

















bling time (vdt) of 3.0 days than spheroids from the differ-
entiated sarcoma lines ESS2, EAS1, ENF3, and EL7 (4.3
to > 50 days; median, 5.1 days). The 10 malignant glioma
cell lines with volume doubling times between 1.8 and
25.3 days (median, 9.8 days) also showed more rapid
growth kinetics in the spheroid model than the cell line
EPFI from an astrocytoma grade 1 (vdt > 50 days). The
a/fp values for the soft tissue sarcomas ranged between
4.6 and 10.3 Gy, those for the gliomas and the mammary
carcinomas between 4.4 and 17.8 Gy, or 7.6 and 23.3
Gy, respectively. The corresponding geometric mean o/
By values for these tumor types were 7.2, 9.2, and 13.3
Gy. In the analysis of variance, only the effect of tumor
differentiation on the log(a/Bp) was found to be signifi-
cant (p = 0.01, Type I ANOVA F-test), not the effect of
tumor type (p = 0.13).

To check whether a correlation exists between the frac-
tionation sensitivity of spheroids from different cell lines
and a radiation-induced synchronization through blockage
of cell cycle progression during the course of fractionated
irradiation, flow cytometric determinations of the DNA
content of the cells in spheroids were carried out at differ-
ent time intervals. The percentage increase of cells in the
G2/M phase in multicellular spheroids 6 h after the last
of seven 3.0 Gy fractions given at intervals of 6 h com-
pared with unirradiated controls was determined as a mea-
sure of radiation-induced cell cycle blockage in the G2
phase in a subgroup of 14 cell lines with differing frac-
tionation sensitivity. The experiments on cell cycle distri-
bution before and after fractionated radiotherapy were
repeated twice for each cell line. The culture conditions
were identical to those used in spheroid control experi-
ments. The test dose of 7 X 3.0 Gy was chosen in accor-
dance with the mean SCDs; g ¢, Value for malignant gli-
oma lines, which was 23.4 Gy. The cell cycle distribution
measured 6 h after the seventh dose fraction corresponds
to that at the end of the eight fraction schedule in the
spheroid control experiments. Figure 7 shows the plot of
log(a/Bp) vs. the ratio between the percentages of cells
in the G2/M phase 6 h after 7 X 3.0 Gy and in the
respective control group (percentage increase in G2/M
phase). There was a significant positive correlation be-
tween the log(a/fBp) values and the parameter for the G2
blockage (r = 0.72, p = 0.004). The smaller the increase
in G2/M phase, the higher the fractionation sensitivity.
Other parameters from the DNA histograms, such as the
G2/M or S phase content of the controls, did not correlate
significantly with the log(a/Bp) values (r = —0.09 and r
= (.22). In addition, it should be mentioned that the in-
creases in G2/M and the spheroid volume doubling times
(vdt) as proliferation dependent parameters were associ-
ated with a significantly negative correlation coefficient
(r = —0.64, p =0.01) and that the log(a/Bp) values from
the different cell lines were weakly associated with the
log(vdt) values as a measure of the cycling status of the
cells (r = —048, p = 0.025).
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Fig. 7. Correlation between the log(a/f) values and the percent-
age increases in G2/M phase in a subset of 14 cell lines 6 h
after a test dose of 7 X 3 Gy, given at 6 h intervals (r = 0.72,
p = 0.004).

The intercell line heterogeneity of the measured
SCDs0 | frace and SCDsp g 1o Values is shown in Fig. 8 for
the 17 tumor lines for which these data pairs exist. If the
o/ values were constant in this sample of human tumor
lines, an upward convex relation would hold between the
SCDsg 1 fraer and SCDsp g 5 Values according to Eq. 6,
given in the Appendix. This relation is shown as a bold
dashed curve in Fig. 8. The mean /g value (12.0 = 1.5
Gy) was determined according to the least squares method
from the SCDsg | frat—SCDsp g frace data pairs. The 95%
confidence region for the prediction of the SCDsg g frace
values from the SCDsg | g Values is limited by the dotted
curves. It shows a width of 13.5 Gy and is an expression
of the deviations caused through differences in the frac-
tionation sensitivities of the different tumor lines and also,
to a small extent, to random measurement errors. Because
the a/f values tend to increase in tumors with larger
SCDsg | e Values, this results in a linearization of the
relationship between the SCDsg | e and the SCDsg g fract
values. The linear relation according to the regression of
SCDsg g frace On the SCDsg 4 fraee Values is shown as a bold
line in Fig. 8. The Pearson coefficient of correlation is
r = 0.93 (p < 0.0001), the Spearman rank correlation
coefficient is r, = 0.89 (p < 0.0001). In addition, the
association between the rankings of all 21 cell lines ac-
cording to the measured SCDs | ¢, Values and the calcu-
lated SCDsg » Gysar Values was significant (r, = 0.90,
p < 0.0001).

DISCUSSION

The aggregation of human tumor cells into three-di-
mensional multicellular spheroids can profoundly alter
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Fig. 9. Distributions of «/f values for rodent tumors in vive
and human tumor spheroids, as assayed by in situ end points.
The 29 a/8 values for 16 rodent tumors were obtained fom the
literature, the 21 «/8 values for different human tumor lines
from this work. The rodent tumors had significantly higher a/
B values (median: o/ = 18.8 Gy) than the human tumors
(median: @/ = 8.3 Gy; p < 0.001, U-test).

significantly lower /8 values (p = 0.0006, U-test, Fig.
9). The murine tumor data used here for comparison were
also determined from the in vivo end points tumor control
or growth delay. Irradiation was performed under oxic or
hypoxic conditions with short time fractionation sched-
ules up to 20 fractions with intervals of 3—48 h, assuming
complete recovery or with shorter intervals by taking in-
complete recovery into account (17, 51, 80). In all, 29 a/
B values for 16 different murine tumor lines were used
for comparison. The median a/8 value for the human
tumor lines was 8.3 Gy, and for murine tumors 18.8 Gy.
These differences could be related to a more pronounced
selection in favor of undifferentiated murine tumor lines
or to more rapid growth kinetics of murine tumor lines.

Evidence of a therapeutic gain in clinical Phase III
trials is of decisive importance for the use of an altered
fractionation schedule in the therapy of a certain tumor
entity in the clinic. With increasing tumor size, the inter-
and intratumoral heterogeneity also increases leading to
a reduction in the steepness of the dose—tumor control
relation (67). The ys, value is a measure of the steepness
of the tumor control curves (2). ys, values of about 2-3
can be expected for head and neck carcinomas in early
stages, and of about 0.5-1.5 for locally advanced tumors
(74). The best data on the steepness of the dose—effect
relations for local tumor control in the clinic stem from
randomized dose escalation studies. From the local tumor
control rates of the RTOG 83-13 study, the ys, value
is estimated to be 0.8 for locally advanced, inoperable
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squamous cell carcinomas of the upper respiratory and
digestive tracts using hyperfractionated irradiation with 2
X 1.2 Gy per day (5). These flat dose—effect relations
result in a low resolution of clinical studies in detection
of fractionation effects on tumor control probability.

The well-conducted clinical Phase III trial on hyper-
fractionation of oropharynx carcinomas in Stages T2—3
with 160 patients per treatment arm, the EORTC 22791
study, resulted in a significant increase in local tumor
control from 40 to 59% on increasing the total dose from
70 to 80.5 Gy and altering the daily dose fractions from
1 X 2.0 Gy to 2 X 1.15 Gy (22). The severe late side
effects did not increase, therefore, resulting in a therapeu-
tic gain. From this study, the mean «/8 value for squa-
mous cell carcinomas of the oropharynx can be estimated
to be within the limits of 6.9 to > 100 Gy, as described
in the Appendix. In this analysis, it is assumed among
others that reoxygenation and repopulation of the tumors
are not affected by the change in fractionation and that
the yso value lies between 1 and 2 for the treated tumor
population using conventional fractionation. This clinical
study points to a low fractionation sensitivity of squamous
cell carcinomas of the oropharynx. The experimental data
from the spheroid model are compatible with this clinical
result. The only squamous cell carcinoma line (FaDu)
studied had the least fractionation sensitivity of all tumor
lines investigated here with an /8 value of 38 (29-52)
Gy. However, further studies are necessary to substantiate
the hypothesis that the squamous cell carcinomas have a
lower fractionation sensitivity than other tumor types.

Other clinical data on the fractionation sensitivity of
human tumors are based on retrospective evaluation of
patient collectives treated by single institutions. However,
the selection criteria for the use of the different fraction-
ation schedules are not necessarily independent of the
prognosis of the disease (72). In particular, data were
included in the determination of fractionation sensitivity
from patients treated with subcurative palliative doses. In
general, larger uncertainties in the determination of the
a/f values have to be suspected from analyses of retro-
spective data than from Phase III trials. Unfortunately,
the number of Phase III studies on hyperfractionation is
presently still very low (8, 12, 22, 44, 53).

The fractionation sensitivities of individual human tu-
mors measured here in a three-dimensional ir vitro model
were determined under oxic conditions with short time
fractionation schedules to avoid repopulation during ther-
apy. From a comparison of the experimental data with
fractionation sensitivities of human tumors in the clinic,
conclusions might be drawn about the effects of uncon-
trollable factors in the clinical situation such as reoxygen-
ation and fractionation dependent repopulation. The a/f3
model has proved suitable for describing fractionation
effects on spheroids derived from a number of human
tumor lines. Because this model has passed this test, its
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use for the description of the fractionation sensitivities of
tumors in the clinical situation might be facilitated.

In this study, no correlation was observed between frac-
tionation sensitivity and the SF2 or SCDsy 3 gyt Values
as parameters for radiosensitivity or radioresponsiveness at
clinical doses per fraction. Similarly, no significant relation
was observed between the SF2 values from the colony for-
mation test and the log(a/3) values or the recovery ratios
after fractionated high dose rate or low dose rate irradiation
in three other studies using 10—13 cell lines in each and in
a review involving 25 tumor cell lines (3, 4, 41, 42, 69). In
particular, the malignant gliomas did not stand out with
a distinctly large fractionation sensitivity. Therefore, high
fractionation sensitivity or low a/f3 values do not turn out
to be a dominant cause for the uniform radioresistance of
malignant gliomas seen in the clinic. Despite the heterogene-
ity in the «/f values between the tumor cell lines, there is
a close correlation between the SCDsg | goe: and SCDsg g fract
or the SCDsg |y and SCDsy 2 gyrace Values. Differences in
the cellular survival rate after a certain dose, for example 2
Gy, and stem cell rate lead to such large differences in the
radioresponsiveness of spheroids of various cell lines that
the rank order of cell lines can hardly be altered over a wide
range through a change in fractionation.

/B values and G2 blockage

In this study, a good correlation was found between
the blockage in the G2 phase and the log(e/(3) values (r
= (.72, p = 0.004, Fig. 7). This correlation becomes even
better (r = 0.90, p < 0.001) if one does not include the
data points of the line with the largest and smallest a/3
value in the analysis, the only squamous cell carcinoma
line (FaDu) and the paraganglioma line EPG1 which,
according to histopathological criteria, shows resem-
blance to melanomas. A similar relationship between the
G2 blockage and the a/8 values was observed by Knox
et al. (28) in three mammalian tumor cell lines. Whether
the accumulation of cells in the G2 phase is causally
responsible for the higher «/f values of the corresponding
cell lines, or whether both factors only co-vary together
due to the effect of a further parameter, such as tumor
differentiation with different underlying tumor induction
steps (65) cannot be definitely decided from the overall
response of spheroids to the different fractionation sched-
ules. However, this differentiation is not of decisive im-
portance if one considers the increase in the G2/M param-
eter after fractionated irradiation only as predictive infor-
mation about the fractionation sensitivity of the tumor
lines in the spheroid model system. A further clarification,
whether the @/ value is an intrinsic constant of the corre-
sponding cell line, or causally dependent on cell cycling
status, is beyond the scope of this work, which is restricted
to the determination of the fractionation sensitivity of
human tumor cell lines in the three-dimensional spheroid
system.

Deviations from the predictions of the multifraction

af model for homogeneous cell populations assuming
complete recovery between dose fractions or from the
incomplete repair model (71) have also been observed in
in vitro experiments with human tumor cell lines. In all
these studies, the radiation effect was quantified using the
colony formation test. These studies include observations
of an inverse dose—rate effect at low dose rate, of differ-
ences between exponential and plateau phase cells in de-
pendence of isoeffective doses on dose rate or dose frac-
tionation in the absence of significant repopulation during
treatment, or of an increase in the radiation effect per
fraction with increasing number of previous dose fractions
(11, 18, 27, 34, 36, 39, 40, 48, 56, 75, 78). The following
have been identified as the mechanisms for these devia-
tions: an alteration in the «/f value dependent on the cell
cycle phase (19, 79) and repair exhaustion (11, 18, 36,
48), induced repair (31), differing random heterogeneities
within the cell populations, which can reduce the curva-
ture of the survival curves (55, 82), and redistributions
over the cell cycle phases of different radiosensitivity with
a sensitization of the population through accumulation in
G2 phase (27, 34, 39, 40, 56, 75). However, in human
tumor cells, the G2 phase is not a particularly uniform
radiosensitive phase of the cell cycle, as shown from the
few studies on human tumor cell lines (43, 45, 70, 76).
In particular, tumor cells were found to be more radiosen-
sitive in the G1 than in the G2 phase in those studies
using centrifugal elutriation for cell synchronization (45,
76). Even with a knowledge of the dependence of radio-
sensitivity on the cell cycle phase distribution, it is not
directly possible to draw conclusions about the changes
in mean radiosensitivity of the surviving stem cell popula-
tion during fractionated irradiation from changes in the
cell cycle distribution of the whole cell population, be-
cause the stem cells only represent a small minority com-
pared to the cells doomed to die (58). In this study, the
linear quadratic model has adequately described the frac-
tionation effect on spheroid control for schedules with 1
to 8 fractions. There were no indications of changes in
the mean « values as a measure of radiosensitivity after
the application of = 2 or = 4 fractions.

If the fractionation dependence of human tumor cells
is only studied in one in vitro model system, the spheroid
system stands out from the following properties. The cell—
cell contact in the three-dimensional spheroid system can
protect against radiation effects on cell cycle progression
and can directly influence the recovery from sublethal
damage (10, 14, 29, 49). The fact that the proliferation
kinetics of human tumors are better reproduced in multi-
cellular spheroids than in exponential or plateau-phase
monolayers can be shown from the comparison of volume
doubling times of multicellular spheroids with the poten-
tial tumor doubling times of human tumors in vivo. The
latter are determined with BrdU labeling methods. The
median spheroid volume doubling time for the 10 malig-
nant glioma lines was 9.8 days, that for the 5 soft tissue
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With 160 patients per treatment arm and a tumor control
probability between 40 and 60%, the standard error of
the 5-year locoregional control rate can be estimated to
be +4%, according to Greenwood’s formula (24). After
that, the mean and the 95% confidence limits for the o/
[ values for oropharynx carcinomas can be estimated
from the hyperfractionation trial 22791 of the EORTC
(22). The loco-regional tumor control rates at 5 years
were 59 und 40% after total doses of 80.5 and 70 Gy
given with 1.15 Gy or 2.0 Gy per fraction. The estimated
a/f values were > 100 (12.6 to > 100) Gy, assuming a
vs0 value of 1. For ys, values of 2 or 3, the a/f estimates

are about 19.7 (6.9 to > 100) Gy and 9.9 (5.9-24.0) Gy,
respectively.

Relation between the SCD;, values for fractionation
schedules with one and eight fractions

From the isoeffect relation of the «/3 model according
to Eq. 3, it follows:

SCDs¢ stace = —4-a/B

+ \/16 . a/ﬂZ + 8. SCDSO 1fracl(a//8 + SCDSOlfracl)

(Eq. 6)
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