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ABSTRACT
Photodynamic therapy (PDT) with verteporfin provides
a reliable way to destroy malignant tissues. Changes in
the blood flow and oxygen partial pressure (pO2) during
verteporfin-PDT were studied here in the tumor tissue of
the rat mammary R3230Ac carcinoma model. Oxygen
microelectrodes (6–12 mm tip diameter) were used to
measure the transients locally within tumors during in-
travenous injection of 1.0 mg/kg verteporfin followed by
irradiation 15 min later with 690 nm light at 200 mW/
cm2, for a cumulative dose of 144 J/cm2. The observed
changes in pO2 were heterogeneous and there was a dif-
ference in the response of low-pO2 regions relative to
higher-pO2 regions. The change in pO2 in hypoxic tissue
regions (pO2 , 8 mmHg) had acute pO2 loss after treat-
ment, whereas the response in regions of higher pO2 (.8
mm Hg) was more heterogeneous with some areas main-
taining their pO2 value after treatment was completed.
Blood flow measurements taken on a subset of the ani-
mals indicated a significant loss in flow during the initial
light delivery that remained low after treatment, indicat-
ing some vascular stasis. The results suggest that hypoxic
or poorly perfused vessels may be more susceptible to
acute stasis than normoxic vessels in this treatment pro-
tocol.

INTRODUCTION
Photodynamic therapy (PDT) is a treatment for neoplastic
and abnormal tissues that uses a combination of photosen-
sitizer drug together with moderate-intensity light to cause
selective necrosis and apoptosis of cells, as well as vascular
damage (1). This therapy has recently been approved by the
Food and Drug Administration for treatment of a few disease
sites, and a particularly promising application is the treat-
ment of age-related macular degeneration (2–5). The com-

¶Posted on the website on 27 September 2001.
*To whom correspondence should be addressed at: Thayer School

of Engineering, 8000 Cummings Hall, Dartmouth College, Han-
over, NH 03755, USA. Fax: 603-646-3856; e-mail: pogue@
dartmouth.edu

Abbreviations: BPD, benzoporphyrin derivative; LDF, laser Doppler
flow; PDT, photodynamic therapy; pO2, oxygen partial pressure;
SEM, standard error of mean.

bination of the commercial photosensitizer verteporfin, a lip-
id encapsulated preparation of benzoporphyrin derivative
(BPD), together with high irradiance of light at 690 nm can
have a measurable therapeutic effect in the wet form of this
retinal disease (4). Basic rodent tissue studies on blood flow
changes during and after treatment with verteporfin have
shown that there is a specific set of dosimetric conditions
that lead to vascular occlusion (6). Still the vascular shut-
down process is likely heterogeneous, and the response
throughout bulk tissue cannot be universally described by a
single set of dosimetry conditions because variations in ves-
sel size, flow rate and distribution within a neovascularized
tissue will result in a heterogeneous response. In this study
we examine how the heterogeneity of tissue oxygenation
may have an impact on the success of verteporfin-PDT, with
a particular emphasis on how the acute vascular occlusion
efficacy is affected by the initial oxygen partial pressure
(pO2).

These concerns about heterogeneity have been studied
more thoroughly with regard to the use of PDT for treating
tumor tissues where oxygen distribution has large microre-
gional variations. Part of the heterogeneity is related to var-
iations in the vascular pO2, as well as chaotic architecture
and variable flow through vessels (7–13). Low vascular pO2

can result from the chaotic architecture leading to longitu-
dinal pO2 gradients (i.e. loss of oxygen from the vessel when
traversing from the arteriolar source [14]) and from low red
cell flux in some microvessels (12). In this study pO2 and
blood flow responses were measured within the rat mam-
mary carcinoma R3230Ac as a model for the clinical appli-
cation of verteporfin-PDT in a dysplastic tissue. It is impor-
tant to understand the oxygen dynamics within tissue during
treatment, because this is the most direct photochemical
monitor of how dose is being deposited to the tissue. How-
ever, interpretation of these dynamics is not trivial because
of the mixture of photochemical and biological changes that
occur during treatment. Tromberg et al. (15) used large po-
larographic electrodes to examine the rapid photochemical
consumption of oxygen caused by Photofrin-PDT in vivo,
and these transients were further mechanistically quantified
in vitro with Clarke electrodes (16–18) to develop a predic-
tive understanding of the photochemical consumption and
photosensitizer bleaching phenomena. These early observa-
tions led to in vivo study of oxygen changes using Eppendorf
electrode systems (19,20), and although the response is high-
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ly heterogeneous, there is a general appreciation that for
Photofrin treatment the photochemical depletion of oxygen
within tissues is present and reduces treatment efficacy at
higher optical dose rates.

However, photochemical oxygen consumption is a major
influence during treatment at high fluence rates, the treat-
ment is further complicated by alterations in blood flow,
which can also significantly change the tissue oxygenation.
Localized observation of blood vessel stasis, occlusion or
vessel dilation have all been observed with Photofrin treat-
ment in vivo (21–23). Recently Fingar et al. (6) illustrated
that with verteporfin-PDT, the vascular response had a sig-
nificant correlation with the time after injection, indicating
that shorter times between injection and irradiation were op-
timal to produce vascular stasis. They also concluded that
dysplastic vessels required a lesser light dose to cause oc-
clusion than normal tissue vessels. Extending these results
further, it is important to know the relative contributions of
flow versus oxygen supply in the vessel, because as the flow
increases the available oxygen increases. Yet the ability to
cause occlusion is likely reduced in a highly flowing vessel.
At the same time, verteporfin treatment has a high photo-
chemical oxygen consumption in vivo (24), indicating that
in low-flowing vessels there could conceivably be a shortage
of oxygen to cause effective photochemical occlusion. In this
study we are interested in determining how the oxygenation
affects vessel stasis during verteporfin treatment, and to what
extent transient photochemical depletion affects this process.

Because changes in tumor oxygen consumption and sup-
ply can occur on a distance scale of hundreds of microns,
any localized measure of bulk tissue oxygen may not reflect
the microdynamics of oxygen transport in the tumor. Micro-
electrodes can be used to sample tissue volumes that are
much less than the distance between capillaries and hence
can provide information on how PDT treatment affects ox-
ygen transport at the microregional level (25–27). Glass mi-
croelectrodes with 6–12 mm tip diameter and a recessed tip
design (25,26) were used to directly sample the pO2 in rat
tumor tissue with simultaneous monitoring of the Doppler
blood flow changes from implanted fibers. These measure-
ments were used to assess the oxygen changes during treat-
ment with verteporfin-PDT. The microelectrodes can provide
the microregional information needed to assess how oxygen
changes during PDT. Sampling different regions within a
single tissue cannot be reliably achieved during the time-
course of one treatment; however, by sampling multiple tu-
mors in different rats, a representative distribution of tissue
pO2 regions can be developed and the temporal changes
within each of these regions followed. Through pooling of
microsampled data among different rats, it is possible to sur-
vey the heterogeneity of responses observed within tumor
tissue and to develop a summary of typical observations.
This process has been studied here with a particular empha-
sis on correlation to the initial pO2 values as a prognostic
indicator of vessel response.

METHODS
Photosensitizer. Verteporfiny was obtained from QLT Inc. (Van-
couver, Canada). It is composed of a sterile liposomal preparation
of benzoporphyrin derivative monoacid ring ‘‘a.’’ This powder was
refrigerated for storage, and stock aqueous solutions of 0.3 mg/mL

liposomal BPD were prepared in sterile water within 48 h prior to
injection into animals. The solutions were refrigerated between uses
and maintained in the dark.

Animal and tumor models. All animal procedures were approved
by the Duke University Animal Care and Use Committee. Fischer
344 rats weighing approximately 150 g (Charles River, Raleigh, NC)
were purchased and used for tumor tissue implantation. Prior
R3230Ac mammary adenocarcinoma tumors were harvested from
tumor-bearing animals, and 0.1 mm3 sections of these were trans-
planted into the animal’s left lateral quadricep muscle.

Animals had access to normal food and water levels for 2–3
weeks, when the tumor diameter had reached approximately 1 cm.
At this tumor diameter the animals were used for these nonsurvival
experiments.

Animals were anesthetized with sodium pentobarbital (50 mg/kg
intraperitoneally) and placed in lateral recumbency on a thermostat-
ically controlled blanket at 378C (K Module; Baxter Healthcare
Corp., Valencia, CA). The femoral artery and lateral coccygeal vein
were cannulated for measurement of arterial blood pressure and in-
travenous infusion of photosensitizer. The tumor surface fur was
shaved off and the overlying skin resected to expose the tumor sur-
face. The thin tumor capsule was bluntly dissected from the front
surface to facilitate insertion of the electrode into the tumor, and at
the same time minimizing hemorrhage on the surface of the tumor.

Oxygen electrode measurements. Recessed oxygen microelec-
trodes were used to measure the pO2 within the tumor tissue at the
site of PDT light delivery. The electrodes were constructed in the
lab following the method of Linsenmeier and Yancey (28). The per-
tinent parameters and use of these electrodes have been discussed
previously (25,26); however, the salient features will be mentioned
here. Each electrode had a diameter between 6 and 12 mm laterally
and was beveled diagonally to facilitate insertion into the tissue.
Electrodes were polarized at 20.7 V, and the current measured with
a microsensor (Model 1201 Chemical Microsensor, Diamond Gen-
eral, Ann Arbor, MI) and recorded on a computer using an auto-
mated data acquisition program (WinDaq, AT-Codas, Dataq Instru-
ments, Akron, OH).

Each electrode was calibrated in saline at 378C, which was bub-
bled with gas at well calibrated mixtures of 21, 15, 5 and 0% oxygen
with balance nitrogen. The calibration line of pO2 versus current
reading was determined both before and after each set of animal
experiments. The in vivo zero pO2 calibration point for each data
set was measured after euthanasia of each animal. The value was
recorded after waiting for 5 min to ensure that the pO2 in the tissue
had dropped to zero.

The electrode was inserted into the tumor with a micromanipu-
lator after placing a saline drop on the exposed tumor surface. Each
electrode was inserted to about 1–2 mm into the tissue and allowed
to equilibrate for several minutes until a stable reading was found.
The animals were placed in a Faraday cage throughout the experi-
ment to minimize electrical interference. During the entire experi-
ment blood pressure was recorded using computerized acquisition
of femoral arterial waveforms (Gould P23XL, Gould Instrument
Systems, Cleveland, OH).

Doppler blood flow measurements. In nine rats, laser Doppler
blood flow (LDF) measurements were taken with the Oxford Array
system (Oxford Optronics Ltd., Oxford, UK), using two fiber optic
probes inserted into each tumor. The two fiber probes had diameters
of 200 mm, and were implanted in the tumor tissue through holes
which were created with a 22 gauge needle. In most of the experi-
ments one probe was implanted in the tumor within the light field,
approximately within 2–4 mm of the oxygen electrode. The second
Doppler probe was implanted in the far side of the tumor tissue,
away from the light field to provide a control measure where min-
imal light dose was being deposited. All LDF values were expressed
relative to the average value during the 2 min before the first light
exposure after verteporfin injection.

PDT treatments. Prior to the injection of the photosensitizer, the
electrode was placed in the tumor tissue, and a 2 min irradiation of
light was delivered to provide a control observation of the light alone
in each animal. In all cases the treatment light was delivered from
a 690 nm diode laser system through a fiber optic collimator to a 1
cm2 spot on the tumor tissue, for a total surface irradiance of 200
mW/cm2. The light beam was centered on the location of the oxygen
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Figure 1. Example measurements of
pO2 are shown as a function of time
during the light treatments that were
composed of six fractions of light (2
min each) with 2 min of light-off time
between fractions. The shaded bars
show the light-on time intervals, with
the data lines overlapping to show the
temporal transients. The graphs (a)–
(d) show data from four different an-
imal experiments.

electrode to maximize the overlap of the measurement with the treat-
ment field. After this no-drug control measurement, the verteporfin
photosensitizer stock solution was injected intravenously at a dose
of 1 mg/kg in all rats 15 min prior to light irradiation. The light
treatments were delivered in 2 min fractions followed by 2 min light-
off fractions, to allow a visualization of the treatment effects during
the irradiation. This light cycling was done for two primary reasons:
(1) because the irradiation light saturated the Doppler probe so that
the only useful data are between light fractions, and (2) to examine
the dose–response of the vascular changes in steps of the optical
dose of 24 J/cm2. The total treatment included six fractions for an
incident dose of 144 J/cm2. After treatment the animals were ob-
served for 2–5 min and then sacrificed by intravenous injection of
.200 mg/kg sodium pentobarbital. After the blood pressure dropped
and the pO2 stabilized near zero the probes were removed from the
tumor, and the tumor was removed for pathology or photosensitizer
extraction.

Temperature measurement. In one rat a 1 mm diameter thermistor
(Mon-a-therm Model 6510, Mallinckrodt Medical, St. Louis, MO)
was inserted into the tumor during irradiation to monitor the change
in temperature during irradiation and to determine the level of hy-
perthermia involvement in this treatment protocol. An 18-gauge nee-
dle was inserted into the tumor and removed. The plastic-coated
thermistor was then inserted along the needle track and positioned
within the tumor. The light was positioned so that the thermistor
was within the illumination field. Temperature was manually re-
corded from the digital readout every minute. The light was deliv-
ered in 2 or 4 min fractions while monitoring the temperature. The
same rat was used to monitor the temperature increase without ver-
teporfin and later after verteporfin injection at 1 mg/kg.

Photosensitizer extraction. After treatment, half the animal tumors
were used for histology and half used for chemical extraction of the
photosensitizer. In those tumors used for the latter assay, the tumor
was resected and frozen at 2208C, to be liquefied within 2 weeks
of the treatment study. At that time, the tumors were minced and
dissolved in 0.1 N NaOH solution with 2% sodium dodecyl sulfate
detergent, at a total concentration of 1 mL solution per gram of
tumor. These solutions were dissolved for 6 h in a 508C water bath
with constant stirring. The resulting mixtures were centrifuged at
1200 rpm for 6 min to separate out the supernatant from the re-
maining cellular constituents. The supernatant was poured into a 1
cm cuvette, and the fluorescence of BPD was measured in a Perkin–
Elmer spectrofluorimeter, and compared with the fluorescence inten-
sity of a set of calibrated solutions of BPD suspended in supernatant
from untreated tumor tissue.

Statistical analysis. The absolute changes in pO2 and blood flow

during and after PDT were analyzed with a Wilcoxon signed-ranks
test to determine which changes were significant.

RESULTS

pO2 measurement

A total of 24 rats were treated with this dose of photosen-
sitizer and light, and one additional rat was used to monitor
temperature during the treatment. Two experiments were
eliminated from this study because the pO2 failed to drop
after euthanasia of the animal, indicating that the microelec-
trode was too close to the surface of the tumor and may
have been influenced by oxygen at the tumor–air interface.
Two experiments were excluded because the rat noticeably
twitched during the experiment and the microelectrode
moved within the tumor. Thus, there are reliable pO2 data
from 20 rats included in this study.

Some typical traces of pO2 during the course of the treat-
ment are shown in Fig. 1. The lines in these graphs show
the pO2 as a function of time during the entire experiment
on three different rat tumors. In each case, six fractions of
light were given in 2 min intervals interlaced with 2 min
intervals when the light was off. In all the four cases pre-
sented in Fig. 1, the pO2 decreased quite rapidly upon the
initial incidence of light treatment, and in the lowest pO2

traces remained near zero after the first few light fractions.
In all cases presented here, there was some recovery of the
pO2 between light fractions, indicating that vascular stasis
did not occur. However, there were also traces that exhibited
an immediate acute decrease in pO2 that remained after the
initial onset of light. In Fig. 1(b), the data set that starts at
pO2 5 11 mmHg has a partial recovery during the first two
light-off cycles, followed by a nonrecovery phase after that.
In Fig. 1(a), starting at pO2 5 29 mmHg, the pO2 increased
upon irradiation and decreased when the light was off. This
pattern continued throughout the six fractions of treatment
for this tumor location, and the pO2 remained high after
treatment.
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Figure 2. The measured average pO2 during a 2 min interval at
each tumor region is plotted as a function of the initial baseline pO2

value. In (a) the pO2 values during the first light fraction are shown,
(b) shows the values during the 2 min light-off period after the first
fraction, (c) shows the pO2 values during the (final) sixth fraction
and (d) shows the values averaged over the 2 min following com-
pletion of the light treatments. The solid lines in each figure show
the line of no change in pO2 before and after treatment.

Figure 3. (a) Plotted mean pO2 (6 SEM) after each light fraction
are shown with the average data from all animals. The regions of
pO2 (b) below and (c) above 8 mm Hg were separately averaged
together to show the response in regions of initially low or high pO2.
Those data points that are significantly different from the initial
baseline pO2 are indicated with an asterisk, based upon a Wilcoxon
signed-ranks test.

In several of the tumor locations, there were spontaneous
temporal oscillations in the pO2 on the time scale of 40–60
s with about 1–2 mm Hg total magnitude, as has been doc-
umented earlier with this model system (29). In some tumors
these oscillations had magnitudes varying between 5 and 10
mm Hg. In most cases these oscillations were eliminated
after irradiation in those rats in whom the pO2 decreased
upon irradiation. In the tumors where the pO2 did not de-
crease, the oscillations also remained after treatment; how-
ever, the low number of tumors exhibiting these oscillations
makes it difficult to conclude precisely if these temporal
changes are correlated to the observation of PDT-induced
vascular occlusion.

Summary plots of all the data for the pO2 during treatment
versus the initial pO2 are shown in Fig. 2. First, the data
averaged during the initial 2 min light-on fraction are shown
in Fig. 2(a), followed by the average data during the first
light-off fraction shown in Fig. 2(b). The final pO2 during
the last light fraction is shown in Fig. 2(c) and that after the
entire treatment is shown in Fig. 2(d). In these data, there is
an indication that pO2 regions below approximately 8 mm
Hg drop to near zero values during the initial light irradia-
tion, whereas the overall response in the pO2 regions above
8 mm Hg is less obvious. By the end of the six-fraction
treatment, all the lower pO2 regions have dropped signifi-
cantly, whereas above a pO2 value of 8 mm Hg there is an
almost binary response to therapy where the pO2 either drops
to near zero values or approximately retains its baseline val-
ue (Fig. 2[c]). In Fig. 3(a), the averaged data for all mea-

surements are shown and there is a significant change from
the initial value for all fractions (P , 0.02). Interestingly,
when the data are separated into the 10 lowest-starting pO2

values and the 10 highest-starting pO2 values (graphs shown
in Fig. 3[b,c]), the changes after each fraction are significant
for the regions with initial pO2 lower than 8 mm Hg shown
in Fig. 3(b) (P , 0.004), but are not significant for the re-
gions with initial pO2 greater than 8 mm Hg (Fig. 3[c]) until
the last two fractions (P , 0.04).
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Figure 4. Relative laser Doppler blood flow measurements of me-
dian values are plotted as a function of the light fraction delivered
to the tumor, measured both (a) exterior to the observable light field
and (b) near the center of the light field. Those values that are sig-
nificantly different from the initial value are marked with an asterisk,
and the error bars denote the interquartile of the measurement var-
iations.

Laser Doppler blood flow

The Doppler blood flow measurements were affected by the
light field during PDT treatment, so that during irradiation
the detectors were saturated. Preliminary tests indicated the
Doppler probes were only temporarily disabled by the treat-
ment light field, and they were still able to measure accurate
blood flow after being subjected to these light fields. As a
result, the only meaningful comparisons of blood flow
change are between the values when the treatment light was
off. Using these data from the light-off fractions, changes in
relative blood flow within the light field can be observed in
the majority of tumors, and this is shown in Fig. 4, with the
control data from outside the light field plotted in Fig. 4(a)
and the values from within the light field plotted in Fig. 4(b).
In Fig. 4(a) there are no significant changes in the blood
flow relative to the initial baseline value (P . 0.38), whereas
in Fig. 4(b) there was a significant decrease after all the six
fractions, relative to the initial baseline value (P , 0.02),
based upon the Wilcoxon signed-ranks test.

Interestingly, while naturally occurring temporal oscilla-
tions in pO2 could be observed in some animals, there were
also analogous oscillations in relative blood flow on the sim-
ilar time scale of 40–60 s, as has been previously reported
in this tumor model (29). The typical magnitude of oscilla-
tion would be near 10–20% of the total signal, yet not
enough animals were studied to develop a statistical test of
this.

Blood pressure

In all rats included in this study the blood pressure remained
above 70 mm Hg and was not significantly affected by the
light treatment. In most rats there was a sudden jump in both
pO2 and in blood pressure associated with the intravenous
injection of the photosensitizer as might be expected. Other
than this initial response there was minimal effect from the
PDT as detected by blood pressure.

Temperature measurement

Temperature measurements were taken both with and with-
out BPD during irradiation in one rat tumor to determine the
magnitude of heating caused by the light field with incident
irradiance of 200 mW/cm2 at 690 nm. The maximal change
in vivo was from 35.28C resting to a peak of 36.68C after 2
min of light irradiation. The temperature then tipped down
to 34.88C when the light was off. An irradiation for 4 min
caused a rise from an initially 34.18C up to 36.08C in the
same rat after it was injected with verteporfin. After the
treatment the temperature then reduced to 33.58C when the
light was off.

Photosensitizer extraction

The photosensitizer concentration as measured by fluores-
cence in the liquefied tissue was 2.6 6 0.9 mg/kg (mean 6
standard error of mean [SEM], n 5 7 animals), and the total
range of variation was between 1.0 and 3.7 mg/kg.

DISCUSSION

This study examines the effect of verteporfin photodynamic
therapy on rat mammary tumor tissue oxygenation using mi-
croelectrodes that are able to sample regions of tissue that
are smaller than the intercapillary distance. This method of
sampling tissue is important because of the heterogeneous
microregional oxygen distribution within dysplastic tissues.
Verteporfin-based photodynamic therapy is currently being
used for clinical treatment of the wet form of age-related
macular degeneration. Also the potential use for dysplastic
and tumor tissues is well documented in clinical (30) and
preclinical studies (31–35). Although this photosensitizer
elicits both direct cellular damage (36) as well as vascular
occlusion, its main clinical use has been through the latter
effect. Thus, assuming that the ability to cause vessel stasis
is indicative of the successful treatment of tissue, it is pos-
sible to use the acute loss of pO2 as an endpoint to monitor
treatment efficacy. To this end, we used spatially localized
measurements in this study from each tumor to provide tran-
sient information about the response in a given region, and
summarized all the measurements together to build up an
illustration of how the tumor microheterogeneity would like-
ly affect the treatment outcome within a single tumor. The
implicit assumption in this experiment is that pooling local-
ized data from several rats can provide a representative data
set of the heterogeneity of responses within an individual
animal’s tissue.

Examination of the data presented in Figs. 1–3 indicates
that the oxygen changes during treatment, and that the re-
sponses observed are highly heterogeneous between mic-
roregions of the tumor. The data in Figs. 2 and 3 indicate
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that there is an overall acute reduction in pO2 during the
course of the treatment. However, a drop is less likely to
occur when the baseline pO2 is .8 mm Hg. Oxygen tension
dropped to near zero in many regions during the first light
fraction, which mirrors the change in flow as measured dur-
ing the same time interval. As can be seen from Fig. 1, there
was a dose response in some cases where after two or three
intervals the transient reoxygenation of the tissue ceased
upon successive light-off fractions, thus indicative of a more
permanent blood flow change such as vessel restriction or
occlusion with higher total light doses. Interpretation of the
blood flow changes requires care because the size of the
Doppler probe used here was not as small as the oxygen
electrode, and thus was not monitoring microregional re-
sponses, but rather a bulk tissue response. Also the Doppler
probes could not be co-localized with the pO2 probes be-
cause of experimental limitations. However, in all cases, ex-
cept one, where the flow was monitored in the treatment field
the largest decrease in flow was observed after the first 2
min fraction of light.

The temperature changes monitored during the treatment
of the tumor tissue were less than 38 with a maximum re-
corded in vivo temperature of 36.68C. Mild temperature in-
creases (near 68C) are well documented to cause increased
tissue oxygen pressure, whereas the observed rise in the tu-
mor temperature during PDT here was insufficient to cause
this effect. Dewhirst et al. (37,38) have previously shown
that in this tumor model these levels of temperature elevation
would not induce significant pO2 change and are below the
threshold of 418C where significant changes might occur.

In summary, the pO2 data indicate that some highly oxy-
genated regions may not result in rapid occlusion of the type
observed by Fingar et al. (6); however, their and other stud-
ies by Levy et al. (32) confirm that delayed onset of vascular
occlusion can occur with verteporfin-based PDT. Indepen-
dent of whether the effect is permanent or temporary, the
observation of microregional dependence exists and indi-
cates that the response to treatment is not homogeneous for
all sites. The observation that oxygen decreases permanently
in regions of initially low oxygenation indicates that there
may be no oxygen limitation to this PDT-induced vascular
occlusion process; however, it is difficult to validate this
without further experiments that examine the vessels flow
directly. Based upon the data from the areas of initially high
pO2, we can conclude that there is not always acute vessel
occlusion from the treatment used here, and that these areas
are likely in regions of vessels with good perfusion. In the
case of areas with initially low pO2, it is not directly known
if these regions are areas of low flow or simply just distant
from any vessels that have high flow; however, the response
to treatment is clearly different than in the high-pO2 areas.
Thus, if the response in areas of low pO2 is uniform, it ap-
pears unlikely that this can be explained as areas that are
simply distant from high-flowing vessels. It appears more
likely that these regions of initially low pO2 are near vessels
that have a low flow rate and are more readily occluded by
the treatment; however, further experiments need to be com-
pleted to confirm this. The implications of this conclusion
are significant, for if regions of high pO2 appear to be resis-
tant to PDT-induced vessel stasis, then these regions may be
the areas that result in lesion regrowth caused by insufficient

treatment. This suggests that dosimetry strategies need to be
developed to preferentially target the high-flow vessels for
effective treatment in this type of PDT. However, it is im-
portant to determine if the lack of vessel occlusion observed
here is representative of the longer-term response (over
hours and days) rather than simply a difference in the im-
mediate vessel occlusion response.

Further analysis is needed to examine what conditions
maximize the occlusion selectivity of neovasculature versus
normal vessels, and what the characteristic temporal re-
sponses for occlusion are in different vessels. Further study
is needed using colocalized measurements of oxygen and
blood flow, perhaps using a tumor window chamber type
experiment, where the two measurements can be directly ob-
served spatially. A comparison of tumor microvasculature
relative to normal or peri-tumor regions could provide in-
formation about the selectivity of the treatment for specific
lesions (6), and similarly an analysis of the mechanisms of
vessel stasis relative to the flow velocity would provide in-
formation about methods to improve overall treatment effi-
cacy. The type of microscopic dosimetry evaluation used
here is essential to provide a mechanistic understanding of
the heterogeneity of response in photodynamic therapy treat-
ment within individual tissue types.
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