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ABSTRACT

The relationship between tumor oxygÃ©nationand the effectiveness of
photodynamic therapy (PDT) was studied in vitro and in vivo using the
RIF mouse tumor model. The oxygen dependence of photodynamic
inactivation of RIF cells, which had been exposed to 25 mg/kg porphyrin
(dihematoporphyrin ether) in vivo, isolated and illuminated in vitro, was
determined. No cell kill was achieved under anoxic conditions, full effect
was reached at 5% <>,, and the half value of cell inactivation was found
to be at 1% ( ):. Tumor hypoxia was assessed after in vivo -y-irradiation

of control and PDT-treated tumors by in vitro clonogenic assay of cell
radiosensitivity. In vitro control experiments established that the radio-
sensitivity of PDT-surviving RIF cells was identical to that of untreated
control cells. RIF tumors of treatment size (80-120 mg) contained no

detectable hypoxic tumor cell fraction. PDT treatment consisting of i.p.
injection of 10 mg/kg dihematoporphyrin ether 24 h prior to 45 J/cm2 of

630 urn light, rendered approximately 9% of tumor cells severely hypoxic
within 10 min of treatment time. An illumination period of 30 min (135
J/cm2) induced a hypoxic tumor cell fraction of 17%, which increased to

47% within l h posttreatment. Despite the prompt induction of tumor
hypoxia during PDT light treatment, the tumors proved highly curable
(81% cures) under the present treatment conditions (depilation of tumor
area, 10 mg/kg dihematoporphyrin ether Â¡.p.,135 J/cm2). Considering

the reduced effectiveness of photodynamic cell kill at low oxygen concen
trations, the rapid induction of tumor hypoxia by PDT itself, and the
high tumor cure rate, it has to be concluded that in the RIF tumor hypoxic
tumor cells are inactivated by a mechanism other than direct photody
namic cytotoxicity, and are thus not limiting to PDT tumor response.

INTRODUCTION
PDT,' a new experimental modality for the treatment of solid

tumors, is now undergoing clinical evaluation (1). Its effect is
based on the administration of tumor-localizing photosensitiz-
ers, in particular hematoporphyrin derivative and DHE, and
their subsequent activation by visible light. Singlet oxygen ('O2)
and other oxygen-derived species produced upon excitation of
the photosensitizer appear to be the cytotoxic agents (2-4).

The usually rapid tumor response to PDT is characterized by
initial damage to the tumor vasculature, which can occur after
only brief periods of tumor illumination, and subsequent necro
sis of tumor cells (5, 6). Vascular damage leads to decreased
blood flow (7), blood stasis (6), hemorrhage (4, 6, 8), and
decreases in tissue oxygen tension (9).

Analysis of clonogenicity of experimental animal tumors
following PDT in vivo has revealed that tumor cells are not
lethally damaged during the treatment (4). Inactivation seems
to require additional factors provided by the posttreatment
tumor environment, presumably related to the above described
vascular changes.

The importance of the tissue oxygen supply and some possi-

Received 11/18/86; revised 3/6/87; accepted 3/25/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This investigation was supported by USPHS Grant CA-42278, awarded by
the National Cancer Institute. Department of Health and Human Services.

2To whom requests for reprints should be addressed, at Roswell Park Me
morial Institute. 666 Elm Street, Buffalo, NY 14263.

JThe abbreviations used are: PDT, photodynamic therapy; RIF. radiation
induced fibrosarcoma; DHE. dihematoporphyrin ether.

ble implications of tissue hypoxia for PDT have recently been
discussed by Freitas (10). The presence of oxygen, in addition
to photosensitizer and light, seems necessary for photodynamic
cytocidal effects to occur in vitro and in vivo (11-14). The
reports concerning the extent of the PDT oxygen dependence,
however, vary greatly. Lee See, et al. (11) observed a 50%
reduction in cell photoinactivation at a pO2 of about 50 mm
Hg with a maximal effect at 90 mm Hg, while Moan and
Sommer (12) found a 50% reduction in cell photosensitivity at
a pO2 of 7.5 mm Hg with full effect occurring at normal tissue
oxygÃ©nationlevels.

Another cancer treatment modality which is strongly oxygen
dependent is ionizing radiation. Cellular radiosensitivity is re
duced by 50% at a pO2 of about 3 mm Hg. The limitations
which may be imposed on the effectiveness of radiotherapy by
hypoxic tumor regions have long been an area of intensive study
and methods to quantitate hypoxic fractions of tumor cells have
been devised (15, 16). One approach is based on the different
radiosensitivity of tumor cell populations in vivo which are
heterogeneous with respect to their status of oxygÃ©nation(17,
18). The dose-effect curves for mixed hypoxic and oxygenated
cell populations are characterized by a biphasic nature with the
two slope components reflecting the different sensitivities of
hypoxic and oxygenated cells. This relationship permits deter
mination of the fraction of hypoxic cells in tumors of the living
animal by a comparison of the survival curves of aerated or
partially aerated tumors and those rendered completely hypoxic
by N2 asphyxiation of the animal before irradiation (18). Con
sidering the oxygen dependence of photodynamic effects, it is
conceivable that tumor hypoxia might similarly limit the effec
tiveness of PDT tumor destruction. Hypoxic tumor regions
may be present at time of treatment due to exhaustion of blood
supply through rapid tumor growth, or they might be created
during PDT light treatment through rapid shut-down of tumor
circulation. The assessment of the degree of tumor hypoxia, as
well as of its relationship to tumor response to PDT may be of
immediate relevance to the clinical application of PDT for solid
tumor treatment. In this study we have attempted to evaluate
these parameters using the RIF mouse solid tumor model. First,
we have defined the oxygen requirements for PDT effects on
isolated RIF cells. Second, we have studied the development of
hypoxia and quantitated hypoxic RIF tumor cell fractions after
PDT in vivo, applying the above described radiobiological
method. Finally, we have related the resulting observations to
PDT tumor response.

MATERIALS AND METHODS

Tumor System. The radiation-induced fibrosarcoma tumor, an ex
perimental tumor model carried in C3H/HeJ mice, was used for this
study. It was maintained through in vivo/in vitro passages according to
established procedures (19). Tumors were established on the right flank
of animals by intradermal injection of 2-5 x 10* tumor cells harvested
from exponentially growing cultures and suspended in Hanks' balanced

salt solution. Prior to tumor cell injection, all hair was removed from
the inoculation site by first shaving the skin and then applying a
chemical depilatory (Nair; Whitehall Laboratories, New York, NY),
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followed by a warm water rinse. This treatment kept the tumor site
completely hair free for 10 to 14 days. Depilation of the tumor area
shortly before treatment was avoided since it was found to disturb the
tumor surface by causing superficial hemorrhage. Tumors were used
for experimentation 6 to 8 days after inoculation when they had attained
a surface diameter of 5 to 7 mm, thickness of 2 to 3 mm, and weight
of 80 to 120 mg. They were free from evident necrosis.

Photosensitizer. Photofrin II (Photomedica Inc., Raritan, NJ) was
used in all experiments. This compound is a purified component of
hematoporphyrin derivative (20).

In Vivo PDT. Tumor-bearing animals were given i.p. injections of
10 mg/kg photosensitizer. Twenty-four h later they were restrained
without anesthesia in specially designed holders, and tumors were given
external light treatment. For light delivery, a S-W argon laser (Spectra
Physics model 164, Mountain View, CA) was used to power a dye laser
(Spectra Physics model 375) containing KÂ¡tonred dye (Exciton Chem
ical Co., Dayton, OH). The output beam was split using a 50/50
beamsplitter (Oriel Optical Corp., Stamford, CT) and coupled to 400-
nm quartz fiberoptic cables (Ensign-Bickford Optics Co., Avon, CT).

Microlenses (focal length, 6 mm) were fitted to the ends of each
fiberoptic to facilitate even light distribution through the treatment
field. Wavelength was tuned to 630 nm by a birÃ©fringentfilter, as
measured by a monochromator (Bausch & Lomb Optical Co., Roches
ter, NY). Power density of delivered light was adjusted to 75 mW/cm2
for a spot size of 1-2 cm diameter and measured by a radiometer
(model 65A; Yellow Springs Instrument Co., Inc., Yellow Springs,
OH). Tumors were exposed to light for 10 min (45 J/cm2) or 30 min
(135 J/cm2). This light treatment caused a maximum temperature rise
in the tumor to 39.5Â°C,and by itself was without significant effect on

tumor histology, clonogenicity, and response (5).
Evaluation of Hypoxie Tumor Fractions. Hypoxie fraction determi

nations were carried out according to Brown (21) by exploiting the
difference in radiosensitivity of oxygenated and hypoxic cells. Briefly,
mice bearing either untreated or PDT-treated tumors (unanesthetized,
but restrained in plastic holders) were given whole body irradiation
(1.08 Gy/min; 10-26 Gy) from a Cesium 137 y source (Gammacell 40,
Atomic Energy of Canada Ltd.). Immediately after -, irradiili Â¡ontumors

were excised, finely minced, and single cell suspensions were prepared
using 1 mg/ml neutral protease (Sigma, St. Louis, MO) in Hanks'

balanced salt solution. The proliferative survival of these cells was then
assessed by colony formation assay as described previously (5), using
<>-minimum essential medium supplemented with 10% fetal bovine

serum and antibiotics (all from GIBCO, Grand Island, NY).
Experimental Protocols for Hypoxic Fraction Assessment. The follow

ing experimental conditions were used for the hypoxic fraction assay:
(a) in situ 7-irradiation of tumors in either air-breathing or ^-as
phyxiated mice, immediate excision; (Â¿>)30 min in situ PDT (135 J/
cm2), 5-min interval, in situ -,â€¢irradiation in air-breathing mice, imme
diate excision; (c) 30 min in situ PDT (135 J/cm2), 60-min interval, in
situ -^-irradiation in air-breathing mice, immediate excision; (</)10 min
in situ PDT (45 J/cm2), 5-min interval, in situ 7-irradiation in air-
breathing mice, immediate excision; (e) IO min in situ PDT (45 J/cm2),
80-min interval, in situ -,-irradiation in air-breathing mice, immediate

excision.
Assessment of PDT Oxygen Dependence in Vitro. RIF tumors cells

were isolated from tumors by the above described enzyme procedure
24 h after i.p. administration of 25 mg/kg DHE to the animal. One ml
aliquots of the tumor cell suspension in full medium containing about
1.5 x IO6 tumor cells were transferred to small glass dishes (25 mm

diameter) without lids. These were individually placed in specially
designed glass gassing chambers (50 mm diameter, 30 mm high) which
were fitted with gas in- and outflow ports. Graded mixtures of N2 and
O2, both containing 5% CO2 and saturated with water, were introduced
into the chambers at a flow rate of 250 ml/min. Cells were exposed to
gas mixtures for l h prior to and during light exposure. Throughout
the preillumination gassing procedure all suspensions were kept in the
dark and agitated to facilitate gas exchange with the medium by placing
the chambers on a laboratory mixer (Thermolyne Corp., Dubuque, IA).
Outflowing gas was analyzed using an oxygen analyzer (model E2,
Beckman Instruments, Inc., Fullerton, CA). After gas equilibration,
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cells were exposed to graded doses of light (up to 50 J/cm2, 630 nm,
75 mW/cm2) from the dye laser described above. After illumination,

known numbers of cells were transferred to 100-mm plastic culture
dishes and incubated at 37"C for colony formation in an atmosphere of

5% CO2 in air. Control cells in each experiment were handled identically
except that they were shielded from light through the procedure.

Combined PDT and 7-Irradiation Treatment in Vitro. RIF cells, grown
in culture to semiconfluency, were exposed to 25 Mg/ml of DHE in
complete growth medium for 24 h. The medium was then replaced with
porphyrin-free medium for 4 h to remove loosely bound porphyrin
from cells. Thereafter, cultures were divided into two groups: one was
treated with graded doses of 7-irradiation alone, the other received a
single dose of PDT light treatment (reducing cell survival to approxi
mately 10%) followed immediately by graded doses of 7-irradiation.
Light treatment of 1.0 J/cm2 (4 mW/cm2, 590-640 nm) was delivered
using a GTE-Sylvania fluorescent light source (Salem, MA). Doses of
7-irradiation ranging from 0 to 10 Gy were delivered using the Cesium

137 7 source described before.
Following 7-irradiation cells were detached from plates using 0.25%

trypsin, resuspended in fresh medium, replated at appropriate numbers,
and incubated for 9 days for colony formation.

Assessment of Tumor Cure. Animals were observed daily following
PDT in vivo and were considered cured if no tumor regrowth had
occurred by 91 days posttreatment. The longest time to regrowth ever
to be observed in this tumor system was 28 days. Control animals had
to be sacrificed within 20 days posttumor implantation due to unac
ceptable tumor burden.

Statistical Analysis of Cell Survival Data. The surviving fraction of
cells was calculated as the plating efficiency of treated cells (PDT and/
or 7-irradiation) divided by the plating efficiency of appropriate control
cells. Survival curves were established by linear least squares regression
analysis of the surviving fractions. The values of Da (37% dose slope)
and the corresponding 95% confidence intervals were calculated from
the regression lines. Analysis of covariance was used to evaluate the
statistical significance of differences between survival curves used for
hypoxic fraction assessment. For biphasic survival curves only those
data from the radiation-resistant portion of the curves were used for
statistical analysis.

RESULTS

Oxygen Dependence of PDT Effects on RIF Cells

Relative cellular photosensitivity was calculated from the
inverse values of the D0 of survival curves established for each
oxygÃ©nationlevel ranging from 0 to 20% O2. No photoinacti-
vation was achieved in the absence of measurable oxygen, while
full effect was reached at approximately 5% O2. Further in
creases in oxygen tension did not significantly increase photo-
dynamic cell kill. Photosensitivity was reduced by half of its
maximal effectiveness at oxygen levels of about 1% O2.

Effects of PDT on Radiosensitivity of RIF Cells in Vitro. In
order to use the radiobiological assay to monitor hypoxia
induction by PDT, the lack of direct effects on cellular radio-
sensitivity of PDT preceding exposure to ionizing irradiation
had to be established. In vitro experiments were therefore
carried out, where a single PDT treatment, reducing cell sur
vival to 10% of controls, was immediately followed by treatment
with graded doses of 7-irradiation. The resulting cell survival
curves (Fig. 1) showed nearly identical D0 values (1.22 Â±0.03
and 1.15 Â±0.06 Gy) as well as Dq (quasi threshold dose) values
(3.30 Â±0.56 and 3.48 Â±0.19 Gy), indicating that the lethal
effects of 7-irradiation were unaffected by preceding PDT treat
ment.

Changes in Tumor OxygÃ©nationfollowing PDT Treatment in
Vivo. The presence and size of hypoxic tumor cell fractions in
RIF tumors was determined by evaluating the changes in radio-
sensitivity of tumor cells which were 7-irradiated in situ after
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Fig. 1. Survival of RIF cells following exposure to graded doses of -y-irradia-
tion in vitro with and without preceding in vitro PDT treatment. All cells were
exposed to 25 UKml DHE for 24 h. -,-Irradiaiion alone (â€¢);light treatment (I J
cm2) immediately followed by ^-irradiation (O). Points, mean values from three

experiments; error bars, Â±2SE.

varying tumor treatment conditions, then isolated and assayed
for cell survival by clonogenic assay /'/; vitro.

Cell isolation from control RIF tumors which had been
exposed to porphyrin (10 mg/kg) in the animal but were oth
erwise untreated, resulted in a cell yield of 2.47 Â±0.41 x IO8

cells/g tumor. The plating efficiency of these cells in the colony
formation assay was 49.9 Â±2.2%. Cell yields from tumors
isolated after V asphyxiation of the animal and after three of
the four PDT treatment conditions (45 J/cm2, immediate ex
cision; 45 J/cm2, excision 80 min later; 135 J/cm2, immediate

excision) were not significantly different from untreated con
trols. The cell yield from tumors exposed to 135 J/cm2 and

excised l h later was reduced by 50% as described previously
(5). Plating efficiency under all the above conditions was not
significantly different from untreated controls.

â€¢y-Irradiationfollowing any of the above conditions did not
affect the yield of recoverable ceils. Change in tumor cell
survival as a function of dose of â€¢>-irradiai ii>nto the tumor was

thus solely expressed in changes of the plating efficiency of
recovered cells. These changes, as observed under the varying
experimental conditions, are summarized in Fig. 2.

To determine the in vivo radiosensitivity of aerated and
hypoxic RIF tumor cells, tumors in air-breathing and N2-
asphyxiated animals were ^-irradiated. The survival curve gen
erated from aerated tumors was characterized by a />â€žvalue of
2.84 Gy (Â±2SE = 2.67-3.03 Gy), which was uniform over the
range of radiation doses given. The survival curve from tumors
rendered hypoxic via N2-asphyxiation showed a D0 value of
7.14 Gy (Â±2SE = 5.97-8.87 Gy). The ratio of />â€žhypoxic
tumors/Do aerated tumors was 2.51. The difference between
these Do values was statistically significant (/' < 0.01). The

radiation survival curve for tumors which had received 45 J/
cm2 (10 min) light treatment immediately before 7-irradiation

consisted of two components. The initial portion at radiation

10 20 30

Dose in Gy
Fig. 2. Cell survival curves of the intradermal RIF tumor following -y-irradia

tion in vivo under different treatment conditions. All animals were injected with
10 mg/kg DHE 24 h prior to irradiation and were unanesthetized throughout the
treatment procedures. Except for the hypoxic control group, all animals were
breathing air throughout treatments. Aerated control tumors (â€¢);hypoxic control
tumors, N2 asphyxiated before -, irradiai ion (â€¢);tumor given 10 min light (45 J/
cm2) immediately followed by â€¢>irradiation (il); tumors given 30 min light (135
J/cm2) immediately followed by y-irradiation (A); tumors given 30 min light (135
J/cm2) followed 60 min later by -y-irradiation (O). All tumors were excised for
clonogenic assay immediately following ->irradiation. Points, mean values of
three individually analyzed tumors; bars, 2 SE.

doses below 11 Gy showed cell survival to be identical to that
of aerated control tumors, while the portion at higher radiation
doses showed cell survival higher than for aerated control
tumors and a curve slope identical to hypoxic tumors. A similar
biphasic pattern was found when tumors were pretreated with
135 J/cm2 (30 min) of light and irradiated immediately, except

that the break in the survival curve occurred at a lower radiation
level (~8 Gy). Tumor pretreatment as above plus a time interval
of 60 min before irradiation caused even greater radiation
survival, the curve slope again being parallel to that of hypoxic
tumors. Since only radiation doses of 10 Gy and above were
explored, an initial component for this curve was not docu
mented.

Analysis of CDvariance showed that the terminal slopes of the
survival curves generated from PDT-treated and hypoxic con
trol tumors indeed were not significantly different, i.e., they
were parallel.

The biphasic nature of radiation survival curves from PDT-
treated tumors in air-breathing animals indicates that PDT
induced the formation of two cell populations with different
radiosensitivities, one identical to that of aerated, the other like
that of hypoxic RIF tumors. From the distance between the
parallel terminal slopes for hypoxic controls and PDT-treated
tumors, the fraction of hypoxic tumor cells under varying
treatment conditions could be calculated (18). It was thus
determined that within 10 min of tumor illumination (45 J/
cm2), 9.3% (7.1-12.2%) of the tumor cell population had been

rendered hypoxic. Tumors tested 80 min after this treatment
showed the hypoxic tumor cell fraction had remained at the
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same level (curve not shown). Within 30 min of tumor illumi
nation, 17.0% ( 13.2-21.9%) of tumor cells had become hypoxic.
This hypoxia progressed to a 46.5% (35.3-61.1%) hypoxic
tumor cell fraction within l h post-PDT treatment.

Data concerning PDT treatment conditions and hypoxic
fractions are compared to tumor cure data in Table 1. It is
apparent that PDT doses which caused extensive, progressive
tumor hypoxia were extremely effective in controlling the RIF
tumor.

DISCUSSION

The two major questions addressed in this study were (a) to
what extent do the acute vascular effects induced by PDT in
vivo affect the oxygen supply to the tumor cells and (Â¿>)does
oxygen limitation, if it occurs, limit the effectiveness of PDT
tumor treatment? The rationale for asking these questions lies
in the observation that porphyrin-sensitized photodynamic ef
fects are oxygen dependent as described previously by others
(11-14). One aspect which needed further clarification due to
discrepancies in the literature concerned the oxygen levels
which would have to be considered limiting to PDT cell inac-
tivation. According to the study by Lee See, et al. (11), full
photoinactivation would not be reached under a p<). value of
90 mm Hg, more than twice the normal level of tissue oxygÃ©n
ation. Moan and Sommers1 (12) data, on the other hand,

indicate much lower oxygen requirements with full photosen-
sitization at about 40 mm Hg. It is unclear whether these
discrepancies stem from the different methods used to reduce
O2 concentrations or different porphyrin concentrations and
endpoints used for assay. The experiments reported here fol
lowed more closely the procedure of Moan and Sommer (12),
in particular the method of O2 depletion. One major difference,
however, was the route of porphyrin administration. While in
the above mentioned studies cells in culture were exposed to
various porphyrin concentrations, porphyrin uptake in this
study took place in vivo with subsequent isolation and light
treatment of tumor cells. The results reported here regarding
PDT oxygen dependence are nearly identical to those reported
by Moan and Sommer (12). Full photodynamic cell inactivation
appears to be achieved at levels of normal tissue oxygÃ©nation
with no increased effectiveness at higher O, concentrations.
Lowering of O2 levels below 5% (approximately 40 mm Hg),
however, seems to be progressively limiting to cellular photo
inactivation with a half-value of about 1% (approximately 7
mm Hg) Oj. Comparison to O2 requirements for ionizing
radiation reveals that the oxygen limitations for the two mo
dalities are similar with a half-value for cellular radiosensitivity
of approximately 3 mm Hg (15). We can, therefore, conclude
that limited sensitivity towards cell inactivation by ionizing

radiation due to insufficient oxygen supply would correlate with
similarly impeded sensitivity towards photodynamic cell inac
tivation.

Having established the parameters of oxygen limitation for
PDT in the experimental model used, it had to be determined
whether hypoxia within these parameters occurred in these
tumors. It was decided to evaluate tumor hypoxia by monitoring
the radiosensitivity of tumor cells before and after PDT. That
PDT and ionizing radiation act by independent mechanisms,
i.e., that PDT preceding -y-irradiation does not directly influ

ence the radiosensitivity of PDT surviving cells, has been shown
previously by Bellnier and Dougherty (22). This could be con
firmed here for RIF cells. Both the radiation survival curve
slopes and shoulders (Fig. 1) were nearly identical, whether or
not cells had been exposed to a dose of PDT prior to graded
doses of y-irradiation. In order to assess PDT-induced tumor
hypoxia, the radiosensitivity of aerated as well as hypoxic
control tumors had to be assessed. As shown in Fig. 2, aerated
control tumors of 80-120 mg weight did not show any evidence
for the presence of hypoxic cells, but rather exhibited a uniform
exponential slope which was 2.51 times steeper than that of
hypoxic tumors. This value is typical for the oxygen enhance
ment ratio of radiation sensitivity (17, 18). In accordance with
Brown (21), survival curves for larger aerated control tumors
(300-400 mg) do show a break in the exponential slope (data
not shown), which is taken to indicate the presence of hypoxic
cells. Administration of PDT (45 and 135 J/cm2 of light)
immediately before -,-irradiation likewise resulted in biphasic

survival curve slopes. The slope component at low radiation
doses was identical to that of aerated controls, which can be
taken as further evidence that prior PDT treatment did not
change the radiosensitivity of the oxygenated tumor cell com
partment. The high-dose slope component, on the other hand,
was parallel to the hypoxic tumor slope, indicating that a
portion of tumor cells had been shifted towards the radiosen
sitivity of hypoxic RIF cells. The extremely large scatter for the
45 J/cm2 (10 min) light treatment seems to imply that, depend

ing on the individual tumor in our experimental system, this
PDT dose represents a near-threshold dose with some tumors
not yet affected and others already rendered significantly hy
poxic. Data resulting from the 135 J/cm2 (30 min) light treat

ment were much more uniform and indicated that during light
delivery a large portion of tumor cells (17% = 3.4 x IO7cells)

had become insensitive to v irradiai ion due to hypoxia. Keeping
the similarity between the oxygen limitation for ionizing radia
tion and PDT in mind, it seems clear that these cells would
also be insensitive to any further PDT treatment.

The introduction of delay times between PDT completion
and 7-irradiation showed that hypoxia, induced by extended
PDT treatment (135 J/cm2), was progressive with time while

Table 1 Relationship of tumor hypoxia and tumor cure following PDT

DHE Concen
tration (mg/kg)1010

10

10630

nui Light
power density

(mW/cm2)75

75

75

75Treatment

time
(min)3030

10

10Total

light dose
(J/cmJ)135

135

45

45Time

lapse
treatment to
f-irradiation

(min)5*60

5*80%

of Hypoxic
tumorcells17.0

(13.2-21.9)*

46.5
(35.3-61.1)

9.3
(7.1-12.2)

7.08
(3.2-14.8)%

of Tumorcure181

(JV-21)

I 0(Af=19)

Â°Time interval necessary to transfer animals from PDT treatment to -y-irradiation.
* Values in parentheses. 95% confidence intervals.
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hypoxia due to short PDT treatment did not progress.
Assessment of long-term tumor response showed that PDT

consisting of 10 mg/kg of porphyrin and 135 J/cm2 to the

tumor was curative in 81% of animals. This value represents a
large increase from the previously reported less than 10% cures
for these treatment conditions in the RIF tumor system (23).
This increase can be directly related to the different preparation
of the tumor area prior to treatment. Thorough depilation of
the skin within the light field doubled light penetration and
thereby dramatically improved cure rates. This large improve
ment becomes understandable when one considers that the TD50
(number of tumor cells required to produce tumors in 50% of
animals) for the RIF tumor in 10 cells (Ref. 19; own experi
ence), and thus tumor cure depends on a reduction of tumor
cells to 10 or less. The mechanism of this very efficient means
of tumor control can now be more thoroughly analyzed. It
appears that roughly 10% (approximately 2 x IO7)of the tumor

cells were severely hypoxic (less than 3 mm Hg) PDT survivors
by the time 45 J/cm2 had been delivered to the tumor surface,

and thus would have been insensitive to any further direct
photodynamic damage. Yet, delivery of additional 90 J/cm2 led

to over 80% long-term tumor control. It has to be concluded
that these severely hypoxic cells were eventually killed by sec
ondary mechanisms, i.e., probably the very damage to the
vasculature and its consequences which caused the hypoxia.
The observation that PDT conditions which cause progressive
tumor hypoxia are highly curative while those which cause only
limited, nonprogressive hypoxia are ineffective, hints at oxygen
and/or nutritional deprivation as being the overriding mecha
nism of cell kill in this tumor model. This assumption requires
caution, however, since the light doses used to produce these
conditions also are very different. Studies are in progress in this
laboratory to determine the kinetics of tumor inactivation by
PDT if oxygen deprivation is delayed or prevented. The results
obtained in this study may also offer further explanation for
the reported potentiation of PDT effects by misonidazole (24),
a radiosensitizing compound which was found to be ineffective
in sensitizing hypoxic cells to PDT damage in vitro (13) but
which is also known for its direct cytotoxicity to hypoxic cells
(25). A progressive shift of tumor cells into the hypoxic com
partment, as reported here, would make them increasingly
accessible to the toxicity of misonidazole, thus increasing tumor
cell kill by misonidazole.

In summary, we have determined the oxygen dependence of
photodynamic effects on RIF tumor cells to be similar to that
of the effects of ionizing radiation. It was further shown that
PDT at light fluences commonly used for tumor treatment
produces a significant and progressive shift of oxygenated to
severely hypoxic tumor cells within short time periods, probably
rendering these cells progressively insensitive to further direct
photodynamic effects. This induction of hypoxia is not limiting
to tumor cure of this experimental model. While these obser
vations shed some light on the mechanism of destruction of the
RIF tumor, and probably s.c. animal tumors in general, their
importance for the human situation is unproven. Although
many human tumors respond to PDT by exhibiting gross
vascular damage effects, no data are presently available describ
ing the precise nature or extent of this damage. There is some
indication from data concerning development of vascular stasis
following hyperthermic treatment, that damage to the tumor
vasculature, observed in rodents, may not be seen in human

tumors (26). Continued work is necessary to put the here
described observations into the proper perspective.
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