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The extent and mechanism(s) of repopulation were assessed in SiHa (human cervical squamous cell
carcinoma) xenografts in SCID mice for two fractionated irradiation regimens. Mice in one arm of the
study received 50 Gy in 20 fractions over 23 days with a 14 day split between 10 fraction, 5 day courses.
The other tumours were treated with 50 Gy in 20 fractions over 10 consecutive days. Cell kinetics and
tumour regrowth parameters were monitored during and after treatment by measuring tumour
volume and analysing cellular DNA content and proliferation parameters with flow cytometry. Repop-
ulation occurred rapidly, beginning during irradiation and largely attributable to an increased growth
fraction and decreased potential doubling time, apparently triggered by increased cell loss. Cell cycle
time, in contrast, remained relatively constant throughout. Extrapolation of these results to humans
suggests that treatment times should be minimised whenever possible, since regrowth rates exceeded
those predicted from pretreatment T, measurements. © 1999 Elsevier Science Ltd. All rights
reserved.
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INTRODUCTION

THERE IS now an overwhelming body of clinical and experi-
mental evidence that radiotherapy is subject to a treatment
time effect, such that for a given prescribed dose, there is a
decreased likelihood of controlling the tumour as the overall
treatment duration increases [1-9]. The clinical significance
of the time effect, however, appears to vary with tumour site.
None the less, the unifying concept of ‘accelerated repopula-
tion’ has emerged to explain these observations [1].

Since rapid tumour recurrences after radiotherapy are not
uncommon, it would seem that those tumours might be par-
ticularly useful for understanding regrowth properties.
Unfortunately, rapid recurrences alone do not indicate when
(or even if) accelerated growth might have begun. Repopu-
lation remains implicated as a major determinant of the dif-
ferences in outcome however, as there typically have been few
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demonstrable effects of fraction size in the clinical series
assessed for accelerated repopulation [5,8-11]. This is an
important question, because failure due to inherent resistance
leaves fewer options for modifying treatment than does the
recognition of repopulation during radiotherapy.

Two complementary yet distinct issues are the duration of
the lag period between the start of radiotherapy and com-
mencement of accelerated tumour (re)growth, and the actual
mechanism(s) of ‘acceleration’. There clearly would not be
any kinetic benefit to accelerating a regimen that was already
shorter than the regrowth lag time, so it is of obvious impor-
tance to have a precise estimate of that time. Unfortunately,
that is seldom the case; the most extensive clinical data from
retrospective analyses of head and neck cancer suggest a
broad interval from 17 to 33 days [8, 12]. While arguably of
less practical importance, the issue of the actual mechan-
ism(s) of acceleration is similarly unresolved [13]. The debate
continues on whether ‘acceleration’ is simply a result of cell
loss and changing growth fraction in the tumour [14], or
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whether cell cycle changes similar to those in repopulating
normal tissues occur [15]. Irrespective of the mechanism,
tumour repopulation remains a clinical problem.

Treatment interruptions are inevitable; public holidays and
machine breakdowns occur frequently. Short breaks of 3
days, such as over the Christmas period, may result in a 5%
decrease in local control probability for some tumours. It
would be desirable to compensate for these interruptions, yet
not all tumour sites appear to be significantly affected by
radiotherapy treatment time [7,16,17]. In which tumours
should one compensate for treatment interruption?

It seems obvious that for intrinsically fast growing
tumours, and those that show an early acceleration of growth
during therapy, prolonged treatment will adversely affect
local control. Unfortunately, the hope that potential tumour
doubling time, Ty, would identify tumours with rapid
repopulation potential has not been realised [18-20].
Tumours with short values of T, are clearly problematic,
but a longer Ty, can result from either a slow inherent
growth rate or a low pretreatment growth fraction; only the
former guarantees slow regrowth. An assay that could reliably
identify tumours with high growth potential, and especially
those capable of rapid repopulation even during therapy,
would, therefore, help radiation oncologists in selecting an
optimal treatment schedule. Surprisingly, developing such an
assay has not received a high priority.

We have addressed the question of identifying tumours
with rapid potential growth rates, and those that exhibit
repopulation early in treatment, by developing flow cyto-
metry-based assays to measure the cell cycle time, t., with a
single biopsy before or during therapy [21,22]. When the
biopsy is performed during therapy, both an indication of the
fraction of clonogenic cells (a measure of the inherent radio-
sensitivity of the tumour) and the cycle time of those clono-
genic cells (a measure of repopulation potential) can be
forthcoming. In this paper, we report the results of experi-
ments designed to test the utility and accuracy of these tech-
niques in dose-fractionation schedules expected to be at the
extremes of regrowth permissiveness. Repopulation was con-
comitantly assessed by independent criteria.

We have continued to use the SiHa human cervical
squamous cell carcinoma line grown as xenografts in SCID
mice and irradiated with 2.5 Gy fractions twice daily with a
7h interfraction interval. Data are reported here for 50 Gy
delivered in 10 consecutive days versus the same dose
delivered as 2x25 Gy/5 days with a 14 day interval. In addi-
tion to the assessment of our analytical techniques in each
regimen, this design also allowed intercomparisons with
previous data [22] to assess reproducibility of the assays and
their predictivity.

MATERIALS AND METHODS

Experimental design

The established, transplantable SiHa human tumour cell
line [23] was obtained from ATCC (Rockville, Maryland,
U.S.A.) then maintained as an intramuscular transplant in
SCID mice. Experimental tumours were grown as concurrent
subcutaneous implants on both the back and flank; one mil-
lion cells (0.05ml of 2x107 cells/ml suspension) were inocu-
lated subcutaneously at each site. All animals were housed in
microisolators with water and food provided ad lbitum.
Tumours were used for experiments approximately 4 weeks
after implantation (200-300 mg in weight).
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Irradiation

Two experimental irradiation protocols were used. In arm
1, tumours were irradiated to 50 Gy in 20 fractions with
250 kVp X-rays at a dose rate of 0.4 Gy/min as a split course
over 23 days. The initial 25 Gy of radiation was delivered in
10 treatments over 5 days (designated days 0—4), with a daily
interfraction interval of 7 h. The final 25 Gy was given in the
same manner (days 19-23) after a treatment break of 2 weeks.
Mice in arm 2 were treated to 50 Gy in 20 fractions over 10
days continuously (days 0-9). Irradiation was confined to the
back tumours, with the mice immobilised in specially designed
jigs that incorporated lead shielding around vital organs and
over the flank tumours. X-rays were delivered using parallel-
opposed fields to ensure a more uniform dose distribution.

Data collection and analysis

Tumour volumes were measured twice weekly before irra-
diation (days — 8-0), then once every 2 days during treatment
and the subsequent observation period (days 0-29). The
clonogenic fraction in vitro and flow cytometry-based cell
kinetics parameters were measured each treatment day and
on alternate days when not on treatment. The length, width
and height of each tumour were measured by the same
investigator throughout the experiment and tumour volumes
were calculated as the product of the three dimensions mul-
tiplied by /6 (a hemi-ellipse). Relative tumour volume (RV)
was defined as the ratio of the average tumour volume on a
given day of the experiment to the average tumour volume
immediately before the first dose of radiation. Volume dou-
bling time (ty) was the time required for the measured
tumour volume to increase 2-fold. Growth delay was defined
as the time required by the treated tumour to attain a volume
twice as large as the volume at the start of treatment minus
the corresponding time for control tumours to achieve the
same 2-fold size increase.

Pairs of mice were randomly selected from each study arm
for DNA labelling 1 h after the first daily treatment during the
irradiation period (receiving no further radiation treatments)
and at the same time on alternate days during the post-treat-
ment observation interval. These mice were injected intra-
peritoneally with iododeoxyuridine (IdUrd, 90 mg/kg from a
6 mg/ml stock solution in 1.0mM Tris base, pH 10). After
24h, each of these mice was injected intraperitoneally with
bromodeoxyuridine (BrdUrd, 90 mg/kg from a 6 mg/ml stock
solution in phosphate-buffered saline (PBS)). Four hours
later, tumours were excised, then finely minced and agitated
in an enzyme suspension containing 0.5% trypsin and 0.08%
collagenase for 40 min before adding 0.06% DNAase. The
cell suspension was then gently vortexed and filtered through
30 um Nylon mesh to remove clumps and the monodispersed
cells were washed by centrifugation. An appropriate portion
of the cell suspension was saved for clonogenicity measure-
ment and the remainder was fixed in chilled 70% ethanol.
For clonogenicity, cells were plated in Eagle’s minimal
essential medium supplemented with 10% fetal calf serum
and antibiotics. Colonies were stained and counted 2 weeks
later; data have been expressed as the observed clonogenic
fraction of the cells recovered and as the estimated number of
remaining clonogenic cells per tumour site (the product of
the total cells recovered per tumour and the clonogenic frac-
tion of those cells).

The two monoclonal antibodies (MAb) selected for the
double labelling procedure were Br-3 (anti-BrdUrd, Caltag
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Laboratories, San Francisco, California, U.S.A.) at a 1:100
dilution and FITC (fluorescein isothiocyanate)-conjugated
B-44 (anti-IdUrd and anti-BrdUrd, Becton Dickinson
Immunocytometry Systems, San Jose, California, U.S.A.) at
a 1:50 dilution. An IgG-Cy3 goat antimouse antibody (Caltag
Laboratories) at a 1:50 dilution was used as the secondary
antibody against Br-3. Applying the Br-3 antibody (and sec-
ondary) first masked the BrdUrd binding sites for B-44;
additionally, B-44 preferentially stains IdUrd under the con-
ditions used, therefore, allowing quite good specificity.
Finally, DNA was stained with DAPI (4,6-diamidino-2-phe-
nylindole dihydrochloride hydrate) at 1 pg/ml. List mode files
were collected using a dual laser Epics Elite-ESP flow cyt-
ometer (Coulter Corporation, Hialeah, Florida, U.S.A.) and
subsequently reprocessed for analysis. Doublet correction
and bitmap gating were used to select the tumour cell popu-
lations with the WINLIST software package and univariate
DNA histograms were analysed with the MODFIT package
(both from Verity Software House, Topsham, Maine, U.S.A.).

Based on whether the IdUrd-labelled cells had completed
more or less than a full cell cycle at the time of analysis, sup-
plemented with information on the rate of cell progression
(from the BrdUrd-labelled cells), the cell cycle time t. was
estimated [21,22]. In essence, t. is the usual intermitotic
time. Functionally, however, the measurement is the time
required for early S phase cells to progress to the same point
in the subsequent S phase and, therefore, reflects only those
cells that undergo consecutive rounds of DNA synthesis
within the defined observation time. Our reported labelling
indices (LI) were corrected for cell progression; for the
BrdUrd-labelled cells, both the numerator (labelled cells) and
the denominator (total cells) were decreased by half the
number of labelled G; cells. For IdUrd, all labelled G; and
S phase cells were similarly assumed to have divided after
labelling. Potential doubling time (T,,) was determined
cytometrically for the BrdUrd-labelled cells and was pro-
portional to the ratio of the duration of S phase (t;) and LI.
All t, values were estimated using both the conventional
‘relative movement’ approach [24,25] and the S phase exit
(%S) method [26]; very similar results were obtained and
all data reported here were from the latter method. Standard
definitions of growth fraction (GF, the ratio of t. to T, and
cell loss factor (® =1 — Ty,o/tg) were also employed [21, 27].

RESULTS

Growth of untreated SiHa tumour xenografts, expressed as
RV, increased non-exponentially as expected. The growth
rate decreased as the tumours aged; tumour volume doubling
time (tg) was 6 days on day 0, increased to 10 days on day 10
and to 14 days on day 20 (Figure 1). In irradiated tumours,
tumour volume was an insensitive indicator of response. The
RV increased less rapidly after commencement of irradiation,
an effect dependent on treatment intensity. At day 4 of
treatment, tumours began to regress and further growth in
the split course regimen only became obvious after approxi-
mately another week (Figure 1; the curves for treated
tumours have been drawn in black during the treatment
intervals and broken at other times). Once regrowth was
established, the growth rate was quite comparable to control
tumours of the same size (at the commencement of the sec-
ond part of the split course, day 19, ty was not significantly
different from the pretreatment value). Overall, an apparent
growth delay of 11 days resulted from the first treatments in
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the split course regimen. During and after the second part of
the split course treatment, RV changed as during the first
irradiations.

The RV and tq of tumours treated with the continuous
course of radiation naturally were indistinguishable from
those in the split course during days 0-4. With continued
therapy, however, the continuously treated tumours further
decreased in size. They continued shrinking until the end of
the observation period, at which time the RV was 0.3. Due to
the radiosensitivity of the exposed normal tissues of the SCID
animals, the post-treatment observation period after the more
intensive treatment was not extended to allow regrowth.

The clonogenic fraction of cells from the control tumours
averaged 21% and cell recoveries were typically 5x107/g. As
illustrated in Figure 2a, the clonogenic fraction decreased
rapidly during irradiation. Nearly a three-decade decrease in
relative clonogenicity was measured on day 4 in arm 1, i.e.
after 25 Gy. Recovery, however, occurred rapidly during the
treatment break and the clonogenic fraction returned to the
pretreatment value by day 15 (note that this observation
conclusively establishes that all radiation-induced dead and
dying cells had disappeared from the tumour, but does not
necessarily imply that pretreatment numbers of clonogenic
cells were present). The fraction of clonogenic tumour cells
decreased rapidly again when treatment was re-initiated on
day 19 and remained low until the end of observation.

The fraction of clonogenic cells, as a single parameter, was
less meaningful in the more intensive continuous course, due
to concomitant cell loss. Five to six decades of cell kill were
observed in some tumours, but most showed an apparent
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Figure 1. Relative tumour volume (RV) as a function of time.

O, untreated tumours; W, split course irradiation; A, con-

tinuous course. Broken lines show tumour response when not
on treatment.
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increase in clonogenic fraction despite continued irradiations
after day 7. This clearly suggests a selective loss of non-
clonogenic cells; the cells remaining in the tumours tended to
be those still clonogenic. We therefore normalised the results
for both changes in tumour size and in cell recovery and,
thus, estimated the time-dependent number of clonogenic
cells remaining at the tumour site (Figure 2b).

Several features of this analysis were unexpected. First,
although the continuous treatment did produce a further
reduction in clonogens, the last 5 days of treatment were
considerably less effective than the first. Given the rapid
repopulation seen in the split course regimen and following
the continuous exposures, clonogen repopulation must have
begun early in the treatment and by the later stages of the
continuous arm was proceeding at a rate nearly sufficient to
balance the radiation-induced cell kill. Second, the compar-
able rates of apparent ‘regrowth’ in Figure 2a, in contrast to
the slower repopulation of clonogens in Figure 2b, suggest
that loss of clonogenic cells may also have occurred during
both the shrinkage and regrowth phases. A last point is the
speed of the clonogen repopulation. Even without loss of
clonogens, restoration of four decades of cells would require
more than 13 cell divisions (2!2~10%). For this to occur in 14
days, the cycle time t. of the clonogenic cells must be of the
order of 1 day, much faster than the tumour doubling time
(tg) of 6 days, or even the pretreatment potential doubling
time (T,,.) shown in Figure 3.
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Figure 2. Clonogenic fractions of recovered cells (a) and the

number of clonogenic tumour cells remaining (b) after cor-

rection for the changes in tumour size and cell recovery. Note

the rapid repopulation after the first course of irradiation in

the split course group. M, split course irradiation; A, con-

tinuous course. Broken lines show tumour response when not
on treatment.
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Actual measurements of t. based on flow cytometry tech-
niques with two halogenated pyrimidines [21,22] showed
relatively constant values of 26 £ 2h in both control and irra-
diated tumours (Figure 3a). Conversely, in both control and
irradiated tumours, Ty, was more time dependent. In con-
trols, Tpor Was initially somewhat less than 100h and as
expected, increased with time. In the irradiated tumours, T,
was initially higher than for controls (presumably a combina-
tion of radiation-induced changes in LI and proliferating
fraction), but decreased during each treatment course. Inter-
estingly, Ty never shortened to values approaching t; also,
Tpor lengthened as repopulation progressed.

LI averaged 12% in the control tumours (Figure 4). Both
irradiated groups had a slight reduction in LI after the first
exposure, consistent with the increased T, in the previous
figure. Subsequently, at the times of BrdUrd administration
in the irradiated tumours, i.e. 25h after the last radiation
exposure, LI increased during each course of radiotherapy. In
the split course regimen, LI peaked at 20% at day 7 and had
returned to the pretreatment value at day 18. It then increased
again with the second series of irradiations, exceeding 30% at
day 28. With continuous fractionation, LI increased to 30%
at day 9. Interestingly, the rate of increase of LI was quite
consistent through each series of radiation treatments.

The pretreatment GF (t./Ty,) was calculated to be 24%
(Figure 5). Overall, GF changes were proportional to those of
LI. GF increased in the split course arm to 60% at day 8,
then returned to the pretreatment value at day 18, just before
commencing the last 10 fractionated irradiations. Similar
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Figure 3. (a) The cell cycle time (t.) and (b) potential doub-
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changes were seen during the second course of irradiation in
this group and in tumours of the continuous course group,
where the GF exceeded 60% on day 8 and remained high
until the end of observation.

Cell loss was not unlike GF. The cell loss factor (®) of
control tumours was approximately 0.5. This increased to the
maximal value of 1.0 at day 6 in arm 1, but unlike most other
parameters, did not return completely to pretreatment values
during the treatment break. A value of 0.7 was seen at the
start of the later irradiations and & again reached 1.0 by the
end of the radiation treatments. In arm 2, ® approached 1.0
by day 6 and showed no sign of decrease throughout the
observation interval. Interestingly, ® remained high even
when the tumour cells were repopulating maximally and T,
had reached its nadir value.

In control tumours, G;, S and G, populations averaged
62%, 21% and 17%, respectively, based on mathematical
analyses of single parameter DNA flow histograms and
assuming a negligible fraction of higher ploidy cells. A radia-
tion-induced G, block was observed in both treatment arms
and the cell cycle perturbations produced in the split course
regimen are shown in detail in Figure 6. The G, block, pro-
duced by each series of radiation treatments, was offset by a
compensatory decrease in the G; population. The initial
block resolved promptly after day 4 and by day 15 the DNA
histograms were indistinguishable from those obtained pre-
treatment. The G, block produced during the second course
of therapy after the treatment break showed similar induction
and resolution kinetics. Interestingly, the proportion of S
phase cells increased during and after treatment, presumably
demonstrating the recruitment of quiescent (Gg) cells into
the active cell cycle during irradiation.

Unexpectedly, the G, block resulting from continuous
radiotherapy did not increase monotonically throughout
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Figure 4. Labelling index (LI) for bromodeoxyuridine

(BrdUrd) uptake. The number of labelled cells increased

markedly during and after each course of multifraction irra-

diation, but also returned to the pretreatment value prior to

commencing the second course of therapy in the split course

group. O, untreated tumours; M, split course irradiation; A,

continuous course. Broken lines show tumour response when
not on treatment.
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treatment at the expense of G, cells. Rather, towards the
completion of treatment, the G, cells appeared to diminish in
relative number, with a concurrent increase in G; and S
phases. This observation, which suggests active repopulation
even during the continuing radiotherapy, is also illustrated by
the sequential DNA distributions in Figure 7 where con-
comitant BrdUrd uptake provides an indication of both via-
bility and progression. Due to the loss of dead cells, the
proportion of BrdUrd-incorporating cells (putative clono-
gens) among the recovered cells increased progressively after
day 7. Since the hypoxic fraction of SiHa xenografts is of the
order of 40% and largely consists of Gy/G; cells, it is inter-
esting to note that in these experiments (as in previous ones
[28]), hypoxic cells were apparently recruited into the pro-
liferating compartment early in the treatment regimen, in
turn implying quite rapid reoxygenation.

DISCUSSION

Cell kinetics and repopulation parameters during regimens
delivering a relatively high-dose of 50 Gy as a continuous or
split course schedule have been evaluated here in SiHa
tumour xenografts. Since our long-term goal is to develop an
in situ predictive assay that encompasses both inherent
radiosensitivity and regrowth potential, the fact that the flow
cytometry measurements made throughout these regimens
were both internally consistent and very comparable to those
reported in an earlier preliminary study [22] suggests that this
approach may have clinical potential.
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Figure 5. Changes in (a) growth fraction (GF) and (b) cell loss
(®) derived from data in previous figures. Irradiation rapidly
increased GF, offset to an extent by a sustained increase in ®
(plotted at 1.0 when tumours were regressing). O, untreated
tumours; W, split course irradiation; A, continuous course.
Broken lines show tumour response when not on treatment.
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The fractionation scheme of 50 Gy in twice-daily 2.5 Gy
fractions was clearly a compromise, adopted to be as relevant
as possible to a radical course of radiation treatment in the
clinic, yet feasible in the xenograft model. Split course irra-
diation is not uncommon for radical, adjuvant and palliative
treatments, and is often combined with chemotherapy for
non-palliative intents. Clinically, the rest period allows the
patient to recover from the acute reactions before the second
portion of radiation is delivered; in these studies, it provided
both the opportunity to identify and evaluate early regrowth
and later to assess the functionality of our flow cytometry
techniques in a pre-irradiated tumour.

Even in model systems, a major uncertainty is introduced
by the fact that the number of viable cells in a given tumour
cannot be measured directly (recall Figure 2); increases in the
clonogenic fraction, for example, can reflect increasing num-
bers of viable cells and/or decreasing numbers of non-viable
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cells. Even the estimates of clonogens per tumour reported
here are subject to the caveats that clonogenicity was mea-
sured i vitro not i situ and that it was implicitly assumed
that all clonogens were always recovered. Nevertheless, repo-
pulation throughout treatment can be safely inferred, since
some cells incorporated the halogenated pyrimidines and
progressed, GF and LI increased, T, decreased and
restoration of the pretreatment numbers of clonogens was
much more rapid than expected from pretreatment tumour
kinetics. Repopulation during the treatment break or after
completion of the treatment was less ambiguous, as the
increasing clonogenic fraction of tumour cells was coincident
with increases in both tumour volume and tumour cell
recovery (assuming, of course, that the probability of reco-
vering any particular clonogen remained constant throughout
this period). Overall, while there can be little doubt that quite
rapid regrowth was observed, it is worth noting that both
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Figure 6. Cell cycle distribution changes in tumours treated by split course or continuous course irradiation. A G, block
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lation of G; cells initially seen decreased with time and the corresponding increase of S phase cells was suggestive of repopula-
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‘tumour volume’ and ‘clonogenic fraction’ are potentially
ambiguous measures of regrowth: for the split course regi-
men, Figure 2a suggests a return to 100% clonogenic cells by
day 12 and from Figure 1, the tumour size peaked at nearly
double the pretreatment size. However, from Figure 2b, the
number of clonogenic cells per tumour always remained at
least 10-fold less than the starting value, suggesting that the
rate of increase of tumour clonogens, a more rigorous mea-
sure of repopulation, was less rapid.

Tpor diminished rapidly after commencement of treatment,
but did not reach a minimum value particularly close to the t.
level. Pre- and intertreatment T, estimates, therefore, both
underestimate the regrowth potential of these tumours, an
observation consistent with the emerging consensus that T,
is not always useful in the clinic [18-20, 22, 29]. It is of par-
ticular importance that of the kinetic parameters measured in
these studies, only t. was invariant; each of the others (Tpor,
RV, t4, CF, LI, GF and ®) was critically dependent upon the
time of measurement, and notably, the treatment intensity.

In both the split course and continuous regimens, the
DNA distributions of the SiHa tumour cells showed rapid
and dose-responsive changes during treatment. It was of
particular interest that a G, block appeared and that the G,
cells decreased by a value considerably larger than that pre-
treatment fraction of S phase cells. This in turn suggests that
many of the normally quiescent (and often hypoxic) Go/G,
cells rapidly re-entered the proliferating cell compartment
during therapy. It appears to be largely a semantic issue as to
whether accelerated repopulation was seen. Clearly, the clo-
nogenic cells increased in number at a more rapid rate than in
the pretreatment tumours, so using that as the standard of
comparison, then ‘acceleration’ was observed. However, the
cell cycle time, t. of the irradiated tumour cells was never
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faster than that of the untreated tumours, so the actual inter-
mitotic time did nor accelerate. Consequently, our data show
that the rate of expansion of the clonogenic subpopulation
did indeed increase, but only due to an increasing GF and
decreased loss of clonogenic cells.

Clearly, the multifactorial nature of tumour response to
radiation makes it very difficult to intercompare these results
with others, as does the current experimental design which
focused on the questions of whether and when clonogen
repopulation occurs during radiotherapy. Other tumours with
different growth controls and kinetics, different sensitivity to
radiation-induced cell killing and cell cycle perturbations and
different cell loss rates and mechanisms would naturally be
expected to respond differently in time and degree. None the
less, the demonstration that human tumour cell clonogens
can continue to proliferate and even expand during radio-
therapy suggests that reliable measurements of the cell cycle
time of those clonogens may be of greater practical use than
Tpor in the clinic. Support for that position is similarly forth-
coming from several other experimental studies in which
pretreatment T, was not found to be indicative of tumour
growth potential or rate [22,30-33].

A related, and important, question is the reoxygenation
rate during therapy. We infer that these tumours reoxy-
genated fairly rapidly; since the SiHa xenografts typically
show a hypoxic fraction of approximately 40% that is almost
entirely Go/G; cells, the rapid exit of cells out of G; during
treatment implies an improvement in oxygenation and nutri-
tion. We had hoped that our consecutive measurements of
clonogenicity might provide an indication of changing radio-
sensitivity, but the combined problems of tumour to tumour
variability, uncertainties in cell recovery and a lack of sensi-
tivity at the low doses per fraction were all confounding
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increase in labelled cells and reversal of the G, block after 8 days.
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factors that ultimately prohibited definitive measurements of
changing radiosensitivity. The role of reoxygenation and par-
ticularly reoxygenation rare, thus requires further evaluation.

Although our experimental design, using different fraction-
ation regimens with a single tumour system, can only indir-
ectly address the question of whether our techniques will
ultimately predict tumour responsiveness, we none the less
find the data very encouraging. For purposes of illustration,
consider our data 10 days after initiating treatment in each
regimen. The conventional endpoint of tumour volume
obviously provided little discrimination at that point, despite
the three-decade difference in clonogenic cells per tumour.
Similarly, none of the flow measurements, taken alone,
showed an obvious difference. However, the combination of
the reduced cell yield, perturbed cell cycle distributions and
the large fraction of rapidly proliferating cells in the arm 2
tumours, together indicate that considerable depopulation
had occurred, but that repopulation was ongoing. This is, we
believe, exactly the type of information needed if a thera-
peutic regimen is to be altered: the tumour is radiosensitive,
but sufficiently capable of repopulation that treatment accel-
eration is indicated.

In conclusion, our standard cytometric analyses appeared
to be reliable and predictive in SiHa xenografts. Additionally,
repopulation of clonogens was demonstrated even during
treatment; the progressively increasing rate of clonogen
expansion was not an accelerated growth rate per se, but
rather, increasing numbers of proliferating cells. While we
would not expect quantitatively similar results for human
tumours that have markedly lower GFs and are treated with
typical clinical regimens, we believe that qualitatively similar
principles should none the less apply. The ability to make
meaningful measurements during fractionated therapy regi-
mens and particularly during high-intensity treatment cour-
ses, increases our optimism that techniques similar to those
described here may eventually be tested in the clinic, and
hopefully, find utility.
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