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ABSTRACT
A multiple generation 03H mammary adenocarcinoma was serially
transplanted at intervals of 2=3 weeks over several years,
using a tumour cell suspension. The growth pattern may be
described by a Gompertzian pattern, with the doubling time
increasing from 0.5 days at 2 mm mean diameter to about 3 days
at 10 mm mean diameter. Histologically, the tumour appeared
poorly differentiated with areas of necrosis; an appearance
suggestive of extensive hypoxia. The very high TCD50 of 67 Gy
was compatible with this suggestion.
A characteristic pattern and rate of tumour regression existed
after irradiation with X=rays alone and in combination with the
hypoxic cell radiosensitizer "Misonidazole". The rate of
regression seemed to reflect only the rate of removal of the
doomed tumour cells, cell debris and the efficiency of the
mechanisms respounsible for clearance after irradiation. The
similap ﬁattern of regression that emerged followipg 11071
curative and curative doses of radiaiion strongly suggested
that the rate of regression is a poor indicator of radiation
curability. However, in completely regressed tumouré, a high
probability of local control was observed, once an incidence
of complete regression of more than 60 per cent was attained.
In the present work, there was a definite growth resiraint of
recurrent tumours as a result of radiation damage to the
tumour bed rather than an intrinsic cellular alteration in
the surviving tumour cells, Clearly, this tumour bed effect
should be considered in the analysis of the growth delay of

these tumours. The magnitude of this effect, however, was

xii,



difficult to assess from the growth studies of recurrent
tumours. Furthermore, growth studies of transplanted tumours
at the sites of previously cured tumours and at pre-irradiated
sites offered only limited help in this. assessment. The
results obtained at these sites, with their discrepancies,
pointed to the need for further studies before a possible
extrapolation to the situation of recurrent tumours.

The recovery capacity from sublethal damage (SLD) was found to
be similar to other tumour systems. However, the values
obtained using the cure data differed from those using the
delay in growth data. The latter alsé showed the Elkind
pattern (peaks and troughs) characteristic of the split dose
experiments. These observations indicate the caution needed
in the interpretation of the results using either set of data.
This is especially true when comparing the recovery from SLD
of various tumours. Although Misonidazole wae used mainly to
understand the gross response of the tumours following
irradiation, its potency in radiosensitizaiion of the hypoxic
tumour cells was also confirmed in the present work.

The immunological studies of the tumour system have drawn
attention to the possibility of an immuno-suppression rather
than an immuno-stimlation status of tumour bearing mice.
There appeared also to be a possibility of growth enhancement
when attempting immunization of the animals.

Finally, comparative analysis of the biological characteristics
of the present tumour and its first generation counterpart,
clearly showed that serial transplantation led to several

morphological and biological changes.

xiii



PREFACE
The aim of the work described in this thesis was to investigate
the biological and radiobiological characteristics of a
H mammary adenocarcinoma. This was done

3
t0o determine the feasibility of establishing a suitable solid

multiple generation C

tumour system for further radiobiological and other research
studies, at the Radiobiology Research Unit at the Glasgow
Institute for Radiotherapeutics and Oncology.

As no previous studies have been carried out on this tumour,
it was, therefore, essential to investigate the basic
characteristics of the tumour and the methods most suitable
for quantitation of its response to irradiation.

The thesis consists of four sections, the first is a review
of some of the background literature concerning the biology
and radiation biology of experimental animal tumours.

The materials and methods are described in section two and
the problems of both tumour transplantation and irradiation
are mentioned in some detail. The results df the biological
and radiobiological studies of the tumour system are
presented in section three. Finally, in section four, the-
experimental findings are discussed and interpreted in the
light of present radiobiological knowledge, with mention of
possible directionsin which further studies may extend.
Papers based on this thesis have been published or are in
press. Two papers based on this work have also been read to
the Royal Society of Medicine and the 20th Annual General

Meeting of the British Association for Cancer Research.



CHAPTER I

INTRODUCTION AND REVIEW OF LITERATURE



Radiotherapy has evolved mainly as a result of an empirical
search by clinicisns for doses and treatment schedules that
would be just tolerated by the normal timsues, while
inflicting maximum dawage to the tumour cslls to a level ai
which the probabilitly of regrowth is negligible. Preseant
radiobiological knowledge has demonstrated the multiplicity
and complexity of the factors involved in the response of
tumours, following irradiation.

An understanding of these factors will help the radiotherapist
both to arrive at a more considered judgement of the
prescribed treatment and to use this treatment more
strategically and efficiently.

The clinical response of malignant tumouvrs, following
irradiation is the most obvious and easiest monitor of
radiation treatment. ﬁencé it is of interest and importance
to explore this response, as described in this thesis, with
the hops that such studies will guide cancer therapy. It is
clear that a considerable amount pf experimental
radiobiological data about tumour response following
irradiation is required before a more definite general
conclusion cén be drawn and extrapolated without hazards to
the olinical situations. This entails studies of a wide
variety of tumours of different biological properties.
FPirst generation transplants of spontaneocus C3H mouse mammary
carcinoma have been used extensively for radiobiclogical
investigations at the Cray Laboratory (1). The multiple
generation counterpart of this tumour, described in this

thesis, was originally obtained from a spontaneous tumour—



bearing C3H mouse from the Gray Laboratory. The biological
properties of this tumour have departed from those of the
original one, due to serial transplantation. Hence, it was
pogsible to compare several of the properties of both tumours,
despite differences in the techniques of transplantation and
irradiation.

The use of a cytosieve tumour cell sugpension for tumour
transplantation has facilitated study of the take rate, the
latent period and the pattern of growth in routine transplants,
in cured and irradiated sites. This was performed in an
attempt to find out the magnituwde of growth restraint as a
result of damage to the normal stroma associated with the
tumour, following irradiation. However, in this thesis,
normal tissue will not be of prime interest.

The aim of destruction of all tumour cells is hindered by the
existence of radioresistant hypoxic cells in the tumours,
which require an increase in the given dose. On the other
hand, this requirement of an increase in dose is tempered

by awareness of the limitations of normal tiesue tolerance.
In order to demonstrate the effect of hypoxic cells on the
observed response in our tumour system, the hypoxic cell
radiosengitizer (Misonidazole) was used with single doses of

X~irradiation.

1,1 Tumour Transplants Using Cell Suspension Technigues
This technigue has been used widely in animal
transplants (2,3,4,5,6,7). The general methodology of

the rreparation of the tumour cell suspension can be

N



1.1.1

sumarized as followss:

i ~ The tumour is excised and freed from non—tumour
debris and grossly necrotic material;

ii - Tt is finely minced and gently passed through a
stainless steel mesh;

iil — The crude filtrate is then subjected to one or
more of several steps including: trypsinization
and other enzymatic treatment, to free tumour
cells from non-tumour debris; centrifusion for
several minutes and resuspension of the pellet in
fresh medium or sedimentation by gravity for
periods varied from three to thirty minutes.

ALY, these procedures are carried oubt wnder fully aseptic

condition and in the cold (2-5°) except enzymatic

treatment.

Silobreic and Suit (4) obtained, without the use of

engymatic treatment, a cell suspension with about 90%

of the cells suspended singly and 10% in small clumps

of 2.5 cells and 20-45% viable cells. On the other
hand, Kellman et al. (5) and Hewitt et al. (6) were
able to obtain single cell gsuspension of tumour cells,

by the enzymatic treaiment of the crude filirate. A

single cell suspension was needed by these investigators

for the dilution assay method which required a known

nunber of gingle viable tuwmour cells in each inoculum.

The Injeciions and Sites of Transplants:

Briefly, lightly anaesthetized mice were used to ensure



accurate placing of the inocula (5,6). There was a
degree of leakage of cell suspension from the needle
track and skin infiltrations (8,9). To avoid this,
Thomlinson (8) used spherical tumour sausage containing
alginate pellets prepared from the tumour suspension
and Silobroic and Suit (4) passed the needle through
the upper thigh muscles and then into the subcutsneous
tissue of the right flanks,

By using a cell suspension for tumour transplants,

there 1is a degree of unceftainty about the number of

viable cells injected in each mouse for several
technical reasons:-

i ~ Variations in cell counting and the inclusion of
non-viable but morphologically intact tumour
cells;

ii ~ Loss of some part of the inocula through the
needle tracks;

iii ~ Decrease of the number of tumour cells in
successive inocula due to sedimentation and
clumping of some cells in the syringe during
the transplant proced?re.

iv ~ The possible decreaserﬁiahility of the tumour
cells from the time of killing the tumour bearing
mouse and preparation of the cell suspension

until the time of last injection.

1.1.2 The Latent Periods: (days afier injoctions until the

detection of the earliest fumour masses)



l.1.3

Silobreio and Suit (4), using spontaneous mammary
tumours, showed a spread of the latent periods, with
most of the tumours appearing at 30-40 days and no
tumours appearing after 80 days. Hewitt et al. (6),
using sgquamous cell carcinoma showed that the latent
period was dependent on the number of tumour cells
injected. In this tumour, the longest mean latent
period value was 27 days, with a decrease of 3Th in

the mean latent period for each doubling of the inoculum

size .

TD5O:(number of tumour cells to produce 50% tvmour take)
Porter et al. (10) made a mathematical analysis of the
transplantation kinetics of tumour cells, bearing on the
fact that some tumours can be initiated by a single cell
while others can not. Several investigators have

reported variation of ™.. values in a variety of murine

50
tumours with:-
i - The type of tumour: Hewitt et al. (11) in an
analysis of 27 different tumours of spontaneous

origin, found that TD._  values ranged from close

50
to 1.0 for several lymphoid tumours to over
18,000 for an osteosarcoma.

ii = The site of injections: The lowest TD_ . values

50
were found to be for both axilla and groin by
the dilution assay method (5,6). Kallmen et al.

(5) concluded that the anatomical subcutaneous

site of inoculation and hence the immediately



ad jacent vascularity and other factors, could
determine the fate of the inoculum.

1ii ~ In many tumour systems, lowering of TDSD and
shortening of the latent periods specially for
small inoculat. have been observed after
concomitant transplant of normal tissues or
lethally irradiated cells (5,6,7,11,12,13,14,15).
Hewitt et al. (7) and Peters and Hewitt (12)
attributed this Révdsz effect to an increase in
the proportion of viable cells and a
thromboplastic effect at the site of injection.

iv - Immuological factors: Kallman et al.(5)

considered that immunological problems can lead

to a variation in TD_ . and irregular tumour

50
take. These investigators demonstrated this

possibility in sarcoms KHT and KHG, transplanted
in immunized recipients. On the other hand,

Hewitt et al. (11) showed a reduction of TD50
by immunization and also prior exposure of the
recipients to sublethal doses of whole body
irradiation. They considered that a high TD5O

or the reduction of TD.. by the addition of

50

heavily irradiated tumour cells or whole body

irradiation do not imply immunological factors,

1.2 Tunour Growth:
The growth of mazy solid tumours in animals departs at

an early stage of growth from a simple exponential



growth funoction to a growth pattern which can he
described by a Gompertzian function. In this function,
the exponential growth constant itself decreases
exponentially, with a corresponding increase of the
"doubling time", as growth progresses. The Gompertzian
growth is also applied to normal biological systems:
human fetus (16), avian and mammalian embryos (17),
birds and mammals (18). The Gompertz equation

itself is one of a number of possible empirical
equations used for mathematical description of the
growth pattern of animal tumours. Its more popular,
integrated form is:

Yp (1-5PT)
N't = Noe

where Nt represents some measure of tumour size (i.e.
cell number, tumour volume or tumour weight) at time +;
No ie the initial tumour size at time =zero

for the period of observation;
& represents the exponential growth parameter;
B represents the retardation growth parameter.
The doubling time of the Gompertz curve is the doubling
time of the exponential tangent at the point of
interest and can be calculated from the following
equations

: : 1n 2 0,693
Doubling time (T.) = ~— 1e@e 1
oubiing (Ty) dpln (N /N ] dopsln (N, /N )

The retardation process of normal growth may be
explained by the capscity of normal stem cells to

differentiate and their sensitivity to normal regulatory



and homeostatic mechanisms. Laird (19).pointed out
that tumours grow as a community of cells or a single
organism derived from a single cell, rather than a
population of dissociated individual cells. She (20)
also suggested two explanations for the retardation
process in tumours; either an ageing effect of the
population of c¢cells with increase in mean generation
time of cells without a change in the proportion of
reproduvctive cells, or a loss of the reproductive
cells without change in the mean generation of time of
the cells.

Hermens and Barendsen (21), in a study of
rhabdonyosarcoma in rat, concluded that the decrease in
growth rate of this tumour was due to a lengthening of
the cell cycle toward the centre and a decrease of the
growth fraction in both the central and the peripheral
part of the tumour, as growth progressed from small
tumours.

Frindel et al. (22) studied mouse fibrosarcoma

(NCTC 2472) at various stages of its natural history,
and found no change in the éell cycle but an increase of
the cell loss and a decrease of the growth fraction as
growth progressed. Tubiana (23) in a review article
regarded the variations of the growth fraction and/or
the cell loss factor as the main factor(s) for
variation in the growih rate of a given solid tumour.
Denekamp (24,25) in an sualysis of the cell

proliferation kinetics of animal tumours, found nearly



similar growth fractions in tumours (carcinomas and
sarcomas) of wide differences in the degree of
differentiation and doubling times. She pointed out
that this might indicate some common limiting factor,
such as the diffusion of metabolites from the vascular
bed. A general tendency toward a higher cell loss was
also noted with increase of the doubling times of
tumours. Relatively slow growing carcinomas had a loss
factor in excess of 0.70 while sarcomas of shor{er
doubling time had a cell loss factor less than 0.3.
Denekamp concluded that the cell cycle times determined
largely the overall growth of sarcomas, while the cell
loss factor determined largely the overall growth of
carcinomas .

McCredie et al. (26), in a study of spontaneous C3H
mammary carcinoma and its syngeneic transplants, found
that the relative tumour volume occupied by viable
cancer cells decreased while that occupied by necrotic
cells increased as growth progressed. These changes
were more obvious in the rapidly growing S00th
generation than the spontaneoué tumours which had a
relatively uwniform distribution of blood vessels.

These investigators siressed the importance of the
blood supply in determining retardation in the rate of
tumour growth.

Burten (27), in a theoretical analysis of the growth of
a sphere of cells, showed that the Gompertgzian growth

of tumours with central necrosis would be explained by



the exponential decrease in time of the proportion of
generating cells, forming the peripheral rim and the
limited diffusion of nutrients including oxygen.

Summer (28,29) concluded from a mathematical model of
tunour growth in time, that the kinetics of tumour
growth would be determined by the vascular growth and
the nutritional support from the host.

Laird (19) showed by extra polation of the tumour
growth Gompertzian curves back to one cell, that the
numher 6f doublings of size required for the tumour

to grow from one cell to the theoretical upper limit of
growth was essentially constant for a variety of
tumours in two animal species (mouse and rat), but

vas of larger value for rat than mouse. Furthermore,
Brunton and Wheldon (30) in an analysis of the
published data on tumour growth in three species of
animals (mouse, rat and hamster) showed that the
observed positive correlation between the two
parameters @ and g of the Gompertz equation was
constant for a given species regardless of tumour type.
These investigators favoured a host mediated control of -
tumour growth rather than an inherent self-limiting
property of the tumour. They suggested that the
supply of necessary nuirient(s) to the proliferating
tumour population might be host limited in a specifie
way, either by oxygen diffusion or by the capability
of the species to develop and maintain an adeyuate

vascular supply to the growing tumour.
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1.3

The existence of a positive relation between the two
parameters and/3 of the QGomperiz equation described
by several investigators (26,30,31) would suggest a
general feature of tumour growth i.e. tumowrs with an
initially rapid growih (large value of &) have marksd
retardation (largs value of #) and vice versa.

The importance of metabolic and nutritienal support
from the host tissus (tumour bed) has been favoured by
several theoretical and experimental workers (26,27,28,
29 + section 1.5) as a possible determinant of the
kinetics ofﬂtumour growth. This would also be
supported by evidence for the medification of tumour
growth rate as a result of pretransplant X-irradiation
of the tumour bed, discussed in section 1.7.

Other factors which might alse influence tumour growth,
include: host immunological factors (32,33), various
nutritional deficiencies (34, 35,36, 37), metabolic and
tumour non-specific by-products (38,39,40), tissue
specific factors such as Chalones (41) and/or contact

inhibition phenomena (42,43,44).

The Bffect of Successive Transplants of the Tumour:

It is well-known that a variety of tumour properties
can change during serial transplantation within
gyngeneio recipients., In general, malignancy and
growth rate tend to inorease with successive passages,
+ill a relatively constant paitern is reached.

Wexler et al. (45),using 3 chemically induced and 2

11



spontaneous tumours in mice, found variations in the
time of appearance and the rate of growth of the
primary tunours. Tumour growbh inoreased and became
more predictable with serial transplantation. Steel et
al. (46) in a study of a spontaneous rat fibroadenoma
(BICR/A9) found acceleration but more wniform growth of
the tumour by serial transplantation. The volume
doubling time decreased, within the first 10 transplant
generations, to almost one~twentieth of the doubling
time of the primary tumour. This was associated with
progressive shorteniﬁg of the cell cycle time and
reduction of the cell loss factor and an increase

in the growth fracticn. MNcCredie et al. (26) in a
comparative situdy of C3H spontaneous mammary carcinoma
and its first and 900th generation syngeneic transplants,
found that the initial rate of growth and the
retardation which subsequently occurred, increased with
transplantation. These changes were correlated with
the observed histological changes in the relative
volume of cancer cells and necrosis that occurred with
tran5planta£ion.

The changes in tumour properties and behaviour, with
preservation of the original histological type have
been explained by possible cell selection of cells
having the greater potentiality for rapid growth even
under poor nutritienal supply, or on the basis of
changes in the tumour specific antigens by successive

transplants (47,48,49,50). On the other hand, the
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tendency 1o change from carcinoma type to sarcoma type
has been reported in some animal tunours and cultured
cells (51,52,53,54).

Rockwell et al. (51) described the diamorphic
histological appearance of KHJJ tumour, with carcinoma—
like and sarcoma-like regions. However by the 30th
transplant generation, thg carcinoma-like pattern was
only retained, with increasing anaplasia, cellular
variability, and rapid growth through the latest
passages. These investigators succeeded in separation
of the sarcoma-like element as the FENT6 tumour line.
Begg (52) has also observed that the serially
transplanted mouse tumour NT1 changed from an epithelial
appearance, through that of a mixed histology, to being
of fibrous structure. These changes were associated
with progressive decrease of the growth rate, an
increase of the mean cell cycle time and different
responess to irradiation. The decrease in growth rate of
that tumour seems to be an exception to the findings of
other investigators.

The ochange from carcincmatous type to safcomatous type
has been explained by an actual transformation of the
tumour cells from one type to the other or on the basis
that the primary tumour is diamorphic with carcinoma—~
like and sarcoma-like components, with subsequent
random selection in favoour of the surcoma~like
components,

In general, there are changes in the ftunour kinetics

13



during successive transplants and hence the obtained
results of experimentis performed at different times.
This would entail the use for radiobiological
experiments, either of early transplants with the
least deviation from the spontanecus state or the use
of late tumour subpassages after reaching the

relatively constant pattern of growth and kinetics.

Mntigenicity of Experimental Tumours:

The immunological problems in experimental tumours have
been mentioned by several investigators, with respect to
the dilution assays (5;6), tumour growth (16,20,32) and
the biological behaviour through successive
transplantations (45,47,48,49,50). Hewitt et al. (11)
and Kallman et al. (5) raise the question of the
validity of using tumours other than those without
antigenicity for bioclogical and radiobiological
experiments to avoid immunity as a modifying factor of
the obtained results.

This antigenicity is well documented in virus-induced
and chemically-induced tumours (55,56). fm despite
reported immunity to a number of spontaneous tumours
(57,58) most workers could not find evidence of
immunogenicity in tumours of spontaneous origin (11,
59,60) .

C3H mammary carcinoma is known to be of viral origin and
to carry a specific antigen(s) which evokes only, a

feeble immunological response in mammary tumour agend
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negative mice (NT ~) and an even weaker or no response
in MTA positive mice (61,62,63). Immunization was
possible in MTA~ mice but not in MTA+ mice (61).
However, Suit and Kastelan (64) found that weak
antigenicity in MTA-~ mice had no effect on the number of
tunour cells to be killed by radiation to achieve local

control of the tumour, i.e. the TCD were the same in

50°
non-immmized end immunized KTA- mice (5205 and 5216

rads respectively).

Tumour Vasculaerity
Histologic; microangiographic, Algire chamber, chick
chorioallantoic membrane and rat dorsal air-sac technics
(65,66,67,68,69,70,71,72) have been used for intensive
studies of the vascular architecture of tumours, Rubin
and Casarett (65,66) concluded, after analysis and
reviewing these technics that the microcirculation of
tunours represents an active growth from the pre-existing
hogt blood vessels with a specific vascular arborization
pattern for each tumour which is inherent to the tumour
and. not the site of growth. The following anatomical
patterns of tumour circulaticn have been suggested by
Rubin and Cassaretts—
1 ~ peripheral vascularization with penetrating
vesseln;
ii ~ peripheral vascularization without penetrating
vessels;

and 111 -~ central vascularization.



Tumour vascularity is imperfect (65,66,67,68) and
mainly consists of irregular, incomplete channels with
arteriovenous shunts and sinusoidal spaces and although
it may appear adequate anatomically, it is less
effective functionally leading to slow, sluggish
circulation with multiple areas of necrosis. The
proportion and distribution of these areas reflect the
state of tumour oxygenation and hypoxia in different
parts of the tumour (73). The absence of necrosis in
slow growing spontaneous C3H mammary carcinoma has

been attributed by McCredie et al. (26) to its
relatively uniform distribution of the blood supply,

in comparison with the rapldly growing syngeneic
transplants which outgrew their blood supply.

The oxygenation status of a tumour depends on the
balance between the tumour demands for thé available
oxygen and the functional adequacy of tumour vascularity.
The latter is a function of the numbers of the patent
blood vessels per unit volume of the tumour and the
adequacy of the blood flow in them.A The blood flow can
be impaired by compressién and occlusion of the blood
vessels or excess capillaries than the blood supply (68).
The response of tumour blood supply to vasoconstrictor
and vasodilator drugs has been discussed by some workers
(74,75) and the changes in the blood flow induced by
stress and snaesthesia have a2lso been reported (section
2.5.4).

The theoretical consideration and histological

16



observation of Thomlinson and Gray (73) and the careful
studies of Tannock (76) concerning the rates of cell
proliferation at different locations in the tumour cords
have shown a limited range of about 150m for the
diffusion of oxygen with a falling gradient in the
tumour cords away from the capillary wall. Beyond this
range the tumour cells will be under hypoxic conditions,
out of cell divimsion and end in necrotic areas.

Tannock (77), Tarmock and Hayashi (78) suggested that
the rate of tumour growth is limited probably both by
losa of capillary function caused by blood stasis and
the rate of proliferation of endothelial cells which are
not derived from a faster proliferation precursor
population with turnover time of a few months.

Several transplanted tﬁmours have been shown to survive
and grow to a limited volume on simple diffusion.,

Greene (79) observed that small tumours implanted for
more than a year in the anterior chamber of the guinea
pig eye would not continue growth due to the absence of
vascularization. When these tumours were reimplanted in
the muscle of a rabbit, they grew to a large size due to
vagcularization., Follman et al. (80) found that
implanted tumours in isolated perfused organs grew to a
limited size (3~4 mm). Using the Algire chamber technic
(67,68), venous vascular invasion was noticed 3~5 deys
after transplant, followed by arterial supply in 1-3
days, coinciding with the start of growth. Xnighion et

al. (72), in a study of Walker 256 carcinosarcoma
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implanted on chick choriocallantoic membrane, observed
that the tumours remained avascular for 3-4 days after
which they were surrounded and penetrated by new blood
vessels from the host vasculature. The avascular phase
supported the tumour up to 1 mm size, which consisted of
central necrogis, surrounded by a peripheral rim of
proliferating tumour cslls. A phase of rapid growth
began afier the tumour became vascularized with the
digappearance of the central necrosis at first. As the
tumour approached 3~4 mm, central necrosis reappeared.
Tumour induced vascularization appears to be a necessary
event in the progression of the growth of malignant
tumours. They establish the blood supply needed for
further growth by secretion of tumour angiogenesis
factor (TAF) which catfes neoproliferation of host
vascular endothelium and growth of host vessels into the

tumour (70,71,81).

Histopathological Changes in Tumour Vasculature
Following Irradiation:

Changes in permeability of the small vessels have been
demonstrated shortly after irradiation (82,83,84,85).

The blus flush over the irradiated depilated flanks
appeared within two hours after injection of a vital

dye (Pontamine Sky Blue) into the marginal vein of
rabbits and was more apparent at intervals of 1, 9

and 16 days after 1200 or 2000 T superficial X-rays (62).

Thomlinson (84) reported these changes in 3 hours after



4000 rads which cleared in 48 hours. Song and Levitt
(85), Song et al. (86) using 2lgr labelled red blood
cells and 1251~1abelled plasma protein in studies of
vascular changes in Walker 256 carcinoma of rats
following X~irradiation, found increased permeability
on the first day after 1rradiation with 2000 or 3000 R.
This returned to the control level on the second day
and continued to decrease to the lowest level by 12
days. Then gradval recovery was found from 15 days,
with an increased permeability again at 27 days
postirradiation. They also found a rapid decrease of
the intravascular volume of fumours during the first
few days, reaching a lowest level by 11 or 12 days
during which time the tumours were undergoing regression
then gradual recovery from 15 days; but the
intravascular volume remained smaller than the control
tumours at 27 days postirradiation. Merwin et al. (87),
vsing mouse mamﬁary carcinoma in the original type of
Algire chamber, concluded that the endothelium was
rarely able to produce new vessels within the
irradiated volume of tumour after 2000 or 3000 rads ab
the time of regrowth. They also reported the
reutilization of the pre~existing capillaries to
support the regrowth with gradual stesis in these
vepgsels followed by thrombosis and a new wave of
necrosis of the tumour. Thomlinson and Crggock (88),
veing the chemically induwced fibrosarcoma RIB5 in ratls,

observed capillary thrombosis associzted in time with
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the regrowth of the tumour, with a second wave of delay
when the tumours grew up to and beyond the size at which
they were irradiated. Rubin's conclusions (89) from his
studies of the microcirculation of tumours are that the
progressive destruction of tumour cells precedes the
capillary changes, and months later capillary
endothelium fails to proliferate when there are demands;
hence vascular failure and another wave of cell death
occurs. Brecher and Tessmer (90) reported that the
late vascular damage became evident histologically
about 2=3 months after a single dose of > =2 2000 rads
or cumulative doses of similar magnitude. This

damage includes endothelial swelling, hyaline
thickening of intima, occlusion and fragmentation of
bloed vessels. The hypothesis of late expression of
the vascular damage after irradiation is shared by
several investigators (78,88,89) and strengthened by
the fact that the endothelial cells are derived from a
slowly dividing precursor population with a turnover
time of a few months (77). No increase of thymidine
labelling index was detected up to 3 weeks after 2000
rads nor up to 2 weeks after 4000 rads irradiation of
muscle, skin or bone (78) but an increase was observed
at 40 to 70 days after 2000 rads irradiation to the
heart of rabbits (91).

Rubin and Casarett (66) using correlative
microangiographic and histological techniques in

transplanted rat tumours, have described a
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'supervascularization' phenomenon 4 days after
irradiation association with tumour regression. They
also found that a dose of 1500 r produced more
fragmentation and occlusion of the fine vasculature if
it was given as a single dose than as 3 fraciiocns

(500 r x 3). Reinhold (67), using sheet~like mouse
mammary tunour in a modification of the Algire chamber
system, has also desoribed increased vascular density
and improvement of blood flow with daily fractions of
576 rads at the seventh day when the tumours have just
regressed beyond the irradiated gize. Sacki et al.
(92), using microangiographic studies of C3H mouse
mammary carcinoma, found that the vascularization
pattern of either tumouvrs transplanted into a tumour
bed previcusly irradiated with 3300 rads or of tumours
which recurred after 4000 rads, were basically the same
but scattered and less rich and fine compared with the
non~treated tumours. They concluded that the
proliferative capacity of the endothelial cells was
impaired by irradiation. McAlister and Margulis (93)
studied the vascular chénges in 5 different types of
mouse tumours by angiography following various doeses of
X~irradiation and concluded that the timing and dose for
vascular changes varied according to the type of tumours.
Rubin (94) expressed the opinion that fractionated
irradiation should lead to regression of tumours with
prescervation of vasculature,; s rapid obliteration of

vasculaiture can increase focd of hypoxic tumour cells

21



with inoreased radioresistance and incidence of

necrosis and recurrences.,

The Restraint of Transplanted Tumour Growth in

Previously Irradiated Sites "Tumour Bed Effect'™:

Tuiour bed effect (TBE) studiss have also provided

useful information on the complex interaciion between

tumour cells and normal tissue stroma in solid tumours
and the effects of ionizing irradiation on the blood
vessela.

Despite the possible differences between the effects of

irradiation on already established proliferating tumour

vascularity and unstimulated quiescent normal
vascularity in previously irradizted graft sites, the
following conclugions have been reached:

1 - In geveral animal experiments no significant TBR
was detected with doses of 500 rads or less and
reached maximum with single doses between 1500 and
3000 rads (95;96497);

2 - TBE was detectable as early as a few days after
irradiation (95,97) and persisted undiminished
for many months afterwards (95,96);

3 —~ TBE did not increase the number of cells required to
produce tumours in 50% of the sites (TDSO) (95,98,
99);

4 ~ TBE did not affect the latent periods (section
1.1.2) in some animal tumours (95), while it

prolonged the latent period in others (97,98,100);



5 « TBE led to a slow rate of tumour growth (95,97,99,
100). Hewitt and Blake (95) found that the slope of
tumour growth at the pre-irradiated sites was nearly
half that of the controls. This was independent of
the age of the host animal and the intrinsic growth
rates of the tumours they studied. They also
observed no growth restraint until the tumours

3

approached a size at least 1 mm~ and suggested that
microtumours can obtain their nutritional
requirements by diffusion from the existing vessels.
It appears that damage to the host vascularity and
supportive tissue is the cause of TBE. Summers (29)
concluded that the lower growth rate of tumours growing
in pre-irradiated sites results from a decrease in the
availability of the nutrients necessary for cell
division., Clifton and Jirtle (99) concluded from their
studies of MI'G--B mammary adenocarcinoma grafted in C3H
mice, that the inhibition of new vascular growth brought
about by irradiation of the graft site was reflected in
an increase in tumour cell death with little ér no
change in the proliferative rate within the viable
tissue centres. They pointed out that many irradiated
endothelial cells retained functional capability
although they had lost reproductive capacity and that
growth could occur along pre-existing, nonwgrowing
capillaries at reduced rate of growth. Jirtle et al.

(101) found that the blood flow of MI-H9B mammary

adenocarcinoma growing in rat mammary glands previously
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exposed to 1500 rads X-rays, was 52% that of the same
sized tumours in unirradiated host tissues, They
suggested that this reduction in the tumour blood flow

might be the cause of TBE,

The Hypoxic Tumour Cells:

Oxygen concentration strongly influences the
radiosensitivity to low LET radiation. Anoxic cells are
2~3 times more radioresistani than well oxygenated cells
and the radiosensitivity of these cells cen be increased
by oxygen (102~106). The anoxic cells are found to
modify the shape and the slope of the radiation
dose~response curve of a composite cell population of
anoxic and oxic cells (107-111).

Hypoxia, specially when chronic or prolonged, can lead
to a shift of the cells from the cyclic to the
non-cyclic (76,112,113,114) and it seems also to impair
their capacity for recovery from sublethal damage
(115~118). On the other hand, hypoxic cells can repair
potentially lethal damage (PLD) more efficiently than
well oxygenated cells (119~121). Hence improvement of
the oxygenation status operates in two opposite
directions; 3t enhances killing of initially hypoxic
cells by increased radiation sensitivity and impairment
of repair of PLD, while it leads to more repair of
sublethal damage and rapid proliferation of the
swviving reoxygsnated cells,

Numerous animal studies have confirmed the existence of
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hypoxic celle in many, if nob all experimental animal
tumours (122), Most workers believe that a significant
proportion of cells in a tumour would be likely to exist
at levels of oxygen tension low enough to give them
proteétion from radiation damage, yet remain clonogenic
when irradiated. Such cells would be significantly

more radioresistant than well oxygenated tumour cells
and would be likely to survive doses capable of
eradicating the rest of the tumour cells and repopulate
and regrow tumours when their oxygen supply is restored.
These hypoiic cells are considered to be one of the

main factors affecting tumour curability by
radiotherapy and the expected influence of a very small
proportion of hypoxic cells on the cure probability of
a tumour has been discussed by several workers. Suit
(123) suggested that 1% hypoxic cells will raise the

TCD50 from 5960 to 10,800 rads in a tumour of 106 cells
treated by 30 equal fractions. Sambrook (124)
suggested that 19 anoxic cells presenf in the tumour
would soon dominate the response pattern and determine
the ultimate surviving fractions. Thomlinson (125)
egtimated that a proportion of hypoxic cells of less
than 1 in 106 would just not affect the size of the
single dose necessary to sterilize all the cells in
such a tumour. Thomlinson (126) calculated the upper
limit of the proportion of hypoxic cells in a tumour

which would reduce the chance of cure if exceeded,

to be 1% for X-rays and &% for fast neutron with an
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OER (oxygen enhancement ratio) of 3 and 1.7
respeotively. Field (127) in a schematic demonstration
of the effects of hypoxic cells on the response of
tumours to single doses of X-rays, showed that 1%
hypoxic cells would raise the curative dose from 1500
rade; when all the cells are well oxygenated, to 3650
rads and only small further increases in doee are
required for 10% =nd 100% hypoxic cells i.e. 4140 rads
and. 4410 rads respectively. Fowler et al. (128) in a
theoretical model, calculated the single doses that are
required tsigive 90% chance of “"cure" of a tumour of

75 mm diameter to be 4300 rads if all the cells were
well oxygenated, 8000 rads if 1% of the cells were
hypoxic and 10,000 rads if all the cells were hypoxic.
A single dose of 4300 rads would give this probability
of cure of a tumour of -3 mm diameter with 1% hypoxic
cells and 0.6 mm diameter if all the cells were hypoxic.
Several mathematical analysis and models have been used
for estimation of the proportion of hjpoxic'oells in
various tumour sysiems, irradiatgd under hypoxic, air
or high pressure oxygen bhreathing conditions. These
analyses and modela have been applied to local control
"cure" data (9,129,130) growth delay curves (88,131),
cell survival in vivo-vitro assays (132-134) and/oriqL
vivo-vitro-vivo assays (108). DEstimates of the hypoxic
cell fraction in these tumour systems have ranged from
1% to greater than 50% (122).

Recently, several published papers have drawn attention
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to the discrepancy in these estimates in the same

tumour system, using different assays. MoNally (132,
134) in studies on a rat fibrosarcoma, has shown that
the modifying effect of oxygen and radiation quality on
tumour growth delay and on cell survival in vitro after
irradjation in vivo were not the same. McNally (133) in
a study of sarcoma f in CBA mice found also quite a
different estimate of the hypoxic fraction, using
growth delay and tumour cell survival in vitro after
irradiation in vivo. Estimates of less than 10% and in
excess of 50% were found respectively. Hill and Fowler
(131) in a study of squamous cell carcinoma D, growing
in HHT/Ht mice, previously found to have 18% hypoxic
fraction by in vitro assay (6), estimated a wide range
of hypoxic fraction between 10% and 100% using 3
different methods of analysis of the growth delay

curves of this tumour. McNally and Sheldon (135) in an
analysis of the response of anaplastic NMT tumour, using
3 different assays (tumour cure, cell survival in vitro
after irradiation in vivo and growth delay) also
egtimated a wide rénge of hypoxic fraction between 5%
and over 50%. The tumour bed effect, especially from
vascular damage (sections 1.6,1.7) may contribute to the
growth delay of the tumour after irradiation, which has
been assumed to be primarily a reflection of the lethal
effect of radiation on the tumcur cells (88)., There is
also the possibility that the immediate post-irradiation

environment critically affects the fate of irradiated
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cells and the removal of these cells from in vivo to in
vitro assays may change the course of events in the
undisturbed tumours (132).

McNally and Sheldon (135) pointed out the erroneous
conclusions from the use of a single assay of radiation
response alone and the usefulness in using several

methods of radiation response assays in the same tumour.

The Phenomenon of Reoxygenation:

A process of '"Reoxygenation" occurs when the number of
hypoxic cells in the tumour decreases more rapidly than
would be expected on the basis of radiation killing of
hypoxic cells, The importance of this phenomenocn is
related to the reduction of the number of hypoxic cells
after the first dose of radiation due to improvement of
the oxygenation status of the tumour. This will'
counterbalance the effects of repair of radiation
damage and that of cellular proliferation after
irradiation, leading to a more effective second dose of
radiation and fractionated irradiation (1,9,122,126,129,
136).

The phenomenon of reoxygenation has been reported in
several animal tumour systems (129,137-143).

The process of reoxygenation can be expected as the
tumour shrinks following irradiation. The reduction of
intercapillary distances and the relief of compression
on the tumour capillaries improve the oxygenation status

of the remaining cells, especially with the availability
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of more oxygen for consumption after the metabolic
inhibition and killing of many tumour cells.

Fowler et al. (1,136) showed that reoxygenation was the
most important factor in determining the response of
first generation C3H mammary tumour to a wide variety of
fractionated X-ray schedulesy while repair,
synchronization and repopulation were of less
importance. In that tumour system, reoxygenation
coincided with the reduction of the tumour volume in

2-3 days after a single dose of 1500 rads (129). On the
other hand, Thomlinson (126) in a study of RIB5
sarcoma drew attention to an early phase of
reoxygenation due Vo reduction of oxygen consumption as
a result of the extensive cell death after irradiation.
That tumour showed an early increase in sgize dbefore
shrinking.

The rate and extent of reoxygenation varied in different
types of twnours (129;144) and in the same tumour,
probably according to the initial dose and {the schedule
of fractionated irradiation (129,130,143,145,146).

Nias et al. (117) showed that the oxygen effect was
fully operating on Hela cells in vitro above 1000 rads
while it might be minimal at doses below 200 rads.
Howes (129) and Howes et al. (130) in studies of first
generation C3H mammary tumour, showed that

reoxygenation was less apparent after a single dose of
300 rads than 1500 rads. A4 fractionated irradiation of

total dose below 3000 rads was less effective than a
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single dose of the same magnitude, due to the
predominance of recovery processes over the
reoxygenation effect at these dose levels, Hawkes et al.
(147) in studies of both spontaneous and first
generation isotransplanted mammary tumour in C3H mice,
irradiated with 14 MeV electrons, found that two equal
fractions at 24 hours interval were more effective than
a single dose, when the total dose levels exceeded 2500
radg and 3000 rads; for transplanted and spontaneous
tumours, respectively, in mice breathing oxygen. No
difference was found below these dose levels or in mice
breathing nitrogen. They suggested that reoxygenation
became apparent after 2500 rads when the hypoxid cells
predominated and recovery was an important factor in

transplanted tumour below total dose of 2000 rads.

The Gross Response of Tumours Following Irradiation:
Denekamp (25) in an analysis of the response of several
animal tumours after sing}e doses of 1-2 Krade of
X-rays, noticed that the variation of individual tumours
within any tuﬁour type was remarkably small in the first
few days, but this variation increased with time,
specially duriné the phase of regrowth. She found that
animal sarcomas continved to grow for 2 to 3 days before
regression while carcinomas showed immediate regresgicn.
Denekamp concluded that the initial rapid shrinkage of
carcinomas was not a direct result of radiation induced

cell death, but unmasking of the normal rate of cell
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lose by halting cell production by radiation induced
mitotic delay. ©She attributed the difference in
response between sarcomas and carcinomas to differences
in the vasoular architecture, mode of death or the
relative amount of oedema from radiation injury. The
initial increase in size of some tumours and the
immediate regression of others have been reported by
several investigators (21,25,85,88,130,148,149).
Induced oedema due to increased permeability of the
blood vessels (section 1.6) or the transient
proliferation of the doomed cells (21) may be
responsible for the initial increase in size of some
tumours after irradiation.

The observed response of tumours, after irradiation is
the net result of many dynamic processes, mainly cell
death, cell loss and cell production and it seems a
very poor indicator and inaccurate estimste for the
nunber of tumour cells killed and the kinetic behaviour
of the cell population. Both Suit (150) and Denekamp
(151) commented that the observed response of tumours
after irradiatidn would reflect the rate of removal of
the dead cells and cell debris and also the efficiency
of cell loss mechanisms. Thomlinson (152) pointed out
that. these mechanisms are radiosensitive and can be
affected by radiation. Hermens and Barendsen (21), in
a study of a rhabdomyosarcoma in rat, pointed {to the
discrepancy between two effects induced by a dose of

2000 rads of X—rays; mnamely, a decrease of the
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surviving fraction of cells below 1% and a decrease in
the tumour volume by only 25%. The regrowth of this
tumour started 8 days after irradiation, reaching the
pre--irradiation size 4 days later, while rapid
proliferation of the surviving fraction at shorter cell
cycle time commenced 4 days after irradiation; reaching
the pre—irradiation value 5 days later. Denekamp and
Themlinson (148) did not find any conspicuous changes in
the cell generation time, nor the growth fraction, 14
days after 1500 rads to C3H mammary tumour. Brown (153)
did not observe big changes in the growth fraction but
slight prolongation of the cell cycle time 1 to 3 days
after 500 or 1000 rads to induced squamous cell
carcinoma of the hamster cheek pouch. Sszczepanski and
Trott (149) in a2 study of transplanted adenocarcinoma
284 in C3H mice, found a itransient doubling of the
growth fraction 6 to 8 days after irradiation with doses
of 600 or 1200 R, due to triggering of the resting cells
(G0 cells) into cycle at normal or slightly slow speed.
This tumour resumed growth 6 to 8 days after irradiation.
The pattern of shrinkage and the time requiréd for the
tumour mass to regress completely after large doses of
radiation, vary in tumours with different histological
structure and within each tumour type. The regression
rates tend to be similar over the range of large doses
of radiation. This is despite the wide difference in
the probability of local tumour control *mcure" by these

doses. These observations can be deduced from the
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several published growth response curves for a variety

of animal tumours following irradiation (88,131,154,

155) .

1.11 The Processes Ocourring in Split Dose Irradiation:
Several biological processes operate in the interval
between two fractions of radiation, in vitro. These
processes includes

1 ~ Recovery from sublethal damage (156,157)

2 ~ Division delay and partial synchronization
of the cells surviving the first dose
(158-161)

3 ~ Repair of potentially lethal damage (162,163)

and 4 - Repopulation bﬁ the surviving cells

Full recovery from sublethal damage oocurs rapidly
within 2 to 6 hours and is measured by reconstruction
of the shoulder of a single dose survival curve or in
terms of the parameter D2%D1, where D2 is the total
dose giveﬁ'in twq fractions to produce the same

1° D2r—iDl value

depends on several factors including: +the quality of

" biological effect as a single doge D

radiation, the cell type and its capacity for recovery
from sublethal damge, the magnitude of the doses
delivered and the time beitween fractions.

The first dose sterilizes a high proportion of cells in
the more sensitive siages of the early cell cycle,

mainly mitosis late Gl/early 3 and GZ' leaving a high
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proportion of the cells in the more resistant early Gl
and late S phases. Maximum division delay cccurs if

the first dose im delivered during the S and @, phases

2
(158,159). The Elkind type of cyclic variation in
radicsensitivity is then observed as the partially
synchroniged population progresses through the next
cell cycle. A prompt rise in D2——D1 value in the first
2 to 6 hours is due to recovery from sublethal damage.
This is followed by a dip and a further rise as the
cells move to a sensitive then another resistant phase
of the cell cycle. Radiation induced division delay
appears to be dose dependent, hence, a longer division
delay occurs as the magnitude of the first dose
increases (approximately one minute for each rad).
Young and Fowler (164) showed that DDy value would
increase with inorease in the total dose, possibly due
to a greater degree of induced synchronization. They
also showed that the maximum value would be obtained by
equal, rather than unequal fractions; while a lower or
even negative value ocould be obtained by delivering a
second dose of certain magnitude during the more
sensitive state of the partially synchronized
population. This means that synchronization may result
in either more or less dose being necessary to produce
the same degree of cell killing with two dose fractions,
relative to a single dose. This is in contrast to

recovery from sublethal damage and repopulation which

necessitate an additional dose.
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In vivo, the shoulder on a single dose survival curve
cannot be determined but the additional dose increment
(Dz—Dl) can be obtained. Alternatively the reduction
in the biological effect from giving the same total
dose in two fractions can be measured and compared with
a gingle dose that produces the same level of -
biological effect. However, accurate estimate of
recovery in tumours is difficult and complicated due to
the interaction of the various processes mentioned
earlier for in vitro irradiation, particularly the
existence of hypoxic cells and reoxygenation in tumours
(sections 1.8 and 1.9). Tannock (165) pointed out that
tumour cells are not simply "aerobic" or "hypoxic" bub
exist in the tumour under a broad range of oxygenation
state from fully oxygenated (cells located near a
capillary wall) down to a severe hypoxic or even
approaching an anoxic state. BSeveral investigators
(117,118,166-169) héve found impairment or even loss of
the recovery capacitiy in severe hypoxic state. Thus,
the improvement of the oxygenation status of acutely
hypoxic ftumour cells at the end'of hypoxic irradiation
or chronically hypoxic tumour cells due to
reoxygenation, would promote the recovery of these cells.
However, since reoxygenation increases the sensitivity
of the tumour cells to subsequent doses, it will
obscure the observed cyclio variations seen in split
dose experiments in vitro and will also underestimate

the magnitude of the additional dose increment needed.
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No additional dose will be needed if reoxygenation
exactly balanoces recovery and even lower doses may be
needed i.e. a negative D2—Dl value, if reoxygenation

is more effeotive than recovery (142,147,170,171). In
the latter case, two dose fractions would be more
effective than a single dose,

For more accurate estimates of D2—Dl values for tumours,
the effect of reoxygenation should be sliminated by
making the cells either uniformly hypoxic or wniformly
sensitive by a potent hypoxic cell radiosensitizer
(Misonidazole) (172). The D,-D, value obtained under
hypoxi¢ conditions is then divided by an assumed oxygen
enhencement ratio (OER) of 2.5 to 3 to obtain the dose
increment of recovery under well oxygenated conditions.
Denekamp and Harris (172) pointed %o possible artefacts
in the measurement of the recovery increment of tunours
by both methods; namely, the assumed OER and the
possible cell damage and kill by hypoxia (144,173,174)
and the cytotoxic effect of misonidazole and its
enhancement ratio which is close to, but not similar to,
that of oxygen.

Phillips (175) in a study of the published data,showed
the variable recovery capacity of various normal
tissues, with the highest values for the skin and gut
(D2~Dl values of 500 to 900 rads). He also claimed a
smaller recovery potential for tumours (D2~Dl values of

200 to 400 rads). The existence of homeostatic control

and the absence, or near absence, of severely and
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chronically hypoxic cells in normal tissues may play a
part in the large recovery potential of these tissues.,
However, Withers (176) could not find significant
differences in 32~D1 values between normal tissues and
tumours, He concluded that the overlap in these

values was too much to reach any conclusion.

Repair of potentially lethal damage (PLD) may contribute
to the D2—Dl value. This repair has been shown in vitro
in density inhibited plateau phase cell cultures
(119-121) and in vivo in experimental tumours grown in
both ascitic and solid forms (135,177,178). PLD seems
to occur in poorly nourished,; hypoxic and non-actively
dividing cells, believed to exist in many tumours
(section 1.8) and behaves in a manner similar to the
cells in the plateau phase of a cell culture. This
type of repair hae been found to be completed in 4 to

6 hours and %o be dependent on both the postirradiation
environment and the dose, leading to decreased
sensitivity of the cells in the high dose rangs.

The extent and rate of repopulation has been tested in
multifractionated experiments of various schedules and
in split dose experiments with intervals beyond 24
hours. Several investigators have shown that a smaller
additional dose was needed 1o compensate for
repopulation in the skin and tumours of experimental
animals in comparison with the dose increment for
recovery from sublethal demage (21,176,179~182). The

delay in onset and effectiveness of repopulation has
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been shown in several studies, Hermens and Barendsen
(21), in a study of rhabdomyosarcoma in rat, found no
cellular proliferation for about 4 days following a
single dose of 2000 rads. Denekamp and Harris (170)
in a study of carcinoma 'NT" in CBA mice by two dose
experiments; also found no appreciable repopulation
effect up to 5 days. Fowler et al. (136) and Suit et
al. (183) concluded that repopulation was less
important in fractionated irradiation over short
overall periods and with large doses per fraction.
These investigators showed that repopulation became
effective in early generations of C3H mammary tumours,
if the overall period of fractionated irradiation
exceeded 10 to 18 days.

Induced division delay plays an important role in
halting the onset of repopulation for a period which
ig dependent on the magnitude of the first dose.
However repopulation may commence at a faster rate due
to shortening of the cell cycle {21). The presence of
surviving cells among lethally irradiated cells might
enhance repopulatién of these surviving cells (section
1.1.3). This would be of greater importance after
large doses when the surviving cells are mixed with a

large number of killed cells.
1.12 Hypoxic Cell Radiosensitizerss:

One of the most promising approaches to overcome the

problem of hypoxia in tumours, is the use of electron—
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affinic chemical radiosensitizers. Adams (184)
summarized the properities essential for a hypoxic cell
sensitizer:

1 « The compound must selectively sensitize
hypoxic cells;

2 = It must be non~toxic to normal tissues at
the therapeutic dose;

3 — It must be capable of diffusing readily into
poorly vascularized areas of tumours, to the
distant hypoxic cells;

and 4 ~ It must not be subject to rapidly metabolic
breakdown.
These compounds have the following advantages over the
use of hyperbaric oxygen and high LET radiation: +the
relatively low cost; the ease of administration; and
the wider range of diffusion in comparison with 150 n
for oxygen. The vast majority of these compounds appear
to be simple oxygen mimetics (185) and their efficiency
- of sensitization is related directly to the electron
affinity of the compound. Successful sensitization in
vitro and in vivo of.mammalian cells was achieved by
compounds containing the NO2 group: paranitro-
acetophenone (P.N.A.P.) and various analogues (186-192)
and nitrofurans (193,194).
In 1973, attention was focused on nitro-imidazole
compounds where the N02 group is attached to an
imidazole ring. Following in viitro screening of eight

chemical radiosensitizers on bacteria S. marcescens and
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V79 Chinese hamster cells, under hypoxic and aerobic
conditions, Asquith et al. (195), found that a
2-nitroimidazole compound, Misonidazole, with a code
number RO-07-0582 was an extremely effective sensitizer
of hypoxic mammalian cells and more potent than
5-nitroimidazole, metronidazole, marketed as "Flagyl".
It vecame clear that the location of the NO2 group at
the 2 position of the imidazole ring, instead of the 5

position, has increased the radicsensitization potency.

1.12.1 Misonidazole
This compound was synthe§ized by Beaman et al. (196) as
a protype for new trichomonicides., It has the following

chemical structure:

1-(2-nitroimidazol=l-y1l)=3~methoxypropan-2-01

N N - CH2 - qH - %H2
OH OCH3

NO2

It is a small uncharged molecule which has an octanol:
water partition coefficient of 0.4 (185) and is stable
in solution in the absence of prolonged exposure to
light for 41 dzys at 2 C0 (197) and up to eight hours

at 41 ¢° (198).



1.12.2 Radiosensitization Properties of Misonidazole
l — Similar to other radiosensitizers, Misonidazole is
a specific sensitizer of hypoxic cells but not well
oxygenated cells, It has proved also to be more
effective than other radiosensitizers both in vitro
(189,195,197,199) and in vivo (200-206).

2 — Misonidazole sensitizes hypoxic cells to an extent
which depends upon drug concentration with a dose
modifying factor (DMF) which approaches that of
oxygen by increasing drug concentration in vitro
(195,197,199, 207) and in vivo (204~206).

3.« It has bheen also shown that radiosensitization of
hypoxic cells by Misonidazole and other electron
affinic sensitizers, is independent of the position
of cells in the mitotic cycle as in the case of
oxygen (186,193,195, 207,208).

4 ~ Moore et al. (197) showed that the radiosensitization
property of Misonidazole was independent of the
temperature in contrast to the cytotoxicity of this

drug, discussed below.

1.12.3 Cytotoxicity of Misonidazole
Several in vitro studies (195,197,198,199,209,210)
showed that Misonidazole was not only a specific
radiosensitizer of hypoxic cells but also a specific
cytotoxic drug to hypoxic rather than well oiygenated
cells, depcndent both on the concentration of the drug

and the duration of exposure. Asquith et al. (197, 208)
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1.12.4

found that cytotoxicity occurred at a much higher
concentration than that which was required for
radiosensitization. For example, an enhancement ratio
of about 2.5 occurred with 4 mM drug concentration,
while less than 30% of the cells were killed at 50 mM
drug concentration.

Several investigators (197,198,207,211,212) showed
that cytotoxicity, but not radiosensitization of the
drug was temperature dependent, being greater with
increased temperature range from 22% to 450C.

Several animal experiments (201,202,213,214) have also
suggested a cytotoxic effect on tumour cells which was
more evident with administration of Misonidazole after
irradiation. The oytotoxic enhancement ratios, in
these studies varied from 1,1 to 1.4 and were small
compared With the enhancement ratios observed with
administration of the drug before irradiation. However,
no cytotoxicity was observed in some tumours and even
a small protective effect was seen (155,214).

Bleehen et al. (215) did not observe any significant
cytotdxioity of Misonidazole on the EMT6 mouse tumour
at 3700 but marked potentiating effect of hyperthermia
on the cytotoxic effect of the drug at intra-tumour

temperatures above 42.500 for one hour.
The Pharmocekinetics of Misonidazole

Gas-—liquid chromatography and polarographic studies

have been used to measure the concentration of
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Misonidazole as a function of {time; in the serum and
tumours of experimental animals and humans (216,217).
Maximum tumour drug concentration in mice was generally
20-~80% of the peak serum level probably because of the
short biological half-life of 1 to 1.5 hours. Tn
humans, drug concentration in tumours usually fell in
the range of 50-100% of the peak serum level because of
the much longer half-life of 12.5 hours.

Several investigators used radiobiological assays to
determine the optimum time between administering the
drug and starting irradiation. These assays are better
indicators of the concentration of the drug at the
critical hypoxic cells in the tumours at any time after
its administration (218). Stone and Withers (204,219)
found a greater probability of mammary carcinoma
control, as the interval between I.P. injection of 1
mg/gm of the drug to irradiation was increased from

3 to 30 minutes. Brown (202) found that the surviving
fraction of the EMT6 tumour was lowest at an interval
of 30 minutes with doses of 0.3 and 1.2 mg/gm. Sheldon
and Hill (220) observed greater seﬂsitization of the
anaplagstic MT tumour at 30 minutes than 90 minutes

for a low drug dose of 0.2 mg/gm; compatible with the
decline of the serum concentration of the drug at 90
minutes. Sheldon and Hill (155) also found in another
funour (anaplastic MT1 tumour) an optimum interval of
45 to 60 minutes for maximum sensitization with the

same low dose of the drug.
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The maximum concentration of Misonidazole in the tumour
mass and the period for which that ponoentraiion is
maintained, would determine the effectiveness of the
drug. The magnitude of radiosensitization can be small
with low tumour drug concentration and intervals other
than the optimum one. The cytotoxicity observed in
animal tumours with administering the drug after
irradiation, is also likely to be underestimated for
the following reasons:

1l = A single or limited number of small doses of the
drug are used, in vivo; not a continuous dosage
for several hours as used in in vitro experiments.
Hence, tumour cells are exposed to the drug for
shorter periods due to the short half life of the
drug in experimental animals.

2 = There is also the possibility of lower concentration
reaching the tumour afier irradiation due to
vascular damage, especially after single doses of
20 Gy or more as discussed in section 1.6. However,
because of the drug's longer half life in man, the
interval between admihistering the drug and
radiotherapy may not be so critical for either the

radiosensitization or cytotoxicity.

1.12.5 The Use of Misonidazole in Experimental Animals and
Humans:
The action of Misonidazole in any in vivo situation

is likely to reflect a combination of its

radiosensitization properties coupled with its



cytotoxicity which are selectively against hypoxic
cells., The maximum effects of the drug, therefore

can be expected in tumours whenever hypoxic cells
predominate (218), provided that the drug has access

to these cells and is present at the maximum
concentration in the fumours. The effectiveness of

a gensitizer is usually defined in terms of the
"enhancement ratio" (ER) which is the ratio of Xeray
dose required to produpe a given biological effect

with sensitizer to the dose required without sensitizer.
In a wide variety of mouse ftumours, with variable
proportions of hypoxic cells and variable doubling
times, Misonidazole was found to have enhancement ratios
of 1.5 to 2.4 and 1 to 1.9 with doses of 1 mg/gm and
0.2 to 0.3 mg/gm, respectively (218). The drug was
given immediately or several minutes before irradiation
and différent assay methods were used to measure tumour
response: delay in growth (133,174,201), local control
(i.e. cure) (206,219,220), cell dilution assays (133,
202) and loss of 125IUdR from tumour cells (174).

Some animal experiments have suggested a loss or
decrease of efficiency of Misonidazole whenever well
oxygenated cells predominate in the response to
irradiation, as is the case with single doses below
2000 rads in sarcoma F (133) and 1200 rads in CBA
carcinoma NT (201). At these low doses of irradiation,
tumour response is mainly due to killing of well

oxygenated cells. The ER was found to increase
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approaching that of fully hypoxic population with
increase in dose, due to the predominance of hypoxic
cells after the killing of well oxygenated cells by

the lower doses,

The decrease in efficiency of Misonidazole has also been
demonstrated with fractionated irradiation in tumours
which are known to reoxygenate rapidly, with decrease of
the number of hypoxic cells between successive doses.
This was the case with first generation C3H mammary
carcinoma (206,221) where the enhancement ratio fell
from 1.8 for single doses of irradiation to 1.1 or 1.2
for fractionated irradiation; and also in the case of
CBA carcinoma NT (172) where the ernhancement ratio fell
from 2,1 for single doses of irradiation to 1,6 and 1.2
for 2 fractions in 2 days and 5 fractions in 9 days,
respectively.

The loss of efficiency was less marked in the anaplastic
tumour MT1l, studied by Sheldon and Hill (220).
Enhancement ratios of 1.7 and 1.5 were found for this
tumour for single doses of irradiation and 5 fractions
in 4 days, respectively. These investigators have
attributed this slight loss of efficiency of
Misonidazole to the minimal degree of reoxygenation.
Johnson et al. (222,223) in studies of Midonidazole in
primates, have also raised the possibility of some form
of enzymatic drug induction which leads to a more
efficient destruction of the drug, following repeated

administration, This phenomenon seemed to differ among
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species and was not observed with repeated doses in
human (224).

It was concluded from early studies on patients, that
Misonidazole showed gbod promise as a radiosensitizer in
clinical radiotherapy (225). Since then, considerable
interest has developed to assess the use of the drug in
combination with radiotherapy in hwman solid fumours
(see the proceedings of the 8th L.H. CGray Conference,
Cambridge, 1977). These trialg are designed to explore
the best clinical application of the drug within the
dose limitation imposed by the neurotoxicity of the

drug mentioned below,

Toxicity of Chemical Radiosensitizers

Denekamp et al, (200) in their in vivo screening of some
electron affinic compounds, found that LD5O (érug dose
which is lethal to 50 per cent of mice) was: 0.2 mg/gm
for N.D.P.P.; 0.3 mg/gm for Nifurpipone; 1.8 mg/gm for
Misonidazole and 3.8 mg/gm for Flagyl. Despite the

higher LD 0 for the latter the therapeutic index of

2
Misonidazole was about 4 times greater, indicating the
particular effectiveness of Misonidazole compared with
Flagyl.

A mild soporific effect of Misonidazole has been
described in mice (200) which entailed slight reduction

of the dose of anaesthesia (133). Sheldon et al. (206)

described early death in mice with doses of 0.67 mg/gm
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administered before daily fractionated irradiation

due to Misonidazole "gut syndrome"™ i.e. the stomach

was very full of dry food while the rest of the gut was
completely empty. This occurred usually on the fourth
or fifth day after starting irradiation and in 15 per
cent of the 5 fractions in 4 days schedule. It did

not occur in either the 3 fractions in 4 days or the 5
fractions in 9 days regimes. Therefore, it seems to be
related to the cumulative daily dosage of the drug in
a short period.

Scharer (226) described cerebellar degenerative changes
and an acute syndrome in dogs in the form of ataxia,
convulsion and death aflter repeated high doses of
nitro-imidazoles., This toxicity was not observed in
other experimental animals (mice, rats, guinea pigs or
rabbits) and was considered a specific species
sensitivity in dogs. Parkes (quoted 216) found that
doses of 400 mg/kg of Misonidazole in monkeys, produced
reversible severe muscular inco-ordination and
incipient convulsions by day eleven from which the
animals recovered within 24 hours after cessation of
drug therapy. ©Small bilateral brain lesions were

found at all dose levels even though no clinical signs
were detectable with small doses.

In the human; mild insomnia and gastro-intestinal
disturbances occurred with Misonidazole (216) and
transient drowsiness, nausea and vomiting efter Flagyl

(227,228). Mild to severe neurotoxicity has been



described for both Misonidazole (224) and Flagyl (229)
and on rare occaslons convulsions have heen reported
after very high doses (230). Electron microscopy
studies of affected peripheral nerves have revealed
distal axonzl degeneration with segmental demyelination,
predominantly affecting small myelinated nerve fibers
(231). This neurotoxicity is the main dose limiting
factor for Misonidazole. It appears to be related to
the total dose of drug administered and the time
interval over which it is given. Various dosage
regimes have been proposed on this basis including:
once or twice weekly doses to a total dose of 18 g or
12 g/m body surface area (231,232) and many small
doses, combined with a convential course of multi-~

fraction radiotherapy (233).
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CHAPTER IX

MATERTALS AND METHODS



2.1

Host Animals:

Normal, healthy, virgin C3H mice aged between 8 to 12
weeks, of either sex were used in the experiments.

The weight of the mice at this age varied usually
between 20 to 25 g. Nost of these mice were bred in
our ouwn fAnimal Heuse by a conventional inbred mating
system. TFor some experiments, C3H inbred mice from
Bantin and Kingman Ltd., Hull, were used when the
number of mice from our inbred colony was not enough.
There was no difference between these and our inbred
mi.ce, regar&ing tumour growth and response to radiation.
Mice were housed in polypropylene cages 192.5" in area,
maximum of 10 mice per cage. This number was convenient
from the point of view of the available space in the
animal house and also avoidance of overcrowding of mice
in each cage. The breeding, isolation and experimental
rooms were kept at a constant temperature of 21 z 1 Co
with relative humidity of 55 z 5% and cﬁnsecutive 12
hour periods of light thenldark (i.e. light:=~ 7 am to

7 pmj dark:= 7 pm to 7 am GMI).

The animals were fed on formula 41 mouse diet (produced
by Angus Milling Company, Perth and supplied by William
Shearer and Company, Glasgow) and were provided with tap
water ad libitum. The cages were cleaned twice weekly
and the water was changed daily. Sterile precautions
were taken in an attempt to reduce the risk of epidemic
disease. Thesge precautions included avtoclaving all the

cages and the water bottles and isoclation for 2 weeks of
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any mice other then thoge from our inbred colony.

The mice used for the present work shared the rooms
with another strain of mice (DBA/2) used for other
experimental works in the same laboratory.

Mice of either sex were used due to the short supply of
animals. There was no evidence that sex has affected
the tumour response in the present system despite those
temporary differences reported by Fowler et al. (1).

No spontaneous tumours appeared in the experimental
mice during the period of observation (100 days).
Furthermore; the mice which were considered as cured
and were kept for more than 100 days showed no evidence
of illness except for a few spontaneous tunours in some

of the mice.

Animal Marking System:

In the initial pilot study, the ear marking system was
used to identify the mice. However, this was found to
be unsatisfactory due to the limited numbe; of ear codes
and also because on several occasions, it was difficult
to identify the code due to loés of part of the ears.

4 dye marking system wes adopted using an agueous
solution of saturated picric acid. This was thoroughly
applied to the skin and fur of the mice with a paint
brush.

The dye system provided an adequate nunber of codesg for
the experimental aninals. Furthermore, this system

lasted at least for four months and no skin irritation
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2.3

2.4

or carcinogenic effect of the dye were observed.

The marking.system consisted of cne, or a combination of
the following nine basic codes: right ear; left ear,
right forelimb; left forelimb; right hind limb; leflt
hind iib; back; front and tail. (Wearly 60 different

codes are available from this system,)

The Twrour:

C3H mammary tumour, originally obtained by A.H.W. NWias
in May 1973 as a spontanecus tuwmour in a mouse from the
Gray Lahorétory (Angela Walder and J.F. Fowler) has
since been maintained at our laboratory by subcutaneous
transplaniation every 2~3 weeks by cytosieve tumour
suspension in syngeneic recipients.

By the time the study commenced in 1975, the
transplanted tumour showed a definite departure from
the histological features, growth rate and response to
irradiation of the original tumour. Tﬁgse features have
since remained constant. No previous experimental data
were avallable before the present work except for a few
histological sections of the ea:r;ILy transplants of this
Tumour.

However the data obtained from this work can be
compared with those published from the Gray Laboratory
about the first gencration transplant of this type of

twnour.

Technique of Tumour Transplantation

52



2.4.1 Freparvation of Tumour Cell Suspension:

ALL procedures were carried out at room temperature and

vnder aseptic conditions,

1.

3.

A tumour of about 10 mm diameter was excised and
freed from the non—tumour debris. This tuwnour
shouwld have bogun to grow 714 deys from the doy
of transplantation.
“he tumour wos then gently mashed end finelly
minced by passing it through a fine stainless steel
mesh tqgether with 1-2 ml of solid tumour culture
medium.(see below: 5), using a flat plunger from a
10 ml syringe.
The crude suspension was then aspirated through
needles of serial sizes, the smallest size being
25 g, leaving the sediment at the bottom of the
universal container each time.
A cell count of the tumour cell suspension was
performed uéing a haémocytometer. :The criteria
for intact tumour cellé were very.similar $0 those
used for squamous carcinoma by Hewitt et al. (6)
under phase contrast microscopy:

i. small rounded cells of cell diameter in the

range 8~12 an.

ii. smooth outline.

iii. yellowish tinge with darker outline and
surrounded by a narrow halo of light.
iv. the nucleus and cytoplasm could not be

discriminated.
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The suspensica was found to consist of single cellc
and 10~15% small clumps of 2-5 cells.
The viability of the cells was tested by the Trypan
blue dye exclusion method and found to be 59 X 1.7%
(i Sceella)
A Tingd ftumour cell sugpension of 10 cells in 0.05
ml was obtained by the appropriate dilution with the
solid tumour culture medium. The latter consisted
of':
500 ml MEM + Hank's salt solution

50 ml Horse serum

5 ml 200 uaM glutamine

3 ml MEM non-essential amino acids

2 ml sodium hydroxide
The random variations in density and degree of
dilution needed were due to:

i. slight variation of the size of the tumour
used.
ii. the efficiency of hand minciﬁg.
iii, the deg?ee of dilution and washing for the
tumour mince.

It was essential to gently shake the cell suspension
during the process of injections as it was noted
that the tumour cells tend to sediment forming large

clumps.

2.4.2 The Injection and Site of Transplants:

106

cells in 0.05 ml were carefully injected,
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2.4.3

subcutancously, ciming ot the midline of the back of

non—-anaesthetized mice, at ihe level of the abdomen.

No shaving, or sterilization of the fur were done

before the injections.

This site’ for transplantation was chosen, for the

following resasonst—

i.

ii,

iii.

Eaey polpetion and neasurement of the 3
perpendicular diameters of the tumours.

Easy irrediation of the tumour with shielding of
the regt of the mouse body by a simple and
practical Jjig, to avoid irradiation of important
structures which can affect and modify the tumour
response.

No restriction of the normal mobility of the mouse
and its ability to gain access to food and water,
as we found occurred in those mice with tumours,
especially larger sizes, in the thigh and the

vehtral aspect.

The whole procedure from fhe time of killing the mouse

bearing the tumour till the last injection of the inocula,

in not more than 40 mice was shout 30 minutes. It was

feared that centrifugation, trypsinization and other such

lengthy procedures might damage and reduce the integrity

and viability of tumour cells.

Transplantation in Cured and Preirraciated Sites:

The aims of these experiments were to study the cffect

of the tumour bed on the percentage take, latent period



and the growth of the tumour and also to find out any
difference between the tuwmour bed effect in the cured
and preirradiated sites.

The technique of transplantation was similar to that
described in section 2.4.2 and mice with preirrodiated
or cured areas of only 1 to 1.5 cm diameter vere used
for these experiments. The injections were aimed at
the centre of the treated arcas; however a few deep,
ulcerating, double and marginal tumours were obtained.
These were discarded from the analysis.

The cured ﬁice were collected from several irradiation
experiments performed at different times. Hence the
time between irradiation and transplantation varied
between 100 and 250 days. These mice were collected in
two groups: one group of mice received single doses
from 60 to 85 Gy X-rays alone and another group of mice
was treated with single doses from 25 to 45 Gy X-rays
plus Misonidazole., A single dose of 70 Gy was chosen
for skin irradiation (see section 2.5.5) and the time
between irradiation and transplantation was between 100
and 110 days.

Despite thege inevitable differences in the doses of
X-rays, the timing between irradiation and
transplantation and the age of the mice, the experiments
were carried out on the assumption that neither the
time nor deses of 25 Gy or more would have appreciable
effects on the twnour bed effect as mentioned in section

1.7.
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2.5
2.5.1

Tramsplantation Using Recurrent Tumonrs:
The aim of this experiment was to find out if the
reduced growth rate of rccurrent tuwnours was due to a

tumour bed effect or a cell damaging or a cell selective

cefifect of rediation on tumour cells. I'rom the recurrent

tumours following single X-~ray doses of 50 and 60 Gy, a
10 mm diameter tumour was choscen from each dose and
prepavcd into a cell susponsion, using similar
procedures as described in section 2.4.1. However,
these tumours were difficult to excise and miunce due to
the irradiéted surrounding tissues and the tough
consistency of the tumours. This difficulty in mincing
and the excess tumour debris led to a small yield of
cell suspension, only enough for 5 reciplient mice from

each tumour after the dilution to 106 cells per 0.05 ml.

Other Transplantation Procedures:
The same transplantation technique described in section
2.4.2 was used for transplantation in immunized mice and

outside the cured sites.

Technigque of Irradiation

The X~ray Unit

X-rays were delivered from a Siemens Stabilipan I unit,
cperating at 250 kV and o filement current of 15 mA,

Bewn Tiltration was such o3 1o give an cxperimentally
determined first VL of 1.85 i 0.85 mm Cu and‘a dece rate

of 110 rads/minute at 57 cm IPSD. The X~ray btube vias



pesitioned at the bese of a shielded box, consisting of
lead plywood supported on a simple metal frame with the
X-ray beam directed toward the top surface of the box.
The construction of the unit in that way was very
convenient for tumour irradiation and other

radiobiological studies (diagram 2.1 and plate 2.1).

2.5.2 Irradiation Procedures
In a pilot study, mice were restrained in perspex tubes
which were pogitioned so that the tumour and the
abdominal anity were over a 1.5 cm wide slot cut in a
3 mm thick lead sheet. The aim of that method was the
comparison of the radiation effects on the tumour and
that of the gut. The method was abandoned since all
mice died from the gastro-intestinal syndrome in 4~5
days after single doses of >1800 rads without any
detectable effects on the tumour, and also since gut
damage with lower doses might modify the tumour response.
A final method was adopted for irradiation of the tumours
at 6 % 1 mm mean external diameter, with lead shielding
of thé mouse body. All the irradiation procedures weré
carvied out al room tenperature with mice breathing eir
and without anaesthesia,
Four cylindrical jigs have been designed for this
irradiation technigue. Bach was made of a sheet of lead,
2 ma thick, 9 om long and 8 cw wide. A slit of 1.5 mw
widlh and 6 cm length was crewted where the edges of the

lead sheet met, {(plate 2.2). Plastic caps with nultiple
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Shielded box

Possible shelf
positions

Collimator

X ray tube
housing”

Concrete floor

Diagram 2.1: Schematic plan of irradiation box.

Plate 2.1: Set up for tumour irradiation.



Plate 2.2: Irradiation jig,

Plate 2.3: Tumour held outwith the irradiation jig,



airholes were fitted at each end to allow a plentiful
supply of fresh air for breathing and to reduce
perspiration during irradiation.

A mouge was introduced into each jig and the tumour

was held outwilh the lead shielding by gentle puiding
of lhe tumour pedicle through lhie slii (plaLe 2.3).

Thne width of the slit was such that only minimal
prescure would be applied to the two skin layers.

A removable metal clip was placed at each end of the jig
to supportuit on a perspex shelf during irradiation.
Two rectangular lead sheets 3 mm thick and 1.5 cm apart
were fixed to the undersurface ol the shelf. This
arrangement was designed to limit the width of field of
irradiation to 1.5 cm, across which a maximum of 4
tumours could be irradiated simultaneously. 'The smooth
upper surface of the shelf allowed free manipulation of
the jigs for the appropriate positioning of the tumours
over the narrow field of irradiation (élaie 2.1).

The majority of the animalé relaxed quietly in the jigs
within a few minutes, but some of them nibbled on the
anterior edge of the lead.

Irradiation was started soon after restraining the mice
and setitings the tumours in position. The tumours were
irradiated with their centres 1 cm above the shelf or
57 cmg from the target of the X-ray tube, in a
tangential position to avoid any shielding by the lead
jig. The tumours were kept in the same position and

without 180° rotation during irradiation. Due to the
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tuwmour site on the btack, the mice were lying on their

sides.

2+5.3 Dosimetry:
All the dose rate measurements were made using a
egainst a stondard instrument for the cnergy uscd. The
dose rete wes checked st freguent intervals,
The dosc profile within the lead jig and the centre of
the tumour was determined uging LiF thermoluminescent
dosemeter, Sachets of LiF p~rods were placed within the
Jig which was filled with tissue equivalent materlal
(standard bolus - Mg804/sucrose spheres) and in the
centre of a tumour phantom made from the same material
enclosed in a thin rubber covering.
The tumour dose determined by TLD dosimetry was in good
agreement with the ionization chamber measurement. The
absorbed doses to the shielded parts of the mouse were
found to Ee approximately 1% of the tumour dose (A.M.

Perry, personal communication).

2.5.4 General Comments on the Technique of Irradiation®
No significant difference was observed between the
tumour response using the above irradiation technique
and that of clamped tunours (section 2.5.5). This might
indicate a nypoxic nature of the twnour, especially with
the presence of multiple areas of necrosis (section

3.12.2). However, this obtained twnour response might
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portially recult Trom impeirment of the tumour binod

flow by the irrediation technique as suggested by the

following:—

1 — the adverse effect of animal restraining on the
blood "flow hes been claimed by Zanelli and Lucas
(234). The restreining periods in the present
eyatem varied from 5 minutes to more than one hour
according to the delivered dose;

2 — the tumour blood svpply originated from the thin
walled subcutaneous blood vessels. These vessels
were eaéily distorted by slight pressure or minimal
gkin traction., This would occur with the tumour
pedicle pulled out through the narrow slit of the
irradiating jig and the attempts of the
unanaesthetized mouse to pull the tumour in, during
irradiation;

3 =~ impairment of Xenon—133 clearance from the tumour
when the mouse was restrained in the jig (section
2.6).

Despite this possibility of impairment of the tumour

bloed flowlduring irradiation; this technicue of

irradiation has been adopted throughout the prescut work
for the following reasons:-

1 - It was not desirable to use anaesthesia, as it
impairs the blood flow of tumours (235-237).
Farthermore, long treatment periods were needed,
especially with the large single doses, due to the

relatively low dose rate of the available X-ray
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machine.
2 «» It was essential to avoid any radiation induced
animal deaths (gut; bone marrow) because of the short

supply of mice;

3 « the technique has provided adequate restraining of

‘the gut and bone marrow during irradiation. The
width of the £lit wos to prevent the inner part of
the tumour from sliding back into the jig, whilst
still ayoiding complete obstruction of the tumour
blood supply and the possible damaging effect of
prolonged clamping mentioned in section 1.11.
In the preparation for tumour irradiation, the tumour,
the surrounding skin and the subcutaneous tissue with
the needle track were included in the field of
irradiation to reduce the possibility of marginal
recurrences due %0 invisible tumour foci. However, at
the end of irra&iaﬁion, some of ‘these éumour pedicles
were pulled in by the unenaesthetized mice., This was
the most likely reason for some marginal recurrences in
the system, These were excluied completely from

analysis.

2.5.5 Irradiation Procedures for Clamped (Hypoxic) Tumours:
The same procedures as those described in section 2.5.2
were followed using 4 identical jigs. The only
difference was that no slits were created where the

edges of the lead sheet met. Hypoxia was achieved by
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2.5.6

the sgueezing effect of the blunt edges across the
tumcur pedicle on the application of the plastic caps.
This method was enough to completely stop the blood
supply of the tumours as suggested by the absence of
Yenon+123 wwlecrence (section 2.6). An interval of 10
minutes was allowed between the clamping off procedure
and the start of irradiation.

To find out the effect of clamping itself, 12
unirradiated tumours were clamped for 1.5 hours; the
longest time needed for irradiation of clamped tumours.
Ko necrosié of gkin, nor changes in tumour growth rate

were noticed (table 3.6).

Irradiation Procedures for Skin Folds:

Irradiation of the skin folds was performed to provide
enough preirradiated sites for the study of the tumour
bed effect, the study of skin reactions in the absence
of tumours and also for the study of the effect of
radiation received by the mouse body inside the jig on
the phytchaemagglutinin (PHA) index. The procedures
for skin irradiation were similar to those described
for tumour irradiction (section 2.5.2). A skin fold
from the back of the mouse (the usual site for routine
transplantation) was passed through the slit of the
irradiating jig and fixed loosely with sellotape to the

s A
[Shies

o]

of the jig ncarer to the shelf. The diameter of
this feld was about 1.5 cm. However, some of the mice

pulled in part of the fold during irradiation.
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A single desce of T0 Gy was chosen feor irradiation of

the skin. This dose was in the dose range that produced
high tumour cure rates and was beyond the dose levels
for maximum turour bed effect (i.e. the plateau phase)

as mentioned in section 1.7.

Split Dosz Experiments:

The purpose of these experiments was to study the
radiobiological processes ocourring in the split dose
experiments mentioned in section 1.11. This was in
relatioﬁ *bd. intervals of 3,12,24,48 and 72 hours in
between the two fractions and also to the initial dose
levels of 30,35 and 50 Cy.

A total dose of 70 Gy was chosen in order to analyze

the results using both the cure percentage and the delay
in growth., Furthermore, the magnitude of the
radiobiological processes would be at or near their
maximum.

The minimal initial dose used in these experiments was
20 Gy which would be enough to kill 211 or most of the
well oxygenzted cells., Hence the obtained resuvits would
be mainly due to the hypoxic tumour cells. This dose
would also be expected to inflict nearly maximum
vascular damage; therefore, this damage would be the
same abt higher dose levels (i.e. a common factor in all
the experinents) and would not influence the obtained

results.
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2.5.8 Misonidazole:
The hypoxic cell radiocsencsitizing drug "isonidazzole
(kindly supplied by Prof. G.E. Adams) was freshly mede
up as a sterile solution in 0.9% W/V saline at a
cencentration of 25 yg-rar ml. .Incubation of the
colution at 370 for half an hour helped the drug to
dissolve completely.
'‘the solution was then injected intraperitoneally 30
minutes before the start of irradiation at a dose of
1 mg/gm body weight for single dose experiments and
0.67 mg/gm'in the split dose experiments.
The timing of injections and the doses used were chosen
for comparison with much of the published literature
(21, 23,35,48,51,58,63,64). The optimal timing for
administration of the drug was not tested; however,
the obtained high enhancement ratio (ER) would suggest
that 30 minutes was within the optimal +timing for the

present work.

2.6 Xenon-i33 Studies:
Intratumour Xenon~133 inj;ction technique (237,238) was
used in this vork to test ony impoirment of the blood
supply to the tumour with the jig used for routine
irradiation. It was also used to test complete occclusion
of the blood supply with the jig used for tumour
clamping.
There is little provious work and few quantitative data

available on blood low in tumours and various methods
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have been used: systemic dyes (239-241); the oxygen
cathode method (74,242); thermodynamic system (243);
isotope indicators: potassium=42; rubidium-86; |
krypton-85 and xenon-133 (237,238, 244~246). Hence, it
is difficult to evaluate the accuracy of each methed
and il was felt.th*t the xenon-133 clesrance tochnigue
was suilable for a limited blood flow study as in this
Wwork.

With a radioactive inert gas like krypton-85 and xenon-—
133, the slope of the monoexpomential clearance cuvrve
is usually assumed to be related to the blood flow in
tissues, but only under certain conditions (viazs
homogeneous tissue, removal only by constant blood flow;
immediate diffusion equilibrium and no recirculation).
However, tumours are not homogeneously perfused tissues
(necrotic avascular areas and viable vascular areas).
The clearance pattern, in this case is very complex and
a multiexponential clearance curve wouid»be expected.
Both, Gillespie (247) and Strang (248) have drawn
attention to the great care an@ the complex mathematical
analysis of the clearance {rom non-homogencous tissucs.
For this reason, xenon-133 was used in this work as a
qualitative and not absolute measurement of tumour blood
flow,

Radioisotope Technigque:

Unanaesthetized C3H mice bearing tumours were used for
this study; one mouse at a time. The tumour size was

. . . +
the same as that used for irradiation (6 = 1 mm mean
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diameter) and the fur covering the tumour vas clirnped

+

before the xenon-133 injection. 33 pCi in 10 ul voluwe
of an isotonic saline solution of Xenon-133 (10 mCi/B ml)
was injected at 3 sites along the needle track at the
middle of the tumour; using a 50 pl syringe and 25-giuge
nocdle, Przeontions were taken to keep the enlntion
free of air in both the vial and gyringe.

The mice were placed inmediately after the tumour
injection in a plastic basket of inside dimensions

3 x 3 x 4.5 cm, or before the injection in the jigs

used for réutine irradiation or tumour clamping in a
similar wey to that described for tumour irradiation
(sections 2.5.2, 2.5.5).

Radioactivity was detected by a scintillation counter
model Difl-l with a 1.5 inch Nal crystal, placed 20 cm
from the mouse. The output of the detector was
processed with a Scaler~ratemeter SRS at a time constant
of 10 seconds. Printouts of the data were obtained
using Data Dynamic, Model 390 page printer (ASR 33
printout type 516OA). A1l these equipments were
supplied by Nuclear Enterprises Itd., Tdinborgh.
Background activity was recorded before each Xenon-133
experiment and the counting was continued for
approximately 30 minutes. The counts included the
residual activity in the tumour with minimal
contribtution from the animal body and the expired air.
After omitting some tumours where backtracking of

Xenon was noticed along the needle track, 5-8 mice
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2.7

were available for analysis in each group (basket, Jjig
usged for routine irradiation and jig used for tumour
clamping).

For each Zenon-133 count, lhe appropriate background
correction was performed and the counts were expressed
as a proportion of the initial count.

Figure 2.1 shows Xenon-133 clearsnce for each group
where the relative Xenon count is plotted against time
on a semilogariémic graph paper. It can be seen that
clemping effected conlete stoppare of Xenon-133
clearance. There is nlso slow clearance for tumours
with mice restrained in the jig used for routine
irradiation. This is in comparison with Xenon—133
clearance for mice in the bagket. These findings
suggest impairment of the blood flow of the tumours in
the jig used for routine irradiation. The possible
mechanisms of this impairment have been discussed in

section 2.5.8.

Imrunological Studies of the Tumour System:

As yet, there'is no satisfactory method for the
asgsessment of immmogenicity nor for host immunization.
This is partly due to the complex nature of the immune
gystem and also the variation in techniques between
laboratories. Furthermore, many of these methods and
accays Are not specific and of low sensitivity, leading
to widespread doubts about their guantitative validity

and clinical usefilness.
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2.7.1

In the present wori, hisvological secticns of the
tumour were searched thoroughly for the presence of a
host cellular reaction and the growth of the tumour wos
studied after immunization of the recipient mice with
lethally irrediated cells.

The responsce of T.lymphocytes to the witogen
pliytohaemagglutinin (PHA) was zlso used for its
simplicity ond its clinical use for cencer paticuts ot

our radiotherapy iastitute.

Immunization Procedures:

A tumour cell suspension of 106 cells/0.0S ml was
prepared as in section 2.4.l; this was irradiated in a
T.30 flask with a single X~ray dose of 90 Gy at a dose
rate of 1.28 Gy/minute. Iach mouse, then received 3
intraperitoneal injections, each of 2 x 106 lethally
irradiated cells (0.1 ml suspension), at weekly
intervals. The mice were challenged 3 weeks from the
first injection with a ftumour transplant using the same
technique described in section 2.4.2.

Scme of the immuniced mice weore designated for PHA
studies instead of transplantation. The single cdose of
90 Gy was beyond the 100% tumour curative dose and wes
expected to kill all the tumour cells in suspension.
This was confirmed by the absence of ascites in both
the mice challenged with tumours and the immunized mice
without tumours, kept for more than one month from the

day of the first injection.
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2.7.2 PHA Studico:  (performcd by O.F. Chomberlaoin)

2.8

The mitogenic response is a simple in vitro test which
gives a quontitative mecamure of the ability of
T-lymphocytes to respond to a general antigenic
gtimulus, initiating DA synthesis and cell divirimm,
Tn brief, one million 1ymphocyles f

“am +tha mearions onlasn
oem Lo meuvce paQe

were cultured in the procence of PHA for 4 days ot 27 C.
14 . as . . s foae
Cthymidine (sp. activity 5O_n01/mk) was then verd o
label the lymphocytes, undergoing DVA synthesis and
scintillation counts gave the measure of activity which

was expressed ag:

PHA index activity of PHA stimulated culture

activity of umnstimulated culiure

i

PHA testing was done for the following groups of nices

1 ~ Control mice bearing no tumour,

2 — llice hearing spontaneous memmary bumours.

3 w Mice bearing transplanted tumours,

4 ~ lilce cured with radiotherapy.

5 = Tmmunized mice at the cnd of the third weck folleovwing
imrmmization,

6 v Vice with tumour trancplented in an irredisted skin

fold (see section 2.5.5).

Tumour lieasurements:

Trom the large amount of literature dealing with
experimental animal tumours, most investigabtors obbained
perial external measurcments of the twiour dianciirs

using Vernier calipers.
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Tor the prescnt tumour system, four specizily 2o igned
plastic fan-~-shaped devices have been used for
measurenent of the three mutuwally perpendicular
diameters of each tumour. Rach measuring device

~noon

cvonsists of five rectangular plastic pieces of two

N

millimeler thicimess and of egual sive joined =t one
end with slits of five diffcrent didths (1.5 mw,

610 mm, 11~15 mm, and 16-20 mm) at the free ends
(plate 2.4). The tumour was retracted and held cently
between the index finger and thumb while the tail of
the mouse was held between the rest of the lingers and
the palm of the left hend., With the eppropriate
measuring device held in the right hand, individually
selected slits were slipped under the tumour and
raised carefully until the smallest slit was Found
through which the diameter to he mezsured could pass.
900'r0tation of the tumour was essential for
measurement of the perpendicular dizmeter to the body
of the mouse (plate 2.5). A

These measuring devices enabled one observer t0 no:sure
the tumour diameters to the nesrect millineter in the
shoriest time possible and withouwl the anesilesla wiich
has been used by some investigabors.

The effect of the skin thickness, enclosing the twrour,
on volume calcenlations has been discussed by some
workers (249, 250), specially for tumcurs of small size.
in average 1.25 mn double skin thickness was found by

procedures similar to those of Dethlefsen et al, (250)
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Plate 2.4: Measuring device,

Plate 2.5: Tumour measurement.



N

for non-tumour bearing male and female livine iice and
for subcutoncoucly implanted metallic spheres of wvarious
sizes in killed mice. For analysis of the
radiobiological results, various investigators have
used the three perpendicular diameters, mean diameter,
lonsrest diameter or the area eonclosing the tumour to
obtain the best correlation with the tumour volume or
weight in situ, on the assumption that the tuwnours were
typical spheres or ellipsoids.

For analysis of the resvlts in this work, the cveresge
double skiﬁ‘thickness was cuabrtracted from each
arithmetic mean of the three measured perpendicular
diameters, This was done in order to minimize its
effect on the growth curves of the unirradiated tumours
and the regression-regrowth curves of the irradiated
ones. This was important os small tumours of 6 X 1 rm

were used for the radiobiological experiments.

Histological Studies of the Tumour System:
The following groups of tumours were subjected to

histological examination:

)

1 ~ Unirrediated tumours of different sives: 2 to 3 ww:

5 to 6 mm and 9 to 10 mm mean diameter.,

]

- Irradiazted tumours during the resression peried at
8 to 10 days and 16 to 18 days following irradiation
with single doses of 50, 60 end 80 Gy X-rays alone
and 22.5 cnd Z£0 Gy of X.reys in combination with

iisonidazole.
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" ege dores were chosen to produce resression of
the tumours and voriable cure probabilities, They
would also facilitate examination of the turour mass
in the presence of relatively few viable clonogcnic
vbumour. celln and in the cbsence of these cells
(cvre). Tre times for histology were chosen to be
near the enl of the slow regression (9 to 10 days)
and the fast regression (16 to 18 days) periods
(figure 3.7) for the purpose of finding out some of
the biological processes Lehind tumour regression.
3 . Recurréﬁt tunours of 5 to 6 mm and 9 to 10 mm
diameter following single doses of 50 and 60 Gy of
X-rays alone.
4 — Transplanted tumours in cured sites of 5 to 6 mm
and 9 to 10 mm mean diameter.
The animals were sacrificed and the tumours with the
overlying skin were lmmediately excised and fixed in
107 buffered formalin. Before fixation, the twnours
1rere not blgected but the skin wes trimeed around the
twnours to allow easy wmccess of the fixative. The
t3 ssues were embeddea in paraffin wax and sections 5
micron thick were cut threigh the middle and the
periphery of the tumours and stained with hemaioxylin
end eosin. The presence of erythrocytes within lumen
oooisted with the recogrition of the cenil) aries and an
cyo-picce revicle o5 uzed to moosure core of the fumour
Luructures.,

The fractions of twaour wreas occupied Ty nccrosis and
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apparently viable tumour cells were determined using a
graticule containing 300 equal sized squares in one
eye--piece of the microscope and counting the nwaiber of
squares of both viable and necrotic tissues. Several
sections at the middle of the tumours (unirradisicd,

P, P - § Ao P I, - A Lo - ~ 3 P VI T, o R e b
TECUWrent find Transpianted in curca o.dces) wei1 < CLOLCH

G

and scauned methodically under a x 2 objective (total
megrification x 80). This method save useful,; though
crude, information about the proportion of both viable

and necrotic tissues in the tumours.
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CHAPTER IIT

RESULTS



3-1

3.1.1

Growth Characteristics of the Tumour System:

Careful tumour observations were made from the third day
of the transplant by daily inspection and palpation of
the injected sites for 5 to 6 days every week. The
earliest detectable tumours were about one millimeter in
diameter and the vast majority of them grew to large
sizes. Problems similar to those reported in the
literature, using a tumour cell suspension for
transplantation, have been encountered also in this
tumour system: ulceration of the skin with dermal rather
than subcutaneous injections, deep and fixed tumours
with deeper injections than the subcutaneous lével and
adjacent or amalgamated tumours along the needle track.
Furthermore, the tumours obtained were not always at the
midline of the back of the mice due to the use of manual
restraint, of mouse movements rather than anaesthesia.
However, with careful transplantation, the majority of
tumours were single, freely mobile and either spherical
in shape or one millimeter longer in one or two diameters.
In a few instances, the detectable masses were firmer in
consistency and did not grow progressively. These
nodules were rejected from the present studies, although
their neoplastic nature was confirmed microscopically

(section 3.12.2).
Tumour Take Rate:

During the early part of this work (1975 and 1976), the

tumour take rate was short of 100 per cent. From a
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3.1.2

3.1.3

total of 654 mice used for 37 transplants, 58 mice did
not develop tumours, i.e. a tumour take rate of 91 per
cent., This was also associated with about 10 to 15 per
cent unusable tumours (fixed and double). These
failures could be traced to téchnical difficulties.
Since then, however, the tumour take rate has reached
100 per cent, with fewer unusable tumours, due to more

experience in the transplantation technique.

The Latent Period:

The minimal latent period was 5 days and the maximum was
28 days (figure 3.1). Statistical analysis of the latent
period distribution showed a mean latency of 9.3 X 3.48
days (table 3.10), where the errors quoted are plus or
minus one standard deviation. It can be seen in figure
3.2, which shows the cumulative incidence of detectable
tuméurs, that 50 per cent of the tumours developed by

T.5 days following transplantation.

The Average Pattern and Rate of Tumour Growth:

Tumour dimensions were recorded with time from the day
the tumours became palpable until the tumour diameters
approached between 13 and 15 mm, when the animal was
sacrificed. The average growth curve of the tumour is
shown in figure 3.3, where the mean diameter is plotted
against the time on a linear-linear scale. Zero time is
used for the reference size 0.75 to 1.75 mm (2 to 3 mm

including the skin thickness). This average growth
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Multiple generation 03H mammary carcinoma
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Figure 3.3: Growth curve of routine transplants.

Errors are x 1l s.e.m.
The mean diameter does not include

skin thickness (1.25 mm). -



curve was obtained by moving the growth curves of
individual tumours together in time so that they
coincide at the reference size. This size was chosen
since all the tumours grew progressively on reaching
that size.

The tumour pattern and rate of growth were checked on
several occasions and were found to be constant all
through the present work. Furthermore, there was no
significant difference in the latent period and growth
rate of tumour transplants between mice of 8 to 12
weeks and older mice of 19 to 21 weeks. Therefore, the
average growth curve in-figure 3.3 was used as a common
control throughout this work.

Mathematical analysis of this growth curve showed that
the tumour growth above 1 to 2 mm mean diameter could be
well described by a Gompertzian equation (section 1.2)
of the following parameters:

Exponential growth parameter (o) 1.64

I

It

‘Retardation growth parameter gp) 0.225

Table (3.1) shows the calculated doubling times at
various tumour sizes. This data is also used for the
construction of figure 3.4 where the volume doubling
times of the tumour are plotted against the mean
diameters. The growth rate of this multiple gemeralion
CBH marmmary tumour decreased continuously with increase
in tumour size. At the size chosen for irradiation

6 £ 1 mn (including the skin thickness), the fumour

grew at a fast rate with about a one day volume doubling

(i



Table 3.1 The instantaneous doubling time for the tumour at

various sizes.

Mean diameter (mm) Calculated doubling times
(without skin thickness) (days)

0.42
0.50
0.66
0.81
0.98
1.20
1.46
1.81
2.28
2.98

O 6~ 0N AW
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Figure 3.4: Volume doubling time of multiple

generation 03H mammary tumoure.
The mean diameter does not include
skin thickness (1.25 mm).



time.

It was also possible to fit a straight line to the mean
diameters for each individual tumour by means of the
least squares method (see appendix IT). The mean of
the slopes of these lines was then calculated and was
found to be 0.889 mm/day (table 3.11). This method was
used to compare the rate of growth of untreated tumours
with that of recurrent tumours; transplanted tumours in
immunized mice and those in cured and pre~irradiated

sites (tables 3.11, 3.12).
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3.2

The Gross Response of Tumours to Irradiation:

Figure 3.5 shows the gross response of the tumours to
various single doses of X-rays alone of 5 to 80 Gy.

The mean diameter without the skin thickness is plotted
against the postirradiation period. The symbol R
indicates the day of irradiation and the number of
tumours analyzed in each dose group are those in table
3.2. The variations in the gross response of individual
tumours to each dose, increased with dose, but these
variations were less obvious at low doses up to 40 Gy
and also during the regression period with high doses of
50 Gy or more. Hence, it was possible to average the |
gross response of the tumours at the low dose levels and
during the regression period. No significant difference
could be seen in the growth of irradiated tumours from
that of the control group for about two days. Thereafter,
cléar dependence of the tumour growth on the dose became
evident with time. There was a progreésive flattening
of the early parts of the growth curves, which was more
obvious as the dose increased towards 40 Gy, when the
early part of the growth curve followed that of higher
doses of 50 Gy or more for about twelve days before
regrowth. Tumour regression was only evident after
single doses of 50 Gy or more with a similar pattern of
regression following both a non~curative dose, such as
50 Gy and a curative dose, such as 80 Gy.

Figure 3.6 shows the effect of Misonidazole on the gross

response of the tumour to irradiation. The number of
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Figure 3.5:

The gross response of the tumours to
single doses of X-rays alone. The
curves plotted for the mean of all
animals in each group.

The X-ray dose (Gray) is shown by each
curve and the error bars have been
omitted for cla.rity.

The mean diameter used, does not include
skin thickness (1.25 mm).
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Figure 3.6:

The gross response of the tumours to
single doges of X=~rays in combination
with Misonidazole. The curves plotted
for the mean of all animals in each
group. The X=ray dose (Cray) is
shown by each curve and the error bars
have been omitted for clarity.

The mean diameter used, does not
include skin thickness (1.25 mm).
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3.2.1

tumours analyzed in each dose group are those in table
3.4. The response was similar to that of X-rays alone
but with lower dose levels, A similar pattern of tumour
regression could also be seen with doses of 25 Gy and up

to 50 Gy.

The Characteristic Rate and Pattern of Tumour Regression
After Irradiations

Figure 3.7 shows the average regression patterns after
single doses of 60 Gy or more of X-rays alone and with
single doses of 25 Gy or more in combination with
Misonidazole., The regression patterns were plotted up to
nineteen days after irradiation, only, due to some
dgifficulty in accurate measurement of the regressed
tumours at later times, due to the radiation reactions
mentioned .in section 3.T.2.

The observed similarity of both regression patterns
characterized the tumour response during regression after
irradiation. The tumours continued to increase in size
for about two days, then returned slowly to thé pre=—
irradiated size about twelve days after irradiation.

This was followed by a relatively faster regression
towards a minimal size. in about twenty days from the day

of irradiation.
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Figure 3.T: The regression pattern of the tumour
after single doses of X=rays alone and
in combination with Misonidazole. The
mean diameter used, does not include
skin thickness (1.25). Error bars are
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3.3 Tumour Local Control Analysis:

3.3.1 Choice of an Appropriate Time Period as an End Point:
Mice with locally controlled tumours were usually kept
for more than 6 to 8 months after irradiation and were
checked weekly. From 51 mice with locally controlled
tumours at 100 days after single doses of X=rays alone
(table 3.2), only two tumours recurred more than 100
days after irradiation. One tumour recurred at 120 days
in the 70 Gy group and the other in the 80 Gy group
recurred at 180 days.

Eight months after irradiation, two mice developed
spontaneous tumours, near the neck outside the irradiated
areas and five mice died twelve to fifteen months after
irradiation presumably of old age or intercurrent
disease,

Therefore, a 100 day period after irradiation was chosen
as fhe most appropriate time interval for the end point
of the tumour control experiments. This was mainly
becauée the time distribution of recurrences indicated
that few recurrences would be expected later than 100
days. The choice of this period also reduced the space
occupied in the animal house and the expenses. No
"losses" of experimental animals due to spontaneous

tumours or death from old age were involved, therefore.
3e3.2 Criteria for "Controlled" or "Recurrent" Tumours:

All tumours which showed incomplete regression,

eventually recurred, irrespective of the dose. On the
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other hand, tumours that showed complete regression,
either remained so at 100 days after irradiation or
recurred. The failure of adequate irradiation of the
skin margin with the needle track in some tumocurs led to
a few marginal tumours. These tumours were detectable
as small nodules adjacent to the irradiated tumour masses.
Thus, the criterion for a definite local recurrence
necessitated regrowth in the centre of the irradiated
areag and the exclusion from the analysis of any ftumour
with marginal growth. -Those tumours which regressed
completely and remained so at 100 days after irradiation

were considered to be locally controlled (cured).

3.3,3 The Results of Local Tumour Control Experiments:
For each dose group, the proportion of fcures' observed
100 days after treatment was estimated as the number of
'cﬁres' seen in the total sample of mice alive at that
time together with those that have diéd or were killed,
with-ﬁnequivocally uncontrolled tumours previous to
100 days. ‘*Cured?! mice which died before 100 'days were
excluded from the analysis and it was assumed that the
estimated value of tumour 'cure' was independent of the
death of fcured? animals prior to 100 days.
Tables 3.2, 3.3, 3.4 give the details of the results of
the experiments on the local control of the tumours at
100 days for single doses of X~rays alone (non—clamped
and clamped tumours) and X¥=rays in combination with

Misonidazole for unclamped tumours.
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Table 3.2 Local control data of non-clamped tumours treated

with single doses of X=-rays alone.

Local tumour control at 100 days

Dose in Gy
male female total
5 o/7 o/4 0/11---(0) - -
10 o/6 o/7 o/13  (0)
15 o/4 o/5 o/9 (o)
20 0/9 0/8 o/17  (0)
30 o/10 0/3 o/13  (0)
40 0/15 0/14 o/29 (0)
50 0/10 o/10 o/20 (o)
o .1/10 1/8 2/18 (11)
G5 2/1 3/8 5/15 (33)
70 12/16 4/8 16/24 (66)
75 3/4 /1 9/11 (82)
80 9/9 10/10 19/19 (100)

The numbers in brackets denote percentages.




Table 3.3 Local control data of clamped tumours treated with

single doses of Z=rays alone.

Dose in Gy

Local tumour -control at 100 days

male female total
5 0/12 0/13 o/25 (o)
10 0/13 0/13 o/26  (0)
15 0/10 0/13 o/23  (0)
20 0/15 o/12 o/21  (0)
25 0/10 /5 0/15 (o)
30 0/15 0/16 o/31 (o)
35 0/10 0/10 o/20 (0)
40 0/8 0/8 o/16 (0)
50 0/8 o/5 0o/13  (0)
55 o/3 1/12 1/15 (6)
60 5/14 - 5/14 (35)
65 9/11 - 9/11 (52)
T0 ‘8/12 - 8/12 (66)
75 3/3 7/10 10/13 (77)

The numbers in brackets denote percentages.




Table 3.4 Local control data of non=clamped tumours treated

with single doses of Xwrays in combination with

Misonidazole.
Local tumour -control at -100 days
Dose in Gy

male female - total -
5 0/9 0/9 o/18 - (o)
10 0/6 0/8 o/14  (0)
15 o/8 0/12 o/20  (0)
20 o/7 0/8 0/15  (0)
25 1/10 o/7 $/17 (5.8)
27.5 1/11 0/5 1/16 (6.2)
30 5/6 . 3/1 8/13 (61.5)
35 10/15 11/13 21/28  (75)
37.5 5/5 9/9 14/14 (100)
40 6/6 ' 6/6 12/12  (100)
45 9/9 10/10 19/19 (100)
50 5/5 8/8 13/13 (100)

The numbers in brackets denote percentages.

v

Table 3.5 TCDsos at 100 days of multiple generation C3H mammary
‘tumour, ..
Group TCDSO (cy)
Non~clamped Tumours 67
Clamped tumours . 65
X~rays + Misonidazole 31




Each table shows the number of {tumours available for
analysis and the number of tumours scored as Locally
Controlled in each dose group as a proportion of the
number analyzed (PC).

These data were also used to obtain figure 3.8 where
1n (-1n pc) was plotted against the radiation dose
using the log=log transformation analysis described
in appendix I. The TCD_.s for local tumour control at

50
100 days are shown in table 3.5. The ’I‘CD50 obtained
under fully hypoxié conditions (i.e. clamping) was 2 Gy
less than those of non-clamped tumours. This difference
was not statistically significant, implicating that
non—clamped tumours had a relatively high proportion of
hypoxic cells at the time of irradiation.
The TCD50 of non~clamped tumours was reduced from 67 Gy
to 31 Gy.with Misonidazole. The ratio of these TCD_.s

50
waé 2.15, indicating a high degree of radiosensitization
by Misonidazolé of the tumour responsé to single doses
of X=rays. However, the ratio fell below the expected
maximum range of 2.5 to 3 for the oxygen enhancement
ratio (OER). Thié indicated that only a partial though
substantial improvement was obtained with single dose
treatment in combination with Misonidazole. The
proportion of male and female mice varied from one
treatment group to another (tables 3.2; 3.3 and 3.4).
Hence, it was essential to find out if the local control

of the tumours was influenced by sex distribution as

reported by Fowler et al, (136) for first generation
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doses using logwlog transfc;rmation

method.

O Unclamped tumours

A Clamped tumours

® TIn combination with Midonidazole
=~ = Level of TCDSO '
PC is the probability of tumour

control



03H mammary carcinoma. Statistical analysis, using X2
test with Yates correction was performed and showed no
significant difference in any of the groups (p>0.1l).
The tumours were irradiated within a narrow range of
sizes (6 & 1 mm mean diameter). The volume
corresponding to 7 mm is 2.7 times greater than that

at 5 mm. This difference in volume may alter the
curability of the tumours. However, statistical
analysis of all the cure data, using X2 test with Yates
correction showed no significant difference (p>0.05)
in the probability of local control of tumours for sizes

less than 6 mm and that.for sizes more than 6 mm.,
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3.4

The Growth of Recurrent Tumours:

Many recurrent tumours grew very slowly with periods of
no growth or even temporary regression, until the size
at which the tumours were irradiated (6 = 1 mm mean
diameter). A final, relatively faster and more
predictable phase of growth then followed.

Within each dose level, the main differences between

the growth of individual ‘tumours were in the interval
between the end of regression (complete or incomplete)
and the final phase.of growth. Hence, it was only
possible to average this final phase within each dose.
This was achieved by moving the curves for individual
{fumours together in time at the size of 6 1 mm mean
diameter (figure 3.9).

Statistical analysis of the rate of growth during this
final phase (table 3.12) has suggested that the rate of
growth would not differ significantly from that of
unirradiated tumours with single doseshof 50 Gy or less.
On the-other hand, the rate of growth of recurrent
tumours was significantly slower with higher single
doses than that of unirradiated tumours (p<0.01l).

The delay in time that each individual recurrent tumour
took to regrow to a mean diameter of 10 mm was determined.
The mean delay was then calculated for each group
treated with single doses of X-rays alone (unclamped and
clamped tumours) and X~rays in combination with
Misonidazole as shown in table 3.6. These data are used

for construction of the dosew-response curves in figure
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Table 3.6 Time taken for the tumours to grow to 10 mm after
single doses of Xerays.

Mean time of delay in growth in days

Dose
NO:;nCi-ﬁged Clamped tumours Mi};:i:{ag:z:le
5.4%0.17 (20) [ 5 *o0.20 (22) | 5.2 L 0.4 (20)
5 7 Lo.50 (1) | 6.4%0.25 (25) | 5.7 % 0.31 (28)
10 7.9 X 0.50 (22) | 7.1 £ 0.20 (26) | 9.14 £ 0.56 (14)
15 [13.3%1.30 (9) | 8 % 0.70 (23) [12.3 % 0.02 (20)
20 [17.1 0.8 (27) | 7.7 £ 0.20 (27) |32 £ 3.90 (15)
25 - 10 X o.70 (35) [37.6 L 3.80 (16)
27 - - 35.2 £ 3,23 (15)
30 {23.1%¥1.95 (13) 24 T 1.20 (31) [66.5 L 7.4 (4)
35 - oty f1.0 (20) |62 Xq.0 (6)
4 |25.6 £ 1.65 (29) |24.1 X 1.57 (26) -
=50  [38.5 X '2.97 (28) [35.5 £ 2.3 (13) -
55 - 22.2% 4.4 (14) -
60 [66.5% 3.8 (16) |53 X 2.5 (9) -
65 |718,5%5.3 (9) |[61.4%5  (8) -
70 (87.4%12.4 (1) [90.3% 3.5 (3) -
75 - 70 L6 (3) -

The number of tumours analyzed are shown in bracketis.

BErrors are a 1l s.e.m.




3.10 where the mean delay in growth is plotted as a
function of X=-ray dose.

The curve for unclamped tumours irradiated in the
absence of Misonidazole has a biphasic shape, with a
break point at about 15 Gy. From this point the curve
approaches the smooth curve for clamped tumours; both
curves become indistinguishable from each other after
single doses of 40 Gy or more. The biphasic pattern of
the curve for unclamped tumours is suggestive of the
presence of a significént proportion of hypoxic cells in
the tumours which dominate the response after the break
point.

The degree of radiosensitization achieved with
Misonidazole is expressed as the enhancement ratio (ER)
which is the ratio of X-ray doses needed in the presence
and absenge of the drug to produce the same biological
effect on the tumour., This ratio can be read off
horizontally at any level of effect in.figure 3.10.

If caﬁ be seen that the ER increases after the break
point on the curve for unclamped tumours to a maximum, of
about 2, i.e. the same level as for the clamped tumours.
Figure 3.11 shows the results of all recurrent tumours
after single doses of 50, 60, 65 and T0 Gy of X-rays
alone. The delay in growth to reach 10 mm mean diameter
is plotted against the size at irradiation. Within each
dose level, there is no correlation between the size at
irradiation and either the state of regression or the

delay in growth. However, the importance of the dose
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Delay in days to reach 10 mm

Dose in Gy

Figure 3.16: Dose response curves for recurrent
tumours. :
® X-rays alone A Clamped tumours
O X=rays and Misonidazole -

Error bars are x l s.e.m.



Figure 3.11:

Delay in -growth of recurrent tumours
ag a function of tumour size at
irradiation.

Tumour size between 5 and T mm mean
diameter) has no effect on the
regression state nor the delay in
growth.

0 = complete regression

@ = incomplete regression



() QOﬁ#mwdmﬁhﬂ 1e 9Z71Q
s L L]

£ ol

e O

£9 €9

%

_

oo

— LI

£9 09

®

£y o8

L Lo by Ly by ]
- R g 3 <
(sfep) ww QT yoead o4 yjmMoad ul Lefaq

|
©
a4

oL

o
©~

' B |

©
0

[~
[

1

|
8

L |
g

ottt



level, in effecting growth delay can be seen.

Six out of ten mice injected with a cell suspension from
recurrent tumours (section 2.4.4) developed tumours.
This tumour take appeared to be less than 100 per cent
take observed for routine transplants. However, this
could be due to the technical difficulties mentioned in
section 2.4.4. The tumours obtained were detectable at
latent periods (7y8; 8;10; 11 and 11 days after
transplantation) which were within the range of that of
theAroutine transplants. Furthermore, these tumours
grew at a rate similar to that of routine transplants.
This can be seen in figure 3.12 where the daily
measurements of the six tumours are distributed along
the growth curve of routine transplants.

These findings suggest that the slow rate of growth of
recurrent tumours mentioned above is due to a tumour
bed effect rather than an intrinsic defect in the tumour
cells. However, a slow rate of cell division as a
conseqﬁence of impairment of the oxygenation status, due

to the tumour bed effect, can not be ruled out.
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3.5

The Results of Split Dose Experiments:

A series of experiments in which a 70 Gy total dose of
X~rays, given as two fractions, were carried out with
various time intervals between the two fractions. The
experimental conditions including the time of day for
the initial dose were similar in all the experiments.
Both the local contreol probability of tumours at 100

days and the delay in growth to reach 10 mm mean diameter
were recorded for each treatment. The equivalent single
doses required to produce the same levels of tumour
regponse in the range attained by all treatments can
then be read from figure 3.8 for the local control
probability and from figure 3.10 for the delay in growth,
following single doses of X—rays alone.

The difference between 70 Gy and the equivalent single
doses (i.?. D2 and D1 respectively) is a measure of the
total recovery occurring in the irradiated tumours during
the interval between the two fractions. This is assuming
that,fhe survival parameters for the two fraqtion
experiments are the same as that for single dose
experiments. The Dg'Dl values from these series of
experiments as well as the size of initial doses and the
intervals between the two fractions are set out in table
3.7 for the cure data and in table 3.8 for the delay in
growth data. These data are also used to construct
figures (3.13, 3.14) where D2-D1 values are plotted
against the intervals between the two fractions over the

period of O to 72 hours for the initial doses of 20, 35
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Table 3.7 Split dose experiments (data of local tumour

control).

Intervals (hrs) Local control Equivalent single (Dé-Dl)

dose (Dl) _
Gy Gy
Initial dose of 20 Gy
3 2/10 (20) 61.50 8.50
12 3/15 (20) 61.50 8.50
24 2/12 (16) 61.00 9.00
48 : 4/14 (28) 63.00 7.00
T2 2/9 . (22) 62.00 8.00
Initial dose of 35 Gy
3 4/21 (19) 61.30 8.70
12 ~ 0/16 (0) * *
24 2/11 (18) 61.25 8.75
48 2/18 (11) 60,00 10.00
72 3/13 (23) 62.30 7.70
Initial dose of 50 Gy , .
3 3/13 (23) 62.30 7.70
12 3/12 (25) 62.50 T7.50
24 2/9 (22) 62.00 © 8.00
48 3/15 (20) " 61.50 8.50
72 2/12 (16) 61.00 9.00
Misonidazole experiment
3 7/10 (70) B.T5 6.25

The numbers in brackets denote percentages.

* Dl is indeterminate.



Table 3.8 Split dose experiments (data of delay in growth to

Interval

Initial dose of 20

3
12
24
48
72

Mean time of delay

in growth
days

Gy
62 5.0 (8)
63.7 £ 2.7 (11)
75.6 £ 4.9 (10)
74 3. (8)
60 < 0.44 (5)

Initial dose of 35 Gy

3
12
24
48
72

66.7 £ 3.6 (14)-
66.7 L 2.9 (13)

72.3 £ 4.6 (10)
81 X s.2 (12)
65 =6.4 (9)

v

Tnitial dose of 50 Gy

3
12
24
48
72

64 X 4.6 (10)
59 £ 4.7 (9)
70.5 £ 8.5 (6)

13 27,5 (D

51 X559 (8)

Misonidazole experiment

3

Errors are X l s.com.

62.6 £ 3.5 (3)

shown in brackets.

reach 10 mm mean diameter).

Equivalent single
dose

Gy

58.00
58.50
62.50
63.00
57.50

60.00
60,00
62.00
66.00
59.50

58.50
57.00
61,00

62.50
94450

32.00

(DZ-DJ.)

Gy

12.00
11.50
T.50
T.00
12.50

10.00
10.00
8.00
4.00
10.50

11.50
13.00
8.50
T+50
15.50

8.00

The number of tumours analyzed are
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Figure 3.13: Split dose experiments using the delay
in growth data.
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Figure 3.14: Split dose experiments using the cure
data. Dashed line means 1)2-1)1 is
indeterminate.



and 50 Gy.

The fluctuations in the values of D2---'Dl for cured
tumours (table 3.7 and figure 3.14) are clearly not
greater than would be expected from the experimental
errors except for treatment with 35 Gy initial dose at
12 hours interval. However, in this case, with no cures,
D, is indeterminate. On the other hand, the three
curves for recurrent tumours in figure 3.13 show
similarity in their peaks at 3, 12 and 72 hours and
troughs at 48 hours interval end follow broadly the
expected Elkind pattern of two fraction experiments.
Both the local control amd the delay in growth data are
in agreement that recovery occurs rapidly in this tumour
system (at least in 3 hours) and also that D =D, values

21
are always positive. Furthermore, the D =D, values

271
obtained from these experiments seemed independent of
the magnitude éf the initial dose. However, smaller
values are observed at 3 hours intervai for cured tumours,
compafed with that for recurrent tumours, 7.7 to 8.7 and
10 to 12 Gy respectively.
In split dose experiment at 3 hours interval, using
0.67 mg/gm Misonidazole 30 minutes before each fraction
of 20 Gy (tables 3.7 and 3.8), the obtained values were
6.25 Gy for cured tumours and 8 Gy for recurrent tumours.
It can be seen that Misonidazole has reduced Déle values
only by a factor of 1.2 to 1.3, and not by the factor of

2 observed with single dose experiments. This loss in

efficiency of Misonidazole in split dose experiments
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might be due to the lower dosage of the drug compared
with 1 mg/gm used with single doses. The results from
Misonidazole also confirm the finding of rapid recovery

in this tumour amd the smaller D -D1 value for cured

2

tumours.
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3.6

The Relationship Between Complete Regression and Local
Control Probability:

The incidence of complete regression and the local
control probability for X—rays alone are shown in table
3.9. It is clear that the incidence of complete
regression is dose dependent. None of the tumours

which were exposed to a single dose of 50 Gy or less,
showed complete regression. Thereafter, the incidence
of complete regression increased with dose, reaching

100 per cent at the 100 per cent curative dose of 80 Gy.
Table 3.9 shows also the incidence of complete regression
and the local control probability for X=-rays, in
combination with Misonidazole. Complete regression also

appears to be dose dependent, reaching 100 per cent at a

‘single dose of 37.5 Gy.

The data from table 3.9 are shown in figure 3.15, where
the local control probability is plotted as a function

of the.incidence of complete regression. The points for
both.éingle doses of X-rays alone and in combination with
Misonidazole seem to share a common curve, which is
steeper after single doses that produced more than a 20
per cent cure rate or a 60 per cent complete regression.
It is interesting to note that the data obtained from
split dose experiments for both X~rays alone and in
combination with Misonidazole as seen in the same table

also share the same curve.
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Table 3.9 Incidence of complete regression and local tumour

control.

Single doses of X=rays alone

Dose (Gy)
50
60
65
70
75
80

Complete regression

- 0/20 (0)
10/18  (55)
11/15  (73)
20/24  (83)
10/11  (90)

19/19 (100)

Single doses of X=rays + Misonidazole

Dose (Gy)
15
20
25
27.5
30
35
37.5

Complete regression

o/20 - (0)
1/15 (6.6)
2/17  (11)
4/16  (25)
11/13 (84.6)
25/28  (89)

14/14 (100)

Controlled tumours

o/20  (0)
2/18  (11)

- 5/15  (33)
16/24  (67)
9/11  (82)
19/19 (100)

Controlled tumours
0/20 (0)
0/15 (o)
1/17 (5.8)
1/16 (6.2)
8/13 (61.5)

21/28  (75)
14/14 (100)

Split dose experimenté of X~-rays alone {cumulative results

of various_intervals)

Initial dose (Gy)
20
35
50

Complete regression

28/60  (42)
56/19  (70)
38/61  (62)

Cantroliéﬂ tumours

13/60 (21)
11/79  (14)
13/61  (21)

Split dose experiments of X~rays + Misonide (equal fractions
of 20 Gy each at 3 hr interval)

Initial dose (Gy)
20

The numbers in brackets denote percentages.

Complete regression
10/10 (100)

Controlled tumours

7/20  (70)
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3.7

The Skin Reactions of Irradiated Tumours:

Visual observations provided the most sensitive
estimation of the skin reactions after irradiation, in
comparison with serial colour photographs and
colorimetric instruments (180). Arbitry scales for
the observed skin reactions have been adopted by several
workers (180,251,252,253) and the average skin reaction
was obtained from the mean values of several
observations over a chosen period of time., Hill et al.
(254) in a compariéon of the responses of spontaneous
mammary tumour and the reactions of the skin over the
tumour after irradiation with electrons and neutrons,
pointed to the difficulty of identifying meaningful
end=points for tumour—norﬁal tissue comparison, and the
possibility of disturbance of skin vasculature or blood
flow whicb might occur due to the presence of tumour.
Fowler et al. (255) found that the skin reactions over
tumours in C3H mice were difficult to measure and did
not véry significantly with dose. They pointed out that
no reliable conclusions would be drawn from thesge
observed skin reactions.

In the present tumoﬁr system, visual observations and
inspection of the skin over and around the tumours were
made 3 to 5 days every week, along with measurement of
the tumour after irradiation. Although no scoring
system was used, the skin observations were in agreement
with those of others (254,255), in that the skin

reactions over the tumours showed little or no dependence
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3.7.1

3742

on the dose. These reactions were similar within the
dose ranges which led to tumour regression (section 3.2),
i.e. 25 to 50 Gy in the presence of Misonidazole and

50 to 80 Gy in its absence. With smaller X-ray doses,
the delay in tumour growth was not enough to allow
accurate observations of the skin reactions before
sacrificing the animals. Eence, it was difficult to
determine if the radiosensitizing effect of Misonidazole
had contributed to the skin reactions as reported by
Brown (202). This might be the case with the natural
existence of some hypoxic cells in the skin of mice
(179,204,256); the disturbance of the normal vascularity
of the skin due to the presence of the tumour (section
3.11.2) and/or a possible degree of hypoxia induced by
the irradiation procedure (section 2.5.4).

The following skin reactions, however, are worthy of

mentions: e

Alopeéia:

Alopecia was noticed to start 8-11 days after dirradiation
at the summit of irradiated tumours; it then gradually
spread in a few days towards the periphery where the two
skin layers met as they passed through fhe slit of the
irradiating jig. The time of alopecia marked the time

of the start of tumour regression (section 3.2.1).

Brythema and Desquamations?

The epilated skin showed erythema which gradually merged
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3.7Te3

into a state of moist desquamation. The peak reaction
was noticed about 18 to 22 days after irradiation. This
was the time when the ‘fumour reached its minimal volume
after irradiation. The desquamated skin gradually
started to heal underneath the dried scab which fell off
in small pieces. The healing process was usually
completed about 15 days after the peak reaction i.e.
about 35 days after irradiation. The healed skin
appeared more whitish than normal skinj leathery and
thickened with appérenf loss of elasticity. These
changes in the skin texture have been reported by other
workers (253). The desguamated skin caused some
difficulty in measurement of the regressed tumours and
the thickened skin during the healing process led to
some difficulty in palpating for the presence or absence
of residual tumours. However, many tumours have been
controlled at 100 days despite the thickened skin, which
might suggest that this thickening is not related to the
preseﬁce of residual tumours. As in the case of alopecia,
the maximun degree of skin reaction was noticed at the
summit of the irradiated tumours and the scabby areas at
that region were last to fall, leaving a longitudinal

mark similar to a healed scar.

Appearance of Grey Halrs:
Grey hair appeared after about 30 to 35 days at the
periphery of the epilated areas and gradually spread in

a less dense manner centrally, but in most cases,
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3.7.4

permanent alopecia remained at the centre of the

epilated areas (plate 3.1).

The Skin Reactions in the Absence of Tumours:

The skin reactions following a single dose of TO Gy of
X=rays alone were essentially similar to those in the
presence of tumours. The only difference was the
appearance of alopecia 2 to 3 days later than in the

presence of tumours.
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Plate 3.1: Gray hair with permanent alopecia at the
centre of the site of previously cured

tumour.



Transplantation at Sites of Previously Cured Tumours:

106 tumour cells injected at these sites produced 100

per cent tumour take rate and a latent period which was
not significantly different from that of routine
transplanted tumours (figure 3.2). The mean latent
periods were 9.3 X 3.5 and 8.4.--t 3.1 days for routine
transplants and cured sites, respectively (table 3.10).
The absence of a significant difference (p >0.05) between
these means would imply that no relative restriction of
growth occurred at(ihe'cured sites during the latent
period.

The tumours obtained at. these éites grew at approximately
half the rate of growth of roubtinely transplanted tumours
(table 3.11 and figure 3.16). This was until 57 mm mean
diameter; the size at which the previously cured tumours
were irra§iated. Thereafter, many of these tumours
showed a period of no or relatively slow growth for 4 to
6 days before resumption of growth at a rate which was
not significantly different (p>0.05) from ‘hhat of
routinely transplanted tumours (table 3.12).

There was no difference in the rate and pattern of growth
of transplanted tumours at the sites of previous tumours,
cured with single doses of 60 Gy or more of X~-rays alone
and with single doses of 25 Gy or more of X-rays in
combination with Misonidazole (table 3.11). This would
suggest that the factors affecting tumour growth at these
sites were similar, irrespective of the dose level of 25

Gy or more.
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Figure 3.16: Growth of multiple generation C3H mammary

carcinoma. .

® Routinely transplanted tumours

O Trensplants at sites of previousl& cured

tumours

® Transplants at sites irradiated with 70 Gy
4 The day of inoculation _
The start of each curve indicates the time at
which 50% of the tumours were detectable.
The mean diameter used, does not include skin
thickness (1.25 mm).
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3.9

In a comparative group of mice with cured tumours,
transplanted tumours outside the cured sites grew at a
rate which was not significantly different from that of
routinely transplanted tumours (table 3.11 and figure
3.17). This indicated that the age and general health

of the mice had no effect on tumour growth.

Transplantation at Sites Irradiated with a Single Dose

of 70 Gy:

106 tumour cells injected at these sites produced 100 per
cent tumour take rate. The mean latent periods were

9.3 X 3.5 and 14.4 * 4.6 days for routine transplants

and irradiated sites, respectively (table 3.10). This
five day increase in the mean latent period was
statistically significant (p«£0.01). It can be seen in
figure 3.2 which shows the cummulative incidence of
detectable tumours, that 50 per cent of the tumours
developed by 13 days following transplantation. This was
in coﬁtrast with 7.5 days for routine transplants. The
rate of growth at the irradiated sites was sighificéntly
slower than that of routine transplants, both during the
early and late periods of growth (tables 3.11, 3.12).
Furthermore, the period of no or slow growth observed at
the cured sites when the tumours reached 5~7 mm mean
diameter was not obvious at the irradiated sites. The
differences revealed in this work between tumour growth
at the sites of previously cured tumours and the

irradiated sites, suggest that tissues which have been
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stimulated by previous tumours (cured sites) would
support the growth of a second tumour, more efficiently
than pre=irradiated quiescent normal tissues.

As mentioned in sectioﬁ 3.4, the slow and inconsistent
growth of recurrent tumours has led to difficulties in
analysis of the rate of growth during the early period.
Therefore, the time taken for the tumours to grow from

3 to 10 mm mean diameter was used to compare the rate of
growth at the cured and pre-irradiated sites and that of
recurrent tumour (table 3.13). Only those tumours which
recurred after complete regression were used for such
analysis. It appears that recurrent tumours grew at a
much slower rate; the time taken for these tumours to
grow from 3 to 10 mm was approximately double that of
‘transplanted tumours at the cured and pre-~irradiated
sites. Tpe absénce of the period of no or very slow
grdwth at the pre-~irradiated sites, is an apparent cause
for the similarity in times at the cured and pre~
irradiated sites, despite the slow growth a:b"l;he latter

site during the late period of growth.
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Table 3.13 Times for tumours to grow from 3 to 10 mm mean

diameter.
Number of tumours .

Group ovaluated Time (days)
Routine transplants 50 8.7 £ o0.22
Recurrent tumours after *
single doses of 60 Gy or ' +
more (X~rays alone) 19 28.4 = 2.2
Recurrent tumours after
single doses of 25 Gy or
more (X-rays + +
Misonidazole) 10 24.9 = 3.1
Transplanted tumours at
cured sites (single doses +
of 60 Gy or more) 33 14,3 = 0.64
Transplanted tumours at
cured sites (25 Gy or +
more) 19 14.6 - 0.88
Transplanted tumours at
irradiated sites with a , +
single dose of TO Gy 14 13.9 = 0.54

4
Errors are = 1 s.e.m,

* Recurrent tumours after complete regression




3.10 The Immune Status of the Tumour Systems
Table 3.14 shows the PHA studies in various groups of
mice. The PHA indices of mice bearing either spontaneous
or transplanted G3H mammary tumours were not
significantly different from each other but were
significantly lower than the mice bearing no tumours.
In transplanted tumours, the depression of PHA index
occurred when the tumour became just palpable and
remained at the same low level thereafter despite the
increase in tumour masé. The PHA index of mice cured
with radiation rose to a level which was not
significantly lower than that of the 6ontrol mice but
was significantly higher than the PHA index of mice with
untreated tumours.
This indicated a significant recovery of Tw~lymphocyte
response in cured mice and also confirmed that the
depfession of PHA indices in mice bearing tumours would
be due to the presence of tumours. Hoﬁever, the PHA
index of unity for mice with tumours transplanted in
irradiated skin folds might suggest some depression of
PHA index, resulting from the scattered radiation o the
mouse body inside the irradiation jig (section 2.5.3).
It was interesting to find that the immunization
procedure using lethally irradiated cells, has led to
depression of the PHA index in such "immunized" mice
before tumour transplantation. The depressed level of
PHA index in these mice was similar to that obtained in

mice bearing tumours.
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Table 3.14

PHA studies of the tumour system.

Group of mice o§u2:22 izggx S.E.M. féﬁtrol
Control mice 23 |4.54 |1 0.58 100 %
Mice with spontaneous tumours 14 |1.51 0.23 14 %
Mice with transplanted tumours 32 |1.56 | 0.13 16 %
Immunized mice 8 11.63 1.23 18 %
Mice cured with radiotherapy 17 |3.76 0.66 83 %
Mice with tumour transplanted
in an irradiated skin fold 8 |1 0 0%
(70 cy)

Significance of difference between the various groups as
asgessed by "i~test" with Bessel's correction.

Category of difference for Significance Comment s
asgessment level
Control . v spontaneous p 0.001 Highly
tumours significant
Control v transplanted p 0.001 Highly
tumours i significant
Control © v immunized mice p 0.001 Highly
. significant
Spontaneous v transplanted p 0,05 Not .
tumours tumours significant
Control v cured mice with p 0.05 Not
radiotherapy significant
Transplanted v cured mice with p 0.001 Highly
tumours in radiotherapy significant
irradiated
sites




Inmunization of the mice has led to an enhancement of
tumour growth during the latent period. 50 per cent of
the tumours in the immunized mice were detectable at

3.5 days after transplantation (figure 3.18). This was
in contrast with 7.5 days for routine transplants.
Statistical analysis of the means of both latent periods
(table 3.10) showed that the difference was statistically
significant (p<0.01).

The enhancement of tumour growth was not limited to the
latent period but it continued through the observed
period of growth. lIn figure 3.19 and table 3.11, it can
be seen that the tumours in immunized mice grew faster
than those of routine transplants. This enhancement of

growth was on the border—line of significance (p<£0.05).
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Figure 3.19:
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The growth curves of the tumours in
control and immmized mice,

® = control mice

O = immunized mice

The mean diameter does not include

skin thickness (1.25 mm).



3.1l Losses in Mice with Locally Controlled Tumours Before
100 Days:
During the experimental work, some mice with locally
controlled tumours were sacrificed due to sudden sickness
or died unexpectedly before the end-point of 100 days.
These losses were presumably due to metastases rather
than gut or bone marrow death due to the low scatter of
radiation to the mouse body during irradiation (less than
1 per cent of the given dose). This has been confirmed in
a prospective experimeﬁt designed to investigate this
phenomenon in 50 mice with their tumours treated with a
curative single dose of ‘80 Gy. One of these tumours
recurred at 80 days and was excluded from the analysis.
From the remaining 49 mice, 8 died unexpectedly and 7 of
them were examined histologically and in all, lung
metastases were revealed. Table 3.15 shows the losses in
micé with locally controlled tumours, during the whole
experimental work. From a total of 283 mice, 33 died
unexpectedly or were killed due to sickness, giving an
incidence of 12 per cent. It can be seen in figure 3.20
that there is a peak in the incidence of metastases
between 25 to 40 days after irradiation. This seems to be
the average time needed for the tumour cells to grow in
the lung and kill the host. There was no significant
difference in the incidence of metastases between the
various treatment groups in table 3.15. Furthermore, an
inspection of figure 3.21 shows no correlation between

the timing of metastases and the dose in each group.
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Table 3.15 Incidence of losses in mice with locally controlled

tumours before 100 days.

+

- o Number - | Number| -Days of losses
Expz;igental of mice of after Incidence
P analyzed | Losses irradiation
Single doses to 56 5 | 22, 24, 25, 9 %
unclamped tumours 35, 60
Single dose of 49 8 |19, 26, 26, 16 %
80 Gy to unclamped 31, 38, 39,
tumours 59, 73
Single doses to 37 4 38, 52, 56, 11 %
clamped tumours ' 61
Single doses in 99 11 24, 29, 30, 11 %
combination with 30, 30, 30,
Misonidazole 39, 40, 50,
54, 62
Split dose 42 5 | 35, 36, 40, 12 %
experiments of 44, 45
X~rays alone
Total N 283 33 12 %

* Histological examination was performed on all the unexpected

deaths except one and 21l proved to be me"has‘ta“l:ic deaths

+ All mice with recurrent tumours are excluded
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These findings suggest an inherent tendency for
metastases from the tumour, which is independent of the
dose of radiation, the clamping procedure and the use
of Misonidazole. However, Walker et al. (258) showed a
significant promotion of metastases from the tumour by

locally curative hyperthermia.
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3.12

3.12.1

Histological Studies:

The Anatomy and Histology of the Skin of the Mouse

Backs

Mouse skin is composed of epidermis which is a
stratified squamous epithelium and dermis which consists
of fibrous connective tissue. A thin layer of
stratified muscle fibres; the panniculus carnosus muscle
(P.C.) separates the dermis from the subcutaneous loose
connective tissue layer. The latter facilitates free
movement of the skin over the dorsal muscles and through
it, the skin can be stripped off easily with minimal
bleeding. Plate 3.2 shows that the blood supply of the
skin originates from the axillae and groins.
Histologically, the blood capillaries are distributed
superficially and deep to the P.C. muscle but mainly in
the dermis. This is in contrast with the deeper part of
the subcutaneous layer which is nearly avascular.

Plate 3.3 shows that the skin with the tumour mass can
be sﬁripped off easily from the back of the mouse. It
also demonsitrates the increased size of the blood supply
of the skin and the increased vascular density at the
periphery of the tumour. The stimulated vasculature at
the site of the inocula can be seen as early as 3 days
after transplantation and becomes more obvious as the
tumour reaches 3 to 4 mm mean diameter. This vascular
density becomes relatively, less obvious in larger
tumours, most likely because of displacement and wide

separation of the blood vessels by the growing tumour.
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Plate 3.2: The blood supply of the skin.

Plate 3-3: The blood supply of the tumour,



3.12.2

Microscopically, this increased vascular density is a
reflection of numerous, thin walled, dilated blood
vessels in relation to the P.C. muscle.

An interesting observation is the minimal or absent
vascularity in the vicinity of those tumours with very
slow growth rate or late appearance (2> 30 days after

transplantation).

Histological Examination of the Tumours:

The early phases of the structural organization of the
tumour can be seen in the histological sections of small
tumours (2 to 3 mm mean diameter). The tumour appears
to grow in the subcutaneous layer from several foci of
single cells or clumps of tumour cells. The cells in
the vicinity of the P.C. muscle have the opportunity to
encircle the numerous blood vessels in that region.

On the other hand, the tumour foci at a deeper level
grow in size fbrming large nodules wifh a necrotic
centfe, surrounded by a rim of about 100 u width of
apparently healthy tumour cells. The contact of these
nodules with each other and also with the outer part of
the tumour, results in necrosis of the inner parts of
the rims and hence the formation of a large necrotic
zone enclosing in a wavy rim of tumour cells.

Plate 3.4 highlights this type of growth in the absence
of nearby stromal blood vessels. The thin wavy rim of
this large nodule represents the remmants of several

small nodules after necrosis of their adjacent rims.
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Plate 3*4:

The microscopic features of the tumour in
the absence of nearby stromal blood vessels
(haematoxylin, eosin X100). The thin wavy
rim 100n) of apparently viable tumour
tissue represents the remnants of several

small nodules.



The constant width of this peripheral rim (=100 n) is
most likely to be due to the death of an inner cell
layer for every additional outer cell layer. This is
also the histological appearance of some tumours which
appeared after a long latent period ()»30 days after
transplantation and grew wvery slowly. The final tumour
structure can be seen clearly on histological studies
of large tumours (6 and 10 mm mean diameter) plates

3.5 and 3.6:=

In general, the tuﬁouf has a signet ring appearance
with a thicker dome under the epidermis consisting of
several tumour cell layers which taper to a few cell
layers or even is defective at the inner part of the
tumour. The apparently healthy tumour rim surrounds an
eccentric necrotic area present towards the deeper part
of the tumour. Numerous tumour cords can be seen inside
an& at the periphery of the necrotic zone. Each cord
consists of about a 100 u rim of appafently healthy
tumouf cells encircling a central bléod vessel, plate
3.7. These cords become well demarcatea with wider
central vessels ‘towards the centre of the necrotic zone.
However, several of these cords show massive necrotic
process, leaving pyknotic {tumour nuclei surrounding a
large number of red blood cells. The process of
necrosis appears to increase with tumour growth. This

can be seen in table 3.16 where the relative volume of

necrosis is more than doubled as the tumour size increases

from 2~3 t0 9=10 mm mean diameter.
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Plate 3.?:

Tumour cords in unirradiated tumours
(haematoiylin, eosin X100O). Each cord
consists of about a 10Qp rim of apparently
healthy tumour cells encircling a central
blood vessel. Surrounding the cords,
numerous pyknotic nuclei can be seen; these

are the result of relatively recent necrosis



Table 3.16 Necrosis in multiple generation C

3H mammary tumour.

Tumour size

The relative volume of necrotic tissue (%)

Routine

Recurrent

(rm) tumours after T;ansplant:d
Transplants single dose umours &
of 60 Gy cured sites
56 21.6 £ 4.9 63 L 5.44 54X 7.15
9 =10 42.2 L 7.7 54.5 X 8.19 41 X 10

Errors are s 1 standard deviation




The outward displacement of the surrounding tissue by
the expanding tumour results in the formation of a fine
fibrous capsule‘around the tumour mass. This capsule

is deficient under the epidermis where the thicker

outer part of the tumour has destroyed and replaced the
P.C. muscle. The presence of tumour cells in the
subcutaneous tissue appears to induce a cellular
reaction, mainly of fibroblasts and lymphocytes with
few macrophages., This reaction is more obvious in

small tumours (2 to 3'mm mean diameter) than in large
tumours and hence it may indicate a temporary immune
reaction at an early phase of growth.

The presence of a tumour capsule and the growth of the
tumour by expansion rather than invasion, have
facilitated the removal of the tumour intact with
careful dissection. The tumour has a fleshy consistency
and greyish tinge on cuf section. Histologically, the
tumour is undifferentiated adenocarciﬁoma with areas of
necroéis seen in the tumour at a very small size. This
is in confrast with the original spontaneous C3H mammary
adenocarcinoma, obtained from the Gray Laboratory.

Plate 3.8 shows the histological structure of an early
transplant of that tumour; it emphasizes the well
differentiated nature, the uniform distribution of the
stroma and vascularity and the absent or minimal necrotic

areas in the original ‘tumour.

3.12.3 Histology of Irradiated Tumourss
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Plate 3.8:

Microscopic features of an early transplant
of the tumour (haematoxylin, eosin XI0O0).
There is acinar formation with uniform
distribution of the stroma and vascularity.

No necrosis can be seen.



The histological picture during the regression period
was similar in all irradiated tumours both with single
doses of X~rays alone and in combination with
Misonidazole. At 8 to 10 days following irradiation,
the tumour mass consisted of a large necrotic centre
surrounded by a rim of tumour cells which was usually
defective at the deeper part of the tumour (plate 3.9).
The apparently viable cells at the periphery of the
tumour showed incomplete cell division, forming
multinucleated giant cells. The central and deeper part
of the tumours suffered most obvious radiation damage
with complete disappearance of the tumour cords by 8 to
10 days following irradiation. The histological studies
of the regressed tumours at 16 to 18 days revealed a
reduction of the relative volume or even complete
disappearance of the necrotic areas, leaving a few
scattered tumour cells in fibrosclerotic subcutaneous
stroma. These histologically intact cells were even
present in tumours, irradiated with single curative
doses of 80 Gy of X—rays alone and 40 Gy .- in
combination with Misonidazole(plate 3.10)¢

Macrophages in different stages of phagocytosis and
neutrophils were seen especially in the regressed
tumours 16 to 18 days following irradiation, but no
lymphocytes were observed. Vascularity was less marked
in the irradiated tumours 8 to 10 dgys following
irradiation; only scattered blood vessels could be seen

at the periphery of the tumour mass. However,
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Plate

3»9:

Microscopic features of an irradiated
tumour 10 days, following irradiation
(haematoxylin, eosin XI0O). The tumour
mass consists of a large necrotic centre,
surrounded with a thin rim of tumour cells,
These cells show incomplete cell division,

forming multinucleated giant cells.



Plate 3.10:

Microscopic features of an irradiated
tumour 16 days following irradiation with
a single dose of 80 Qy (haematoxylin, eosin
X200)+ The necrotic tissue has completely
disappeared, leaving scattered tumour cells

in fibrosclerotic stroma.



vascularity became relatively more obvious in the

regressed tumours 16 to 18 days following irradiation.

3.12.4 Histology of Recurrent Tumours:
The general morphological structure of these tumours
was essentially similar to that of unirradiated
tumours. However, the relative volume occupied by
necrosis was larger (table 3.16) and several necrotic
zones extended through the outer tumour dome which
appeared thinner fhaﬁ in unirradiated tumours
(plate 3.11). The excess necrosis in the recurrent
tumours demarcated well and separated widely the
tumour cords from each other (plate 3.12). Despite
the apparent scatter of the cords within the ftumour
mass, the width of their rims of healthy tumour cells
was still= 100 m. In these tumours, an interesting
oBservation was the sparsity of pyknotic nuclei at the
interface between the healthy tumour'cells and the

necrotic areas, in comparison with unirradiated tumours.

3.12.5 Histology of Transplanted Tumours at the Sites of
" Previously Cured Tumours:
The histological structure of transplanted tumours at
these sites was essentially similar to that of
recurrent tumours. Furthermore, the relative volume
of necrotic tissue did not differ significantly in the

two tumours (table 3.16).
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Plate

3.11:

Microscopic features of a recurrent tumour
after a single X-ray dose of 60 Qy
(haematoxylin and eosin XI00). The
necrotic tissue extends throu” the outer
dome of the tumour which appears thinner

than that of unirradiated tumours.



Plate

3.12:

%

Microscopic features of a recurrent tumour
after a single X-ray dose of 60 Gy
(haematoxylin, eosin X100). The tumour

cords are widely separated by necrotic

zones.



CHAPTER IV

DISCUSSION



4.1 Tumour Transplantation Using a Cell Suspension?

Many workers transplant small pieces of tumours rather

than using a cell suspension. This is to avoid the

several problems mentioned in section 3.1 and to obtain
suitable tumours for irradiation. In the present work,
it was essential to use a cell suspension for
transplantation for the following reasonss

1 = The study of the percentage takes and the latent
pegiods for routine transplants and those at
pre~irradiated and cured sites;

2 = It would help in the understanding of the structural
organization of the tumour at the early phases of
growth (section 3.12.2);

3 = During successive transplantation, there would have
been a greater possibility of selection of cells
other than the tumour cell line, if tumour pieces
rather than a tumour cell suspension had been used;j

4 - It would permit in vitro explants to be made when
necessary and any future comparison between the
cell line in vitro and in vivo.

When using a cell suspension for tumour transplantation,

the following technical factors would lead to a degree

of uncertainty about the exact number of viable cells
injected in each mouse:

1l - Variations in cell counting and the inclusion of
non-viable but morphologically intact tumour cells;

2 = Loss of some part of the inocula through the needle

tracks;
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4.2

3 = Decrease of the number of tumour cells in
successive inocula due to sedimentation and
clumping in the syringe during the transplant
procedure;

4 - The possible decrease in viability of tumour cells
from the time of killing of the tumour bearing
mouse and preparation of the cell suspension up to
the time of last injection.

These factors were the most likely explanation for the

spread in the latent periods in the present ‘umour

system (section 3.1.2).

It was evident from the start of the present work, that

skill and extra care were needed for each step of

transplantation using a cell suspension. Hence, it
was possible to obtain 100 per cent tumour take and

enough tumours which were suitable for irradiation.

Structural Organization of the Mul‘tipie Generation C3H
Mammary Tumours:

The distribution of the apparently viable tumour cells
appears to follow the distribution of the blood vessels
and the diffusion capacity of the nutrients including
oxygen. Furthermore, it has confirmed the importance of
oxygen and its diffusion range (section 1.5). The
structural arrangement of the skin and the distribution
of the blood vessels in relation {0 the pamniculus
carnosus muscle point to well vascularized and well

oxygenated zone in the skin along the muscle layer.
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The signet ring appearance of the tumour described in
section 3.12,.2 would suggest that the thicker outer part
of the tumour rim is uwtilizing the rich vascularity at
the site of the destroyed panniculus muscle. The

deeper part of the rim, on the other hand, appears to
depend mainly on diffusion from the surrounding tissues.
However, diffusion seems to be less efficient towards
the inner pole of the tumour due to its separation from
the well oxygenated zone along the muscle layer by the
growing tumour mass.

The naked eye and histological examinations of the
tumour have shown an increased vascularity at the
transplantation site and intratumour blood vessels.

The growth of the tumour from several foci suggests that
these inner blood vessels are more likely 4o be pre=
existing vessels encircled by the tumour cells, rather
than penetrating vessels from the periphery.

The relative volume of apparently viable tumour tissue
decreases from 83 & 5.8% to 58 £ 7.7% as the tumour size
increases from 3 mm to 10 mm mean diameter, respectively
(table 3.16). This most likely reflects the progressive
inadequacy of the blood supply to support the growing
tumour mass and might also explain the slower rate of
growth with increased tumour size. It is interesting
that the accumulation of the necrotic material within
the tumour, follows the direction of oxygen diffusion,
i.e. necrosis occurs at the inner surface of the

peripheral rim and at the outer surface of the tumour
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4.3

cords. Both the tumour capsule and the peripheral rim
enclose this material with progressive increase in its
relative volume as the tumour grows, although some of
this necrotic material might be absorbed naturally from
the tumour. When using a cell suspension for
transplantation, some tumour cells are deposited at the
deeper avascular part of the subcutaneous layer. Their
division and growth seem to depend solely on diffusion
from the surrounding tissues, in the absence of nearby
blood vessels. The tumour mass, in this case, consists
of a necrotic centre surrounded by a thin rim of
apparently viable tumour cells (plate 3.4). Furthermore,
the growth rate is slow and represents mainly an increase
in the size of the necrotic centre and the death of an
inner cell layer for every additional outer cell layer.
The histological studies of the tumour suggest that the
structural arrangement of the skin plays an imporitant
role in the structural organization of the tumour. These
studies also point to the hypoxic nature of the tumour
and the capability of the tumour cells to survive on
diffusion in the absence of blood vessels in the vicinity

of these cells.

The Characteristic Pattern and Rate of Tumour Regression:
In the present tumour system, a characteristic pattern
and rate of regression exist after irradiation even at

a relatively low single dose of 25 Gy as revealed by

Misonidazole. The magnitude of cell killing with doses
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less than 20 Gy is not enough to show if this pattern
still exists at such lower doseés. This is of interest,
since the tumour bed effect seems to plateau at doses

of about 20 Gy (section 1.7). Below this dose level,
damage to the tumour vasculature, lymphatics and the
cell loss mechanisms would be less and hence a faster
rate of regression might occur.

The similar pattern of regression that emerges following
non-~curative and curative doses of X-rays alone or in
combination with Misonidazole, strongly suggests that
the rate of regression is a poor indicator of radiation
curability. Once repopulation becomes less effective as
a result of depopulation of the tumour to a low level or
when all tumour cells have been killed, the pattern and
the rate of regression would be similar. This would be
the result only of the rate of removal of the doomed
tumour cells, cell debris and the efficiency of the
mechanisms responsible for olearance,.after irradiation.
This is confirmed by the histological pictu;eiof
irradiated tumours during the regression period (section
3.11.3). The tumour mass consisted mainly of a large
necrotic centre surrounded with an incomplete rim of
tumour cells which showed incomplete cell division. A
reduction or even complete disappearance of the necrotic
centre was observed near the end\of the regression
period. The tumour cells forming the peripheral rim
seem t0 differ from the rest in an unknown way which

maintains cell division for a limited period in the
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majority of cells (mitotic death) but indefinitely in

one or more cells. The latter would be responsible

for tumour recurrences. It is possible that these cells
have survived the treatment due to hypoxia at the time

of irradiation. However, the persistence of a
relatively better oxygenation stalus immediately after
treatment, at the periphery of the tumour in comparison
with the deeper parts, allowed the cells at the periphery
to recover from sublethal damage and to continue cell
division. This is despite the possibility of reduced
recovery from potentially lethal damage in this case
(section 1.8).

The rate and pattern of regression following irradiation
appear to be a characteristic feabure of each type of
tumour (section 1.10). This has also been stressed by
Trott et al. (259) and Kovacs et al. (260). Therefore,
on;a can not expect a faster rate of regression, however
high a dose is given; this would be so whether or not all
the tumour cells are rendered sensitive to radiation
killing by oxygen or hypoxic cell radiosensitizers.

Other modalities of treatment such as chemotherapy or
hyperthermia may produce a different response. In this
work, the presence of hypoxic cells in the tumours can

be assumed to explain the difference in the observed gross
response between tumours irradiated with X-=rays alone and
those irradiated in combination with Misonidazole after
the same dose of radiation (figures 3.5, 3.6). This may

explain the observed heterogeneity in response to similar
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doses of radiation between tumours of the same type;
both human and animals. If this is the case, the
characteristic pattern of regression of the tumour type,
will be revealed either by an increase in dose or
radiosensitization of the cells by oxygen or hypoxic
cell radiosensitizers. The difference in the regression
features between tumours of different types, both human
and animals, might be related to the histological
structure of the tumour, especially its vascular
architecture; the mode of cell death (mitotic or
interphase death and/or the efficiency of the mechanisms
responsible for digestion and removal of the doomed
cells and the cell debris after irradiation. The first
of the aforementioned is believed, by several workers
(25,239,260), to be the most important factor.

The process of reoxygenation appears to occur early when
thé tumour shrinks rapidly following irradiation (section
1.9). In the present tumour, however; regression only
became evident about twelve days from the day of
irradiation and single doses below 50 Gy in the abgsence
of Misonidazole did not produce any regression at all.
It is tempting to say that reoxygenation will not be an
important factor in this tumour system and other‘slowly
regressing tumours, Therefore, other means designed to
overcome the radioresistant hypoxic cells should be used
in these tumours, where the beneficial effect of
reoxygenation with fractionated irradiation is not

expected.
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4.4

The Relation Between Tumour Regression and the
Probability of Local Controls

There has been much controversy about the existence of
a relationship between tumour regression and local
control in both ﬁuman and animal tumours. The
establishment of a consistent relationship would permit
selection of optimum radiation doses and any further
treatment necessary to achieve cure, if the outcome of
the treatment is known in advence. Suit et al. (150)
did not find any prognostic significance of tumour
regression after large single doses in a spontaneous C3H
mammary tumour and in 72 patients with squamous cell
carcinoma of ‘the head and neck treated with convential
fractionated radiotherapy. Trott et al. (259) did not
find any correlation between the rate and pattern of
tumour regression and the radiation curability of 3
different tumours, adenocarcinoma 284, fibrosarcoma SSK
and Harding Passey melanoma. They concluded that the

tumour gross response is a very misleading judge of the

‘radiosensitivity of the tumour type. Friedman et al.

(261) in a study of 123 patients with Hodgkin's disease
found a mixed pattern of tumour shrinkage in one half of
these patients and concluded that the rate of shrinkage,
could not be used for clinical or radiobiological
purposes. On the other hand, Marcial and Bosch (262), and
Grossman et al. (263), in studies of patients with
carcinoma of the uterine cervix, concluded that complete

tumour regression, early or late is associated with
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exellent survival. Deneckamp (151) in a retrospective
analysis of the first generation C3H mammary ‘tumour
found a correlation between shrinkage and the ultimate
cure probability after single or fractionated
irradiation.

Suit and Shalek (173,264) and Suit and Gallagher (265),
found morphologically intact and normally stained tumour
cells in the regidual thickening or nodularity which
often persisted at the site of regressed C3H mammaxry
tumours, even at times greater than 110 days. These
residual ncdularities were not followed by local
recurrence and tumour cells from them failed to grow
tumours on transplantation. This indicated that the
pgrsistence of histologically intact cells in irradiated
tissue, in no way related to regrowth of tumours.

In the present study, any tumour which showed minimal or
pa%tial regression eventually grew to a large sigze,
irrespective of the dose; while those-thai regressed
completely, followed the same pattern and rate of
regression after non—curative and curative doses of
X~rays alone and in combination with Misonidazole. The
histological appearance of these regressed tumours was
also similar during the period of regression. Certainly,
it was impossible to predict the ultimate fate of the
tumours from both the characteristic pattern of tumour
regression and the histological appearance. On the other
hand, the complete regression status following

irradiation was associated with local control of the
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tumours, but within a certain relationship which
suggested a high probability of local control with any
treatment, once an incidence of complete regression of
more than 60 per cent is reached (section 3.6).

As this relationship can predict the ultimate local
control of the tumours, it can be used as an early end
point for the local control experiments, instead of

100 days (section 3.3.1). This would shorten the period
of experimental work.

If other tumours including human ones, follow a similar
relationship, the outcome of Xwray treatment can be
predicted at an early time with respect to the observed
incidences of complete tumour regression following such

treatment.,

The Delay in Growth Method:

This method has been used extensively in radiobiology

for the studies of the oxygen effect (8,88); neutron

radiation (126,266,267,268), recovery phenomenon (147,

170,171) and the hypoxic cell radiosensitizers (131,133,

135,269,174,201). It has the following advantagess=

1 ~ The response is being measured in situ, without
femoving the cells to a different environment as in
vivo-vitro studies (133,141,269). The immediate
post~irradiation environment seems to play an
important role in the fate of irradiated tumour cells
in vivo.

2 = It is a suitable method to study the tumour response

118



at low doses of radiation and tumours recurring
after high doses of radiation.

3 = It requires a reasonably short observation period,
with relatively rapidly obtainable results. This
is of special importance for the study of
metastasizing tumours which shorten the life span
of the animals before local control (cure) of the
tumours by irradiation.

4 - It is relevant to the clinical situations, i.e.
palliative radiotherapy where the local control of
the” tumours is not intended and in the study of
new methods of cancer treatment as is the case with
the hypoxic cell radiosensitizers (section 1.12.5).

Various methods have been used for the construction and

the mathematical analysis of the dose~response curves

for the delay in growth. Thomlinson and Craddock (88)

plbtted the absolute time of delay in growth against the

dose. Howlett et al. (268) used the ﬁrelative delay™
defined as the ratio of times for irradiated and
non~irradiated (control) tumours to grow to an arbitary
size. Denekamp and Harris (201) expressed the delay in

‘growth in terms of cell doubling needed to restore the

tumour to its original size at irradiation. Barendsen

and Broerse (141) substracted the doubling time of
non-irradiated tumours from the time interval for tumours
to regrow to double the volume at irradiation.

In a variety of experimental tumours, the curve obtained

for ¥-rays, under air breathing conditions shows a
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biphasic pattern in a similar way to the survival curves
of a mixed population of oxic and anoxic cells (108,109,
110). This is suggestive of the presence of a
significant proportion of hypoxic cells in the tumour,
which dominate the response after the break point,
leading to a smooth and less steep upper part of the
curve. This biphasic nature of the curve disappears
with hyperbaric oxygen (88); hypoxic cell
radiosensitizers (131); neutron radiation (110,171, 266,
267) and fractionated irradiation (170,171), due to
reduced effect of hypoxia in the tumocurs as evidenced by
steepening of the shallower upper part of the curve.

The biphasic nature disappears also with irradiation
under anoxic condition, where the lower dose region of
the curve becomes as shallow as the upper part of the
higher dose region, due to the uniform hypoxic state of
ali tumour cells.

For estimation of cell kill and the pfoportion of the
hypoxic cells from these curves, it is usually assumed
that the delay in growth, is a consequence, mainly of
cell killing and the fraction of surviving clonogenic
cells (88,201). However, several workers (88,131,270,
271) have drawn attenfion to the possibility of incorrect
conclusions based on such assumption, and ignoring the
other factors which may drastically modify the growth of
recurrent tumours, This has been confirmed in the

present work (see below).
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The Growth of Recurrent Tumours:

The time distribution and growth of recurrent tumours
would depend, not only on the proliferation kinetics of
the surviving tumour cells but also on several other
factors as those mentioned for the growth of non-
irradiated tumours (section 1.2). However, they would
be modified and altered by irradiation; a situation
which confuses even further our limited knowledge
concerning the growth kinetics of recurrent tumours.
The rate of growth of these recurrences, in a variety of
animal tumours, varied from a rate similar +to that of
non~irradiated tumours to a slower rate, even after the
same dose of radiation (85,88,141,148,173). Several in
vitro and vivo studies have suggested changes in the
proliferation kinetics and possibly intrinsic alterations
in the surviving tumour cells following irradiation
(21,149, 272,273,274). Radiation also produces
histopatholgical changes in the normai tissues
(especially vascular stroma) in which the tumour is
growing (sections 1.6, 1.7). Most workers believe that
these cellular and tumour bed changes would delay the
appearance and restrain the growth of recurrences, more
than would be expected on the basis of the decreasing
number of surviving cells.

In the present work, there was a definite growth
restraint of recurrent tumours. Most of this growth
retardation occurred during the early period of growth,

until the tumours grew up and beyond the size at
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irradiation (6 £ 1 mm mean diameter). Thereafter,

growth gfadually steepened towards that of none

irradiated tumours, an observation similar to that of

Thomlinson for fibrosarcoma RlB5 (8).

The normal growth of tumours obtained by transplantation

of a cell suspension from recurrent tumours (section

3.4) has suggested a tumour bed effect, rather than a

radiation induced intrinsic cellular defect, as a cause

for the observed growth restraint.

The magnitude of this tumour bed effect was difficult to

measure from the growth studies of recurrent tumours for

the following reasons:=-

1 - It was possible, only, to measure the rate of growth
during the late and more predictable period of
growth. However, this period might not represent
the maximum tumour bed effect due to the possibility
of revascularization from the less damaged periphery
of the tumour bed. The rate of gfowth dufing this
period was not significantly different f;pﬁ that of
non=irradiated tumours after a single dose of 50 Gy,
while it was still significantly slower after higher
doses. This might be due to the reduction in the
relative volume of viable tumour tissue, seen on
histological studies (section 3.12.4) and possibly a
decreased rate of cell division. The latter wés
suggested by the narrow zones of recent necrosis in
recurrent tumours, in comparison with non-~irradiated

tumours.,
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The growth of recurrent tumours after complete or
incomplete regression was very slow and inconsistant.
This led to difficulties in performing the growth
analysis (used in table 3.11) for the early period
of growth and in identifying the second wave of
delay in growth observed by some workers in other
tumour systems (88,130).

The existence of a tumour bed effect during the
regression and the subclinical periods of irradiated
tumours could not be deduced from the growth studies
of recurrent tumours.

In an attempt to identify and measure the ‘tumour

bed effect for recurrent tumours, transplantation
was performed at the sites of previously cured
tumours and at pre-irradiated sites. At the cured
sites, retardation of growth was evident, only
during a limited period of growth, namely, the early
period of growth. Neither the 1a$ent perioed, nor
the late period of growth were significantly
different from those of non=irradiated tumours
(tables 3.10, 3.12). On the other hand, tumour
growth at the pre~irradiated sites was significantly
restrained during the latent period and both the
early and laté periods of growth.

The discrepancies between the results at the cured
and pre-irradiated sites would suggest structural
and/or functional differences at thése sites. These

might be differences in the radiation response of
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vascularity already existing at the time of tumour
irradiation and that of non-stimulated vascularity at
the pre~irradiated mites.

Tumour growth at the cured sites was expected to be
similar in many aspects to that of recurrent tumourse.
However, the rate of growth of tumours recurring after
complete regression was much slower than that of
tumours transplanted at the cured sites. The time
taken by the latter to grow from 3 to 10 mm was nearly
half that of recurrent tumours (table 3.13).

The present studies have confirmed the existence of a
tumour bed effect; the magnitude of which at wvarious
periods of growth can be measured for both the cured
and the pre~irradiated sites. However, the results
obtained with their discrepancies point to the need
for further studies before a possible extrapolation to
the situation of recurrent tumours. Histological
studies of recurrent tumours, smaller.than ‘those
examined in this work, might reveal a structural
organization similar to that in plate 3.4. This would
be the'case if there is delay and/or impairment of
revascularization of these tumours. A growth similar

to that of recurrent ‘tumours might have been obtained at
the cured sites, if fewer tumour cells (less than lO6
cells) were used for transplantation. This would need
to be confirmed by a dilution assay, using various

concentrations of tumour cell suspension for

transplantation.
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It is interesting to note that the rate of growth during
+he early period at both the cured and pre-irradiated
sites was approximately half that of non-irradiated
tumours (table 3.11), a similar finding to that of
Hewitt and Black (95). Furthermore, the present work
has also confirmed these workers view that the tumour
bed effect is not an important factor for eradication
of tumours. Heavily irradiated tissue seems capable of
supporting the growth of transplanted tumours and would
also support the growth of recurrent tumours, though
tumour growth would be slow, a beneficial effect for

palliative radiotherapy.

Recovery from Sublethal Damage:

Two fraction experiments were designed in this work, in
an attempt to study the recovery capacity from sublethal
daﬁage of the few, probably hypoxic clonogenic ‘tumour
cells which determine recurrence or cure of irradiated
tumours. For such an attempt, the total dose and the
expected equivalent doses should be on the exbonential
part of the dose response curve. Furthermore, these
doses and the initial fractions should induce the
maximum tumour bed effect (section 1.7). This would
hopefully, minimize any influence of variations in
magnitude of the tumour bed effect on the results of
delay in growth. A 70 Gy total dose and initial
fractions not less than 20 Gy seemed to be suitable for

such an attempt.
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The analysis of the results of these experiments
(section 3.5) showed large D2~Dl values and an apparent
Elkind pattern (peaks and troughs), using the data of
delay in growth. This was in contrast to small 1)2-1’3l
values and an absence of Elkind pattern, using the data
of local control. The reasons for these discrepancies
are not clear, but two explanations are put forward:=—
1 - Recurrent Tumours Differ in Some Way from the
Cured Oness:
It is possgible that the cells which survived the
initial doses are critically hypoxic, out of cycle
and have a relatively low recovery capacity from
sublethal damage. Such cells do exist in tumours
(section 1.8). In cured tumours, these cells might
remain in a hypoxic state in the intervals between
fractions, hence the low ZD2--ZD1 value and the absence
of Elkind pattern. On the other hand, an immediate
improvement of the oxygenation st;ius of these cells
in recurrent tumours would improve their recovery
from sublethal damage and stimulate cell division,
hence a high Dé-Dl value and Elkind pattern can be
expected. However, such reoxygenation would reduce
recovery from potentially lethal damage which is
more efficient in hypoxic, non-cyclic cells (section
1.8).
This explanation is similar to the suggestion put

forward by Hall (166) for split dose experiments in

tumours and the explanation mentioned in section
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4.3 for the histological appearance of irradiated
tumours.

2 = The Data of Delay in Growth Reflect Mainly Recovery
of Normal Tissues (Tumour Bed) and Not That of
Tumour Cells: |
The fluctuations in D2—Dl values would in this case,
reflect the magnitude of residual damage of the
tumour bed, especially that of the blood vessels.
Recurrent tumours would grow faster with less
vascular damage, hence a larger Dy=D; value is
obtained and vice versa with greater vascular damage.
Accepting such explanation, the data of local control
and not that of delay in growth should be used for
estimation of recovery in tumours. This means that
all the published reports using the data of delay in
growth for such recovery may be ambiguous.
Furthermore, variations in the magnitude of the
tumour hed effect can be expected'up to 70 Gy and
not about 20 Gy as meﬁtioned in Section 1.7.

Further studies are needed to confirm or dispute the

abgve explanations, using ftumour systems where the

analysis of both the tumour local control and the delay
in growth can be compared.

As mentioned in section 1.11, accurate estimation of

recovery in tumours is difficult and complicated due

10 the interaction of various radiobiological processes

during the intervals between fractions. This was also

the case in the present tumour, especially with the
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4.8

discrepancies found between the data of local tumour
control and those of delay in growth.

The pattern and rate of tumour regression were similar
for both single and split dose experiments, with no
regression during the interval between fractions. These
and. the positive D2~-—D1 values suggest that reoxygenation
plays a minimal role in the present tumour (see sec’cion'
1.11). The apparently hypoxic status of the tumour is
suggested by the single dose experiments (section 3.3.3)
and the histological structure of the tumour (section
3.12.2).

Both the apparently hypoxic nature of the tumour and the
minimal role of reoxygenation would suggest that the
DQ‘Dl values obtained in the split dose experiments are
values for hypoxic tumour cells., When comparing the
results obtained in this work, with those for other
tuﬁours, it is important to correct for the OER of
hypoxic cells; the latter is not knowﬁ for certain in
the present tumour. However, if a correction for OER

is applicable to these recovery data, then assuming a
value of 2.8, as that used by Phillips (175), a DDy
between 3 and 4 Gy would be obitained which is similar to
the range of 2 10 4 Gy quoted by Phillips for two tumour

types, sarcomas and mammary carcinomas.

The Hypoxic Cell Radiosensitizer, Misonidazole:
Local failure is unfortunately, still common in radiation

treatment of malignant disease. Substantial numbers of
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patients who die annually of cancer, do so with
uncontrolled primary tumour. The relatively
radioresistant hypoxic cells (section 1.8) believed to
exist in tumours are regarded as an important reason

for local failure after radiotherapy. In the past few
years, appreciable sensitization of these cells has been
demonstrated in many types of animal solid tumours,
treated by Misonidazole prior to irradiation (section
1.12.5). This has also been confirmed in the present
tumour system where an enhancement ratio as high as two
was achieved. In the presence of Misonidazole, only
half the radiation dose was required to produce the

same radiobiological effect (local tumour control and
delay in growth) as that produced in the absence of the
drug. Potentially, therefore, Misonidazole is a
valuable drug and offers an improvement in both curative
and palliative radiotherapy. The drug, however, was
used in the present work,'mainly to uﬁderstand the gross
respongse of the tumours following irradiation. It was
possible in the presence of Misonidazole to dépopulaie
the tumours by relatively low doses of radiation and to
reveal the existence of the characteristic pattern of
tumour regression at such doses. Furthermore, the sites
of previously cured tumours by eréys in the presence and
absence of Misonidazole were used to study the
possibility of growth restraint over a wide range of

radiation doses,
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The Immune Status of the Tumour System:

Although host resistance against tumours is complex and
far from clear, cell mediated immunity is generally
believed to be an important factor in suppression of
tumour growth (275,276). In the present tumour,
temporary cellular reaction, mainly of fibroblasts and
lymphocytes was observed on histological studies of
small tumours (section 3.12.2). This might indicate a
temporary immune reaction at an early phase of growth
when the number of tumour cells is relatively small.,
However, such immunity seems to be negligible for the
following reasongs=-

1l = The variations in percentage tumour take during
the transplantation period can be traced to
technical difficulties.

2 — Constant pattern of biological behavioﬁr of the

| tumour since the start of the radiobiological
studies in 1975.
3 -« No regression of established tumours.has been
seen at any time
and 4 ~ The use of MTA positive C3H mice for
transplantation where immunity is unlikely to
occur (section 1.4).
While tumour immunogenicity seemed improbable, the
depressed response of lymphocytes to phytohaemagglutinin
has suggested suppression of the immune response. This
appeared to be secondary to the presence of the tumours

rather than a primary event; a situation described
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4.10

in human malignancy, particularly in advanced disease
(2717,278). This has also been confirmed by the recovery
of the lymphocyte response in the cured mice to a level,
not significantly different from that of mice bearing
no tumours.

The impaired reactivity of lymphocytes and the promotion
of tumour growth in immunized mice are disturbing
observations due to the possibility of -‘them occurring in
cancer patients when immunization is attempted.
Furthermore, it poses the question of whether
immnodepression is as important as immunostimulation in
modifying tumour growth and possibly its curability.
There is, however, a possibility that the mechanisms
behind the inhibition of lymphocyte response might differ
from those respcnsible for promotion of tumour growth.
This warrants fucther studies in non-immunized mice,
where the impaired reactivity of lymphocytes was
observed only when the tumours became'palpable and fell
to the same low level for mice bearing spontaneous C3H
mammary tumours and those immunized with lethally

irradiated cells.

Differences Between First and Mulitiple Generation 03H
Mammary Carcinomas

First generation transplants of spontaneous C3H mouse
mammary carcinoma have been used extensively for

radiobiological investigations at the Gray Laboratory

(1). 'The multiple generation counterpart of this tumour,
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described in this thesis, was originally obtained from
a spontaneous tumour bearing C3H mouse from the Gray
Laboratory. The biological properties of this tumour
have departed from those of the original one, due to
serial transplantation. Hence, it was possible to
compare several of the properties of both tumours,
despite differences in the techniques of transplantation
and irradiation.
1 -~ Differences in Growth and Morphology:
First generation transplants have a wide range of
doubling times (two to fourteen days near the size
at irradiation (6 £ 1 mm mean diameter) (1). Most
of these tumours are well differentiated
adenocarcinoma, in which considerable volume is
occupied by glandular ducts and also, frequently,
large blood filled or empty sinusoids (174). The
percentage of non-~tumour cell material in 6 and 10
mm tumours are 42 £ 13% and 35 £ 19% respectively.
These histological findings are similar .to those of
early generation transplants of the preseht ‘tumour
(plate 3.8). After nearly a year of serial
transplantation, both the rate of growth and the
histological structure have departed from those
described for first generation tumours; The rate of
growth of multiple generation tumours is more
predictable with a doubling time of about one day
near the size at irradiation (6 £ 1 mm mean

diameter). Histologically, the tumours are
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undifferentiated adenocarcinoma with no uniform
intratumour stromal tissues nor glandular ducts.
Another feature is the extensive necrosis observed
in multiple generation tumours; this appears to be
absent or minimal in first generation.

Differences in Tumour Regression Following
Irradiation:

After a single dose of 1.5 Gy, first generation

" transplants regressed rapidly within one day

reaching approximately 50% of the initial volume at
seven days (130). This pattern of regression is
different from that observed for multiple generation
tumours; no tumour regression was noticed except
with single doses of 50 Gy or more of X=rays alone
and 25 Gy or more of X~rays in combination with
Migonidazole and then not until twelve days after
irradiation., These differences in tumour regression
induced by serial transplantation‘may be due to the
changes observed in the histological stgucture, mode
of cell death and/or the efficiency of the
mechanisms responsible for removal of the dead cells
or cell debris.

Differences in the Oxygenation Status of Both Tumours
Following Irradiations

The process of reoxygenation appears.to occur early,
when the tumour shrinks rapidly following irradiation
(section 1.9). Fouler et al. (1,136) showed that

reoxygenation was the most important factor in

133



determining the response of first generation C3H
mammary carcinoma to fractionated irradiation. In
that tumour, reoxygenation coincided with the
reduction of the tumour volume in 2 to 3 days after
a single dose of 1.5 Gy (129). In the multiple
generation transplants, used in the present work,
rapid regression did not occur as in first generation
tumours. This might suggest that reoxygenation is
not an important factor in the present tumour.
However, this would need to be investigated by an
experiment similar to that described by Howes (129)
and Fowler et al. (1).

Differences in the Recovery Capacity from Sublethal
Damage in Both Tumours:

Fowler et al. (1) estimated this recovery in first

generation tumours from the TCD5OS of clamped off

'~ fumours after single doses and two equal doses of

X~rays given at an interval of 24 hours. The
recovery increment was found to be 12.8 Gy in these
hypoxic tumours, yielding an oxic recovery increment
of 4.3 to 5.1 Gy, depending on whether an OER of

3.0 or 2.5 is assumed. In the present multiple
generation transplants, a recovery increment of 8.75
Gy is estimated from the cure data for a single dose
of 70 Gy and two equal doses of 35 Gy each, at an
interval of 24 hours (section 3.5). As reoxygenation
appears to be absent or inefficient in the present

tumour, an oxic recovery increment of 2.9 to 3.5 Gy
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would be expected, assuming the same OER

Apparently, recovery from sublethal damage seems

to be lower in multiple generation than first
generation transplants. This might be due to the
appearance of hypoxic cells in the multiple
generation tumours by serial transplantation as
evident on histological studies (section 3.12.2).
These hypoxic cells are less efficient in repairing
the sublethal damage; hence a low recovery increment
would be expected (section 1.8).

Differences in the TCDSOS of Both Tumours:

When considering the effect of serial {transplantation
on the probability of tumour control, the results-of
irradiated tumours under hypoxic conditions (clamped)
have been chosen. This is to avoid the possible
differences in the oxygenation status of the two
tumours at the time of irradiation and also the
differences in the techniques of-irradiaiion. The
average TCDg, at 150 days (hypoxic) for first
generation transplants was found to be 52.9 Gy (1).

This is in contrast with 65 Gy TCD o at 100 days

>
(hypoxic) for multiple generation tumours, used in
this work. That is to say, serial transplantation

has increased the TCD.. by 12.1 Gy, rendering the

50
multiple generation tumours less readily curable
than their first generation counterparts.
Recovery from sublethal damage can not be

responsible for such an increase in the TCD_, as

50
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such recovery seems less efficient in multiple
generation tumours. However, differences in
antigenicity, recovery from potentially lethal
damage and/or the intrinsic radiosensitivity of the
tumour clonogenic cells can not be excluded.
Further exploration of these possibilities is
needed; this might provide insight into the
curability of various tumours.

Serial Transplantation and Metastases:

Weiss (279) and Mellgren (280) pointed out the
practical difficulties in quantitative estimation of
the size and incidence of metastases in both human
and animal tumours. Weiss (279) in his overview of
the baéic mechanisms and factors responsible for
tumour dissemination, concluded that every step of

the metastatic cascade seems to be a highly selective

process. Thus a very small proportion of the total

cells in the primary tumour is expected to be
released and survive the trauma of dissemination,
arrest and interactions with the host tissues. This
low incidence of dissemination has been stressed in
animal tumours by Wallace (281) and Kim (282).

Wexler et al. (45) in studies of 3 chemically induced
and 2 spontaneous tumours found that each tumour has
its own malignant pattern as determined by its growth
rate and distant metastases and that serial
transplantation has no uniform effect on the tendency

to form metastases. Weiss (279) pointed out that the
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apparent relation between the high growth rate and
the risk of metastases, in both human and animal
tumours, might merely indicate that metastases from
rapidly growing tumours would also grow rapidly and
thus be recognized earlier.

Sheldon et al. (283) in extensive studies of lung
metastases from first generation transplants of
spontaneous mammary carcinoma in CBH mice, found a
10.9% (23/211) incidence of lung metastases after
curative radiotherapy. These investigators -
suggested that the peak in incidence of lung
metastases observed between 60 to 90 days after
treatment, would represent the average time from
seeding of the cells to growth into a2 visible lung
nodule.,

The incidence of lung metastases from the multiple

generation C.H mammary tumour, used in the present

3
work was 12% (section 3.11), not éignificantly
different from that of the first generation
transplants used by Sheldon et al. (283).  However,
the peak in incidence in the present tumour occurred
between 25 to 40 days, i.e. less than half the time
for the peak in the first generation transplants.
These findings would suggest that serial tumour
transplantation did not increase the tendency for
lung metastases from CjH mammary tumour. However,

it led to an earlier appearance of metastases, most

probably due to the increased rate of growth of the
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tumour and hence its metastases during successive

transplantation.

4.11 Conclusions and Possible Future Studies:
The aim of this thesis was to investigate the basic
biological and radiobiological characteristics of the
multiple generation C3H mammary adenocarcinoma. This
was done to determine the feasgibility of establishing a
suitable solid tumour system for further radiobiological |
and other research studies.
So far, the work presented describes the growth of the
tumour after subcutaneous transplantation using a cell
suspension of 106 tumour cells and its response to single
and two fraction X-ray irradiation. The hypoxic cell
radiosensitizer 'Misonidazole' was used mainly to

understand this response.

Suﬁmary of Principal Resulis:

1 -~ The multiple generation C3H mammary carcinoma is a
suitable tumour system for radiobiological studies
for the following reasonst=

i ; It is apparently free from immune stimulating
activity.
ii = Its growth is stable and uniform with neither
erratic behaviour nor spontaneous regressiomn.
iii - Its response to radiation treatment can be
assayed in a reasonable experimental period

(100 days) by both delay in growth and local
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control methods.

iv = Its low rate of metastasis permits studies of
metastasis as a phenomenon and also allows
the radiobioclogical studies without excess
early losses.

v - It is an easily quantifiable model of hypoxic
nature and a high TCDg, (67 Gy), hence it is
suitable for the study of modalities designed
to overcome the problem of hypoxia i.e.
neutron; radiosensitizers and hyperthermia.
Furthermore, the studies of such a tumour
would add to the understanding of similar less
radloresponsive tumours in human.

vi ~ The host strain (C3H mouse) is robust and
fertile and the transplantation site at the
dorsum of the mouse is both humane and highly
suitable for radiation studies without
anaesthesia and significantAdosage to the rest
of the animal.

2 « The multiple generation C3H mammary carcinoma is a
fast growing tumour with a successful take rate of
100 per cent and a mean latency of about 9 days.

As growth progresses, the doubling time increases
from 0.5 days at 2 mm mean diameter to about 3 days
at 10 mm mean diameter and the relative volume of‘
necrotic tissue increases from 16.9 £ 5.8 to

42.2 X 7.7 per cent over the same size range. These

increases, most likely reflect a progressive
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inadequacy of the blood supply to support the
growing tumour mass.

In mouse skin, the blood capillaries are distributed
superficial and deep to the panniculus carnosus
muscle., The deeper part of the subcutaneous layer
is loose and avascular connective tissue. This
structural arrangement and its disorganization by
the growing tumour mass seems to determine the
procesées of diffusion and perfusion at different
regions of the tumour, hence its structural
organization (signet ring appearance).

The multiple generation C3H mammary carcinoma is
apparently free from immune stimulating activity and
there is even suppression of the immune response in
in tumour bearing mice.

The impaired reactivity of lymphocytes to

 phytohaemagglutinin and the promotion of tumour

growth in immunized mice are disturbing observations
due to the possibility of them occurring in cancer
patients when immunization is attempted.

The present tumour shows a characteristic pattern
and rate of regression, once sufficient depopulation
is achieved with X-ray irradiation, alone or in
combination with Misonidazole. The tumours continue
to increase in size for about 2 days, then return
slowly to the pre~irradiated size in about 12 days.
This is followed by a relatively faster regression

towards a minimal size in about 20 days after
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irradiation. The similar pattern of regression
that emerged following non-curative and curative
doses of radiation strongly suggests that the rate
of regression is a poor indicalbor of radiation
curability. However, in completely regressed
tumours, a high probability of local control is
observed once an incidence of complete regression

of more than 60 per cent is attained.

Following irradiation, massive necrosis occurs
towards the central part of the tumour, leaving
only a thin rim of {tumour cells at the periphery,

in a state of incomplete cell division. Gradual
reduction and complete disappearance of this necrotic
material is observed near the end of the regression
period. This histological appearance, certainly
suggests that the rate of regression of the present
tumour reflects mainly the rate of removal of the
doomed cells and cell debris. Tﬁough clonogenic
cells cannot be idenfified on exclusively
histological grounds, nevertheless .the histological
appearance of irradiated tumours is suggestive of a
biological difference between the tumour cells at
the periphery and those elsewhere in the tumour,
This difference appears to maintain cell division for
a limited period in the tumour celle forming the
peripheral rim. However, the possibility of
indefinite cell division in one or more cells cannot

be ruled out, hence tumour recurrence. It is
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tempting to speculate that tumour curability is
determined by certain biological characteristics

of such cells at the tumour periphery.

In the present work, there is a definite growth
restraint of recurrent tumours as a result of
radiation damage to the tumour bed rather than

an intrinsic cellular defect in the surviving

tumour cells. This tumour bed effect would delay

the appearance and restrain the growth of recurrent
more than would be expected on the basis of the
decreasing number of surviving cells and clearly,

it should be consgidered in any analysis based on

the growth delay. The magnitude of this effect,
however was difficult to assess from the growth
studies of recurrent tumours. Furthermore, growth
studies of transplanted tumours at the sites of
previously cured tumours and at the pre~irradiated
sites offered only limited help iﬁ this assessment.
The results obtained at these sites with their
discrepancies pointed to the need for further studies
tb determine the magnitude of the tumour bed effect
at the various periods of growth of recurrent tumours,
This might also help in understanding the differences
in the results of the two fraction experiments when
using the data of delay in growth and those of local
tumour control.

In the present studies, there is mno evidence that the

tumour bed effect is an important factor for
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irradication of tumours. Heavily irradiated tissue
seems capable of supporting the growth of
transplanted tumours and would also support the
growth of recurrent tumours, though tumour growth
would be slow, a beneficial effect for palliative
radiotherapy.

The appreciable sensitization of the hypoxic cells
by Misonidazole has been confirmed in the present
tumour system. The TCD50 of non-clamped tumours is
reduced from 67 Gy for Xerays alone to 31 Gy for
X~rays in combination with Misonidazole, giving an
enhancement ratio as high as two with single doses
of radiation. Misonidazole and other chemical
radiosensitizers seem to be valuable drugs and offer
an improvement in both curative and palliative
radiation treatment.

The recovery capacity from sublethal damage (SLD)
appears to be similar to other tﬁmour systems.
However, the values ébtained using the cure data
differed from those using the delay in growth data.
The latter also showed the Elkind pattern (peaks and
troughs) characteristic of the split dose
experiments. These observations indicate the caution
needed in the interpretation of the results using
either set of data. This is especially true when
comparing the recovery from SLD of various tumours.
Comparative analysis of the biological characteristics

of the present tumour and its first generation
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counterpart, clearly shows that serial
transplantation has led to several morphological
and biological changes., Progression towards
characters of greater virulence is evident,
reflected by the acceleration of growth and the
early losses of animals, presumably due to rapidly
growing metastasis. In addition, there is an
increase in the degree of anaplasia; the proportion
of necrosis and the TCDSO' These are associated
with a relatively slower rate of tumour regression
following irradiation, in comparison with that of
the first generation C3H mammary carcinoma.

The mechanisms by which these changes arose, still
remain uncertain and require further exploration.
This would also help in understanding the complexity
and the variety of processes influencing tumour

growth.
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Suggestions

for Further FExperiments:

A —~ Tumour Growbth Studies:

Several

further

interesting observations deserve mention and
studies, these include:

Growth deceleration as tumour size increases;
Accelera%ion of tumour growth in immunized mice;
Slow rate of growth and different histological
appearance of those few tumours implanted
accidentally at the deeper avascular part of

the subcutaneous layer of the skin.

The following investigations are suggested to elucidate

the complex host~tumour interactions influencing tumour

growth and structural organization:—

i ~ Estimation of the TDSO’ latent period and the

pattern of growth during latency using the

dilution assay technique.

ii « Cell population kinetic studies using tritiated

thymidine and autoradiographic techniques to
measure the 1e£&h of the cell cycle and its
phases; the growth fraction and the exfent of cell

lOSS.

iii = Thorough anatomical studies of tumour vascularity

with serial histological sections stained with
Luxol fast blue, periodic acid—-schiff for better

visualization of the blood vessels.

and iv = Functional studies of the tumour vascularity

using more reliable radioisotope techniques such

as 86Rb uptake and 1251~HSA.

145



These investigations should be carried out in both
non~immunized and immunized mice during the various phases
of tumour growth and also for tumours transplanted at
tissues of varying structural arrangement and vascularity

other than skin.

B — Tumour Regression Studies:
There is need for exploration of the basic mechanisms
responsible for removal of the doomed cells and cell
debris and their efficiency after irradiation and other
treatment modalities. This would help in understanding
tumour regression and the mechanisms underlying different
rates of regression of various tumours.
The following investigations are suggested at various
periods of tumour regression:
i — Thorough anatomical and functional studies of
| tumour vascularity;
ii = Exploring the changes in the cell population
kineticss;
1ii =~ Exploring ‘the possible biological difference
between %ﬁmour cells at the periphery‘and those
elsewhere in the tumour and also testing the
clonogenic ability of these cells by
transplantation and in vitro clone formation
assays.
and iv - Investigation of the autolytic digestion of the
dead cells and the phagocytic activity of the

host scavenger cells.
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C = Growth Restraint Studies of Recurrent Tumours:

The following investigations are suggested for further
exploration of the mechaniem and the magnitude of growth
restraint during the various phases of growth of
recurrences and transplanted tumours at cured and
pre~irradiated sitess—

i = Thorough anatomical and functional studies of

tumour vascularity;

ii -~ Cell population kinetic studies;

iii -~ Estimation of the TD50, latent period and the
pattern of growth during latency using dilution
assay techniques with a cell suspension from
recurrent tumours injected at both routine and
cured sites.

and iv ~ Estimation of the ?Dso, latent period and the
pattern of growth during latency for routine
tumours transplanted at both cured and
pre=irradiated sites of varioﬁs aose levels.

These investigations should be carried out with a large

number of animals for each study.

D - Studies of Recovery from Sublethal Damage:
It is desirable to confirm the findings reported in this
thesis regarding the recovery capacity from éLD using a
large number of animals and both TCD5O and delay in growth
assays. Future studies should be directed towards exploring
ways and means for selective inhibition of the recovery
phenomena in the tumours to achieve better cure rates with

fractionated radiation treatment.
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E = Other Studies:

i =~ Investigations of the proportion of hypoxic cells in
the tumours and the possibility of their reoxygenation
with fractionated irradiation.

ii =~ Exploring regression, cure and recurrence of the
tumour after fractionated irradiation alone and in

combination of Misonidazole,
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Future Prospects:

The development of radiation therapy has, of necessity, been
extensively based on empiricism and the major contribution
of radiobiology to radiotherapy at present is the discovery
of mechanisms influencing ‘tumour response to ionizing
radiation. However currently available radiobiological data
are stlll inadequate to explain the complex interacting
phenomena occurring in the biological systems. So far these
data can be related to the observed phenomena only by means
of hypothesis and extrapolation.

More recently, however, experimental radiobiological studies
have indicated lines of research along which intensification
of efforts would be particularly desirable and it seems
increasingly probable that the radiobiological findings will
indeed prove to be applicable to clinical problems. - For
example, the identification of the oxygen effect as a possible
mechaniém of tumour resistance to radiation treatment, has led
t0o the exploration of the clinical use of h&perbaric oxygen,
high LEI radiation, radiosensitizers and hyperthermia.
Further experimental studies including those along the line
suggested in the present work may lead to the design of a
practical and sound approach to clinical radiotherapy and to

additional possibilities for the eradication of human cancer.
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APPENDIX I
Method of Local Tumour Control 'Cure' Analysis:
The radiation TCDSO is a useful parameter for comparing
radiation sensitivities of different tumours under various
conditions of irradiation. It is preferable to any other
end-point because it may be estimated with the greatest
accuracy for a given number of irradiated tumours.
The TCD50 is defined as the radiation dose necessary to obtain
local control or 'cure' of one half (i.e. 50 per cemt) of the
tumours at some stated time. The curve of 'cures' versus the
dose plotted on a linear grid is usually a steeply rising
sigmoid. It is difficult to estimate the TCD5O accurately
from such a curve, as it falls on a very steep part of the
curve. Several methods have been used to obtain an accurate
-stimation of the TCDBO; namely: The probit analysis (284);
The Logit method (285) and the single—cell kinetics method of
Porter and Peters (136).
In the present work, {he log-log transforma£ion analysis haé
been used for the TCD50 calculations using a computer program
provided by T.E. Wheldon., This analysis is best regarded as
a quick and easy way of getting a reasonable estimate of the
TCD50 with only less than 5% difference from the estimated
values using the other methods mentioned above. It generates
a straight line, from which the TCDSO may be read directly.
The log—log transformation analysis is based on the following
assumptionse

a) Tumour cure requires elimination of all clonogenic cells;

b) There exists a unique species of clonogen (possibly a

150



sub-population of the total) of uniform radiosensitivity
which dominates radiocurability;

c) All tumours contain egual numbers of dominant clonogens;

d) The radiation survival curve of the dominant clonogens
follows the single-hit multi-target eguation.

e) The killing of cells by radiation is a random process
conforming to Poisson statistics. Hence, the survival
curve equation gives the mean fraction surviving a
particular radiation dose. The probability that a
particular fraction survives in any single case is
then given by a Poisson distribution.

Thus, the probability that (say) X clonogens survive

dose d is given by

(SN)X 3 SN

Xt

P(X)

where S is the mean fraction of cells surviving dose 4 and N
the number of clonogens originally present.. If cure requires
elimination of all clonogens, then the probability of cure Po
is the probability P(0) that no clonogens survive;‘.Hence,

, _ .

P =
c

Adopting the familiar 'off the shoulder' approximation to the

milti-target survival expression we have

- 4/D
S~ ne ©

where d is the dose, n the extrapolation number and Do the
reciprocal of the survival curve slope beyond the shoulder.

Hence,
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- &/D,
P = _e ©
(o]

which can be rewritten in the form

In (~InP) = 1n (aN) - (1/1)0) . d
to show that a plot of 1n (~1n Pc) against 4 should (if the
assumptions made are correct) yield a straight line of slope
(-1/])0) and intercept 1n (n¥N) on the y~axis.
For calculation of TCD5O simply note that
In (~In (0.5)) = =~ 0.367 and by drawing a horizontal line
from = 0.367 on the 1n (~1n Pc) axis to intersect the line
through the cure data and dropping a vertical line from the
point of intersection to the dose axis, TCD., can be

50
estimated.
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APPENDIX IX
Mathematical Description of Tumour Growth:
Most experimental tumours grow more slowly when large than
small and recognition of this almost universal feature has
led to the use of 'decelerating' growth curves such as the
Gompertz curve (section 1.2) as a convient description of
tumour grohth.
In general, however, if a purely empirical description of
tumour growth is sought, any mathematical function with the
appropriate decelerating property will usually suffice. Since
many tumours are (nearly) spherical, a linear increase in
diameter with time implies a corresponding cubic-increase in
volume, giving a growth curve which may be fitted t6 the
“umpertz équation. The advantage of the diameter versus time
doseription is that it stays closer to tumour measurements and,
as only straight~line fitting is required, extensive
computational facilities are unnecessary. In the present
study, a best straight-line was fitted by the method of
unweighted least squares for each individual tumour growth
curve using a II=58 programmable calculator. The pi"actice of
fitting each growth curve individuwally was adopted because,
although linearity of increase in diameter with time was
usually excellent (with correlation coefficients typically in
excess of 0.95), there occurred in the treated groups occasional
tumours whose growth pattern departed markedly from linearity
(e.g. correlation coefficient 0.30) and for which a simple
linear model was deemed inappropriate. Such tumours were

excluded from the analysis.
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Non=excluded tumours in each group then provided a
statistical population of growth rates (i.e. slope of linear
increase in diameter with time) which, in practice showed no
great departure from a normal distribution, and allowed
populations in different groups to be compared by standard

parametric tests, such as Student's t—test.
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