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Abstract

The aim of this work was to study influence of overall treatment
time on response of an experimental tumour to fractionated
radiotherapy. Rhabdomyosarcoma RUH of the rat was treated by
fractionated irradiation applying 30 fractions in different overall
treatment times of 10, 18.5, 29, 39, and 67 days. The doses per
fraction ranged from 1.50 to 2.67 Gy. Tumour response was
assessed by net growth delay and by an in vitro colony assay. The
results indicate that repopulation of the tumour with clonogenic
tumour cells siowed down during treatment leading to an average
doubling time of clonogenic tumour cells of 8 + 1 days, which is
considerably longer than that of unirradiated tumours (3 days).
The repopulation rate seemed to increase after about 3 weeks of
treatment with a doubling time of tumour clonogens of 5+ I
days, which was still lower than in contro! tumours.
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One of the main factors that determines success of
fractionated radiotherapy is the repopulation of surviving
tumour cells during treatment (1, 2). Data from animal
experiments (3—8) and clinical data (9-16) suggest that
the increase in the number of clonogenic tumour cells
between the fractions may result in failure to control the
tumour in some fractionated treatment regimens (17-19).
As a consequence, accelerated fractionation, i.e. reduction
of the overall treatment time while keeping the dose per
fraction constant, has been discussed as a new possibility
to improve radiotherapy for some tumour types (20-23).

In normal tissues, accelerated repopulation after radia-
tion-induced depletion of cells is a well known homoeo-
static phenomenon (24). Proliferation does not occur in
normal tissues up to a certain time after start of irradia-
tion. For longer times, the total dose required to achieve a
given isoeffect rises steeply when compensatory prolifera-
tion begins. This was shown by Denekamp (25), who
observed a need for increasing the total dose after 2 and 3

weeks of multifraction treatment. This corresponds ap-
proximately to the time when the desquamative skin reac-
tion is observed after a single dose of x-rays. Both effects
reflect the normal turnover time of the basal layer cells in
the epithelium.

In tumours, the role of proliferation in the response to
irradiation is still not very well understood, mainly because
several mechanisms are superimposed. This is particularly
relevant for fractionated irradiation.

After single doses of irradiation, accelerated repopula-
tion has been shown for various experimental tumour
systems (5, 16, 22, 26-28) and it appears that some general
patterns of proliferation govern the response to cytotoxic
treatment. Carcinomas show a quicker response to treat-
ment than sarcomas, which was found to be due to the
higher cell loss rates in carcinoma (5, 24). Furthermore,
the degree of cell kill seems to play an important role as
far as the time of onset and the rate of repopulation are
concernced (7,26). After single dose treatments, many
tumours show a biphasic pattern of repopulation charac-
terized by a reduced initial growth rate or even cessation of
growth which is subsequently followed by accelerated re-
population (26, 28—30). In general, the duration of the
initial lag-phase was found to increase with dose. Part of
this repopulation delay may be attributed to radiation-in-
duced division delay (22, 31-35).

However, little is known about possible changes of the
kinetics of repopulation by clonogenic tumour cells occur-
ring in the course of fractionated treatment. There are some
experimental indications (36—38) that repopulation after
single doses might be different from repopulation during
fractionated irradiation, at least in our tumour system.
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The aim of the present paper was to study the repopula-
tion of the tumour by clonogenic tumour cells during
treatment and its influence on the response of the rhab-
domyosarcoma RI1H of the rat to fractionated radiother-
apy. For this, a constant number of 30 fractions of x-rays
was applied in different overall treatment times ranging
from 10, 18.5, 29, 39, to 67 days. The approach is compli-
cated by the fact that the rate of repopulation cannot be
measured directly, mainly because of the fact that it is
overlaid and modified by a great number of other parame-
ters contributing to the overall effect. This requires assess-
ment of tumour response by different experimental
parameters such as net growth delay and in vitro cell
survival.

Material and Methods

Tumour-host system. The experiments were performed
on the rhabdomyosarcoma RIH of the rat. This trans-
plantable solid tumour, which grows with a doubling time
of 3 days, was derived from the R-1 (3) which originates
from the BA 1112 tumour (39). The tumour shows no
signs of specific immunogenicity (40). Transplantation was
performed by implanting a piece of tumour tissue (about
I mm?® in size) subcutaneously into the back (laterally,
subcostally) of male WAG/Rij albino rats (200-220 g)
purchased from the TNO-REP Institutes, Rijswijk, The
Netherlands. The animals were provided with food and
water ad libitum. Further details of the tumour-host sys-
tem were communicated previously (29, 37).

Irradiation. Tumours were locally irradiated with
200 kVp x-rays (0.5 mm additional Cu filtering; dose rate
1.9 Gy/min). Fig. 1 shows a scheme of the various frac-
tionation regimens used in this study. All treatments con-
sisted of 30 fractions. Various doses per fraction were
applied during the different overall treatment times (10
days: 1.67, 1.90, 2.13, and 2.37 Gy/fraction; 18.5 and 39
days: 1.50, 2.00, and 2.50 Gy/fraction; 29 and 67 days:
2.00, 2.50, and 2.67 Gy/fraction). As anesthesia is known
to change blood flow and temperature of animals and
tumours (41, 42) and might even change their radiosensi-
tivity (43), unanesthetized rats were used in order to avoid
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Fig. 1. Schematic presentation of the various fractionation sched-
ules applied.

uncontrollable irradiation conditions. The animals were
constrained in a jig (37), which allowed treatment of the
tumours without considerable irradiation of lungs, spinal
cord, and gut. However, one kidney was generally included
within the irradiation field. The correct positioning of the
tumour during irradiation was monitored using a TV-cam-
era. In order to obtain homogeneous dose distribution, the
tumours were irradiated from alternating sides from day to
day. The tumours were treated under ambient conditions,
i.e. without clamping.

Tumour volume. Tumour volume was determined by
measuring the tumours in two perpendicular dimensions
by vernier calipers and assuming the shape to be a rota-
tional ellipsoid. Volume was calculated after correcting for
skin thickness. For reasons of convenience, tumours (ap-
proximately 6 per dose group per fractionation scheme)
were included into the experiment only once a week. The
minimal volume for inclusion was 0.24 cm®. Due to tu-
mour growth, the maximal volume was 3.7 cm>, Thus, the
range of variation of the tumour volumes at start of
treatment was about 1 order of magnitude. The large
range of tumour volumes has only a negligible influence on
the tumour net growth delay (44). Animals were killed for
ethical reasons when tumour volume exceeded 17 cm?.

Net growth delay. The tumour volume of individual
tumours was measured twice a week and from the resulting
growth curves the net growth delay was derived. Net
growth delay is the time interval between the time at which
the tumour reaches twice its minimal volume after passing
the nadir and the time at which the tumour has the same
volume before irradiation (45). Using the net growth delay
has the advantage of preferentially measuring the effects
on the clonogenic tumour cells, whereas the influence of
the tumour bed effect is minimized.

Colony assay. The number of clonogenic tumour cells
per tumour was determined at different intervals during
fractionation treatment by means of an in vitro colony
assay. Animals were asphyxiated in CO,, tumours re-
moved and weighed and then single cell suspensions were
prepared by trypsinization. A yield of 2.8 x 10° tumour
cells/g of tissue was obtained for untreated tumours. The
cells were subsequently plated in plastic Petri dishes care-
fully discriminating tumour and host cells and the clono-
genic fraction was determined. The mean plating efficiency
of control tumours was 63%. For further details of the
experimental procedure, see ref. 37.

Results

Fig. 2 shows the growth curves obtained after treatment
with 30 fractions of 2 Gy in 10, 39, and 67 days and the
growth curves obtained for untreated tumours. By the end
of the 10 days schedule, the tumours just began to shrink
but still kept nearly their start volume; these tumours
continued to shrink after the end of treatment for about 1
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Fig. 2. Growth curves obtained tor RIH rhabdomyosarcoma of

the rat after delivering 30 fractions of 2 Gy in (@) 10 days, (O)
39 days, or (A) 67 days. The figure shows the data of the
individual tumours with the median net growth delay. Locally
controlled tumours were included in the calculation of the net
growth delay.

month. When the overall treatment time was extended to
39 days, a considerable portion of the shrinking process
was already completed by the end of irradiation; the
tumours continued to shrink for another 2 weeks. After 67
days of treatment, the tumours regrew immediately after
the end of irradiation. While the tumour volume was
reduced by more than two orders of magnitude after 60 Gy
administered in 10 days, this reduction was only about one
order of magnitude for the standard overall treatment time
of 6 weeks and nearly no tumour shrinkage was observed
when irradiation was extended to 67 days.

In Fig. 3 the influence of the overall treatment time on
net growth delay is depicted. Such a comparison is only
meaningful for treatment schedules where the same num-
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Fig. 3. Net growth delay as obtained after fractionated irradiation
with 30 fractions of 2 Gy is shown as a function of overall
treatment time. The data of the 10-day group were interpolated
from results derived from regimens of 30 fractions of 1.90 and
2.13 Gy.

ber of fractions and the same dose per fraction is given in
different overall treatment times. The data plotted in this
figure were obtained for 30 fractions of 2 Gy each (total
dose of 60 Gy) given in 10 to 67 days. The net growth
delay increased for overall treatment times between 10 and
18.5 days and remained more or less constant for treat-
ment times lasting longer than 3 weeks indicating a change
in repopulation kinetics at this time.

Discussion

Fig. 2 shows the growth curves of tumours from differ-
ent treatment schedules. At an overall treatment time of 67
days, repopulation seems to be sufficient to balance the cell
kill achieved by the 30 fractions of 2 Gy, resulting in a net
growth delay of 78 days (Fig. 3). Assuming a constant
inactivation per fraction with a D, of 4.3 Gy (37), an
averge doubling time of about 4 days is derived over the
whole treatment period, which is somewhat slower than in
unirradiated control tumours (3 days).

The evaluation of experimental data on tumour growth
delay is complicated by a number of counteracting mecha-
nisms and may result in misleading conclusions. The prob-
lems arise when schedules differing in overall treatment
time are to be compared. Growth delay should be indepen-
dent of the overall treatment time (46) provided the inacti-
vation per fraction is constant and identical for the
schedules compared, as is demonstrated schematically in
Fig. 4A. However, this is only valid if the repopulation
rate remains unchanged before, during and after treatment
for all fractionation regimens concerned, since repopula-
tion is an inherent part of the growth delay assay (46). Fig.
4B illustrates the situation which is to be envisaged when a
complete cessation of repopulation occurs during treat-
ment. In this case, the treatment with the longer overall
treatment time leads to a longer growth delay, i.e.
GD, < GD,, although survival of tumour cells at the end
of treatment is the same for both schedules compared. If
the delay is assessed from the point of time when the last
fraction is given instead of relating growth delay to the
start of treatment, differences in growth delay more closely
reflect repopulation between fractions. Therefore, the re-
sults obtained when the overall treatment time T is sub-
tracted from the growth delays are similar for both
treatments, that is GD, — T, = GD, — T,. Fig. 4C shows
an intermediate situation between examples A and B. The
repopulation rate is constant during treatment but lower
than in control tumours. In this case, we obtain:
GD, <GD, and GD, - T, >GD, —T,.

If net growth delay was assessed from the time of the
last fraction (nGD —T) and plotted as a function of
overall treatment time (Fig. 5), it was approximately con-
stant for overall treatment times of up to 20 to 30 days.
This indicates that repopulation is very small during treat-
ments of less than 20 to 30 days. For longer treatment
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Fig. 4. Schematic presentation of the relationship between num-
ber of clonogenic tumour cells, repopulation, growth delay (GD),
and overall treatment time (T), when different treatments are
compared. In all charts the number of clonogenic tumour cells per
tumour is plotted versus treatment time. A) undisturbed repopula-
tion during treatment; GD, = GD,. B) complete cessation of
repopulation during treatment; GD, — T, = GD, — T,. C) inter-
mediate situation between undisturbed and no repopulation;
GD, <GD, and GD;-T,>GD,—T,. (®) and (O) denote
number of clonogenic tumour cells at the end of the two fraction-
ated treatments compared.

periods net growth delay decreased, whereby the rate of
decrease corresponded to a doubling time of repopulation
tumour cells of about 4.5 days at that time. An overall
treatment time of 81 days should lead to a net growth
delay that is equal to the overall treatment time. That
means keeping tumour volume approximately constant
during treatment when 30 fractions of 2 Gy are delivered
in 81 days.

Information about the inactivation kinetics of the clono-
genic tumour cells within a tumour during fractionated
irradiation treatment can be obtained by the colony assay.
However, it has to be considered that the changes in
number of clonogenic tumour cells during fractionated
irradiation are determined by two processes: inactivation
during irradiation and repopulation in the interval between
the fractions. Repopulation comprises production of
clonogenic cells minus cell loss.

To estimate the influence of repopulation separately, the
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Fig. 5. Net growth delay after subtraction of overall treatment
time as obtained after fractionated irradiation with 30 fractions of
2 Gy is shown as a function of overall treatment time. The data of
the 10 day group were interpolated from results of the regimens of
30 fractions of 1.90 and 2.13 Gy.

influence of inactivation has to be calculated and sub-
tracted from the results. In a previous study (37) the
kinetics of cellular inactivation by fractionated irradiation
in the rhabdomyosarcoma R1H of the rat was determined
in the dose range of 1.07 to 12.50 Gy (median: 2.50 Gy)
per fraction. Regimens of 1, 3, 5, 7, and 10 fractions per
week for several weeks were compared. The number of
clonogenic tumour cells per tumour in the course of the
different treatment schedules was obtained using an in
vitro colony assay. The results showed that the fraction of
tumour cells inactivated per week was only dependent on
the total dose per week, i.e. the cellular response was the
same whether the weekly dose was applied in 1, 3, 5, 7, or
10 fractions. All fractionation regimens could be fitted
with a D, of 4.3 + 0.2 Gy. These findings were confirmed
by other studies (38, 47), where tumour response was
assessed by tumour control probability and net growth
delay. Setting out from these data, the relative repopula-
tion during fractionated treatment can be determined by
calculating the number of clonogenic tumour cells per
tumour corrected for inactivation N’(t) using the equation:

N(t) = N,(t, D) - exp(D/Dy)

where D represents the total dose up to time t and N(t, D)
the number of clonogenic tumour cells per tumour as
determined by colony assay.

Figure 6 shows the results obtained by reevaluation of
the data reported earlier (37) using the equation given
above. Data from various fractionation schemes (1 to 10
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Fig. 6. Relative repopulation during fractionated treatment. The number of clonogenic tumour cells per tumour corrected for inactivation
[N(t) = N(t, D)exp(D/D,)] is plotted versus time after start of treatment. A) Pooled data taken from ref. 37. A linear regression yields
a slope that corresponds to a doubling time of 8 + 1 days (solid line). The results could also be fitted by a two-component linear
regression with an initial slope corresponding to virtually no repopulation up to day 20 and a second slope corresponding to a doubling
time of 5+ 1 days for treatment times exceeding 20 days (broken line). B) Same data as A) but identifying the different treatment
schedules. The doses per week for the 1-fraction/week regimen were: (O) 7.5 Gy, (©) 10 Gy, (@) 12.5 Gy; 3 fractions/week: ( +) 6 Gy,
(L) 1.5Gy, (%) 8 Gy, (4) 10 Gy, (A) 12.5 Gy; S fractions/week: (V) 7.5 Gy, (V) 10 Gy, (V) 12.5 Gy, 7 fractions/week: (O) 7.5 Gy,
() 10 Gy, (W) 12.5 Gy; 10 fractions/week: (®) 15 Gy, ( x) 20 Gy, (%) 25 Gy.

fractions per week) are shown. A linear regression yields a
slope that corresponds to a doubling time of 8 + 1 days,
indicating that repopulation is decelerated during treat-
ment (volume doubling time of unirradiated tumours: 3
days). The slope is equivalent to a repopulated dose of
0.37 Gy per day (0.33-0.43 Gy/d). However, the linear
regression does not seem to fit the data appropriately.
There seem to be systematic deviations pointing to an
overestimation in the range of overall treatment times of 5
to 30 days, and an underestimation for overall treatment
times below 5 and above 30 days. The results appear to be
more adequately fitted by a two-component linear regres-
sion with a slope corresponding to virtually no growth up
to day 20 and a slope corresponding to a doubling time of
5+ 1 days or a repopulated dose of 0.60 Gy per day
(0.50-0.75 Gy/d) for overall treatment times exceeding 20
days. This still represents a decelerated repopulation as
compared to unirradiated control tumours.

The statistical accuracy does not allow decision concern-
ing which of the two interpretations is most adequate. The
analysis shows that it is very difficult to obtain reliable
data on the repopulation kinetics of the surviving tumour
cells during fractionated treatment with the excision assay
(48). Nevertheless, the colony assay data seem to support
the biphasic interpretation of the results derived from
growth delay measurements. The results suggested that
repopulation during treatment began about 3 weeks after

start of irradiation in our tumour system. These observa-
tions are in line with data reported on C3H mammary
carcinoma showing that for longer treatment schedules
repopulation was the governing factor that impeded local
tumour control (49).

Our results are at variance with the unexpectedly fast
repopulation during fractionated irradiation of a slow
growing tumour reported by Kummermehr & Trott (5).
However, in this study, tumours were artificially clamped
during irradiation to render all cells hypoxic. Clamping of
tumours has been shown to have a considerable effect on
the influence of overall treatment time on tumour response
to fractionated irradiation. In a comprehensive study with
the C3H mouse mammary carcinoma, Suit et al. (8) inves-
tigated the relationship between total radiation dose re-
quired to control 50% of the tumours locally (TCDsqys,)
and overall treatment time. Radiation was administered to
anaesthetized mice under conditions of acute local hypoxia
produced by clamping, normal air breathing and respira-
tion of 100% oxygen under hyperbaric conditions. Under
clamped conditions the TCDgg, after application of 10
fractions increased with increasing overall treatment time.
In contrast, the TCDy., remained constant under ambient
and hyperbaric oxygen conditions for the entire range of
treatment times studied. The influence of clamping on
tumour response is discussed in detail elsewhere (50).

There is a good correlation between our experimental
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data and clinical findings. Trott & Kummermehr (23)
reanalyzed data from Friedmann et al. (10) on Hodgkin’s
disease and found a significant increase of the tumour
control dose TCDqgy, for overall treatment times longer
than 3 weeks. For these treatment times the authors calcu-
lated a repopulated dose of 0.30 Gy per day. Local control
rates of larynx carcinoma were found to depend strongly
on overall treatment time, especially between 4 and 7
weeks (17). During that period a repopulated dose of
0.5 Gy per day was calculated, corresponding to a dou-
bling time of clonogenic cells of 4 days. Our findings are,
furthermore, in excellent agreement with data recently
reported by Withers et al. (19) who estimated the doses to
achieve local control in 50% of cases from published local
control rates for squamous cell carcinoma of head and
neck, and the dependence of these doses on overall treat-
ment duration was evaluated. In parallel, published scat-
tergrams were analyzed to estimate the rate of tumour
regrowth over the period of 4 to 10 weeks from the onset
of therapy. Both analyses suggested that, on average,
clonogen repopulation accelerates only after a lag period
of the order of 4 + 1 weeks after initiation of radiotherapy.

Many of the preceding calculations and deductions
are based on the assumption of a constant inactivation per
fraction. The opposite approach is to assume a constant
doubling time of the clonogenic tumour cells during frac-
tionated irradiation. Analogue calculations lead to the
conclusion that the inactivation per fraction decreases
during the course of a fractionated radiotherapy and that
in our tumour system reoxygenation is continously re-
duced after about 3 weeks after start of treatment. This,
however, seems to be very improbable, since it coincides
with the time at which the tumours begin to shrink. An
increased repopulation after 3 weeks of treatment thus
appears to be much more probable.

The results presented in this paper reveal that acceler-
ated repopulation, as has been reported for several experi-
mental tumours after single dose treatment, does not apply
to fractionated treatment. During fractionation the repop-
ulation of clonogenic tumour cells seems to be consider-
ably slowed down in the rhabdomyosarcoma RIH,
especially during the first 3 weeks of treatment.

It is concluded that in treatments lasting less than 3
weeks, the repopulation of the tumour by clonogenic tu-
mour cells is only of minor importance, whereas for peri-
ods exceeding 3 weeks, its influence becomes increasingly
decisive for treatment outcome of a fractionated radiother-
apy as far as the response of the rat rhabdomyosarcoma
R1H is concerned.

ACKNOWLEDGEMENTS

The authors are grateful to Dr. A. Begg and to professor H.
Jung for their critical evaluation of the manuscript. This study
was supported by grants from the Deutsche Forschungsgemein-
schaft.

Corresponding author: Dr H.-P. Beck-Bornholdt, Institute of
Biophysics and Radiobiology, University of Hamburg, Martinis-
trasse 52, D-2000 Hamburg 20, Germany.

REFERENCES

1. Fowler JF. What next in fractionated radiotherapy? Br J
Cancer 1984; 49 (Suppl. VI): 285-300.

2. Thames HD, Peters LJ, Withers HR, Fletcher GH. Acceler-
ated fractionation vs. hyperfractionation: Rationales for sev-
eral treatments per day. Int J Radiat Oncol Biol Phys 1983; 9:
127-38.

3. Barendsen GW, Broerse JJ. Experimental radiotherapy of a
rat rhabdomyosarcoma with 15 MeV neutrons and 300 kV
X-rays. II. Effects of fractionated treatments, applied five
times a week for several weeks. Eur J Cancer 1970; 6: 89-109.

4. Hermens AF, Barendsen GW. Changes of cell proliferation
characteristics in a rat rhabdomyosarcoma before and after
X-irradiation. Eur J Radiol 1971; 44: 101-5.

5. Kummermehr J, Trott K-R. Rate of repopulation in a slow
and a fast growing mouse tumour. In: Karcher KH, Kogelnik
HD, Reinartz G, eds. Progress in radio-oncology, Vol. IL
New York: Raven Press, 1982: 299-307.

6. Moulder JE, Fischer JJ, Milardo R. Time-dose relationships
for the cure of an experimental rat tumour with fractionated
radiation. Int J Radiat Oncol Biol Phys 1976; 1: 431-8.

7. Stephens TC, Steel GG. Regeneration of tumours after cyto-
toxic treatment. In: Meyn RE, Withers HR, eds. Radiation
biology in cancer research. New York: Raven Press, 1980:
385-95.

8. Suit HD, Howes AE, Hunter N. Dependence of response of a
C3H mammary carcinoma to fractionated irradiation on frac-
tion number of intertreatment interval. Radiat Res 1977; 72:
440-54.

9. Barker JL, Montague ED, Peters LJ. Clinical experience with
irradiation of inflammatory carcinoma of the breast with and
without chemotherapy. Cancer 1980; 45: 625-9.

10. Friedmann M, Pearlman WW, Turgeon L. Hodgkin’s disease,
tumour lethal dose and iso-effect recovery curve. AJR 1967;
99: 843-51.

11. Maciejewski B, Withers HR, Taylor MG, Hliniak A. Dose
fractionation and regeneration in radiotherapy for cancer
of the oral cavity and oropharynx: tumor dose-response
and repopulation. Int J Radiat Oncol Biol Phys 1989; 16:
831-43.

12. Norin T, Onyango J. Radiotherapy in Burkitt’s lymphoma:
conventional or superfractionated regimen-early results. Int J
Radiat Oncol Biol Phys 1977; 2: 399-406.

13. Overgaard J, Hjelm-Hansen M, Vendelbo Johansen L, An-
dersen AP. Comparison of conventional and split-course ra-
diotherapy as primary treatment in carcinoma of the larynx.
Acta Oncol 1988; 27: 147-52.

14. Parson JT, Bova FJ, Million RR. A re-evaluation of split-
course technique for squamous cell carcinoma of the head and
neck. Int J Radiat Oncol Biol Phys 1980; 6: 1645-52.

15. Spanos WI, Shukowsky LJ, Fletcher GH. Time, dose and
tumor volume relationships in irradiation of squamous cell
carcinoma of the base of the tongue. Cancer 1976; 37: 2591
9.

16. Van Peperzeel HA. Effects of single doses of radiation on lung
metastases in man and experimental animals. Eur J Cancer
1972; 8: 665-75.

17. Maciejewski B, Preuss-Bayer G, Trott K-R. The influence of
the number of fractions and overall treatment time on local
tumor control and late complications in squamous cell



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35,

INFLUENCE OF TREATMENT TIME ON TUMOUR RESPONSE 63

carcinoma on the larynx. Int J Radiat Oncol Biol Phys 1983;
9: 321-28.

Withers HR, Thames HD, Peters LJ. Dose fractionation and
volume effects in normal tissues and tumors. Cancer Treat
Symposia 1984; 1: 75-83.

Withers HR, Taylor JMG, Maciejewski B. The hazard of
accelerated tumor clonogen repopulation during radiotherapy.
Acta Oncol 1988; 27: 131-46.

Fowler JF. Potential for increasing the differential response
between tumors and normal tissues: can proliferation rate be
used? Int J Radiat Oncol Biol Phys 1986; 12: 641-5.
Saunders MI, Dishe S. Radiotherapy employing three frac-
tions in each day over a continous period of 12 days. Br J
Radiol 1986; 59: 523-5.

Szczepanski LV, Trott K-R. Post-irradiation proliferation
kinetics of a serially transplanted murine adenocarcinoma. Br
J Radiol 1975; 48: 200-8.

Trott K-R, Kummermehr J. What is known about prolifera-
tion rates to choose between accelerated fractionation or
hyperfractionation? Radiother Oncol 1985; 3: 1-9.
Denekamp J. Cell kinetics and cancer therapy; Springfield,
1llinois;: CC Thomas, 1982.

Denekamp J. Changes in the rate of repopulation during
multifraction irradiation of mouse skin. Br J Radiol 1973; 46:
237-45.

Jung H, Kriiger H-J, Brammer I. Zywietz F, Beck-Bornholdt
H-P. Cell population kinetics of the rhabdomyosarcoma R1H
of the rat after single doses of X-rays. Int J Radiat Biol 1990;
57: 567-89.

Malaise E, Tubiana M. Croissance des cellulles d’un fibrosar-
come experimental irradie chez la souris C3H. CR Acad
Sciences 1966; 263D: 292-5.

Stephens TC, Currie GA, Peacock JH. Repopulation of
x-irradiated Lewis lung carcinoma by malignant cells and
host macrophage progenitors. Br J Cancer 1978; 38:
573-82.

Jung H, Beck H-P, Brammer I, Zywietz F. Depopulation and
repopulation of the R1H rhapdomyosarcoma of the rat after
X-irradiation. Eur J Cancer 1981; 17: 375-86.

Rowley R, Hopkins HA, Betsill WL, Ritenour ER, Looney
WB. Response and recovery kinetics of a solid tumor after
irradiation. Br J Cancer 1980; 42: 586—95.

Brown JM. The effect of acute x-irradiation on the cell
proliferation kinetics of induced carcinoma and their normal
counterpart. Radiat Res 1970; 43: 627-53.

Dewey WC, Highfield DP. G2-block in Chinese hamster cells
induced by x-irradiation, hyperthermia, cycloheximide, or
actinomycin D. Radiat Res 1976; 65: 511-28.

Ehmann UK, Nagasawa K, Petersen DF, Lett JT. Symptoms
of x-ray damage to radiosensitive mouse leukemic cells: asyn-
chronous populations. Radiat Res 1974; 60: 453-72.

Frindel E, Vassort F, Tubiana M. Effects of irradiation on the
cell cycle of an experimental ascites tumor of the mouse. Int J
Radiat Biol 1970; 17: 329-37.

Zywietz F, Jung H. Partial synchronization of three solid
animal tumours by X-rays. Eur J Cancer 1980; 16:1381-8.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

48.

49,

50.

Beck-Bronholdt H-P. Parameters affecting the response of
experimental tumors to fractionated irradiation. Strahlenther
Onkol 1988; 164: 155-64.

Vogler H, Beck-Bornholdt H-P. Radiotherapy of the rhab-
domyosarcoma R1H of the rat: Kinetics of cellular inactiva-
tion by fractionated irradiation. Int J Radiat Oncol Biol Phys
1988; 14: 317-25.

Wiirschmidt F, Vogler H, Beck-Bornholdt H-P. Radiothera-
phy of the rhabdomyosarcoma R1H of the rat: The influence
of the number of fractions on tumor and skin response. Int J
Radiat Oncol Biol Phys 1988; 14: 497-502.

Reinhold HS. A cell dispersion technique for use in quantita-
tive transplanation studies with solid tumours. Eur J Cancer
1965; 1: 67-171.

. Wiirschmidt F, Beck-Bornholdt H-P, Vogler H. Radiobiology

of the rhabdomyosarcoma RIH of the rat: Influence of the
size of irradiation field on tumor response, tumor bed effect,
and neovascularization kinetics. Int J Radiat Oncol Biol Phys
1990; 18: 879-82.

Johnson R, Fowler JF, Zanelli GD. Changes in mouse blood
pressure, tumour blood flow, and core and tumour tempera-
tures following Nembutal or Urethane anaesthesia. Radiology
1976; 118: 697-703.

Zanelli GD, Lucas PB, Fowler JF. The effect of anaesthetics
on blood perfusion in transplanted mouse tumours. Br J
Cancer 1975; 32: 380-90.

Kal HB, Gaiser JF. The effect of anaesthesia on the radiosen-
sitivity of rat intestine, foot skin and R-1 tumours. Int J
Radiat Biol 1980; 37: 447-50.

. Kleineidam M. Experimentelle Strahlentherapie des Rhab-

domyosarkoms R1H der Ratte: EinfluB des Zeitintervalls
zwischen den Fraktionen wihrend einer hyperfraktionierten
Behandlung auf Tumorparenchym, Tumorstroma und Haut
(Dissertation). University of Hamburg, 1990.
Beck-Bornholdt H-P, Wiirschmidt F, Volger H. Net growth
delay: A novel parameter derived from tumor growth curves.
Int J Radiat Oncol Biol Phys 1987; 13: 773-7.

Begg AC. Principles and practices of the tumor growth delay
assay. In: Kaliman RF ed. Rodent tumor models in experi-
mental cancer therapy. Pergamon Press, 1987: 114-21.
Beck-Bornholdt H-P, Maurer T, Becker S, Omniczynski M,
Vogler H, Wirschmidt F. Radiotherapy of the rhab-
domyosarcoma RIH of the rat: Hyperfractionation — 126
fractions applied within 6 weeks. Int J Radiat Oncol Biol Phys
1989; 16: 701-5.

Beck-Bornholdt H-P, Vogler H. The colony assay in dose
fractionation experiments. In: Kallman RF ed. Rodent tumor
models in experimental cancer therapy. Pergamon Press, 1987:
106-7.

Fowler JF, Sheldon PW, Denekamp J. Optimum fractiona-
tion of the C3H mouse mammary carcinoma using X-rays, the
hypoxic-cell radiosensitizer Ro-07-0582, or fast neutrons. Int J
Radiat Oncol Biol Phys 1976; 1: 579-92.

Beck-Bornholdt HP. Should tumors be clamped in experimen-
tal radiotherapy studies? Int J Radiat Oncol Biol Phys 1990
(accepted for publication).



