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Abstract—Experiments were carried out to study the kinetics of depopulation and
repopulation of the solid transplantable rhabdomyosarcoma R1H of the rat following
local irradiation with a single X-ray dose of 15 Gy. Several parameters were
sequentially measured over a time interval of 25 days after irradiation: The ratio of
tumour to host cells was determined by flow cytometry; the numerical density of tumour
cells was obtained by stereological analysis of histological slides; the clonogenic fraction
of tumour cells was assayed by plating an appropriate number of tumour cells and
scoring the colonies; tumour volume was assessed by measuring two tumour diameters at
right angles to each other. All parameters investigated, except tumour volume, undergo
drastic changes during the first 2 weeks after irradiation. From the directly measured
parameters the following values and their variation with time could be derived. The
number of host cells per tumour increased by a factor of 10 within the first 10 days
after irradiation, probably due to infiltration by blood-borne host cells. During the same
time interval, the number of tumour cells decreased by a factor of 3, whereas the total
number of cells per tumour showed an increase by a factor of 4. Since the host cells are
considerably smaller than the tumour cells, the cellular numerical density increased by a factor
of 3, but approached the control level by Day 18 after irradiation. From the number of
clonogenic and non-clonogenic tumour cells the kinetics of repopulation and depopulation
was obtained. Repopulation of irradiated tumours by surviving tumour cells as well as
removal of inactivated tumour cells began immediately after irradiation and proceeded
with exponential kinetics. Repopulation occurred with a doubling time of 4.440.3
days whereas inactivated tumour cells disintegrated with a halving time of 3.5+0.7
days. There were no indications that proliferation of doomed cells contributed
significantly to tumour growth after X-irradiation.

Federal Republic of Germany

INTRODUCTION

ForLowing subcurative radiation treatment,
solid tumours usually undergo typical volume
responses. After exposure to moderate ra-
diation doses, tumours may continue to in-
crease in size for a few days after treatment.
Since at the same time, the fraction of clo-
nogenic tumour cells is reduced by one to
three orders of magnitude, there exists a large
discrepancy between volume response and sur-
viving tumour cells. Later on, the tumours
begin to shrink as the tumour cells that have
been sterilized as a result of treatment lyse
and are resorbed. Concurrent with these
events, surviving tumour cells begin to pro-
liferate and repopulate the tumour, resulting
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in volume regrowth. Thus, it is the competing
processes of resorption and repopulation that
are the major factors determining the volume
response curve of a tumour [1].

In general, changes in tumour volume after
irradiation reflect rather poorly changes in the
numbers of remaining cells [2] as well as
changes in the size of the clonogenic cell
population [3, 4]. The development of expe-
rimental tumours for which the fraction of
clonogenic cells can be assayed in vitro has made
it possible to study the kinetics of repopulation
of these tumours after irradiation (cf. [5, 6])
or after chemotherapy (cf. [7]). But many
questions concerning basic factors of repopu-
lation or the applicability of certain experim-
ental procedures are still far from being sol-
ved. Much less information is available, at
present, about the rate of clearance of dead
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cells from irradiated solid tumours. The
reason is that most methods that have been
developed for the kinetic analysis of tumours
[8] are not applicable to tumours that have
been treated with radiation or with chemothe-
rapeutic drugs.

In this paper, we describe experiments de-
signed to study the kinetics of depopulation
and repopulation of a rhabdomyosarcoma of
the rat following local irradiation with a
single X-ray dose of 15 Gy. By measuring the
ratio of tumour to host cells, the numerical
density of tumour cells, the clonogenic frac-
tion of tumour cells and the tumour volume
as a function of time interval after irradiation
it was possible to derive the number of tu-
mour cells and host cells per tumour as well
as the number of clonogenic and non-
clonogenic tumour cells. The rationale of our
approach was to describe the cell kinetic
changes on the basis of cell numbers per
tumour, thus eliminating the contribution of
necrotic and fibrotic regions, since they do not
primarily affect the cell kinetic behaviour of
the considered population, although their con-
tribution to tumour volume might be
considerable.

MATERIALS AND METHODS

Tumour

The experiments were performed on the
rhabdomyosarcoma R1H (H=Hamburg) of
the rat. This transplantable solid tumour was
derived from the rhabdomyosarcoma R-1 de-
scribed by Barendsen and Broerse {3]. The R-
I tumour was kindly provided by Prof. G. W.
Barendsen in 1976 and has been maintained
since then in our laboratory by serial
transplantation on inbred WAG/Rij rats.
Within two years, the DNA content of the
tumour cells increased from 1.4 [9] to 4.3
times that of host cells but has been constant
for the last two years. Parallel with the in-
crease in DNA content, the volume of the
tumour cells increased. These changes have
proved to be highly advantageous because the
tumour cells may be distinguished clearly
from host cells not only in the flow cytometer,
but also on histological slides and when cell
suspensions are counted in a counting cham-
ber. Tumour take, determined after injecting
50 tumour cells per animal, was found to be

1009, (20/20).

Transplantation

Transplantation of the R1H tumours was
performed by implanting a piece of tumour

tissue, about 1 mm? in size, subcutaneously
into the right flank of male WAG/R]j albino
rats (200-220g) purchased from the TNO-
REP institutes, Rijswijk, The Netherlands.
The animals were kept under a 12hr light,
12hr dark regimen and provided with food
and water ad libitum.

Tumour volume

Tumour volume was determined by
measuring the tumours prior to irradiation
and excision in two perpendicular dimensions,
using vernier calipers. Tumour volume was
calculated assuming the shape to be a ro-
tational ellipsoid. The standard deviation
(S.D.) was estimated to amount to +209,.

Irradiation

Twenty days after transplantation, a series
of tumours weighing 1.6 +0.4g (£S.D.) were
locally irradiated with 135Gy of 200 kVp X-
rays (0.5mm Cu filtering; lead collimator
30mm in dia.; dose rate 1 Gy/min). For ex-
posure, the rats were anaesthetized with so-
dium pentobarbitone (Nembutal), injected in-
traperitoneally at 60 mg per kg body wt 10
min before irradiation. At various times after
irradiation, tumours were excised and cut into
slices of 3mm thickness so that several para-
meters could be determined for each tumour.

Flow cytometry

Flow cytometric DNA measurements were
performed after preparing single cell suspen-
sions. In order to take into account the hete-
rogeneity in the spatial distribution of tumour
cells, tissue was taken from the centre and
from the periphery of each tumour slice and
investigated separately [10]. The tissue was
minced and suspended in 5>ml phosphate-
buffered saline. The suspension was syringed a
few times and 10ml of a 0.19%, pepsin solution
(dissolved in 0.29, HCl) was added. After
stirring for 5 min, the suspension was filtered
through 53 um nylon mesh and 1ml of the
filtrate was stained in the dark for 10 min
with 15ml of a fluorescent dye solution con-
taining 5 ug/ml ethidium bromide and
12.5 pg/ml mithramycin. The flow cytometric
measurements were performed using an ICP-
22 detector (Phywe, Gottingen) equipped
with a high pressure mercury lamp, excitation
filters BG3, BG38 and KG! and a barrier
filter OG580. The instrument was calibrated
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with spleen cells from the host animal. The
histograms were evaluated with a computer
program correcting for background [11]. The
proportion of tumour cells (i.e., the ratio of
tumour to tumour plus host cells) was
determined from the integrals of the peaks of
the tumour and host cell population. The
volume-weighted mean of the data obtained
for the centre and the periphery of each
tumour was calculated vyielding a value
representative of the whole tumour. The
standard deviation of the results was estimated
to amount to +109, as determined from
numerous serial FCM studies using the same
experimental procedure.

Morphometry

The central slice of each tumour was sub-
jected to routine histological procedures in-
cluding formalin fixation, paraffin embedding,
sectioning at 3 um and staining with hemato-
xylin and eosin. The microscopic slides were
analysed according to stereological principles
[12] in order to determine the number of
tumour cell nuclei per unit of volume (i.e.,
the numerical density of tumour cells). This
parameter was obtained by measuring the
volumetric density as well as the average
volume of tumour cell nuclei. Tumour cell
nuclei were distinguished from host cell nuclei
on the basis of their size and morphological
appearance.

The volumetric density (i.e. the fraction of
volume occupied by tumour cell nuclei) was
determined by the differential point counting
method [13]. Using a pattern of 10 test points
per microscopic field, the frequency of hits on
tumour cell nuclei was determined. After cor-
recting for finite section thickness [14], the
volumetric density of tumour cell nuclei was
obtained. Radial variations in the distribution
of tumour cells were taken into account by
grouping the data of about 400 fields per
section according to stratified sampling [15],
the strata representing equidistant shells. The
volume-weighted mean was taken as an es-
timate of the tumour as a whole.

In order to correct for finite section thickness
as well as to convert volumetric density (volume
per volume) into numerical density (number
per volume), the average volume of the nuclei
was determined by measuring the length of
the linear intercepts of tumour cell nuclei
with a given array of parallel scanning lines.
From the mean of linear intercepts (N=2300),
the mean diameter of the nuclei was calcu-
lated [16] and converted to volume assuming

the nuclei to be spherical and of equal size.
The errors indicated represent standard de-
viations (S.D.) determined from the variation
between different microscopic fields and pro-
pagating the errors to the final results.

The proportion of host cells was determined
morphometrically at Day 8 to amount to 87
+5%, which, within experimental error, ag-
rees with the value measured by flow cyto-
metry (95499;), thus indicating that the cell
suspension prepared for flow cytometric
measurements is representative of the ratio in
intact tumour tissue. The actual cellularity of
untreated tumours, as determined by mor-
phometry, amounted to 3 x 10® tumour cells
percm® of tumour tissue using a volume
shrinkage factor of 0.6. Further details of these
lengthy and time-consuming procedures as
well as additional results will be published
elsewhere.

Assay of clonogenic tumour cells

Another piece of each tumour was used to
prepare a cell suspension according to the
dispersion technique described by Reinhold
[17]. The tissue was minced with two crossed
scalpels and then stirred in 150ml of a 0.19
trypsin solution in Hanks buffer for 15 min by
means of a rotating razor blade. The cells
were sedimented at 1000 g for 10 min and
resuspended in 10ml Eagle’s medium. After
filtering through a four-fold layer of sterile
gauze, the number of tumour cells per ml was
counted in a Fuchs—Rosenthal counting
chamber. An appropriate number of tumour
cells (disregarding host cells) were plated into
Falcon plastic petri dishes, 30mm in
diameter, which contained 3ml of Eagle’s
medium, supplemented with 159, fetal calf
serum and  bykomycin  (Byk  Gulden,
Konstanz, Germany) as well as R1H feeder
cells, irradiated with 40 Gy, to make a total
number of 10* cells per dish. After incubation
for 10 days, colonies were fixed, stained and
counted using a projection device described
earlier [18]. Since the host cells do not form
colonies under the experimental conditions
applied, the procedure described vyields the
fraction of tumour cells that are clonogenic.
Plating efficiency of the controls amounted to
47.14+3.4%,. The errors indicated represent
standard deviations calculated from the
statistical variations (JV‘j—_\/JV ) of the number
of tumour cells counted in the chamber, the
number of cells plated and the number of
colonies scored.
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RESULTS

Measured parameters

Figure 1 shows two flow cytometric histo-
grams of RIH tumours. In an unirradiated
control recorded at Day O (chart A), the Gl
peak of the host-derived cells appears at a
relative fluorescence intensity of 21. The cor-
responding G2 cells appear at channel 42,
whereas the tumour parenchymal cells are
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Fig. 1. Flow cytometric histograms of the rhabdomyosarcoma

R1H of the rat, recorded using a flow cytometer ICP-22. Tissue

was taken from tumour periphery to prepare a cell suspension by

mechanical shearing and gentle pepsin treatment followed by

staining with a mixture of ethidium bromide and mithramycin.

Chart A: Histogram of control. Chart B: Histogram recorded at
Day 8 after irradiation with 15 Gy of X-rays.

recorded at channels 93 (Gl cells) and 185
(G2 cells). The cell suspension investigated
consists of 339, tumour cells and 459, host
cells. Figure 1 (chart B) shows a histogram of
an RI1H tumour irradiated with 15 Gy and
recorded at Day 8 after irradiation. Only
5.39, of the cells are tumour cells indicating
that the proportion of tumour cells decreases
by about one order of magnitude after irra-
diation as compared to the untreated control
(chart A). The proportion of tumour cells was
determined over a period of 25 days after
irradiation. The results obtained are displayed
in Fig. 3 [curve P,(1)].

Figure 2 (chart A) shows the volumetric
density of tumour cell nuclei as determined by
differential point counting. In the unir-
radiated controls and immediately after irra-
diation, 18.4+1.39, of total tumour volume
consists of tumour cell nuclei. This fraction
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Fig. 2. Morphometric changes of tumour cell nuclei occurring
in the RVH rhabdomyosarcoma after irradiation with 15 Gy of
X-rays. Chart A: Volumetric density (i.e. the fraction of volume
occupied by tumour cell nuclei) as determined by differential
point counting on microscopic slides (N=~4.000 per tumour).
Chart B: Relative volume of tumour cell nuclei determined by
measuring the length of the linear intercepts of tumour cell nucle:
with a given array of parallel scanning lines (N=300 per
tumour). Error bars represent standard deviations (S.D.).

decreases to 7.3+0.7%, during the first 10
days after irradiation, and increases after-
wards to a constant level amounting to about
709/, of the control value.

The volume of tumour cell nuclei (Fig. 2,
chart B), as determined by the method of
linear intercepts, increases by a factor of 2.8
+0.3, decreases afterwards and approaches
the control level at Day 15. From the two
curves displayed in Fig. 2, the numerical
density of tumour cells, D;(f) may be de-
termined. This parameter, which is the ratio
of volumetric density and nuclear volume, is
plotted in Fig. 3 as a function of time after
irradiation [curve Dy (¢)].

Figure 3 shows the parameters which were
directly measured for each individual tumour,
as a function of time interval after irradiation
with 15 Gy. Besides the data described above
[i.e. the proportion of tumour cells Py(t), and
the numerical density of tumour cells, Dr(¢)],
the tumour volume, V(¢), and the clonogenic
fraction of tumour cells, Cr(¢), are plotted.
Since tumour volume, F(¢), was determined
for single tumours, scatter of the data is
considerable. After irradiation with 15 Gy,
tumour growth is slowed down for about 2
weeks, followed by an increase in growth rate.
By Day 22, growth rate of irradiated tumours
approaches that of control tumours of com-
parable size [10].
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Fig. 3. Changes of several parameters occurring in the R1H
rhabdomyosarcoma of the rat after irradiation with 15 Gy of X-
rays. Each set of data has been determined for the same tumour.
Data were normalized to the values measured for control tumours
at the time of uradiation. Error bars represent standard
deviations (S.D.). Curve V(t): Relative volume of the in-
vestigated tumours determined by caliper measurements al the
time of irradiation and of excision. Curve Dy(t): Numerical
density of tumour cells determined as the ratio of volumetric cell
density (Fig. 2A) and nuclear volume (Fig. 2B). Curve P1(t):
Proportion of tumour cells (i.e. ratio of the number of tumour
cells to the number of all cells) as determined by flow cytometry.
Experimental procedure as given in legend to Fig. 1. Curve
Cy(t): Clonogenic fraction of tumour cells. A given number of
tumour cells determined in a counting chamber were plated in
plastic petri dishes together with feeder cells (irradiated with 40
Gy) to make a total number of 10,000. Colonies were scored 10
days later after fixation and staining with crystal-violet.
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Fig. 4. Numerical density of all cells (i.e. number of all cells
per unit of volume of tumour tissue; in relative units) determined
Sor the R1H rhabdomyosarcoma as a function of time interval
after irradiation with 15 Gy of X-rays. The data plotted have
been obtained from the measured values (Fig. 3) according to
equation (1). Error bars represent standard deviations (S.D.).
The curve drawn has been smoothed by averaging the values over
nearest neighbouring points weighted by 0.2.

Immediately after a dose of 15 Gy, survival
of tumour cells is reduced to 4.6 +0.5%, [Fig.
3, curve Cr(¢)]. With increasing time interval
after irradiation, the clonogenic fraction of the
tumour cells increases steadily and reaches, at
Day 13, a constant level amounting to about
809, of unirradiated tumours at Day 0.

From the data shown in Fig. 3 it is obvious
that all the parameters investigated undergo
pronounced changes during the first 2 weeks
after irradiation. It should be emphasized that
the tumour volume, the parameter most
frequently used to quantify the response of
tumours to irradiation, shows the smallest
changes of all the parameters measured.

Dertved parameters

From the data plotted in Fig. 3, a number
of further parameters (+S.D. determined ac-
cording to propagation of errors of inde-
pendent variables) and their variation with
time may be derived.

Numerical density of all cells. Figure 4 shows
the relative changes of the numerical cell
density, D(t) (i.e. the number of all cells per
unit of volume), as a function of time interval.
This quantity is obtained from the numerical
density of tumour cells, Dy(¢), and the pro-
portion of tumour cells among all cells, Pr(¢),
normalized to the value at t=0, P;(0):

D+ (¢)
Pr(t)

D(t)= Pr(0). (1)

During the first 2 days after irradiation, the
numerical density seems to decrease some-
what, perhaps due to a radiation-induced
division delay accompanied by an increase in
cellular volume. After Day 4, cell density
increases, reaches a maximum of 3 times the
normal density by Day 8, and returns to
the control level at Day 18.

Number of cells per tumour. For cell kinetic
considerations, cell numbers per tumour are
more relevant parameters than numerical den-
sities. From the data of Fig. 3, we may
obtain for each tumour the number of all
cells, N(t), the number of tumour cells, Ny(t),
as well as the number of host cells, Ny(¢):

N()=D(t)-V(1) 2)
‘NT(Z):jv(t)'PTU)=D1‘U)'PT(O)‘VU) (3)
Ny () =N(t) — Ny (2). (4)

The cell numbers determined according to
equations (2)-(4) are shown in Fig. 5. Since
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Fig. 5. Number of cells per tumour (in relative units) de-
termined for the RVH rhabdomyosarcoma as a function of time
interval after irradiation with 15 Gy of X-rays. The data
plotted have been obtained from the measured values (Fig. 3)
according to equations (2}~(4). Error bars represent standard
deviations {S.D.). The curves drawn have been smoothed by
averaging the values over nearest neighbouring points weighted by
0.2. Curve N(t): Al cells. Curve Ny(t): Tumour cells. Curve
Ny(t): Host cells.

they are obtained by multiplication with tu-
mour volume (curve V(t), Fig. 3), the cell
numbers show larger scatter and larger error
bars than the values of numerical cell density.
Nevertheless, Fig. 5 clearly shows that the
number of all cells, N¥(¢), increases by a factor
of about 4 within 8 days after irradiation,
decreases afterwards, and increases again after
Day 20, when the irradiated tumours arc
regrowing.

Despite the large increase in the total num-
ber of cells, the number of tumour cells,
Nr(t), is reduced continuously after irra-
diation until Day 10, when a minimum is
reached that is a factor of 5 lower than the
control level. This curve already gives some
indications about depopulation and repopu-
lation of the irradiated tumours but does not
yet allow a quantitative evaluation or the
separation of these two processes (see follow-
ing section).

The number of host cells per tumour [Fig. 5,
curve Ny(t)] increases by a factor of 10 within
8 days, decreases during the following 10 days
and increases again due to tumour growth.
This large increase in the number of host cells
is probably not caused by an enhanced pro-
Iiferation of host cells within the tumour but
rather should be attributed to an infiltration

of the irradiated tumours by blood-borne cells
(cf. Discussion).

Clonogenic  and  non-clonogenic ~ tumour  cells.
Depopulation and repopulation of the ir-
radiated tumours may be quantified by de-
termining the number of clonogenic tumours
cells, Ny (t), and the number of non-
clonogenic tumour cells, Ny ,.(f). Both values
may be derived from the number of tumour
cells, Np(t), and the clonogenic fraction,

Crlt):

'NT,c(t)z-NT(t)'CT(t) (5)
Nrnet)=Nrp(t) =N (2). (6)

The data determined according to equations
(5) and (6) are shown in Fig. 6. Immediately
after irradiation, 2.5+0.79, of all cells present
in the tumour are clonogenic tumour cells;
their number increases exponentially with
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Fig. 6. Number of clonogenic tumour cells (chart A) and
number of non-clonogenic tumour cells (chart B), in relative
units, determined for the R1H rhabdomyosarcoma as a function
of time interval after irradiation with 15 Gy of X-rays. The
data plotted have been obtained from the measured values (Fig.
3) according to equations (5) and (6). Error bars represent
standard deviations (S.D.). From the straight lines drawn,
calculated by least-squares analysis, the doubling time of clonogenic
tumours cells repopulating the tumours was determined as 4.4
+0.3 days, and the halving time for the removal of non-
clonogenic tumour cells as 3.5 +0.7 days.
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time after irradiation (Fig. 6, chart A). From
the straight line, calculated by weighted re-
gression (by weighting each point with the
inverse square of its standard deviation) the
doubling time of the number of clonogenic
tumour cells was calculated to be 4.4+0.3
days.

Immediately after irradiation, 52+ 149, of
the cells in the tumours are non-clonogenic
tumour cells (Fig. 6, chart B). This number
decreases exponentially with a halving time of
3.5+0.7 days, as calculated by weighted re-
gression using the data between Day 0 and
Day 13. Since the number of non-clonogenic
tumour cells is obtained as the difference of 2
nearly equal quantities, scatter is large. After
Day 15, 10-20%, of the cells [or a fraction
increasing with Np(f)] seem to be non-
clonogenic tumour cells which mainly stems
from the fact that the clonogenic fraction does
not return to 1009, of the controls but re-
mains at about 809%, [Fig. 3, curve Cj(1)].
The reason for this is not yet clear. It might
be that some of the radiation-sterilized cells
really remain in the irradiated tumours; but it
is also possible that abortive divisions lead to
a certain fraction of dead progeny cells or
that the control level of clonogenic tumour
cells decreases somewhat with age or size of
the tumours.

DISCUSSION

The results of the present paper show that a
variety of cell population kinetic changes oc-
cur in the R1H rhabdomyosarcoma after X-
irradiation with 13 Gy. The most relevant
observations are now discussed:

(1) In irradiated tumours, the cell numbers and the
ratio of tumour to host cells undergo drastic changes

In unirradiated R1H tumours, 53%, of the
cells are tumour parenchymal cells (cf. Fig.
1A). Similar figures have been reported for
some other transplantable tumours (e.g. 42—
449, [19] or 529 [20]), but there are also
several other tumours for which the pro-
portion of tumour cells was found to be higher
(e.g. 85-909, [6] or 85-95%, [21]). The re-
maining proportions of cells in these tumours
were attributed to host-derived cells.

The type and origin of what we call “host
cells” have not been further characterized in
the present study. However, it has been shown
that, besides the fixed cellular elements of the
supporting stroma such as fibroblasts and en-
dothelial cells [22, 23], a number of blood-

borne cell types contribute to the cellular

composition of solid tumours (cf. [19] and the

references cited there). This is supported by
the observation that growth of FS6 fibrosar-
comas was reduced when transplanted into
whole-body  irradiated mice [19, 20].
Concomitantly, these tumours showed a de-
crease in the proportion of macrophages. After
the irradiated mice had been reconstituted by
syngeneic marrow cells, tumour growth and
cellular composition returned to nearly nor-
mal levels [19]. These findings imply that
bone-marrow-derived blood-borne cells contri-
bute measurably to tumour volume.

Following irradiation, the number of host
cells present in the tumours increased by a
factor of about 10 within 8 days (cf. Fig. 5).
This effect is mainly attributed to an in-
filtration of irradiated tumours by blood-
borne cells, rather than to a rapid prolife-
ration of those present in the tumours. This
interpretation 1is supported by the results of
Stephens and coworkers [6] who reported that
cell suspensions prepared from untreated
Lewis lung carcinomas contained about 10°
of host cells, mainly cells of the monocyte-
macrophage series, the proportion of which
increased shortly after 25 Gy of local
irradiation, and for a few days comprised
about 70-809; of the cells in the regenerating
tumours. Since in our system, the host cells
are considerably smaller than the tumour
cells, this leads to the increase in cellular
numerical density observed after irradiation
(Fig. 4).

We have shown that the nuclear volume of
tumour cells increased and reached a
maximum by Day 10 after irradiation (cf. Fig.
2). Since this pathologic nuclear oedema
should be taken as a morphological expression
of the prelethal state of these cells, the
decrease in the average nuclear volume
observed after Day 10 does not mean that the
cells return to normal size but more probably
reflects the decrease in the proportion as well
as the disintegration of the swollen cells.
Similar effects have been reported to occur in
the Walker carcinoma after X-irradiation [24]
and in the B16 melanoma where the cell
diameter reached its maximum 7-10 days
after treatment with various chemotherapeutic
drugs [7]. In part, these effects might account
for the reduction in cell yield observed when
tumours were treated with X-rays, neutrons or
chemotherapy [3, 7, 25-27].

(2) After irradiation, the surviving tumour cells
repopulate the R1H tumours with a doubling time of
about 4 days,

From the data plotted in Fig. 6 (chart A),
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the doubling time for the number of
clonogenic tumour cells was determined by
regression analysis to amount to 4.4+0.3
days. Since in the unirradiated tumours, the
initial volume doubling time is 3.6 days [10],
repopulation of irradiated RIH tumours
occurs at a rate that is comparable to the
volume changes of unirradiated tumours. This
result is at variance with the findings of
earlier investigators {3, 5, 6] who reported
that surviving cells repopulate irradiated
tumours at a rate which is a factor of 2 or 3
larger than the rate of increase of cells in
unirradiated tumours. This increase was
partly ascribed to a shorter cell cycle time [5].
At present, it is not possible to say whether
these discrepancies come from differences in
the tumour systems used or from experimental
sources such as determining repopulation rates
from the fraction of clonogenic cells or from
cell numbers derived from cell suspensions
(see Discussion of the methods applied).

The data of Fig. 6(A) indicate that
repopulation of RIH tumours begins
immediately or within 2 days following
irradiation. There might be a division delay of
about 2 days, as indicated by Figs. 4 and 5.
This is supported by our earlier findings that
in R1H tumours irradiated with 4.25 Gy,
accumulation of tumour cells in the G2 phase
reached a maximum 15hr after irradiation
[28]; for the adenocarcinoma 284 irradiated
with 6 or 12 Gy, a synchronization period of
24—48hr has been reported [29]. Our data
agree with the findings of Stephens ¢f al. [6]
who showed that in Lewis lung carcinomas
irradiated with 15-35 Gy, repopulation began
immediately or within 2 days; in contrast, the
lag  period reported for the R-Il
rhabdomyosarcoma [3] was considerably
longer than found in the present study.

(3) After irradiation, the number of non-clonogenic
tumour cells decreases exponentially with a halving
time of about 3.5 days

From the data plotted in Fig. 6 (chart B)
the half-value time for the decrease of the
number of non-clonogenic tumour cells was
determined by regression analysis to amount
to 3.5+0.7 days. To our knowledge this rep-
resents the first direct measurement of the
rate of removal on non-clonogenic tumour
cells from an irradiated solid tumour.

There have been several previous attempts
to determine radiation-induced cell loss in
various animal tumours {2, 3, 30-32] which in
most cases were analysed at the stage when
the tumours had regrown to the volumes

which were measured at the time of irra-
diation. The rate of cell loss was derived from
the difference between the rate of cell
production and the rate at which the tumour
volume increased. But a number of
assumptions implied in the ideal model of cell
proliferation [8] no longer hold after
irradiation (see also Conclusions) so that cell
loss factors are of doubtful validity in

irradiated tumours [2]. The method of
measuring tumour cell loss rates in situ
following  radioactivity —loss of  !?°I-

iododeoxyuridine [33] has been shown to be
applicable to undisturbed tumours under
certain restrictions [34, 335] and to serve as an
indicator for the response of tumours to
various treatments [36], but after irradiation
there appears to be no correlation between
cell loss factor and '?°IUdR loss [37]. Even
more complicated is the problem of
determining cell loss rate in human tumours;
nevertheless, it has been reported that, during
fractionated radiotherapy, the regression half-
time of killed cells was 15 days [38] or 17
days [39].

The results of the present study cannot be
compared with those of the papers cited
above. The reasons are not only the problems
associated with the methods applied or the
fact that the experimental systems used differ
in many respects (such as type and size of
tumour, radiation dose, time interval between
irradiation and measurements, etc.), but more
importantly that we are dealing with different
effects. Using the methods applied here, the
disappearance of non-clonogenic but mor-
phologically “intact” tumour cells from the
tumour is measured so that cells that are lost
into blood and lymphatic vessels are con-
sidered as well as cells that disintegrate within
the tumour. The rate at which necrotic ma-
terial is resorbed from the tumour does not
affect our results, whereas cell loss factors and
123JUdR loss are affected, especially in tu-
mours where the development of necrosis ex-
ceeds resorption and emigration. In addition,
the two latter methods are applicable only if
there is no substantial infiltration of tumours
by host cells. This effect does not play a role
when the analysis is performed in terms of cell
numbers.

As is evident from Fig. 6(B), the number of
non-clonogenic tumour cells starts to decrease
immediately after irradiation. There are no
indications that a considerable fraction of
these non-clonogenic cells divide a few times
before they are eliminated. “Doomed cells”
(i.e. cells that have lost the capacity for
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unlimited proliferation but do not die in-
stantaneously but may continue metabolizing
and cycling for one or more post-treatment
cycles) have been shown to exist in irradiated
cell cultures by time lapse cinemicrography
[40, 41] or replating the assayed cells after
various time intervals [42, 43]. For various
experimental tumours it has been suggested
that, after irradiation, non-clonogenic cells
might undergo several divisions before they
die and disintegrate [3, 5, 44, 45] in order to
explain why irradiated tumours may still con-
tinue to grow for a few days following ex-
posure although the fraction of clonogenic
tumour cells has been reduced by one or two
orders of magnitude. This deduction is at
variance with the results of the present study
showing that post-irradiation growth of R1H
tumours is not substantially aftected by pro-
liferation of doomed cells but is mainly due to
an infiltration by host cells.

Discussion of the methods applied

The present study has been performed on a
rather limited number of tumours, mainly
because the determination of the numerical
density of tumour cells is a very laborious
procedure. For instance, each measured point
of curve D(¢) in Fig. 3 required 4000 ran-
dom points to be scored and the length of 300
linear intercepts to be measured. Although the
amount of work involved in determining this
parameter represents a real disadvantage for
the application of our experimental procedure
to large numbers of tumours, the knowledge
of the numerical tumour cell density is ab-
solutely necessary for describing the cell ki-
netic changes in irradiated tumours on the
basis of cell numbers.

Many tumours, especially after irradiation,
have large necrotic centers, making it im-
possible to interpret volume measurements in
terms of cell numbers. It is not feasible to
derive absolute cell numbers from cell suspen-
sions since only 10-309, of the cells are
released by trypsinization [7, 17], and this
proportion changes with time interval after
irradiation, as we have observed with the
R1H tumour.

The importance of using cell numbers ra-
ther than cell ratios for cell kinetic analysis
may be illustrated by the following
considerations:

When the rate of repopulation was de-
termined only from the fraction of clonogenic
tumour cells (Fig. 3, curve Cr(t); data for
Day 0-8), a doubling-time of 2.54+0.2 days

was obtained. This value is considerably lower
than that of 4.4 +0.3 days obtained from the
analysis of the number of clonogenic tumour
cells (Fig. 6A), indicating that repopulation
data derived from the clonogenic fraction may
lead to an overestimate of the rate at which
tumours are repopulated after therapeutic
treatment.

On the other hand, if the changes in the
ratio of tumour to host cells are taken into
consideration, the fraction of clonogenic tu-
mour cells is obtained as the product of the
clonogenic fraction and the proportion of tu-
mour cells [Fig. 3, curves Cr(¢) and Pr(t)]. As
becomes obvious from Fig. 3, the two curves
compensate each other such that their product
is constant from Day 0 to Day 10, thus
leading to the conclusion that the fraction of
clonogenic tumour cells remains fairly con-
stant within the first 10 days after irradiation.
This would be a considerable underestimation
of the initial repopulation rate. The two exam-
ples given above strongly indicate that the
kinetics of repopulation should not be de-
termined from the proportion but rather from
the number of clonogenic tumour cells per
tumour. They also might, in part, explain
some of the differences between our results
and those reported for the original R-1 tu-
mour [3, 5, 23] showing that after a lag
period of several days repopulation occurred
considerably faster than proliferation of tu-
mour cells in unirradiated controls.

CONCLUSIONS

From the results presented and discussed so
far, the following conclusions may be drawn:

(1) The kinetics of depopulation and re-
population occurring in irradiated tumours
may be determined quantitatively if the num-
ber of tumour cells and of host cells per
tumour as well as the clonogenic fraction of
tumour cells are known.

(2) After irradiation, growth of R1H tu-
mours largely depends on an increase in the
number of host cells, mainly due to an in-
filtration by blood-borne cells which, by Day
8-10 after 15 Gv of local X-irradiation, com-
prise about 95%; of the cells in the regenerat-
ing tumours.

(3) There are no indications that pro-
liferation of doomed tumour cells contributes
considerably to growth of RIH tumours after
irradiation.

(4) The rate of clearance of radiation-
sterilized cells cannot be assessed by con-
ventional cell kinetic analysis since consider-
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