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SUMMARY
In clinical radiotherapy the dose to a tumour is limited, in
any particular instance, to the dose which can be tolerated by
the surrounding normal tissues. The experimental work
described in this thesis deals with an investigation of one of
these limiting normal tissues, the gut. The animal system
chosen was also used to investigate some of the predictions of
one of the mathematical models devised to estimate normal
tissue tolerance in clinical situations.. This was the CRE
(Cumulative Radiation Effect) model.

This thesis consists of seven chepters; the First Chapter
contains a brief intreduction, a descrj.ptiop of the proposed
research and a review of the background literature. The
literature review is not totally comprehensive but was chosen
to introduce data and information about the animal system used
in the research, the experimental methods which were employed
and the mathematical model investigated.

The Second Chapter, entitled Materials and Methods,
describes the experimental animals and the conditions in which
they were housed; the irradiation and dosimetry procedures and
the methods used for the preparation and examination of the
tissue specimens removed from the irradiated and control animals.

Chapter Three describes intestinal crypt survival and
scanning electron microscopy of the mucosa of the small intestine
after single whole body doses of neutron or gamma irradiation. |
The results obtained demonstrate that scanning electron
miscroscopy of the surface mucosa of the intestine, although

difficult to quantitate, is a much more sensitive indicator of



intestinal damage at low dose levels than the more standard
methods involving the enumeration of surviving crypts of
Lieberkuhn in a section of intestine. Being a direct method
of observation it is likely to be more accurate than the usual
extrapolation from the exponential fall of crypt numbers after
high doses of irradiation (ie. greater than 500 rads neutrons
or 900 rads gamma ra,ys)._ The results also demonstrate that
the morphology of theJeinal micosa follows a different pattern
following neutron irradiation than the pattern seen after
gainma. irradiation.

Chapter Four contains a description of intestinal crypt
survival and surface morpholog;y after fractionated doses of X
and gamma irradiation. The results show that there is a lack
of correlation between the damage expressed in terms of either
crypt survival or mucosal damage in two out of three fractionated
schedules. These observations are discussed in terms of their
relevance to therapy situations.

The Fifth Chapter describes an investigation of the
alternating fractionation formula of the CRE model. I can be
seen that of the two major predictions of the formula only one
is confirmed by the experimental results. There is a discussion
of the possible reasons underlying these differences and
similarities and an assessment of the formula in general use.

Chapter Six contains a description of an investigation of
the CRE formula which deals with the allowances that must be
made when gaps occur in fractionated irradiation schedules.
There is a comparison of the results with the predictions of the

formula and a discuésion of the factars which must be taken into



account to try and overcome some of the shortcomings of the
model.

Chapter Seven is a summary of the conclusions drawn from
the experimental research. It also contains a section dealing
with possible further work suggested by the experimental
results. The Appendices, which follow the conclusions chapter,
contain descriptions of one of the irradiation facilities and

some of the more important ancillary experiments.

xiii



CHAPTER 1

INTRODUCTION AND REVIEW OF THE FIELD OF INVESTIGATION



1.1.

Introduction

The 20th century has witnessed the evolution of the use
of ionising radiation as a therapeutic agent. Some
early success with radiation treatment led to a wave of
optimism which was to be suppressed when a number of
serious side effects were discovered. Thereafter
improvement was a slow, painstaking and often hazardous
process, which relied in the earlier years on the
intuition, skill and observation of clinicians. However,
improvements in the physical and technological aspects of
radiotherapy, plus an increasing understanding of the
biological effects have increased the variety of
malignant conditions for which radiotherapy offers a
good prognosis, In perhaps fifty per cent of cases it is
now jhe treatment of choice. In the last thirty five
years particularly, information relevant to the practice
of élinical radiotherapy has been steadily augmented by
advances in many fields and some relevanit examples will
be discussed later.

It must be remembered, however, that one of the basic
problems facing the clinician is that the dose that can be
administered to any.tumour is limited by the amount of
radiation damage that can be tolerated by the normal
tissues in the treated volume. This fact was realised
very early on and is a contributory and important reason
why treatments are administered as fractionated schedules,
which allow intervals between the radiation doses for

differential repair and repopulation of the normal tissues



whilst giving a high total dose to the tumour. These
intervals also allow time for repopulation of the
‘neoplastic tissue and hence the development of clinical
schedules has progressed mainly on empirical lines
derived from clinical observation. Thus it is necessary
for the experimentalist to0 remember the importance of
assessing and investigating the-effects of radiation in
normal tissues.

Help has been forthcoming from many research areas
as mentioned earlier, and some of the discoveries have
been implemented in clinical practice in recent years;
it may be helpful to give examples of some of the more
recent advances. It has been recognised that the
presence of oxygen in tissues enhances the effect of
electro=magnetic radiations such as X and gamma rays
which are described as having a low LET or linear energy
transfer. The realisation that tumours COmﬁonly
confained a propoftion of hypoxic cells has led to thé
use of hyperbaric oxygen and high LET irradiation sources
such as neutron generators in an attempt to kill more
tumour cells compared to the number of normal cells; in
fact; to try and increase the therapeutic ratio.
Similarly the field of biochemistry has produced

£ELEcTRo A FFNIC drugs and soﬁe of these are being used in
clinical.trials at present to assess their ability to
modify the radiosensitivity of tumour cells.

Many of the advances in biology have been important

to the understanding of the response of individual cells,



cell populations and tissues to radiation. The use of
in vitro and in vivo techniques has led to a better
understanding of the nature of the cell cycle, cell
population kinetics and the mechanisms of repair and
repopulation. In the field of mathematics models have
been produced to try and explain these observations;
many of these models are of such complexity that
computers have been used to try and correlate the many
factors involved, with the hope that they might
contribute to the production of 'optimal' treatment
schedules. These schedules will try and make use of any
differences in the repopulation kinetics of normal or
neoplastic tissues to the detriment of the latter.

These few examples are given purely to illustrate
how the results of research effects the understanding of
the ﬁasic problems underlying radiotherapy treatment and
how in some cases they have led to the innovation of new
methods of treatment for use by the clinicians. Many of
the research programmes have been aimed at ways to
increase the numbers of tumour cells which are killed
during treatment and undoubtedly much more basic research
into the biology of tumour systems and the development of
new methods of treatment will be carried out. However it
is an intrinsic problem in the field of cancer therapy
that thef§ is as yet no agent which can differentiate
between normal and neoplastic tissue and this fact
emphasises the value of continued research into the

function and structure of normal tissues.



1'2.

Subjects of Investigatiom
The research work described in this thesis is an
investigation of radiation effects on the small intestine
or ileum of the mouse. This is a very radiosensitive
organ and it is because of this characteristic which
severely limits the dose of radiation to any area
involving this tissue, that it is sometimes known as one
of the 'limiting normal tissues'.

The experiments are divided into two main groups.
The first group of experiments involve a comparison of
radiation effects as described by scanning electron
microscopy of the surface mucosa of the small intestine
and radiation effects as assayed by the depletion of the
numbers of crypts of Lieberkuhn in the intestine. The
second assay system is similar to that developed by
Withers and Elkind (1970), which is sometimes known as
the microcolony assay technique and involves the
enumeration of the surviving numbers of crypts in a
circumferential section of intestine as a measure of
radiation damage. Both methods are used to compare the
effects of single whole body doses of D=T neutron or
6OCo‘ba1t gamma irradiation, and fractionated whole or
partial body doses of X or gamma rays. The fractionated
doses.ﬁere administered in three separate schedules which
were deviéed to mimic schedules in common use in clinical
practice.

As scanning electron microscopy (SEM) is used to

observe the 'functional' compartment of the gut it was



hoped that a comparison with a method which assayed
damage to the proliferative compartment of the gut might
give an insight into the various patterns of radiation
injury in the whole organ.

The second group of experiment‘s are concerned with
the investigation of some of the predictions of the CRE
(cumulative radiation effect) model. Various formulae
have been derived from observations of clinical data to
assess radiation damage to normal tissue (usually skin
or normal connective tissue, another of the limiting
normal tissues). The formulae are used as an aid to
planning clinical treatments and some are in use in many
radiotherapy centres. Perhaps the ones in most common
use at present are the NSD (Ellis, 1968) the TDF (Orton
and Ellis, 1973) and the CRE (Kirk et al., 1971).

The experiments used the Withers microcolony
technique purely as a measure of biological damage. The
effects of alterha.ting large and small sized fractioms
were investigated and the results compared with the
predictions of the alternating fractionation formula of
the CRE model. A second and larger set of experiments
invéstigates the effects on repopulation when a gap
occurs in a treatment schedule and how these effects are
modified by the position of the gap in the schedule.

The resﬁi‘ts obtained are compared with the predictions
of the gap formula of the CRE model for the same

conditions.



1.3. Reésons for Choice of Assay System for Investigation of
CRE Model |
The CRE model was derived from clinical observations of
the effects of radiation on human skin, as is clinically
applicable to normal connective tissue. The end point
(or amount of damage) is quoted as a CRE value on a CRE
scale of damage. Obviously this scale does not apply to
the more radiosensitive organ, gut. However the general
predictions of the formulae should, if they are to be of
any use clinically, be applicable to all normal dividing
tissues. In this work gut was chosen as the animal model
because it is one tissue in which a direct measure of
radiation damage can be obtained by counting the numbers
of regenerating crypts present in a section of tissue.
It is therefore not necessary to devise a scale of
measurement of damage, thus overcoming the main criticism
of ﬁork with irradiated skin, that the method of assessment

of damage can at best only be very subjective.



l.4. Literature Revieu
The experimental woric in this thesis deals with an
investigation of an animal rodel of a 'liniting normal
tissue' as the term is used in the context of clinical
radiotherapy. This animal rodel, the mouse ileum, was
also used to test some of the predictions of a
mathematical model‘devised to assess the biological
effect of radiation on normal connective tissue in
clinical situations, the CRE (Cumulative Radiation
Effect). This literature review is not intended to be
totally inclusive but is chosen to introduce information
about the animal system, the experimental methods

employed and the methemeatical model investigated.

1.4.1 The Structure of the Bowel and the Cell Renewal System
of the Intestinal Epithelium
The digestive tract consistis of the mouth, pharynx,
oesophagus, stoméch, sma2ll intestine, large intestine
end rectum. However, subsequent discussion is limited
to the small intestine as its response to radiation injury
is the subject of this investigation. '

| In the small intestine three regions can be

distinguished' the duodenum, jejunur end ileum. Their
structures, although showing some differences, are
basically the same in principal and so one description
applies to them all. In cross section the rmcosa is
seen to contain innumerable villi lined by a columnar

epithelium consisting of mucus and tchief' cells (Leblond



and Walker, 1956). The crypts of Lieberkuhn which
contain the generative cells for epithelial replacement
are found in the mucosa at the bases of the villi.
Cell renewal occurs in the mitotic areas in the crypts,
from here newly formed cells migrate out of the crypts
and move from the base of the villi to the top, known
as the extrusion zone. The predorm‘.n?,t'é’ cell in this
renewal system is the columar or 'chief' cell,
Scattered among these are goblet cells. At the bottom
of the crypte are the cells of Paneth and the
argentaffine cells whose precise role is as yet to be
fully established.

From the view point of cell kinetics, the epithelial
cell renewal gystem of the intestine can be considered as
consisting of four pools. As in any cell renewal system
there must be a stemecell pool which is self-sustaining.
In the intestine the stem cell has not been morphologically
identified, but the area of cell proliferation is known
$0 be the walls of the crypts. It is therefore not
possible to distinguish mo'rphologically a stem cell from
the proliferating pool and the two must be considered
together. However, an amplifying or proliferating pool
is most likely present. The cells move from the cryptis,
lose 'éheir proliferating capacity, and move into a
maturatién pool probably located at the neck of the
crypts and base of the villi. Early electron miscrosope
studies of the maturation pool demonstrated the occurrence

of cytological changes., Quastler and Hampton (1962)



described these as a cytoplasmic transition from the
vesicular proliferative cell to the tubular mature cell.
Once the cells are at the base of the villi, they move
up the villus surface until they are eventually *shed?
at the villus tip or extrusion zone.

The most accurate estimate of time parameters of
cell renewal in the intestinal epithelium has been
derived from studies using tritiated thymidine (e.g.
Quastler and Sherman, 1959; Sherman and Quastler, 1960;
Fry et al., 1961; Lesher et al., 1961; Lipkin and Quastler,
1962). However estimates have also been made from
mitotic indices (Leblond and Stevens, 1948, Bertalanffy
et al., 1962). Relative turnover times for various
regions of thg gastrointestinal tract have been
calculated by many experimental workers and from
comparative values it is evident that the small intestine
has the most rapid cell renewal. Ip the mouse the cell
doubling time in fhe jejunum is approximately 12 hours.

The parameters of villus transit time have been
estimated by the use of tritiated thymidine, as the time
elapsed from the first appearance of labelled cells at
the base of the villi until the first labelled cells are
shed .from the ﬁllus tip. The villus transit time in
man ié about three to four days, two to three days in
the rat a.nd one to two days in the mouse. However, since
these parameters were obtained from the movement of the
fastest cells these times are minimum estimates, and the

values must be considered as guides only as the times



1.4.2

vary from strain to strain in the same species and also
with age (Lesher et al., 1961, Fry et al., 1962).
Furthermore the studies in man were performed in
patients with malignent disease, which may have
influenced the time peremeters (Lipkin et al., 1963).

Estimates of transit time throuzh the maturing
pool have been made and most estimates are within the
limits of 2 to 4 hours. As the number of generations
between stem—cell division and the last proliferative
division is not known the transit time in the
proliferative pool is not known.

This brief description of the structure and cell
Xinetics of the normal intestinal mucosa is given to
serve as a basis for the discussion of the effects of

radiation on the intestine in the following sections.

Assay of Intestinal Radiation Damage by the l.easurement
of Crypt Regenerétion

A technique for measuring survival rates of crypt cells
following irrediation was described by Withers and
Elkind (1970). Idce were killed three and a half days |
aftef an acute dose of irradiation, a section of small
inteétine removed, fixed and examined histologically. 4
contr§1 (unirradiated) value of 160 crypts per
circumférence of intestine in mouse jejunur was observed.
After large doses of radiation a proportion of the crypts
were completely depopulated of clonogenic cells and thus

there were fewer regenerating crypts counted three and a

10



half days after irradiation than in the control animals.
The fall in crypt numbers with increasing dose can be
plotted to give a crypt survival curve. This is a brief
description of what has come to be known as the crypt
micro—-colony assay system, and it was this system that
was chosen as the quantitative biological assay system
for the experiments described in the later chapters.

In order to define a crypt cell survival curve
Withers and Elkind assumed that crypt cells survived
independent of one another, that one surviving clonogenic
cell was sufficient for the regeneration of a crypt and
that the number of surviving cells in a crypt were
randomly distributed. Using Poisson statistics the
average survival per crypt could be calculated and hence
the cell survj..va.l per circumference of intestine. Cell
surv:.val curves could then be plotted using the crypt
survival data.

Withers, Brennan and Elkind (1970) used this
technique to investigate the effects of X—~rays and
neutrons on crypt cells. This 2llowed them to study the
radiobiological effectiveness (RBE) of neutrons compared
with X-rays a2t a celluler survival level. Their figures
demonstrated that REE values for cell survival were
similar ,to published RBE velues of 1.4 for LDSO/S
survival (ie intestinal death following whole body
irradiation). Briefly, this suggested that a dose of
neutrons is more effective in cell killing by a factor

of approximately 1.4 than the same dose of X-rays.

11



Hornsey (1970) used the micro-colony technique to
study variations in survivel after electron irradiation
at different dose rates and reported that at lower
dose-rates a larger dose is required to give the same
level of survival.

The same tehnique was used by Withers et al. (1975)
to investigate the effects of fractionated gamma
irradiation and fractionated gamma and fractionated
neutron irradiation (Withers et 21., 1974), where it was
reported that there appeared to be little sparing of
jejunal mucosa as a result of repair of sub-lethal
damage during intervals between neutron dose fractions
but considerable repair between fractions of garma ray
doses. _

Hendry et al. (1975) used the technique to
invéstigate daily neutron fractionation regimes and
reported RBE values of 3.3 for 10 fractions and 3.6 for
15 fractionse. A‘similar technique was used to
investigate the survival characteristics of the
proliferative cells of the gastric mucosa (Chen and
Withers, 1972) and discussed the large sub-lethal repair
capécity observed with relevance to radiotherapy
treaimenxs involving the stomach.

'A different method of measuring crypt survival has
also béén used extensively to study intestinal
irradiation demagze. This method (Hagemann et al., 1970)
involves the labelling of crypt cells with tritisted

thymidine prior to dissection using the technique of

12



1.4.3

Wimber et 2l. (1960). By determining the activity of
aliquots of labelled crypts it is possible to plot =a
graph of crypt survival against increasing doszage of
radiation. This technique employs a correction factor
for weight changes following irradiation.

This technique has been used extensively to
determine the effects of single doses (Hagemann et 21.,
1971) and fractionated doses (Hagemann et al., 1971) of
X~rays on crypt survival; the effects of oxygen on crypt
survivel in irrediested mice (Sigdestad et al., 1973),
the effects of different types of irradistion (gamme,
Z~rays end neutrons) on crypt survival (Sigdestad et al.,
1972) and the degree of intestinal cell proliferation
during fractionated irrasdiation (Hagemenn, 1976).

These and many other studies have produced valuable
information on the response of the proliferative
compartment of the small intestine to many types of
irrediation and under verious conditions of oxygenation

and hypoxia.

Intestinal Surface l.orphology as an Indicator of
E&pefimental Radiation Injury

Apart from the maintenance of the proliferative capacity
of a tissue,the clinical radiotherapist is also concerned
with thé maintenance of the functional ability of that
tissue. In the gut the functional compartment (the
villi) is dependent not only|on the ability of the cells -

in the crypts to proliferate but also on their
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2bility to leave the proliferative pool and mature as
functioning cells; loss of gut function, even for a very
short time, after irradiation can have drastic
consequences for the patient. The dissecting microscope
was first used to examine the mucosal surface of the
small intestine (Rubin et al., 1960) and in 1961 Holmes,
Hourihame and Booth (1961 a and b) demonstrated its
diagmostic use when they described the mucosal changes in
coeliac disease and tropical sprue. Studies of this kind
brought more understanding of mucosal structure but
advances were limited by the low resolving power of the
dissecting microscope, until liarsh, Swift and Williams
(1968) introduced the scamning electron microscope as a
method of examining mucosal structure in greater detail,
although the first preliminary studies (and perhaps the
first use of SH for the study of soft tissue) were done
by Jaques, Coalson and Zervins in 1964 (Jaques et &al.,
1965).

The following is a brief description of how the
scanning electron microscope works. (Taken from l.arsh
Swift, 1969). A beam of high energy electrons
accelerated from a heated tungsten filament is focused
into a narrow probe the size (diameter) of which can be
varied by means of two electromagnetic lens. A third
electromégnetic lens focuses the electron probe onto the
specimen and scanning coils in this lens mowve the probe
over the surface of the specimen. Secondary electrons

emitted by the specimen are attracted towards a
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positively charged Faradey cage, pass through a wire
gauge at the cage surface and are accelerated by an
applied potential difference. The electrons strike an
aluminium~coated plastic scintillator and the light
generated passes down a light guide into a
photomultiplier which amplifies the signal. This signal
is used to modulate a light spot scanning the screen of
a television displey tube, which is in synchrony with the
electron probe., The images produced are related to the
surface topgraphy of the specimen under examination.
Chenges in magnification are made by varying the area of
the specimen scammed by the probe. Because the primary
beam diverges over a small angle the depth of focus is
very large, this of course is a major advantage of the
SH. as it produces a three—~dimensionalperspective to the
micrographs obtained.

The scanning eleciron microscope was used by l.arsh
and Swift (l969)vto examine specimens of jejunal mucosa
obtained from subjects undergoing operative treatment
where disease of the small intestine was excluded in all
the patients. They described finger shaped villi with
broaa bases tapering to blunt points and remarked on the
varia;ion in villous shape, some being circular in cross
sectién whilst others were flattened and tongue or leaf
shaped.A They described the ridged and corrugated surface
of the villi and demonstrated the great depth of focus of
the scanning electron microscope by describing epithelial

cell boundaries, goblet cell orifices, crypt mouths and
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even occasional red blood cells on the villous surface.
They also demonsirated that at higher magnifications
(x 20,000) the microvilli could be distinguished es
discrete structures.

In the same year Toner and Carr (1969) published a
paper describing SEI studies of human srell intestine
specimens and specimens from rats. They also reported
the leaf, tongue and finger shaped villi in human
specimens and noted that ridges of moderate lengfh were
not uncomrion. They showed that the leaf shape villous
pattern was the normal pattern for the rat and their
fzilure to resolve individual microvilli demonstrated the
importance of tissue preparation techniques in obtaining
high definition micrographs. Since these publications
the scanning electron microscope has been used in 2 large
nmuiber of investigetions of normal and diseased small
intestine in men and several other species and also the
effects of gamra irradiation in the mouse intestine (Carr
and Toner, 1972) and ret intestine (Anderson and Withers,
1973).

Carr and Toner examined the intestinal surface
chanées produced in mice by large doses (1500 to 2500
rads) of gamma rays and compared them with s;me features
of human coeliac disease. They noted that 48 hours after
irradiaiion the villi began to lose their normal stability
and appeared to droop and clump together. 7O hours after
exposure the villi were shorter, more tapered and had

developed a conical shape. Some 90 to 100 hours
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post-irradiation the mucoszal surface showed gross
abnormalities. In some cases the villi still existed as
discrete stunted projections, but in other cases as only
small irregular excrescences which had lost the orderly
grooves of the controls and appeared to have warty blebs
or projections and to have lost all surface organisation.
The authors noted that these appearances were not
characteristic of that seen with coeliac disease despite
the absence of villi.

Anderson and Withers used the scanning electron
microscope to examine the intestine of rats irradizted
with 1000 rads 6OCobalt gamia rays. The animals were
killed at 24 hour intervals after irradiation. 24 to
48 hours after irradiation the morphology of the
intestine appeared similar to that of the controls.
l.ucoszl deterioration was at its worst on days three and
four, the villi were shorter and sometimes fused. The
mucosal floor was no longer smooth and the crypt orifices
difficult to distinguish. By the fifth and sixth day
post—irradiation morphological repair was evident, and
animals examined on days seven to twelve displayed a
morphologically normal mucosa.

Following on from the work described in these last
two sections the investigations described later in
chapteré three and four are an attempt to examine the
effects of single and fractionated doses of X, gamna and
neutron irradiation on the small intestine, from the

end points of micro—colony assay and scanning electron
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microscopy.

1.4.4 The Curulative Radiation Effect (CRE)

One of the problems confronting the clinical
radiotherapist is the rationalisation of the biological
effects of fractionated radiation regimes in the
treatment of neoplastic disezse. These regimes vary
from one treatment centre to another and in order to
compare the results from different regimes it is
necessary to have some criterion against which they can
all be assessed. Ideally, such a rationalisation
criterion would provide a method of measurement of the
radiation damage to both the normal and neoplastic
tissues for any particular tireaiment regime, thus
allowing the comparison of the biologiczal effects of
different regimes and also a selection of the most
beneficial form of treatment for any particular tumour
type. |

A significant step towards this ideal was made by
Ellis and his colleagues (Fllis, 1967; Ellis 1968; Ellis,
1969; and Winston, Ellis and Hall, 1969). They
demoﬁstrated that a single figure representing normal
connective tissue tolerance to radiation could be used
to designate any course of radiation treatment which
reaches fissue tolerance. In practice tolerance is the
upper limit of any radiation schedule, and might be
defined in terms of the normal tissue as the maximum

arount of biological damaze that can be sustained by a
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tissue from which it can repair without sustaining any
permanent diszability.

Ellis termed this figure the ISD (nominal standard
dose) and showed that it could be expressed

mathematically as:-—

NSD = (Total Dose). N O-24, ¢0-11,

vwhere the total dose is given in rad, N is the number of
fractions in a treatment and T is the total treatment
time. This equation, based on iso—effect curves for
different fractionation schedules for squamous cell
carcinoma, sl»:in erythgma and normal tissue tolerance
(Cohen, 1960), applies only to normal tissue at the
limit of tolerance as stated previously.

The cumuiaiive radiation effect (CRE) is a
generalised form of this NSD empirical function and can
be considered as a sum of the effects of fractions or
groups of fractions and also takes into account the
effects of previous fractions. In other words the CRE
is ; series of numbers describing a scale of damage, the
top of this scale being the same as the NSD. The
advantage of this is that schedules can be zssessed at
sub-tolerance levels of damage. Cumulative radiation
" effect (CRE) vas termed by Kirk, Gray and Watson (1971)
and was'derived in order to extend the approach of Ellis
to the rationalisation of radiotherapy treztment regimes
at sub-tolerant levels of damage. The authors have now

2pplied the CRE to a variety of conditions of radiation
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treatment in a series of papers. Fractionzted Treatment
regimes were considered in the above mentioned reference,
Continuous Radiation therapy in lirk, Grey and Watson
(1972 and 1973), end Time Gaps in Treatment regimes in
Kirk, Gray and Watson (1975).

Although the CRE was derived from a2 consideration
of clinical and experimentel data the authors themselves
state that limitations are imposed on the CRE by its
empirical nature and that any improvement in the CRE
concept requires a greater lnowledge and understanding
of the effects of radiation on normal and tumour tissue
in vivo. It is not the purpose of this investigetion to
enalyse the CRE in deteil but it was hoped that by
testing some of its predictions in an animal system rore
insight might be gained into how the concept might be
mede more applicable to the clinical situation. To this
end two of the more important predictions of the CRZ were
chosen for investigation.

In Kirk et al. (1971) it is stated that if =
particular regime achieves a certain CRE, its individual
fractions may be given in any order whatsoever, without
altering the CRE attained. This particular statement is
investigated and the results are reported and discussed
in chapter five. In Kirk et al. (1975) there is a
discussion of how the position of a gep in treatment will
effect the amount of additional dose that would be
required to achieve the same level of CRE that would be

attained by an wninterrupted schedule. These predictions
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vere investigated and in chepter six the results that
were obtained are reported and are discussed in relation
to their bearing on the predictions of the CRE model

quoted above.
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CHAPTER 2

MATERTAL AND METHODS



2.1.

2.2,

Animals

Adult male and female C3H/He mg mice (supplied by Bantin
and Kingman Ltd., Hull) of 10 to 15 weeks of age were
used in the experiments. They were housed in plastic
cages (12 per cage) in air conditioned rooms, with
constant temperature (21°%C) and relative humidity (55%)
and maintained in light and dark periods each of 12 hours
in duration. (i.e. light:- 7 a.m. to 7 p.m.; dark 7 p.m.
to 7 a.m. GMT.)

The animals were provided with formula 41 mouse diet
(produced by Angus Milling Company, Perth and supplied by
William Shearer and Company, Glasgow) and acidified water
(maintained at pH 3.0 with dilute hydrochloric acid) ad
libitum, both before and after irradiation. The cages were

changed twice weekly and the water daily.

Irradiation Procedures and Dosimetry

(a) sobobalt gamma irradiation

6000ba1t gamma, ray exposures were to the whole body

The
and carried out on an Orbitron therapy unit. A perspex jig

containing four animals was positioned in the broadest

_ field such that the centre line of each mousevwas 40 cm

from the source; The animals were irradiated dorso-ventrally.
The dose rates to the tissue under these conditions,
approximately 180 rad minute_l over the period of the
experiments, were measured using a tissue-equivalent (TE)
ionisation chamber designed for the neutron experiments

(see below) which was placed at the centre of a perspex

mouse phantom located in the jig. The TE chamber had been
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had been calibrated against an NPL secondary standard
Farmer-Baldwin ionisation chamber under standard

conditions.

(b) Neutron irradiation

The neutron irradiations were again to the whole body.
During the irradiations, two animals were placed in
perspex tubes situated with the long axes parallel to
and 8 cm from the plane of the meutron source. The hind
4 cm of the two animals were centralised over the source
and during irradiation the tubes were slowly rotated to
ensure uniformity of exposure. The source used was a
sealed P-tube D-T neutron generator supplied by Elliot
Bros. (London) Ltd., which provided primary neutrons of
mean energy 14?7.MeV in the direction of the deuterium
ion beam incident on the tritium target. Neutron
Specfrwn measurements were available for similar
irradiation conditions (La.wson. et al., 1972) and the
doses received 'by ;the animals were estimated to comprise
76% from primary neutrons of 14.7 MeV, 19% from scattered
neutrons of mean energy 1.1 MeV and 5% from U-ra.ys.

The absorbed doses in the neutron field were measured
using-a small cylindrical ionisation chamber similar in
design to that described by Greene (1971). The active
length .was 16 mm, the outer wall thickness 2.5 mm, the
centre eiéctfode diameter 3 mm and the cavity gap 2 mm.
The chamber was made from carbon;loaded polythene, which
is conducting and approximately tissue equivalent to

neutrons. The atomic composition was 10.2% hydrogen and
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89.8% carbon by weight. Ethylene gas was flowed through
the chamber at constant rate.

Ther—ray sensitivity of the chamber was determined
by direct comparison with a Farmer-Baldwin secondary
standard ionisation chamber in a GQCQI(—ray field. This
factor was used to convert the measured ionisation to the
dose which would be absorbed by wet tissue exposed to the
radiation field by taking into account neutron kerma
values, photon mass energy absorption coefficients,
experimental neutron and.élray saturation factors for the
chamber, assessed W-values, and stopping powers for the
charged particle spectra and calibration photons in the
gas and walls.,

The X-—ray component of the dose was assessed from
measurements with LiF TLD/?OO chips in teflon and a
Geiger—Mueller6 -ray dosemeter. The intr;insio
sensitivities of these devices to 14.7 MeV neutrons (0.17
and 0.03 equivalent 6000 rads per neutfon tissue rad
respectively) were estimated from published data (Wingate
et al., 1965; McGinley, 1972; and Goodman, 1972). The
uncertainty in the total dose absorbed by tissue from
neutrons and.a;rays, deduced from the ﬁeasurements with
the ionisation chambef was ¥ 5¢. This is similar to that
reported by CGreene (1971) and by Bewley et al. (1972).

Because the output of the generator could vary, the
actual doses given to each pair of animals were controlled
by two monitor fission chambers which were placed on the
P-tube close to the irradiation jig and regularly

calibrated against the TE ionisation chamber placed in a

24



mouse phantom in the irradiation jig. Dose rates to
tissue for the neutron exposures were in the range 5 to

12 rad minute-l.

(¢) X-irradiation

Partial body X-irradiations were carried out using a
Siemens Stabilipan I unit operating at 250 kV and a
filament current of 15 mA. Beam filtration gave a HVL
of 1.85 £ 0.05 mm Cu. (The tube of this unit was
contained in a specially designed, shielded box which was
constructed in the Glasgow Institute of Radiotherapeutics
and Oncology. The description of this unit is contained
in Appendix 1.)

Mice were restrained in perspex tubes which were
positioned so that the abdominal cavity was over a 2.5 cm
wide slot cut in a 3 mm thick lead sheet and thus they
wereAirradiated ventro-dorsally. Dose rate measurements
were made in a perspex phantom with an ionisation chamber
both over the centre of the slot and 1.5 cm from its eage,
in the position which the femora were judged to lie. The
femoral dose was < 4% of the intestinal dose.

The suitability of this phantom was checked by
compaiing this dose rate to measurements made with an
jonisation chamber pléoed‘in the abdominal cavity of a
dead m;use. The difference was < 3%. The dose profile
across thé slot was determined using LiF thermoluminescent
dosemeter. LiF rods were inserted in a perspex block at
0.5 cm intervals, this was positioned over the slot and

irradiated. As a check on the relative doses at the
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intestines and femora, LiF rods were inserted at these
sites in a dead mouse and irradiated. These measurements
correlated very well with those made with the ionisation
chamber. All dose rate measurements were made using a
Farmer-Baldwin dosemeter which had been calibrated against
a secondary standard instrument for the energy used. The
dose rate obtained 1 cm above the slot was T5 rad minute_l
this being the position of the mouse intestine during

irradiation.

Tissue Preparation and Microscopy

The mice were killed by cervical dislocation
three—and-a-half days after the final irradiation dose was
administered. Control animals for each experiment were
killed at the same time. Two segments of the proximal
small intestine, approximately l.5 cm long, were removed;
one for examination under light microscopy and one for
examination with scanning electron microscopy. The segments
were always taken from the same area, which was
approximately 4 cm below the pylorus thus avoiding the
duodenum. | | .

The segment for light microscopy was flushed and fixed
in 10 per cent formal saline for one to two days then cut
into smaller pieces three to four millimetres long. These
were embed_déd in paraffin wax, sectioned transversely (5 n)
and stained with haematoxylin and counter-—stained with eosin,
The number of regenerating crypts per circumference were |

counted (200 x magnification). In practice the segments
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from several mice receiving the same radiation dose were
pooled on removal to the fixative.

The segment for electron microscopy was flushed and
then gently inflated with fixative, so as to preserve the
normal dimensions, the ends were then tied off and the
segment immersed in fixative. Two fixatives were used
during the course of the‘experiments, 10 per cent formal
saline and 2 per cent phosphate buffered glutaraldehyde
at pH T.4. Following adequate fixation (at least 2 days)
the inflated gut was opened longitudinally along the line
of the mesentery and washed out with buffer solution.
Suitable portions of tissue were post fixed with one per
cent Osmium tetroxide in Millonig's buffer for one hour
and then washed in water. They were then dehydrated
through a series of ethanol solutions of increased
concentration up to ébsolute ethanol. The specimens were
pinned out on cork and allowed to dry in air at room
température.

When dry the rough edges of the samples were trimmed
off and these trimmed specimens were then mounted on
specimen carriers with conductiné adhesive solution and
vacuum coated with gold-palladium. Thevtissuss were
examined with an S600 scanning electron microscope
(Cambridge Scientific Instrument Company) used in the
emissive mode at accelerating voltages of from 1.5 kV to

25 kV. Recording was done with 35 mm or 70 mm FP4 film.



CHAPTER 3

CRYPT SURVIVAL AND SURFACE MORPHOLOGY AFTER SINGLE

WHOLE BODY DOSES OF NEUTRON AND GAMMA IRRADIATION



3.1.

Introduction

The quantitation of the response of the intestinal
epithelium cells to irradiation has been made possible
by the development of methods for the assay of
intestinal crypt survival (Withers and Elkind, 1970;
Withers et al., 1970; Hagemann et al., 1970 and 1971).
The disadvantage of such crypt—counting techniques
lies in their inability to directly measure damage at
lower doses, in the range more commonly used in
fractionated radiotherapy. A quantifiable effect is
only directly observable after single doses of & or
X—irradiation in the range 1-2 Krad, although a
temporary perturbation of the kinetics of the cell
population can be observed at lower doses (Lesher,
1967). This effect of irradiation on the cell
kinetics of the proliferation compartment is expressed
as a failure to maintain epithelium integrity. Since
it is not until fhe number of cells in any particulaf
crypt has been reduced to less than one cell that a
reduction in crypt numbers will occur, then stem cell
injury caused by lower doses will not be expressed on
a regenerating crypt survival éurve. It has been
showﬁ to be possible to produce a crypt cell survival
curve by extrapolation from crypt survival data
(Witheré et al., 1970), but with the scamning electron
microscope it is possible to observe directly the
effects of low doses of irradiation on the integrity

of the surface micosa of the intestine (Carr and Toner,
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1968; Toner and Carr, 1969). Experiments were
devised in an attempt to bring together those
qualitative and quantitative approaches and thus
build up a more complete picture of the acute

intestinal response to irradiation.



3.2

The Experiments

Mice were irradiated with single whole body doses of
60Coban.l‘b gamma or 14.7 MeV D-T neutron irradiation
over 1;he ranges of 0-2 Krads for gamma and 0-1 Krad
for neutron irradiation, gut sections being examined
by light and electron microscopy. In addition to the
usual controls tests were made of the effects of
different degrees of distension by fixative on the
gut. Under-inflated and over-inflated segments were

compared in both normal and irradiated animals.
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3.3,

RESULTS
Crypt Regeneration after Irradiation
Figure 3.1 shows dose-response curves following 6q30
and D-T neutron irradiation. Both curves have similar
final slopes, with D values of 180 and 150 rads
respectively. Usingvthis system of representation it
is possible to compare the effects of the two different
radiations at the same quantitative level of biological
damage, expressed as the mean number of surviving
crypts per circumference of intestine.

The RBE for D-T neutron compared to {§-radiation
falls slightly with increasing dose from 2.1 to 1.8,
expressed at several points along the crypt survival
co—ordinate. .Clearly demonstrated are the large
'shoulders' of the two curves which are attributable to
cell multiplicity in the crypt and the accumulation of
subiethal damage by the crypt cell. This limits the
discrimination of effect of this technique to o
relatively high dose levels. With § ~irradiation the
first significant deviation from the shoulder occurs at
around 1,000 rads, whereas in the neutéon series the
first deviation from the shoulder occurs at doses

around 500 rads (an RBE of 2.0).
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3.4-

3.5.

Scanning Electron Microscopy

Controls

Figure 3.2 shows a segment of intestine from an
unirradiated control. Although there is a slight
variation in the morphology of the villi, over the
series as a whole the control animals display
structural characteristics in agreement with those
described in the literature. The villi are erect,
firm and finger like in appearance, they are separate
and not clumped or leaning together. The surface
creasing is ordered without any very severe

indentation.

Distension
To eliminate possible sources of error, the effects
of different degrees of distension of the small
intestine by fixative were considered, since a random
element was inevitable at this point in the preparation
of the specimens. It was found that increasing
distension of the normal control intestine (example
shewn in Pigure 3.3) caused increased separation of the
villi with some minor variation in their orientation.
However, changes in the surface contours of the villi
were not seen to be produced by distension.

No bending or twisting of the villi was seen tfo
occur, and the villi were not distorted into conical or
leaf patterns. After high doses of neutron or gamma

irradiation (i.e. doses which reduced crypt survival to
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Figure 3,2
Specimen from control animal. Scanning electron micrograph (SEM) of

normal mouse jajvnum after standard distension (x100).

Figure 3#3

SEM of normal mouseJejunum which has been over distended (x100).
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Figure 3«4

S04 of underdistended normal monseJeJcnom (x200) .
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° 3.6.

approximately one crypt per circumference) chosen to
produce extreme tissue damage and so to maximise the
likelihood that specimens would be much more vulnerable
to the effects of distension, the following observations
were made. In highly distended'épecimens wider
separation of villi were again obsérved which served to
make the surface abnormalities morerapparent. However
thg distension did not, as was feared, increase the
mucosal damage already present.

Examination of underdistended specimens from both
controls and high dose animals served to demonstrate
that in both cases it was extremely difficult to
observe the surface morphology with any degree of

accuracy. An example is shown in Figure 3.4.

'*Shoulder' Doses

As stated the first depression of crypt counts occur
at 1000 rads for 60Cc‘oa.l‘t; gamma irradiation and 500
rads for D-T neutron irradiation. At these two
corresponding points there are clear cut alterations in
the mucosal surface as seen by scanning electron
microscopy. Gamma irradiated'Specimens (Figure 3.5)
retain the slender villi of the control intestine, but
their orientation is inconsistent and groups of villi
appear to clump together. Individual villi are more
often bent or twisted than those seen in control
specimens, the villus tips are often misshapen to a

greater degree than their more proximal portions. The
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Figure 3.5

SEM of mousejeJoi)onl after 1000 rads of 6°Cobalt gamma irradiation
(x100).

Figure 306
SEM of m o u s e t e r 500 rads of D-T neutron irradiation (x100).
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3.7

surface creases of the villi, which form in controls ar
orderly pattern of circumferential grooves, are less
consistent in their contours and in their arrangement.
Neutron irradiated specimens (Figure 3.6) which show
the same relative biological effect in terms of crypt-
counts, also show morphological abnormalities. As in
the gamma specimens there is an irrégularity in the
disposition of the surface markings énd a change in
their natgre, these now appear more as rough
corrugations of the villus surface than as the linear
creases seen in the controls. In addition, neutron
damaged villi are consiétently more conical in profile
than controls and gamma irradiated spécimens. Many of
the villi are broader at the base and can be described
as being of a tongue or leaf shape. This is a marked
departure from the morphology as seen in the control
mice. Easily distinguished morphological changes
therefore, after both types of irradiation, accompany
the first quantitative effects demonstrable with crypt

counts.

Higher Doses
Beyond the initial quantitative threshold progressively
increasing doses of irradiation produce an exponential
fall in the counts of regenerating crypts (see Figure
3.1).

The morphological changes seen by scanning eleciram

miscroscopy are also progressive. At dose levels which
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reduce survival to about ten crypts per circumference
with gamma irradiation (1600 rads) the villi retain
their initial slender contours, although surface
irregularities become progressively more obvious. An

example of this is shown in Figufe 3.7. Twisted bent

and clumped villi are more numerous and marked
distortion of the tip of the villus is often seen at
times with concave indentations.

After a neutron dose which reduces crypts to an
equivalent number (800 rads) the tendency towards
flattened and conical villi persists whilst not
becoming significantly ﬁore marked. The surface
contours are strikingly abnormal, the;corrugations
being no longer largely circumferential but now also
vertical (see Figure 3.8). "While some specimens show a
degree of bending and twisting of the villi, this is a
much less striking feature than is seen in the gamma
irradiated mucosa. The mucosal changes therefore,

whilst dependant to an extent on the type of radiation

run parallel to the qualitative changes on the
exponential portion of the survival curve, that is,

becoming increasingly severe with increasing dose.

3.8. Low Doses
Irradiated specimens which have received doses of less
than 1000 rads of gamma or 500 rads of neutron
irradiation, have crypt counts which are

indistinguishable from those of control specimens.
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Figure 3«7
ISEM otf mousejejvrivnl after 1600 rads 60
(x100).

Cobalt gamma irradiation

Figure 3.8
SEM of mouseJ*Je'n</m after 800 rads of D-T neutron irradiation

(x200) .
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Thus any damage that they have received is below the
level of discrimination of the crypt counting
technique. It was found, however, that observations
of damage could be made using scanning electron
microscopy . |

In the gamma series minor changes in villus
orientation could first be made aftef doses of 300
rads. This dose is approximately one-third of that
required to produce a significant depression in crypt
count. In Figure 3.9 it can be seen that there is a
slight distortion at the tips of some of the villi, but
there is little change iﬁ the surface creases of the
villi.

A dose of 170 rads of neutron irradiation also
produces minor changes'(see'Figure 3.10). There is a
slight broadening or swelling of the villi and a

distinct irregularity of the surface creasing.



Figure 3.9
SEM of mouselJeJt'm/mafter 300 rads of "Cobalt gamma irradiation
(x200).

Figure 3.10
SEM of mouseJejuwirl after 170 rads of D-T neutron irradiation
(x200).
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Discussion

The results obtained with the regenerating crypt
system were qualitatively comparable with previously
published work (Withers et al., 1970; Broerse et al.,
1971) although D and RBEE values were higher. This is
possibly due to the fact that a different strain of
mice was used in these experiments and 60Cobalt gamma,
irradiation was used, not X—irradiation.

The crypt counting technique gives standardised
consistent and easily reproducible quantitative data
concerning radiation damage to the stem cell population
of the intestinal epithélium by higher doses of
radiation. It is, however a relatively insensitive
indicator of total mucosél damage. Scanning electron
microscopy produces visual results which express this
damage ip terms of surface changes in fhe in jured
mucosa. @Qualitative changes such as these are
intrinsically difficult to quantitate. However at the
lower dose levels commonly used in clinical radiotherapy
they are a much more sensitive indicator of damage
than is the counting of survivinécrypts. The resulis
of these experiments demonstrated differences in the
qualitative expression of the mucosal damage resulting
from the two forms of radiation used. Although the
reasons for this are still not clear it has been found
possible to discriminate by scanmning microscopy between
neutron and gamma irradiation specimens throughout the

range of doses covered in the experiments. It would
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seem that the many biological variables which
contribute to intestinal morphology are independeatiy
and differently affected by neutron and gamma
irradiation. A possible speculation is that at a
given level of radiobiological effect the intense
localised ionisation of the neutroﬁ beam produces
more pronounced effects in vasoularvepithelial and
connective tissue than the diffuse ionisation of
gamma, irradiation.

The need for standardised tissue preparation
techmiques has been pointed out by Anderson et al.
(1973). The results oflthe distension experiments
confirm these findings. However, it appears that the
relatively small variation between spécimens that occurs
with the inflation technique are unlikely to lead to
any serious misinterpretation of the ultrastructural
effects of irradiation.

In conclusion, the qualitative technique of
scanning electron microscopy provides a more sensitive
indicator of mucosal irradiation at low dose levels.
There is also good evidence that morphologipal studies
provide a means of discriminating between the effects of
low and high LET radiations at dose levels which are
radiobiologicanyequivalent on certain other

quantitative scales.



CHAPTER 4

CRYPT SURVIVAL AND SURFACE MORPHOLOGY OF THE GUT

AFTER FRACTIONATED DOSES OF X AND 5 IRRADTATION



4.1. Introduction
From the experiments reported in the previous chapter
it can be seen that the results of Scanning electron
microscopy provide a more sensitive indicator of

mucosal irradiation damage at low dose levels than the

more conventional qualitative techniques. Similarly it
is possible to conjecture that the méasurement of the

| number of surviving crypts after lowér doses of
fractionated radiation would provide only a relatively
small amount of information about the state of the
'functional ! apparatus of the gut, the surface mucosa,

even after doses of radiation which induce suppression

i

of the cell proliferative system.
As the integrity of the intestinal mucosa is

depenient’on the continued proliferation of cell
systems, a schedule of fractionated radiation which
would only slightly reduce total crypt numbers, might
produce considerable muéosal disrﬁption; This is

| because the numbers of viable cells available to enter
the maturation pool would be reduced. In order to
investigate this possibility experiments were devised
in which the biological effect of various fractionated
schedules was assayed from the point of view of both

crypt regeneration and of the appearance of the surface

micosa.

4.2. The Experiments

Fractionation regimes were chosen using small doses more
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relevant to the situation in clinical radiotherapy,
where large single doses are rarely delivered. Two of

the irradiation schedules were carried out using whole

body 6OCobalt gamma irradiation and a third using

X~irradiation localised to the abdomen.
6oCobalt Gamma Irradiation to the Whole Body
Schedule A
Mice werelirradiated with 300 rads administered at
24 hour intervals to a total of ten fractions. There
was a two day gap between the fifth and sixth fractions
over the weekend as is Customary in clinical
radiotherapy. 24 hours after the f‘inal,l 300 rad dose
an 'assay' dose of 900 rads was administered to try
and reduce crypt cellularity and hence crypt number to
a level which could be counted with accuracy. Each
; fraction point was investigated; i.e., samples were
taken from mice which had received only one fraction or
two fractions and so on. This procedure was followed
in all three irradiation schedules.
Schedule B
Mice received fractions of 450 rads of gamma irradiation

administered at 24 hour intervals.

250 kV X~Irradiation (to the Abdomen Only)
Schedule C
Mice received three fractions of 250 rads daily to a

total of 18 fractions in 6 days. The three fractions
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were given during the day with a period of three hours
between fractions and hence there was an 18 hour period
overnight when no irradiation was administered. This

18 hour interval occurred therefore between every third

and fourth fraction administered.

RESULTS
Regenerating Crypts
Figure 4.; shows the dose-response data for the effect
of suppression of crypt numbers for all three schedules.
For comparison the curve of the effect of single doses
of 6OCobalt gamma, irradiation is included as a dotted
line (reproduced from Hamlet et al., 1576). The curves
are all fitted by eye and because there is no
significant difference between the crypt counts of all
three schedules over the range of the first 2000 rads,
a common line was drawn. This common line also happens
to be the best fit for the whole of the data from
Schedule A,

The controls for all the experiments have a mean
value of 122 fio crypts per circumference. There is a
fall to 96 % 12 crypts after a total dose of 3,900 rads
with Schedule A. Schedule B produced a greater
reduction to a mean count of 85 i 5 crypts after a total
dose of 2,250 rads ahd Schedule C a fall in crypt count
to a mean level of 18.5 te crypts after a total dose

of 4,250 rads.
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4.4.

4.50

Presentation of Crypt Data

Hendry and Potten (1974) have shown that regenerating
crypts three days after single doses of irradiation
appear larger than normal crypts. Thus they would have
a greater probability of appeariﬁg in a section of
intestine. For accurate assessment of D, and
extrapolation number, particularly éfter crypt survival
data is transformed into values of éell survival, they
suggest that a correction factor of 0.88 be applied to
crypt results obtained from irradiated intestine. As
it was found that in these experiments there was no
significant difference 5etween crypt pounts from control
animals and that given low doses, and because a
conversion to cell survival is not used and also
because the crypt results are being used principally
for comparison between fractionation schedules, it was
decided that it is not necessary to use a correction
factor for the presentation of the crypt survival data

from these experiments.

Animal Condition and Postmortem Observations

Because the schedules involved either whole or partial
body irradiation parficular attention was paid to the
general condition of the experimental animals.
Postmortem examinations were made on all animals dying
before the day of assay, which was always 3% days after
the final irradiation dose. The health of the

irradiated mice varied depending on the schedule and
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the total dose administered. All the animals were in
excellent condition at the beginning of the experiments
and those receiving a small number of fractions remained
healthy. After larger numbers of fractions the
condition of the animals deteriorated. It was in these
groups that some early deaths occurred. A description
of the health of the animals and postmortem observations
for each schedule are given below.

Scﬁedule A

These animals which received the higher numbers of

fractions were in poor condition at the end of each

experiment. They showed considerable weight loss and

on postmortem examination the intestines contained only
fluid and were often distended with gas. The intestinal
walls were usually stained dark green and were rather
fragile. Deaths occurred in groups receiving 8 to 10
fractions. Postmortem examination revealed that these
animals had extreme intestinal damage, but also showed
signs of bone marrow failure. Petechial haemorrhages
of the skin and intestinal mucosa were always present
and large haemorrhages were often observed. Thus the
relative contribution of these two types of radiation
injury toward the actual cause of death in each
individual mouse was very difficult to determine.
Schedule B

A1l the animals remained in good condition, up to a
total of five fractions of 450 rads and on examination

their organs all appeared to be in reasonable condition.
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4.6.

However, if six or more fractions were administered =all
of the animals died before’the day of assay. This was
presumed to be due to bone marrow failure since serious
haemorrhage was alﬁays observed at postmortem.

Schedule C

The animals receiving nine or more fractions of 250
rads three times per day deteriorated in condition over
the period of experimentation. All the animals which
received 18 fractions died and there were some deaths

in each of the groups of animals which received 13 or

_ more fractions. On postmortem examination all of the

animals showed severe damage to the intestinal tract
including distension of the intestines with fluid and
gas with consjiderable staining of the intestinal walls.
In no case was it possible to discern signs of bone

marrow failure.

Scanning Electron Microscopy

The results of Scanning microscopy show that in all the
schedules there is an unevenness of the progression of
surface damage with increasing dose and in a small
numﬁer of cases a variation in the damage seen in
specimens from different animals which had received the
same total dose. There was some variation in the
appearance of control specimens. In addition there were
some features of gut morphology seen from one of the
experiments in Schedule C which had not previously been

&~
observed in irradiated animals.
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Damage Assessment Using Scanning Electron}Microscopy
In order to try and assess these results seven different
factors influencing the morpholpgy of the villi were
chosen and the micrographs for each piece of gut were

assessed independeatly for each of these factors.

' These factors are:— Apparent villus height, apparent

width, separation of the villi, contours of the villus
tips, erectness of the villi, clumpihg of the villi and
finally creasing of the villus surface with accompanying
surface damage which can be described as wartiness or

blebs. Each of these factors was scored on a ranking

system from 1 to 8. 1 representing the real or 'ideal!

appearance as would be seen in a wellbfreserved control
specimen. 2 and 3 represent minimal or slight damage,
4 and 5 indicate moderate to substantial damage and

6 to 8 to indicate severe to gross damage. The mean
scores for each factor were obtained from the scores
from individual specimens. For any given dose, the
mean scores for all the factors were then added
together to give a total which could be used as an index
of cumulative damage. A compound histogram was then
constructed, providing a graphic and semi-quantitative
representation of the morphological variations with
increasing dose and including the controls. It can be
argued that these factors or parameters have been only
subjectively assessed. However, the problems raised by
disorientation, twisting and banding of t