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ABSTRACT

EMTo/Ro spheroids approximately 500 urn in diameter were subjected
to photodynamic therapy administered at various incident radiation lln-

ence rates. Following 24 h incubation with 10 ug/ml Photofrin, groups of
spheroids were irradiated at 630 uni with an identical fluence of 60 .I/cm-,
delivered at fluence rates ranging from 25 to 200 m\\Vi-nr. After treat

ment, spheroids were dissociated, cell yields were determined, and surviv
ing cells were assayed for their colony-forming ability. A surviving fraction

was calculated for each treatment group by computing the product of the
fractional cell yield and the plating efficiency. The results exhibit a strong
dependence on the fluence rate, with surviving fractions decreasing from
approximately 0.5 to 0.07 as the incident fluence rate was lowered from
200 to 25 mW/cm2. These data were analyzed using a mathematical model

of photochemical oxygen consumption in spheroids undergoing photody
namic therapy. Calculations showed that therapy-induced oxygen con

sumption creates hypoxic volumes within which cells would be protected
from singlet oxygen-mediated damage and that the magnitude of these

hypoxic volumes depends on the radiation fluence rate. The fluence rate
dependence of the spheroid cell survival was consistent with such an
interpretation.

INTRODUCTION

PDT3 is presently undergoing clinical trials in several countries for

a variety of human cancers. The fundamental mechanism of action of
the therapy is initiated with the absorption of visible light by a sys-

temically or topically administered photosensitizing agent. Collisional
energy transfer from the electronically excited sensitizer molecule to
ground-state oxygen (3O2) results in the formation of a highly reactive
excited state of oxygen known as singlet oxygen ( 'O2). The reactions
of this photochemically generated 'O2 with intracellular lipids, pro

teins, and nucleotides are deleterious to cells and are ultimately re
sponsible for tumor necrosis. At the tissue level, however, the effects
of PDT are complex and remain the focus of extensive investigation.
Various aspects of PDT-induced tumor destruction form the subject of
three recently published reviews (1-3).

During the past several years, research at our institution has dem
onstrated that tumor response to PDT in two rodent models exhibits a
pronounced dependence on the incident radiation fluence rate. Using
the transplantable R3230AC mammary adenocarcinoma in the Fischer
rat, Gibson et al. (4) induced a significant lengthening of the tumor
volume doubling time by reduction of the treatment fluence rate from
200 to 50 mW/cm2. A similar but even more striking trend was

demonstrated by Feins el al. (5) in studies utilizing a human mesothe-

lioma xenograft in nude mice.
We have offered a qualitative interpretation of these results in terms

of a mathematical model of PDT-induced oxygen consumption in

tumors with relatively sparse capillary densities (6, 7). Our calcula
tions suggest that oxygen consumption associated with photoradiation
at high incident fluence rates would restrict the formation of 'O2 to

those cells that reside in close proximity to a capillary. Reduction in
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the fluence rate lowers the rate of photochemical oxygen consump
tion, thereby extending the radius over which 'O2 may be formed.

Thus, our working hypothesis has been that PDT administered at
relatively lower fluence rates elicits an improved therapeutic response
by delivering 'O2 to a larger volume of tumor cells. This hypothesis

remains unproved.
The multiceli tumor spheroid provides a useful system in which to

test certain aspects of the above thesis in a more direct experimental
design than is possible in vivo. It is well known that spheroids estab
lish subpopulations of cells at various distances from the supply of
nutrients and oxygen; they therefore capture some essential features of
tumors in vivo (8). Since this is accomplished in vitro, the spheroid
model facilitates a study of tumor cell-specific phenomena in isolation
from complex host-dependent factors. Spheroids have, therefore, been
widely used to study mechanisms of tumor cell resistance to chemo-

and radiation therapies. With a few exceptions (9, 10), their use in
PDT research has been relatively limited. Recently, West (11) and
West and Moore (12) have published elegant studies of spheroid
responses to PDT.

In this report we present results of experiments wherein photosen
sitized tumor spheroids were subjected to equivalent fluences deliv
ered at several fluence rates from 25 to 200 mW/cm2. The spheroid

cell survival data are shown to be consistent with a model of oxygen
diffusion and consumption.

MATERIALS AND METHODS

Monolayer Cultures. EMT6/Ro mouse mammary carcinoma cells were
obtained from the Cancer Center at the University of Rochester. Rochester, NY.
Cells were maintained as a monolayer culture in BME (Gibco-BRL, Grand
Island, NY) containing 10% PCS (Gibco-BRL) supplemented with penicillin

(25 units/ml) and streptomycin (25 ug/ml). The cultures were incubated at
37Â°Cin a humidified 5% CO2 atmosphere and were subcultured twice weekly

using 0.01% trypsin (Worthington Biochemical Corp., Freehold, NJ) and
0.02% EDTA in phosphate-buffered saline, pH 7.2.

Spheroid Cultures. The EMT6 spheroids were initiated by plating IO*1

cells onto a 100-mm non-tissue culture plastic Petri dish containing BME with

10% FCS. After 4 days, the resulting cell aggregates were collected and
approximately 2000 of these were seeded into a 500-ml glass spinner flask

(BÃ©licoGlass, Inc., Vineland, NJ) containing 300 ml BME with 10% FCS. The
flasks were gassed with 5% COs-95% air and were maintained on a magnetic

spinner plate operating at approximately 100 rpm. The spinner plate and flasks
were kept in a 37Â°Cwarm room. Spheroid culture medium was changed three

times weekly by allowing the spheroids to settle to the bottom of the spinner
flask, carefully aspirating 200 ml of the spent medium, and replacing it with an
identical volume of fresh BME and 10% FCS. As the spheroids increased in
size, the number of spheroids per flask was reduced in order to maintain a
viable culture. One week after seeding of the cell aggregates, the spheroids had
reached approximately 500 urn in diameter.

Photosensitizer and Light Treatment. Spheroids that had reached the
desired diameter of approximately 500 urn were removed from the spinner
flask and placed in a 100 mm non-tissue culture Petri dish containing 15 ml

BME, 10% PCS, and 10 ug/ml Photofrin (Quadralogic Technologies, Vancou
ver, British Columbia, Canada). Photosensitizer incubation was performed in
the dark at 37Â°Cin a humidified 5% COs-95% air atmosphere for 20-24 h. At

the completion of sensitizer incubation and immediately prior to laser irradi
ation, a known number of spheroids were individually transferred to one well
(16 mm diameter) of a 24-well culture cluster plate containing 2 ml of fresh
culture medium without photosensitizer. A separate 24-well plate was used for
each PDT treatment group. Typically, control (Photofrin-treated, unirradiated)

and PDT treatment groups were composed of 50 spheroids.
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Spheroid irradiation was performed using the 630 nm output of an argon ion
laser-pumped dye laser (Coherent, Inc., Palo Alto, CA). The laser beam was

coupled to a lensed fiber optic cable, the output of which was directed to a
2-cm: spot corresponding to the bottom of the well containing the spheroids.

The various PDT treatment groups were subjected to fluences of 60 or 120
i/cm- delivered at fluence rates of 25, 50, or 200 mW/cm2.

Cell Survival. Immediately following PDT, spheroids were dissociated
into a single cell suspension with 0.05% trypsin and 0.02% EDTA in phos
phate-buffered saline. Once the dissociation was complete, the trypsin was

inactivated by addition of an equal volume of BME/FCS. The dissociated cells
were centrifuged (1000 rpm, 7 min) to a pellet and resuspended in fresh
medium. The cell yield following PDT and dissociation was determined using
a hemocytometer. All intact cells were included in the hemocytometer counts;
no attempt was made at this stage to assess cell viability. The cell suspension
was then serially diluted and an appropriate number of cells from each group
was plated in quintuplicale in 60-mm tissue culture dishes. These culture dishes

were incubated for 10 days at which time the colonies were stained with crystal
violet and counted. The cell yields and the plating efficiencies for each PDT-

treated group were normalized to those obtained with cells dissociated from
unirradiated spheroids, which had been incubated with Photofrin in the dark.
The overall surviving fraction was determined by computing the product of the
normalized cell yields and plating efficiencies. Experiments were repeated at
least three times on separate days using spheroids from different flasks, and the
data are presented as the mean Â±SD of these independent trials.

Modeling of PDT-induced Oxygen Depletion. Mathematical details of
our model of PDT-induced photochemical oxygen depletion in spheroids are
presented in the "Appendix." Briefly, the steady-state oxygen concentration in

a spheroid undergoing PDT is estimated by obtaining solutions to the time-

independent diffusion with consumption equation in spherical coordinates.
This equation is written

DV2C(r) = P.

in which D is the oxygen diffusion coefficient in the spheroid. V: is the

Laplacian operator, C(r) is the concentration of oxygen as a function of radial
distance from the center of the spheroid, and I" is the total volumetric rate of

oxygen consumption. During PDT. P is composed of the sum of the cellular
metabolic and the PDT-induced photochemical consumption rates. We have
shown previously (6) that the PDT contribution to I" is proportional to the

radiation tluence rate. We assume that, during the irradiation interval, the
metabolic oxygen consumption does not change and that it is independent of
the fluence rate.

For a spheroid of sufficiently large diameter, the increase in total oxygen
consumption during irradiation can result in the induction of an hypoxic
volume. Since the diffusion distance for the highly-reactive singlet oxygen in
a cellular environment is very short (13), cells residing within this therapy-
induced hypoxic volume will be protected from 'O2-mediated damage. As

suming a constant density of cells throughout the spheroid, the measured
surviving fraction after PDT, 5, may be expressed simply as

S = (/?â€ž//?â€ž)â€¢',

where K/t and R,, denote the oxygen depletion radius and the radius of the
spheroid, respectively. Using this relationship and the solutions to the steady-
state diffusion equation, we derive an expression (see "Appendix," Equations

A-7 and A-8) that relates the experimentally determined spheroid cell surviving

fractions to the total rate of oxygen consumption. In the expression, the
metabolic and photodynamic contributions to this total rate are obtained from
a least-squares fit of this function to the spheroid cell survival data.

RESULTS

The average normalized cell yields from a series of six separate
experiments are presented in Fig. 1. Each of the treatment groups
depicted (control, 25, 50, and 200 mW/cm2) was incubated identically

with 10 ug/ml Photofrin for 24 h prior to irradiation with 60 J/cnr of
630 nm light. The cell yields, determined by hemocytometer count
following trypsin dissociation of the PDT-treated spheroids, exhibited

a strong dependence on the radiation fluence rate. As the fluence rate
was reduced from 200 to 25 mW/cm2, the number of EMT6 cells that
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Fig. I. Spheroid cell yields following PDT (60 Â¡/cm2,630 nml delivered at 3 different

fluence rates. In each individual experiment, cell yields from the various treatment groups
were determined by hemocytometer count and normalized to counts obtained from Photof-
rin-treated, unirradiated control spheroids. Data are presented as means Â±SD (bars) from
3 (25 and 50 mW/cm2) or 6 (200 mW/cm3) separate experiments. Mean fractional cell
yields were 0.73. 0.21, and 0.13 for the 200-. 50-, and 25-mW/cm- treatment groups,

respectively.

survived PDT treatment and dissociation were markedly diminished,
with the fractional cell yields decreasing from approximately 0.7 to
0.13. This fluence rate-dependent decrease in cell yield was accom

panied by an increase in cellular debris present in the medium con
taining the dissociated cells, indicating that significant cell lysis had
occurred. Plating efficiencies of the surviving spheroid cells from a
representative experiment are shown in Fig. 2. These were determined
by plating known numbers of cells from each PDT treatment group
and assaying their colony-forming ability. As stated in "Materials and
Methods," cells from each of these treatment groups were plated in

quintuplicate. For a given group, the standard deviation in the plating
efficiency never exceeded 7% of the mean and typically was less than
5%. Over a 1-year period, control plating efficiencies varied between

approximately 50 and 75%. These values are close to those reported
previously by Freyer and Sutherland (14) for EMT6/Ro spheroids. It
is evident from the data in Fig. 2 that the plating efficiencies of those
cells which do not lyse as a direct result of photodynamic insult show
only a slight dependence on the fluence rate. In order to take into
account the effects of diminished cell yields following PDT, as well as
the plating efficiencies, an overall surviving fraction was computed
from the product of the relative cell yields and mean plating efficien
cies from a given experiment. Each experiment was repeated at least
three times, and overall surviving fractions were then calculated from
these data. The means Â±SD of the surviving fractions from the three
treatment groups are presented in Fig. 3 along with the theoretical fit
obtained from Equation A-8 ("Appendix"), which is an expression

relating the surviving fraction to the incident radiation fluence rate. A
least-squares fit of this expression to the survival data yielded a value
of 11.5 Â±0.9 HM-S~' for the metabolic rate of oxygen consumption

(rmel) in the spheroids and a coefficient of PDT-induced oxygen
consumption (ÃŸPDT)of 0.14 Â±0.02 UM-s~'/mW-cnr2. The rmcl ob

tained from this analysis is in reasonable agreement with that reported
previously for EMT6/Ro spheroids of comparable diameter (15). Us
ing microelectrode O2 measurements and a mathematical analysis of
the diffusion-depleted zone in the medium near the spheroids, Muel-
ler-Klieser obtained rme, values of approximately 13.4-15.7 UM-S~'.

Calculations were performed to model the effects of the PDT flu
ence rate on the concentration of oxygen within a spheroid during
irradiation. In Fig. 4, solutions to the diffusion equation are presented
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Fig. 2. Plating efficiencies tit" cells dissociated from spheroids following PDT (60

J/cm2, 630 nm) delivered at 3 different fluente rates. Cells surviving PDT and spheroid

dissociation from this representative experiment were pluted in quintuplicate for each of
the treatment groups depicted. Data are presented as mean plating efficiency Â±SD (bars)
(n = 5). The plating efficiencies (colonies formed/number of cells plated) shown were

0.521 Â±0.03, 0.484 Â±0.02, 0.309 Â±0.02, and 0.3 Â±0.03 for cells from the control
(fluence rate. ()l. 2(X)-, 50-, and 25-mW/cm2 treatment groups, respectively. Analysis of

variance showed no significant difference between plating efficiencies of control sphe
roids and those treated with 200 mW/cm2. Differences in plating efficiencies were highly
significant ( P < .00! ) between spheroids treated with 2(X)mW/cm2 and those treated with
either 50 or 25 mW/cm2.

that incorporate the oxygen consumption rates obtained from the fit to
the survival data in Fig. 3. The increase in the total oxygen consump
tion within a spheroid undergoing PDT results in oxygen depletion
throughout the spheroid and in the culture medium in the vicinity of
the spheroid. Inside the spheroid, the severity of this depletion in
creases with distance from the culture medium and exhibits a strong
dependence on the radiation fluence rate. Those spheroid cells resid
ing at oxygen concentrations that are insufficient to support 'O2

formation will presumably be protected from PDT-mediated damage.

Thus, the model shows that the volume of spheroid cells protected
from PDT will diminish as the fluence rate is lowered.

The plots of Fig. 4 depict a situation in which 'O2 formation will be

restricted to an outer shell of the spheroid, the thickness of which is
determined by the difference between the radius of the spheroid and
the radius of oxygen depletion. According to this analysis, once the
threshold dose of 'O2 has been delivered to the cells within this shell,

continued irradiation at the same fluence rate will produce minimal
additional spheroid cell killing. This prediction was confirmed in a
series of experiments summarized in Fig. 5. Groups of spheroids were
incubated with Photofrin as described above and subjected to 60 or
120 J/cm2 delivered at incident fluence rates of 50 or 200 mW/cm2.

No significant difference in the overall surviving fraction was ob
served for either fluence rate when the total radiation dose was dou
bled from 60 to 120 J/cm2. These data also make it clear that a total
fluence of 60 J/cm2 administered at 50 mW/cm2 was significantly

more effective than was a treatment using twice the fluence admin
istered at a rate of 200 mW/cm2.

DISCUSSION

The principal finding of these studies is that the response of inter
mediate-size (~500-um-diameter) multiceli tumor spheroids to a

given dose of PDT depends critically on the radiation fluence rate at
which the therapy is administered. Spheroids of this size treated with
identical doses of Photofrin and irradiated with the same fluence of 60
J/cm2 exhibited surviving fractions that ranged from 0.54 to 0.07 as
the fluence rate was lowered from 200 mW/cm2 to 25 mW/cm2. This

result is consistent with previously published work that reported anal
ogous PDT fluence rate effects on the R3230AC mammary adenoear-
cinoma in the Fischer rat and the H-MESO-I human mesothelioma in

the nude mouse in vivo (4, 5). In those studies, tumor regrowth in both
experimental systems was significantly delayed following reduction
in the treatment fluence rate from 200 to 50 mW/cm2.

We have previously interpreted the results in vivo using a model of
PDT-induced oxygen consumption and a simple theory of oxygen

diffusion from capillaries (6, 7). This model predicts that reduced
fluenee rate treatment protocols enhance the therapeutic response by
extending the radius of 'O2 formation around a tumor capillary. Thus,

we hypothesize that the significant delay in tumor regrowth is a result
of an increased contribution from photodynamic damage to the tumor
cells. Direct experimental tests of this hypothesis are difficult to carry
out m vivo, given the presence of PDT-mediated vascular and host cell

effects. The multiceli tumor spheroid provides an experimental system
in which to test certain model predictions in the absence of these other
factors. The fact that the fluence rate dependence observed in vivo was
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Fig, 3. Overall surviving fractions, computed from the product of the fractional cell
yield and the plating efficiency, for spheroids treated with PDT (60 J/cm2) delivered at 3
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Fig. 5. Overall surviving fractions for spheroids treated with either 60 or 120 J/cm2
PDT delivered at fluence rates of 50 or 200 mW/cm2. No significant differences in
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increased from 60 to 120 J/cm:. For both fluences. ihe difference in surviving fractions

was highly significant (P < 0.01) when the fluence rale was decreased from 200 to 50
mW/cm2. Bars, SD.

reproduced in the spheroids strengthens our contention that the re
sponse in vivo is attributable to direct tumor cell effects.

Under the experimental conditions used in the studies reported here,
the normalized cell yields following PDT treatment and spheroid
dissociation have proved to be a sensitive measure of the spheroid
response to the various irradiation protocols. Fig. 1 demonstrates a
significant decline in the cell yields as the incident fluence rate was
reduced. The plating efficiencies of the surviving cells, however,
exhibited a much less dramatic fluence rate dependence. As shown in
Fig. 2, the plating efficiency of cells dissociated from spheroids
treated with an incident fluence rate of 200 mW/cm2 was very nearly

equal to that observed for control spheroids (â€”50%), while cells

dissociated from spheroids that had been treated with fluence rates of
50 or 25 mW/cm2 had plating efficiencies of approximately 30%. A

possible interpretation of these observations begins with the recogni
tion that spheroids are composed of subpopulations of tumor cells
with differing plating efficiencies. In 1980, Freyer and Sutherland (14)
reported that the plating efficiencies of populations of EMT6 cells
residing 100 |am or deeper from the surface of a spheroid were lower
than that observed for the whole spheroid and were substantially lower
than for those cells harvested from the outermost rim of the spheroid.
If our analysis of PDT fluence rate effects in spheroids is correct,
those findings are relevant to our plating efficiency data. The calcu
lated plots of Fig. 4 indicate that in spheroids treated with a fluence
rate of 200 mW/cm2, 'O2 will be produced only in a shallow rim of

cells near the spheroid surface. Thus, the populations of cells plated
following such an experiment will not significantly differ from those
plated from dissociated control spheroids. As the fluence rate is re
duced, the rim of cells subject to photodynamic insult extends deeper
into the spheroid. Cells plated from spheroids that have been treated
at fluence rates of 50 and 25 mW/cm2 will be primarily those from the

inner regions and would, therefore, be expected to exhibit lower
plating efficiencies.

The dose and fluence rate dependence data summarized in Fig. 5
reproduce in the spheroids a significant finding in vivo reported pre
viously by Feins et al. (5) in studies of a human malignant mesothe-

lioma grown as a xenograft in nude mice. Using the same dose of
Photofrin (5 mg/kg), tumor control in this model was more effective
following treatment with 180 J/cm2 delivered at 50 mW/cm2 than it
was when a fluence of 360 J/cm2 was delivered at 200 mW/cm2. In the

EMT6 spheroids, we found that 60 J/cm2 delivered at 50 mW/cm2 was

a more effective treatment than was twice the fluence administered at
the higher rate of 200 mW/cm2. These results in vivo and in vitro

suggest that, at least in certain situations, the consequences of therapy-

induced oxygen consumption may compromise the ability of existing
dosimetry models to predict therapeutic outcome. This possibility has
been noted recently by Star et al. (16). Our results further suggest that
fluence rate effects must be considered as a possible source of treat
ment failure in PDT and that these effects should be considered in
study designs that seek to compare responses among different tumor
lines or photosensitizers.

In light of the data and analysis presented here, it is interesting to
consider the report by West (11) concerning the size dependence of
tumor spheroid resistance to PDT. In that study, a marked decrease in
the sensitivity to treatment was observed for 500-um-diameter sphe
roids as compared to those of smaller (100- and 250-um) diameters.
Further, the smaller spheroids exhibited no difference in their post-

treatment surviving fraction when the cells were irradiated as intact
spheroids or as a dispersed single cell suspension. On the other hand,
a significant difference in the measured surviving fraction was noted
when cells from the 500-um-diameter spheroids were irradiated either
pre- or posttrypsinization. However, even when they were dissociated

prior to irradiation, the cells from these spheroids remained more
resistant than did cells from the 100- and 250-um spheroids.

West considered several possible interpretations of these data.
Among them were the possibilities of a hypoxia induced by the static
culture conditions, a therapy-induced hypoxia of the type that we are

suggesting, and decreased light penetration in the larger spheroids.
West also proposed that heterogeneity of photosensitizer uptake was
significantly more pronounced in the larger spheroids. This heteroge
neity was not attributed to a drug penetration gradient. In a subsequent
report, West and Moore (12) developed this idea more thoroughly and
showed through flow cytometric sorting of various spheroid cell sub-

populations that those cells with the dimmest sensitizer fluorescence
were the most resistant to irradiation.

An attempt to integrate the findings and interpretation of West (II)
and West and Moore (12) with those of this report must begin by
separating the various effects that have been observed. The significant
decrease in the surviving fraction observed by West when photosen
sitized 500-um-diameter spheroids are dissociated prior to irradiation

clearly cannot be explained on the basis of heterogeneous drug uptake.
Our data and analysis suggest that such an effect is likely the result of
a PDT-induced hypoxia in the centers of the intact spheroids, which

has its origin in the oxygen consumption associated with the type II
mechanism of dye-sensitized photooxygenation. It is critical to dis

tinguish this transient, photochemically induced hypoxia from the
well-documented chronic hypoxia in the core of larger spheroids (8).

It is, of course, this latter case which gives rise to the radiobiological
hypoxia described by West. The plots presented here in Fig. 4 illus
trate that PDT could induce significant hypoxia even in those sphe
roids that do not possess such a hypoxic central core prior to irradi
ation. It is important to emphasize, however, that the oxygen
consumption effects cannot account for the difference in sensitivity
between cells from 500-|jm-diameter spheroids and those from sphe

roids of smaller diameter when the irradiations are performed after
spheroid dissociation. In this case, certainly, the increased heteroge
neity of photosensitizer uptake in the larger spheroids appears to be
responsible for their PDT resistance (12).

Finally, what can be said about the fact that the cells in smaller
spheroids (100- and 250-um diameters) treated by West (11) exhibited

no difference in PDT sensitivity when irradiated as intact spheroids or
as a dispersed suspension? Although West used broad-band irradiation

and it is, therefore, difficult to accurately estimate the total rates of
oxygen consumption in those spheroids, it is possible to suggest that

1252

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1249/2453865/cr0530061249.pdf by guest on 19 M

ay 2023



FLUF.NCE RATK EFFECTS IN PDT OF SPHEROIDS

such a finding is not inconsistent with our analysis. The induction of
a hypoxic core during PDT depends not only on the total rate of
oxygen consumption but also on the square of the spheroid radius, as
well (Equation A-8, "Appendix"). Thus, significantly higher oxygen

consumption is required in order to induce hypoxia in smaller sphe
roids. Assuming an oxygen diffusion constant of 2000 (anr,s~' and an

air-saturated oxygen concentration (240 UM)in the culture medium.
Equation A-8 shows that a hypoxic core will not arise in 250-um-

diameter spheroids until the total oxygen consumption exceeds 61
UM-S~',and for the 100-um-diameter case, the total consumption must
exceed 384 UM-S~'. In 500-um-diameter spheroids, the onset of a
hypoxic core requires consumption rates as low as 15 UM-S~'. Al

though the metabolic oxygen consumption is higher in smaller diam
eter spheroids (15), it is unlikely that the combined PDT and meta
bolic consumption rates could produce oxygen-depleted regions
in the 250- and 100-um spheroids, at least under the treatment

conditions described by West.
In summary, we have demonstrated that significant fluence rate

effects in PDT, previously shown in vivo, are reproducible in multiceli
tumor spheroids. Since spheroids capture important features of
sparsely vascularized tumors without the complicating presence of
vascular and host cell responses, they provide a useful system in
which to study some aspects of the oxygen problem in PDT. The fact
that the spheroid cell survival data can be fit to a model equating
hypoxic volume with the volume of surviving cells lends credence to
the idea that PDT-induced hypoxia can be an important factor limiting

tumor response in some situations. It must, nevertheless, be noted that
the model developed in this report is approximate and contains as
sumptions that have not yet been proved. For example, one such
assumption is that of a constant metabolic rate of oxygen consumption
in the spheroids during irradiation. Experiments designed to examine
the details of this question are currently in progess. We are also
designing experiments that should enable us to directly probe the
oxygen gradients in and around single spheroids during irradiation. It
is expected that this future work will deepen our understanding of the
observations presented here and will suggest possibilities for the fur
ther optimization of PDT.
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APPENDIX

The radial part of the time-independent diffusion-with-consumption equa

tion is written

(A-l)
dr

in which D is the diffusion constant for oxygen (2000 um- s '), C(r) is the

concentration of oxygen at the radial distance, r, from the center of the
spheroid, and P is the total volumetric consumption in the spheroid. During
irradiation of a photosensitized spheroid, the total rate of oxygen consumption
is the sum of the rates due to metabolic and photodynamic processes (P = PMei

+ PPDT). The rate of metabolic oxygen consumption, rMei. is assumed to be
unaffected by PDT during the irradiation. We further assume that PM<.,is
independent of the oxygen concentration. While this approximation is not
strictly valid at low oxygen concentrations, its adoption does not substantially
influence the results of the calculation.

Equation A-l is solved by successive integration for the oxygen concentra

tion in the spheroid and in the medium, subject to the following boundary
conditions: (a) the oxygen concentration far from the spheroid ([O2|Mcd) is
constant and equal to the measured oxygen concentration of the culture me

dium; (/>) the oxygen concentration and its first derivative are continuous
across the spheroid boundary.

In order to allow for the possibility of an oxygen-depleted core within the

spheroid, we treat two cases.
Case 1. No Anoxic Core. For this case, the oxygen concentration is, by

definition, finite at the center of the spheroid. The solutions to Equation A-l

are

C(r) = [0,Ud - 77: OR,,2 -
O/J

C(r) = [0,]Med- L(*Â¿)
30 \r )

r<Râ€ž

r>Râ€ž

(A-2)

(A-3)

in which R,, is the spheroid radius and r > Râ€ždenotes the spheroid culture

medium.
Case 2. Anoxic Core. When the total rate of oxygen consumption, P, is

sufficient to induce an anoxic core within the spheroid. Equation A-2 is no

longer valid. In order to analy/.e this case, we impose the additional boundary
condition that the oxygen oxygen concentration is /ero at a distance. /?/,, the
depletion radius. The solutions of Equation A-l for this situation are

T / "'R '
C (r) = â€”¿�l r3 + -2- - lR,;-

C(r) =
P M.,3 - *â€žâ€¢'

3D \ r

Râ€ž<r<Râ€ž

r>Râ€ž

where

KD - Â»,

p

(A-4)

(A-5)

(A-6)

The induction of an anoxic core implies the existence of a region within which
singlet oxygen will not be formed. Cells residing with this volume will,
therefore, be protected from PDT. Assuming a constant cell density throughout
the spheroid, the surviving fraction, S. may be expressed as the ratio of the
oxygen-depleted volume and the volume of the spheroid. The rate of PDT-

induced oxygen consumption, FPDT, is proportional to the fluence rate. W.
Using Equation A-6, we may express the surviving fraction as

5= I-

where IVrrr =

('-fi^+rw)y <A-7)
V For convenience, Equation A-7 may be rearranged as

2D[0,]Medu/ i pPDT" ' Mel ~~
(A-8)

to yield an expression that is linear in the fluence rate. The spheroid surviving
fractions are experimentally determined for several PDT fluence rates, and the
parameters ÃŸ,,â€ž,and I~Mc,are determined from a least-squares best fit of

Equation A-8 to these data.

REFERENCES

1. Gomer, C. J. Preclinical examination of tirsi and -second generation photosensiti/ers
used in photodynamic therapy. Photuchem. Photohiol.. 54: 1093-1107, 1991.

2. Henderson, B. W., and Dougherty. T. J. How does photodynamie therapy work?
Photoehem. Photobiol., 55. 145-157, 1992.

3. Moan. J.. and Berg. K. Photochemotherapy of cancer: experimental research. Photo
ehem. Photobiol.. 55: 931-948, 1992.

4. Gibson. S. L., VanDerMeid. K. R.. Murant, R. S.. Raubertas. R. K. and Hilf. R. Effects
of various photoradiation regimens on the antitumor efficacy of photodynamic ther
apy for R3230AC mammary carcinomas. Cancer Res., 50: 7236-7241, 1990.

5. Feins, R. H., Hilt, R.. Ross, H., and Gibson, S. L. Pholodynamic therapy for human
malignant mesothelioma in the nude mouse. J. Surg. Res., 49: 311-314, 1990.

6. Foster. T. H.. Murant, R. S.. Bryant. R. G.. Knox, R. S.. Gibson, S. L.. and Hilf, R.
Oxygen consumption and diffusion effects in photodynamic therapy. Radial. Res..
126: 296-303, 1991.

7. Foster, T. H.. and Gao, L. Dosimelry in pholodynamic therapy: oxygen and the critical

1253

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1249/2453865/cr0530061249.pdf by guest on 19 M

ay 2023



FLUENCE RATE EFFECTS IN PDT OF SPHEROIDS

importance of capillary density. Radial. Res., 130: 379-383, 1992. photodynamic treatment: a flow cytometric study. Photochem. Photobiol., 55; 425-

8. Sutherland, R. M., McCredie, J. A., and Inch. W. R. Growth of multiceli spheroids in 430, 1992.
tissue culture as a model of nodular carcinomas. J. Nati. Cancer Inst.. 46: 113-120, 13. Moan. J.. and Berg, K. The photodegradation of porphyrins in cells can be used to

'**'â€¢ estimate the lifetime of singlet oxygen. Photochem. Photobiol., 5J: 549-551, 1991.
9. Jeeves. W. P., Wilson B. C Smith P.. Ens. K.. and Spiegl. P. Growth delay studies |4 F j R and Suther,and R M Selective dissocialion and characteriza.ion of cells

PholobToT0"? rw'iMW? ' Â° " lÂ° Photochem. from mmat regions of multicel, tumor spheroids. Cancer Res, 40: 395o_3965,

H). Christensen, T., Moan, J., Sandquist. T., and Smedshammer. L. Multicellular sphe
roids as an in vitro model system for photoradiation therapy in the presence of HpD. l5 Mueller-Kheser. W. Method for the determination of oxygen consumption rates and
In: D. R. Doiron and C. J. Comer (eds.). Porphyrin Localization and Treatment of diffusion coefficients m multicelular spheroids. Biophys. J.. 46: 343-348. 1984.

Tumors, pp. 381-390. New York: Alan R. Liss, Inc.. 1984. 16- Star- w- M- Wilson, B. C., and Patterson, M. S. Light delivery and optical dosimetry
11. West, C. M. L. Size-dependent resistance of human tumour spheroids to photody- in photodynamic therapy of solid tumors. In: B. W. Henderson and T. J. Dougherty

namic treatment. Br. J. Cancer. 59: 510-514. 1989. (eds.). Pholodynamic Therapy: Basic Principles and Clinical Applications, pp. 335-
12. West, C. M. L., and Moore, J. V. Mechanisms behind the resistance of spheroids to 368. New York: Marcel Dekker, Inc., 1992.

1254

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1249/2453865/cr0530061249.pdf by guest on 19 M

ay 2023




