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Summary.-Thoracic irradiation or cyclophosphamide (CP) treatment of mice before
an i.v. injection of tumour cells enhances the number of lung colonies produced by a
factor of up to 100+. The effect of fractionation of the X-ray or CP dose on this
phenomenon was investigated in several ways.
The dose-response curve for the number of lung colonies as a function of the dose of

thoracic irradiation was linear, and the degree of enhancement was independent of
the number of tumour cells injected. Splitting a dose of 1,000 rad into 2 equal fractions
separated by times varying from 1 to 24 h gave the same enhancement as that
produced by a single dose of 1000 rad. Similarly, fractionation of 1000 rad into
5 x 200 rad, or 2000 rad into 5 x 400 rad (each interval between fractions being 3 h)
had no effect on the radiation enhancement of colony formation.
A single dose of 200 mg/kg of CP was compared with 3 doses of 66-7 mg/kg (each

dose separated by 12 h) and with a continuous infusion of 200 mg/kg given over 24 h.
In this case, fractionation and infusion produced a small reduction in the CP-induced
increase, but the factor of colony enhancement compared to control mice remained
>100.
These data emphasize the potential hazard of prophylactic treatment of pulmonary

metastases by X-rays or CP in clinical situations in which control of the primary
tumour is not achieved.

IT HAS BEEN SHOWN conclusively that
irradiation of the lungs of mice and rats
increases the number of pulmonary nod-
ules ("artificial metastases") arising from a
subsequent i.v. injection of tumour cells
(Fidler and Zeidman, 1972; Brown, 1973a;
Withers and Milas, 1973; van den Brenk
et al., 1973; Peters, 1974; Thompson,
1974). It has also been shown that prophyl-
actic X-irradiation of the lungs of dogs
with spontaneous osteosarcomas results in
more metastases than in unirradiated
lungs, in situations in which the primary
tumour is not cured (Owen and Bostock,
1973). All authors are agreed that the
enhancement of pulmonary metastases
produced by local thoracic irradiation is

not due to suppression of any specific
immune response against the tumour.
Although it has been claimed by several

of the above authors that this effect might
have clinical relevance in the situation in
which prophylactic lung irradiation has
been given, this remains speculative. One
reason for questioning the clinical rele-
vance of the findings to date is that, with
one exception, in each study only large or
moderately large single doses of irradiation
were given. In the study which is the
exception, van den Brenk and Kelley
(1974) showed that a fractionated regime
of 5 x 350 rad spread over 9 days produced
a greater enhancement of lung colonies
than a single dose of 1250 rad. However,
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since the kinetics of development of
increased pulmonary nodules after irradia-
tion are markedly different in the rat
model used by van den Brenk (van den
Brenk et al., 1973; van den Brenk and
Kelly, 1974) from the mouse model used
by others, it remains a possibility that the
lack of a reduction in the effect with
fractionated irradiation is a result of a
mechanism specific to this rat model. For
this reason it was decided to investigate
the effect of fractionated irradiation on the
incidence of artificial lung metastases after
i.v. injection of KHT sarcoma cells in the
C3H mouse.
More recently it has been reported that

an even greater enhancement of artificial
pulmonary metastases can be produced by
treatment of the host with cyclophospha-
mide (CP) before tumour cell injection
(van Putten et al., 1975; Carmel and
Brown, 1977; Peters and Mason, 1977). It
has also been reported that CP can
increase spontaneous metastases from a
weakly- or non-immunogenic transplanted
rat tumour (Moore and Dixon, 1977).
Again, however, the doses employed in
these studies were single doses and, on the
basis ofbody weight (mg/kg) (althouglh not
on surface area), were higher than could be
given to humans. It was therefore decided
to investigate the effects of fractionation
ofCP dose on the enhancement of pulmon-
ary nodules in the non-immunogenic
KHT/C3H mouse system.

MATERIALS AND METHODS

In all experiments, female C3H/Km mice,
14-18 weeks old, weighing 28-42 g were used.
Ten to 12 mice were preassigned to each
treatment group according to weight, so that
each group had the same mean weight.
The tumour used was the KHT sarcoma, a

tumour that arose spontaneously at the base
of the ear of a C3H/Km mouse in 1962, and
has since been maintained by serial s.c.
passage into syngeneic mice. This tumour in
this host is at most only weakly immunogenic,
since repeated immunizations with cells
sterilized with a dose of 10,000 rad or excision
of a growing tumour does not change the
number of cells needed to produce tumours in

50% of injected animals (Kallman, Silini and
van Putten, 1967), nor affects the number of
lung nodules after a given i.v. inoculum of
tumour cells (Brown, unpublished). The
details of the propagation of the tumours, the
preparation of single-cell suspensions and the
counting of lung colonies have been described
previously (Brown, 1973b). Briefly, single-cell
suspensions of KHT tumour cells were
obtained from s.c. tumours and injected in the
recipient mice via the tail vein in a volume of
0-2 ml. The animals were killed 17-20 days
later and the lungs were extracted and
preserved so as to allow the counting of all
surface colonies. The mean number of
countable colonies was found to be propor-
tional to the number of cells injected in a
given experiment, but varied from experiment
to experiment for a given number of cells
injected (thus necessitating fully self-
contained, internally controlled experiments).
For local thoracic irradiation, anaesthetized

mice were positioned in a lead box with only
the thoracic region exposed. Irradiation
conditions were: 250 kVp X-rays; 15 mA;
focus skin distance, 44 cm; half value layer,
1-3 mm Cu; and dose rate of 100 rad min.
The cyclophosphamide used was

CytoxanTM (Mead Johnson and Co., Evans-
ville, Ind.) and it was dissolved in sterile water
immediately before use. Continuous infusion
of CP was given via the tail vein to non-
anaesthetized mice able to eat, drink and
move as normal, except that their tails were
suspended vertically to an overhead swivell-
ing attachment (Brown and Goffinet, 1970).

RESULTS

Effect of single doses of irradiation to the
lungs

Fig. 1 shows the results of an experi-
ment in which C3H mice irradiated with
various doses of X-rays to the thoracic
region were injected i.v. with 2 x 104 KHT
tumour cells 48 h after irradiation. The
average number of lung colonies per mouse
appears to be approximately linearly
related to the dose received. A similar
result was obtained previously when
5 x 106 heavily irradiated cells were mixed
with the viable tumour cells (Brown,
1 973a).
In order to determine whether the
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FiG. 1.-The number of lung colonies per
mouse arising from 2 x 104 KHT tumour
cells injected i.v. 48 h after various doses of
thoracic X-irradiation.

enhancing effect of prior lung irradiation
was constant over a wide range of tumour-
cell inocula, mice were given 1000 rad
local thoracic irradiation, or sham-
irradiated, one day before injection of
various numbers of tumour cells. The
results are shown on log-log paper (Fig.
2) to illustrate the constant proportionality
of increase of lung colonies (by a factor of 8
in this experiment) produced by a dose of
1000 rad. Since the slope of the lines (450)
does not differ significantly from 1 the data
are well fitted by straight lines.* Also,
since each of these lines extrapolates to the
origin on a linear plot (not shown), it is
reasonable to conclude that this factor of
-8 in enhancement of lung colonies

* Although the fit to a straight line in the un-
irradiated lungs is adequate (linearity is not contra-
dicted), the fit is better without the data from the
highest cell inoculum (1 -6 x 105 cells). This datum
point at the highest inoculum appears to be the
result of an effect seen by us (Brown, unpublished)
and others (Peters et al., 1978) that the percentage
survival of i.v. inoculated cells rises at inoculum
sizes greater than 105 cells. This does not affect the
data from the irradiated groups, since the highest
inoculum used was 4 x 104 tumour cells.
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FiG. 2.-The number of lung colonies per
mouse as a function of the number ofKHT
tumour cells injected into mice, either
sham-irradiated (0) or given 1000 rad (0)
to the thorax one day before the tumour
cell injection.
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FIG. 3. The number of lung colonies per
mouse arising from an i.v. injection of
3 x 104 KHT tumour cells into mice given
single doses of 1000 rad (0) or 2 fractions
of 500 rad (0) separated by various inter-
vals. For the groups given 2 fractions of 500
rad, the first dose was given at Time 0 and
the second dose at the time shown. The
tumour cells were injected at 48 h. The
dashed line shows the predicted number of
colonies in the fractionated groups based on
the 3 single-dose groups if there is no repair
of the radiation damage (i.e. no reduction of
effect by fractionation).

applies to cell inocula less than those used
in this experiment.

Effect of divided doses of irradiation
Fig. 3 shows the results of an experiment

in which the effect on the subsequent
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TABLE I.-Effect of Dose Fractionation on the Mean Number of Lung Colonies per Mouse
(Is.e. mean) following the i.v. Injection of 2 x 104 KHT Cells
No irradiation*

2 05+0*34
1 *01±0-34
1 62±0-31

1000 radt
35 *4±3 *9

5 x 200 radl
38-1±3-3

2000 radt 5 x 400 radt

6-6±0-86 10-9±3-5
23-6±1-7 25-4±3-2

* The "no irradiation" group is the mean of 2 groups given 1 and 5 anaesthetic exposures. No differences
between the 2 groups were observed.

t Each mean colony count is the average of 3 groups, injected 42, 48, and 54 h after the single exposure. No
significant differences were found between the groups injected at these 3 times.

I The fractionated exposures were given at 3h intervals from 42 to 54 h before injection of tumour cells.

development of lung colonies of a thoracic
dose of 1000 rad was compared with that
of 2 fractions of 500 rad split by intervals
varying from 1 to 24 h. In this experiment
the first dose of 500 rad was always
delivered 48 h before the injection of the
tumour cells. Because this meant that the
second 500 rad dose was given at varying
intervals before the cell injection, it was
necessary to have the 1000 rad single-dose
points also at varying intervals before cell
injection. The broken line of Fig. 3 indi-
cates the expected number of lung colonies
in the fractionated groups, based on the
single-dose groups obtained at different
intervals before cell injection. This pre-
dicted line assumes linearity of response
between the number of colonies and the
irradiation dose. It is apparent from these
data that there was little if any reduction
in the number of lung colonies produced
when a dose of 1000 rad was split into 2
equal fractions of 500 rad.
As a more rigorous test of the effect of

dose fractionation on the enhancement of
the number of lung colonies by local
thoracic irradiation, experiments were
performed in which the effects of single

doses of either 1000 or 2000 rad were
compared with that of 5 equal doses given
at 3 h intervals. Table I shows the results
obtained. Again, there was no reduction of
colony enhancement in the groups which
received fractionated irradiation.

Effect of dose fractionation or infusion of
cyclophosphamide
We have previously reported (Carmel

and Brown, 1977) that the dose-response
curve for the enhancement of lung nodules
in mice given CP one day before cell
injection is highly sigmoidal in shape (i.e.,
very different from the X-ray dose-
response curve).

In the experiment to compare the effect
of fractionation or continuous infusion of
CP with single doses, 2 5 x 103 KHT
tumour cells were injected i.v. either 24, 36,
or 48 h after a single injection of CP (200
mg/kg) or 24 h after the completion of a
24 h infusion of 200 mg/kg, or 24 h after
the third dose of a course of 3 x 66 7 mg/kg
of CP at 12 h intervals. The numbers of
lung colonies per mouse in these and the
control groups are shown in Table II. It
can be seen that dividing the dose into 3

TABLE II.-Effect of Fractionating or Infusing a Cyclophosphamide (CP) Dose of 200
mg/kg on the Number of Lung Colonies from an i.v. Injection of 2-5 X 103 KHT Cells

Treatment
Saline injection
Saline infusion
CP inj. (200 mg/kg)
CP inj. (200 mg/kg)
CP inj. (200 mg/kg)
CP inj. (3 x 66 - 7 mg/kg)
CP infusion (200 mg/kg)

Time of
injection/infusion* (h)

24
0-.24

0

12
24

0, 12, 24
0-.24

Number of lung
colonies/mouse (±s.e. mean)

0-22±0- 15
0-10±0-10
3124-4 4
38-4±4-5
30 9±4 3
24-9±2 *3
23 *3±2 *4

* The tumour cells were injected at 48 h in all groups.

Expt No.
1
2
3
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equal fractions or giving it over a 24 h
infusion, slightly reduced the enhancement
of lung colonies compared with a single
dose of CP. However, this abrogation of
the effect was small compared with the
remaining marked enhancement over the
saline-treated groups.

DISCUSSION

These experiments show that the en-
hancement of artificial lung metastases by
pulmonary irradiation is not decreased by
fractionation of the exposure to fractions
as small as 200 rad. This lack of diminu-
tion of the effect was also found by van den
Brenk and Kelly (I1974). In fact, these
authors observed a greater response in the
fractionated group, although the total dose
given was higher than in the single-dose
comparison. Thus, if lulng colonies arising
from a single injection of disaggregated
tumour cells are an appropriate model for
spontaneous blood-borne metastases, these
findings emphasize the clinical relevance of
the radiation enhancement of lung colon-
ies, since the doses tested in the present
study (1000 and 2000 rad in 5 equal
fractions) bracket the doses used in current
clinical practice for prophylactic irradia-
tion of the whole lung (Lougheed and
Chevalier, 1973; Newton, 1973; Wharam,
Phillips and Jacobs, 1974).
The present data also suggest that the

mechanism of enhanced pulmonary nod-
ule formation after irradiation is unlikely
to be a result of cell killing. This is because,
of the possible cell types involved, only
lymphocytes are killed by radiation inde-
pendently of the fractionation pattern, and
killed rapidly enough for the effect to
become manifest within one day of
irradiation (Brown, 1 973a). However, since
the tumour used is non-immunogenic, and
the kinetics involved are too rapid for the
development of an immune response
against the tumour, killing of sensitized
lymphocytes can be ruled out. Thus, it
would appear that the radiation enhance-
ment of pulmonary nodules is due to a
mechanism not involving cell killing, but,

to date, no solid evidence for the mechan-
ism is evident.
The fact that fractionation, or extended

infusion, of a dose of CP did not produce a
large reduction in the number of lung
colonies compared with that after the
same CP dose in a single injection was
unexpected, in view of the marked sig-
moid nature of the dose-response curve
(Carmel and Brown, 1977). Since the half-
life of the cytotoxic effect of CP and its
metabolites is very short (15-20 min;
Kline et al., 1968), the 3 doses of 67 mg/kg
or the 24 h infusion of 200 mg/kg could
not have accumulated to produce the same
serum level of cytotoxic agents as is
produced by a single injection of 200 mg/
kg. Rather it is evident that there is a level
of "subclinical" damage produced at very
low serum concentrations of CP which
appears to be approximately linearly
related to dose, and which remains
susceptible to interaction by further
"subelinical" damage to produce the
biological response being studied. How-
ever, it is clear that this "subclinical"
damage does not remain indefinitely: it
has been shown that weekly exposures of
low doses of CP do not produce a cumu-
lative increase in lung nodules (Carmel
and Brown, 1977).

These data on cyclophosphamide, to-
gether with the previously published
reports of CP inhancement of artificial
pulmonary metastases with a variety of
tumours (van Putten et al., 1975; Carmel
and Brown, 1977; Peters and Mason,
1977), and the recent report of enhanced
spontaneous metastasis in rat tumours
treated with various doses of CP (Moore
and Dixon, 1977), serve to underline the
potential hazards of clinical use of CP.
Clearly, it is a potent cytotoxic agent and
will be beneficial when delivered to pre-
existing metastases. However, the hazard
of pre-sensitizing the lungs, and possibly
other organs, to the subsequent seeding of
metastases in them appears to be real.
Thus, we feel that in most circumstances it
would be wise not to initiate pulmonary
irradiation or chemotherapy with cyclo-
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phosphamide until after completion of
treatment of the primary tumour, whether
with surgery or radiotherapy. This would
minimize the possibility of viable tumour
cells becoming lodged in tissues made
extremely receptive to the formation of
blood-borne metastases.
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Public Health Service Research Grants CA-15201
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