cut

FIGURE 1.

and sealed at the bubbles separating the samples. Blood samples
were then placed in test tubes and counted in the gamma counter.
Measured activity was corrected for decay and sample volume.
Blood glucose concentration was measured before FDG injection
and at the end of scanning using a portable glucometer device.

Three mice were scanned for each photosensitizer and at each
time post-PDT (30 min and 2 h) (12 in total). One control mouse
injected with FDG and the photosensitizer but not illuminated was
also scanned. In an earlier study, it was shown that the treatment
with drug alone or light alone did not affect tumor perfusion and
metabolism (32). At the end of the scanning, the mice were killed
with a lethal injection of pentobarbital (25 mg) and kept frozen for
histopathology of the tumor tissues. Twenty-four hours after the
experiment, tumors and the surrounding tissues were removed and
fixed in formol and then prepared for light microscopy. Sections of
paraffin-embedded tissues were stained with hematoxylin and
eosin. MRI was performed on different animals from 20 min to 2 h
after PDT for comparison and identification purposes.

RESULTS

Figure 1 shows a typical example of the dynamic PET
image series obtained in a mouse after injection of 11 MBq

Treated

Untreated
| ¢’ -

Dynamic image sequence shows accumulation of FDG after PII-PDT in mouse bearing two EMT-6 tumors. Animal was

intravenously injected with 5 mg/kg PIl; PDT was applied to left tumor only; and 2 h later, 11 MBq (300 uCi) FDG were intravenously
injected for PET imaging. Right tumor (indicated by circle), which was not exposed to light treatment, shows normal delivery and
accumulation of FDG, whereas uptake is significantly reduced in treated tumor (left arrow).
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30 min post PDT

(300 uCi) FDG. The first five images show the passage of
activity into the blood compartment up to a peak between 30
and 60 s, corresponding to the end of injection. The
following images show the gradual uptake of activity within
tumor tissues. At 1800 s after start of injection of the
radiotracer, a tumor-to-surrounding tissue radioactivity ratio
of at least 10:1 is observed for the untreated tumors, whereas
the uptake in the PDT-treated tumors is significantly lower,
reflecting the effects of PDT on tumor metabolism. In
contrast, the MR images did not show any detectable
difference between the treated and untreated tumors over the
entire time span (from 20 min to 2 h after PDT) during which
image acquisition was performed (data not shown).

Figure 2 shows the FDG uptake in 2 mice 1800 s after
injection, for administration of FDG at 30 min and 2 h

30 min post PDT

2hrs post PDT

2hrs post PDT

HiGH-REsoLuTION PET IN MICE ¢ Lapointe et al.

FIGURE 2. PET images of FDG biodistri-
bution 30 min after administration in mice
bearing two EMT-6 tumors; 1 mouse was
treated with PII-PDT 30 min (left) and the
other 2 h (right) before PET imaging.

post-PDT with PII. Figure 3 shows the FDG uptake for
AlPcS-PDT treated mice. The tumors treated with PII show
a clear decrease in FDG accumulation compared with the
control tumor at both 30 min and 2 h post-PDT (Fig. 2),
indicating very early effects of PDT on tumor metabolism.
In the case of AlPcS (Fig. 3), at 30 min after PDT, both
control and treated tumors are visible, reflecting a different,
slower action mechanism for this photosensitizer. However,
at 2 h post-PDT, FDG activity in the treated tumor has
diminished to a level comparable with that of the blood pool,
indicating suppression of the tumor metabolic activity.
Figure 4 shows the time-activity curves of the FDG
uptake in the treated and untreated tumors at 30 min and 2 h
postirradiation with PII-PDT and AlPcS-PDT. Tumors from
1 control mouse (data not shown) and the unirradiated

FIGURE 3. PET images of FDG biodistri-
bution 30 min after administration in mice
bearing two EMT-6 tumors; 1 mouse was
treated with AIPcS-PDT 30 min (left) and the
other 2 h (right) before PET imaging.
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tumors from mice treated with PII or AIPcS show the same
FDG uptake pattern. During the first 50-300 s immediately
after FDG injection, the activity in untreated tumors paral-
lels the blood activity, reflecting circulating FDG levels.
Thereafter, tumor activity decreases less rapidly than blood
activity, indicating FDG accumulation in the tumor. Because
the overall observed activity in the untreated tumor repre-
sents residual FDG activity in the tumor blood pool and
FDG taken up by the tumor cells, the difference in FDG
concentration between the tumor and the blood can provide
an estimate of the FDG actually retained by the tumor tissue.
At steady state, which is reached at about 750 s after FDG
injection, the activity level in the untreated tumor is taken as
100% cell survival.

In tumors treated with PII-PDT (Fig. 4, top), the initial
FDG activity remains well below the control tumor and
blood FDG levels, suggesting reduced blood flow and poor
delivery of the tracer at the tumor site. This effect is even
more accentuated at 2 h postirradiation, reflecting the
extensive vascular damage that develops rapidly after PII-
PDT, hindering tumor perfusion and, thus, FDG accumula-
tion within the tumor tissue. At 30 min post-PDT, the FDG is
washed out from the tumor at about the same rate as from the
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blood, indicating that the tracer is poorly retained by the
tumor. At 2 h, very little FDG is even delivered to the tumor.
However, both curves level off slightly above the blood
curve, indicating that some FDG is still accumulating in the
tumor cells. Previous ex vivo studies using *™Tc-MIBI
showed that tumor vascular perfusion dropped from 60%
immediately after PII-PDT to as low as 20% at 2 h post-PDT
relative to control tumors (32). The extensive vascular effect
on tumors treated by PII-PDT was further confirmed by
histopathological examination, as previously reported (29).

In tumors treated with AIPcS-PDT (Fig. 4, bottom), at
30-min post-PDT, FDG uptake at steady state falls to about
50% of the control value while remaining well above the
blood activity level. In contrast, at 2 h postirradiation, tumor
activity drops to the blood activity level. These results are
consistent with an action mechanism proceeding primarily
by initial direct cell kill, resulting in a gradual decrease in
tumor cell survival while sparing tumor microvasculature
(32). Using colony formation assays, it was previously
shown that 80% of the tumor cells are inactivated with this
treatment protocol at 2 h post-PDT. Therefore, the low FDG
tumor activity found at 2 h post-PDT likely reflects the
presence of an important fraction of dead cells. Histological
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observations of tumors treated by AIPcS-PDT also showed a
large number of pycnotic cells but less damage to the
vasculature (29).

With both PDT drugs, FDG uptake in the tumors at 2 h
post-PDT is low, indicating that significant damage has
occurred in the tumor tissue. However, differences in the
early dynamic uptake pattern of FDG correlate with distinct
differences in the action mechanism of PDT, which subse-
quently led to tumor regression in both cases. The more
rapid drop of FDG in tumors treated with PII-PDT at 30-min
post-PDT indicates an early destruction of the tumor vascu-
lar system. In contrast, the more progressive decrease of
tumor activity in AlPcS-PDT-treated tumors reflects the
initial integrity of the microvasculature and is supportive of
a high rate of direct inactivation of tumor cells.

DISCUSSION

The Sherbrooke animal PET scanner has a volume resolution
of about 0.015 mL. Given the small size of the tumors in the
mouse model used in this study (~0.05 mL), partial volume
and spillover effects can be substantial and may prevent
direct absolute quantification of the radiotracer concentra-
tion. To minimize these problems, the tumors were implanted
as far as possible from the bladder and kidneys to limit
spillover, and regions of interest of the same size (2-mm
diameter) were placed in the central region of the tumors to
compensate for the effect of partial volume when comparing
tumor activities. In PII-treated mice, edema induced by vasode-
struction in the treated tumor may affect the control tumor,
which can be observed visually in Fig. 3, at 2 h post-PDT.

The heterogeneity of the tumors, which incorporate a rich
vascularization, makes it difficult to discriminate FDG
activity accumulated in tumor tissues from that flowing
through the blood vessels. As a consequence, the radiotracer
quantification in the region of interest represents not only
tumor metabolism but also tumor blood flow and perfusion.
This feature is clearly visible in the time-activity curves
shown in Figure 4. In the first few minutes after FDG
administration, the radiotracer activity in untreated tumors
closely parallels that in the collected blood samples, indicat-
ing that circulating FDG in the blood mostly determines the
observed tumor activity. After about 300 s, the increasing
difference between the two curves is indicative of tumor
perfusion while blood activity is being washed out. After
about 750 s, when most activity has disappeared from the
blood, the region-of-interest activity mostly represents FDG
accumulation in tumor cells. Therefore, the lower initial
FDG activity observed for the treated tumors can be directly
related to a lack of blood supply and tumor perfusion
resulting from vascular damage. Conversely, the lower
activity observed at a later time after radiotracer administra-
tion reflects reduced tumor uptake caused by cell death.

The FDG PET studies clearly demonstrate the effects of
PDT on tumors shortly after treatment. This is in sharp
contrast with simple visual examination of the tumors or
other anatomic imaging modalities (e.g., MRI, CT) that can

detect only macroscopic damage normally appearing at a
much later time after therapy (29). Investigation of the
treatment efficacy at the tissue level with classical methods
requires a large number of animals and is labor intensive.
The in vivo and real-time capability of PET allowed us to
investigate tumor response on a much shorter time scale,
using only a few subjects. Furthermore, the ability of the
animal PET scanner to acquire fast, dynamic image series
enabled us to obtain additional information pertaining to
differences in action mechanisms between different tumor
treatment protocols. The fast, short-time, dynamic image
frames obtained in the first few minutes after injection of
FDG provided data for the assessment of tumor perfusion.
For FDG PET at 2-h post-PDT, both PII-PDT and AlPcS-
PDT were found to result in low tumor perfusion and low
FDG uptake, reflecting collapse of the tumor vascular
system and extensive tissue damage, in agreement with
previously reported cell survival and histopathological data
(29,32). For FDG PET at 30 min after treatment, however,
the study demonstrates a more rapid effect of PII-PDT, as
evidenced by the steeper initial descent of the total tumor
activity and lower FDG uptake. In contrast, the activity in
tumors treated with AIPcS-PDT decreases more slowly and
reaches a plateau at about 50% of the control value. These
differences in the time-activity curves are consistent with the
distinct, prominent action mechanisms of these photosensi-
tizing drugs, as previously demonstrated with #™Tc-MIBI to
assess tumor vascular perfusion (33) and a colony formation
assay to measure cell survival (32). At 30 min after PII-PDT,
the drop of tumor activity to the baseline is a consequence of
the abrupt vasoconstriction and early microvascular damage
induced by PDT, which prevent uptake of the FDG by the
tumor cells. It is the lack of blood supply that subsequently
leads to indirect cell killing. On the contrary, the slow decrease of
FDG activity after AIPcS-PDT is consistent with a direct
cell-killing mechanism that does not initially affect microvas-
cularization (Fig. 4, bottom: the 30-min post-PDT time-
activity curve is parallel to that of the control), thus allowing
FDG to penetrate the tumor tissues. Blood circulation is then
progressively impaired because of tumor necrosis.

PDT is known to cause most of the tumor damage in the
first few hours postillumination as a result of biochemical
and physiologic modifications affecting both the tumor and
the surrounding tissues. Dynamic PET imaging of FDG
yields an estimate of glucose metabolism, a process that is
being disturbed by these physiologic and biochemical
changes. As a consequence, both the kinetics of FDG and the
dynamics of the PDT response must be taken into account in
interpreting the time-activity curves obtained in these experi-
ments. Such mixed processes are difficult to model and make
the analysis of the results particularly complex. In addition,
the FDG time-activity curves were obtained only at two
specific times after treatment (30 min and 2 h), making it
difficult to reconstruct the full sequence of events immedi-
ately after tumor treatment. However, PET imaging can be
easily modified to perform serial studies highlighting spe-
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cific aspects of the PDT mechanisms immediately after
illumination or to assess tumor response by reevaluating cell
survival at later times (days) after treatment. For instance,
shorter half-life radiotracers such as ''C-methionine or
150-H,0 could be used with successive injections to evalu-
ate modifications of tumor blood flow and perfusion immedi-
ately after PDT. Moreover, FDG could be used to repeatedly
monitor treatment outcome at later times. The efficiency of
fractionated illumination during PDT could also be investi-
gated to develop more efficient treatment protocols. Alterna-
tively, the PDT drugs could be labeled with a suitable
radiotracer to determine the optimal illumination time after
administration (39).

CONCLUSION

We have demonstrated the feasibility and suitability of
FDG PET to study tumor response after photodynamic
treatment in a small-animal model. The approach proved to
be particularly useful for investigating early tumor response
and mechanistic phenomena immediately after PDT. Dy-
namic, high-resolution, small-animal PET has been shown
to be a unique tool to provide information on the action
mechanisms of photosensitizing drugs, but it is also obvious
that it can be used as a rapid screening procedure for
selecting new drugs and for optimizing treatment protocols.
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