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SUMMARY

In c lin ic a l radiotherapy the dose to  a tumour i s  lim ited , in  

any particular instance, to  the dose which can he tolerated by 

the surrounding normal tissu es*  The experimental work 

described in  th is  th esis  deals with an in vestigation  of one of 

these lim itin g  normal t is s u e s , the gut* The animal system 

chosen was also  used to  in vestiga te  some of the predictions of 

one of the mathematical models devised to  estim ate normal 

t is su e  tolerance in  c lin ic a l s itu a tio n s . This was the CRE 

(Cumulative Radiation E ffect) model*

This th e s is  con sists of seven chapters; the F irst Chapter 

contains a b r ie f introduction, a description of the proposed 

research and a review of the background literatu re*  The 

litera tu re  review i s  not to ta l ly  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, en tit led  Materials and Methods, 

describes the experimental animals and the conditions in  which 

they were housed; the irrad iation  and dosimetry procedures and 

the methods used for the preparation and examination of the 

tis su e  specimens removed from the irradiated and control animals* 

Chapter Three describes in te s t in a l crypt survival and 

scanning electron microscopy of the mucosa o f the small in testin e  

after single whole body doses of neutron or gamma irradiation*  

The resu lts  obtained demonstrate that scanning electron  

miscroscopy of the surface mucosa of the in te s t in e , although 

d iff ic u lt  to  quantitate, i s  a much more sen sitiv e  indicator of



in te s t in a l damage at low dose le v e ls  than the more standard 

methods involving the enumeration of surviving crypts of 

Lieberkuhn in  a section of in testin e*  Being a direct method 

of observation i t  i s  l ik e ly  to  be more accurate than the usual 

extrapolation from the exponential f a l l  of crypt numbers after  

high doses of irrad iation  (ie*  greater than 500 rads neutrons 

or 900 rads gamma rays). The resu lts  a lso demonstrate that 

the morphology of theJw<//ia/ mucosa follow s a d ifferent pattern 

follow ing neutron irradiation  than the pattern seen after  

gamma irradiation*

Chapter Four contains a description of in te s t in a l crypt 

survival and surface morphology after fractionated doses of X 

and gamma irradiation* The resu lts  show that there i s  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 th eir  

relevance to  therapy situations*

The F ifth  Chapter describes an in vestigation  of the 

alternating fractionation formula of the CRE model* It can be 

seen that of the two major predictions of the formula only one 

i s  confirmed by the experimental results* There i s  a discussion  

of the possib le reasons underlying these d ifferences and 

s im ila r itie s  and an assessment of the formula in  general use.

Chapter Six contains a description of an in vestigation  of 

the CRE formula which deals with the allowances that must be 

made when gaps occur in  fractionated irrad iation  schedules.

There i s  a comparison of the resu lts  with the predictions of the 

formula and a discussion of the factors which must be taken in to



account to  try  and overcome some of the shortcomings of the 

model•

Chapter Seven i s  a summary o f the conclusions drawn from 

the experimental research. I t  a lso  contains a section dealing 

with possible further work suggested by the experimental 

r e su lts . The Appendices, which follow  the conclusions chapter, 

contain descriptions of one of the irrad iation  f a c i l i t i e s  and 

some of the more important ancillary  experiments.



CHAPTER 1

INTRODUCTION AND REVIEW OF THE FIELD OF INVESTIGATION



1*1. Introduction

The 20th century has witnessed the evolution of the use 

of ion isin g  radiation as a therapeutic agent. Some 

early success with radiation treatment led to  a wave of 

optimism which was to  he suppressed when a number of 

serious side e ffec ts  were discovered. Thereafter 

improvement was a slow, painstaking and often hazardous 

process, which re lied  in  the ea r lier  years on the  

in tu itio n , s k i l l  and observation of c lin ic ia n s . However, 

improvements in  the physical and technological aspects of 

radiotherapy, plus an increasing understanding of the 

bio log ica l e ffe c ts  have increased the variety  of 

malignant conditions for which radiotherapy offers a 

good prognosis, In perhaps f i f t y  per cent of cases i t  i s  

now the treatment of choice. In the la s t  th ir ty  f iv e  

years particularly, information relevant to  the practice 

of c lin ic a l radiotherapy has been stead ily  augmented by 

advances in  many f ie ld s  and some relevant examples w ill  

be discussed la te r .

I t  must be remembered, however, that one of the basic 

problems facing the c lin ic ia n  i s  that the dose that can be 

administered to  any.tumour i s  lim ited by the amount of 

radiation damage that can be to lerated  by the normal 

t is su e s  in  the treated volume. This fact was rea lised  

very early on and i s  a contributory and important reason 

why treatments are administered as fractionated schedules, 

which allow in tervals between the radiation doses for  

differential! repair and repopulation of the normal t is su e s

1



whilst giving a high to ta l dose to  the tumour. These 

in tervals also allow time for repopulation of the 

neoplastic t issu e  and hence the development of c lin ic a l  

schedules has progressed mainly on empirical lin es  

derived from c lin ic a l observation. Thus i t  i s  necessary 

for the experimentalist to  remember the importance of 

assessing and in vestigatin g  the e f fe c ts  of radiation in  

normal t is s u e s .

Help has been forthcoming from many research areas 

as mentioned ea r lier , and some of the discoveries have 

been implemented in  c lin ic a l practice in  recent years; 

i t  may be helpful to  give examples of some of the more 

recent advances. It has been recognised that the 

presence of oxygen in  t is su e s  enhances the e ffect of 

electro-magnetic radiations such as X and gamma rays 

which are described as having a low LET or linear energy 

transfer. The rea lisa tio n  that tumours commonly 

contained a proportion of hypoxic c e l ls  has led  to  the 

use of hyperbaric oxygen and high LET irradiation  sources 

such as neutron generators in  an attempt to  k i l l  more 

tumour c e l ls  compared to  the number of normal c e lls ;  in  

fa c t, to  try  and increase the therapeutic r a tio .

Sim ilarly the f ie ld  of biochemistry has produced 

g L z c - T R o  a  t c  drugs and some of these are being used in  

c lin ic a l t r ia ls  at present to  assess th e ir  a b ility  to  

modify the ra d io sen sitiv ity  of tumour c e l l s .

Many of the advances in  biology have been important 

to  the understanding of the response of individual c e l ls ,

2



c e l l  populations and tissu e s  to radiation. The use of 

in  v itro  and in  vivo techniques has led to  a better  

understanding of the nature of the c e ll  cycle , c e ll  

population k in etics  and the mechanisms of repair and 

repopulation. In the f ie ld  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 w ill try  and make use of any 

differences in  the repopulation k in etics  of normal or 

neoplastic t is su e s  to  the detriment of the la t te r .

These few examples are given purely to  i l lu s tr a te  

how the resu lts  of research e ffe c ts  the understanding of 

the basic problems underlying radiotherapy treatment and 

how in  some cases they have led to  the innovation of new 

methods of treatment for use by the c lin ic ia n s . Many of 

the research programmes have been aimed at ways to  

increase the numbers of tumour c e l ls  which are k ille d  

during treatment and undoubtedly much more basic research 

in to  the biology of tumour systems and the development of 

new methods of treatment w ill be carried out. However i t  

i s  an in tr in s ic  problem in  the f ie ld  of cancer therapy 

that there i s  as yet no agent which can d ifferen tia te  

between normal and neoplastic t is su e  and th is  fact  

emphasises the value of continued research in to  the 

function and structure of normal t is s u e s .
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1 .2 . Subjects of Investigation

The research work described in  th is  th e s is  i s  an 

investigation  of radiation e ffe c ts  on the small in testin e  

or ileum of the mouse. This i s  a very radiosensitive  

organ and i t  i s  because of th is  characteristic  which 

severely lim its the dose of radiation to  any area 

involving th is  t is su e , that i t  i s  sometimes known as one 

of the ’lim iting normal t is s u e s ' .

The experiments are divided in to  two main groups.

The f ir s t  group of experiments involve a comparison of 

radiation e ffec ts  as described by scanning electron  

microscopy of the surface mucosa of the small in testin e  

and radiation e ffec ts  as assayed by the depletion of the 

numbers of crypts of Lieberkuhn in  the in te s t in e . The 

second assay system i s  sim ilar to  that developed, by 

Withers and Elkind (1970), which i s  sometimes known as 

the microcolony assay technique and involves the 

enumeration of the surviving numbers of crypts in  a 

circumferential section of in testin e  as a measure of 

radiation damage. Both methods are used to  compare the 

e ffe c ts  of single whole body doses of D-T neutron or 

^Cobalt gamma irradiation , and fractionated whole or 

partia l body doses of X or gamma rays. The fractionated  

doses were administered in  three separate schedules which 

were devised to  mimic schedules in  common use in  c lin ica l  

practice.

As scanning electron microscopy (SEM) i s  used to  

observe the 'functional' compartment of the gut i t  was
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hoped that a comparison with a method which assayed 

damage to  the p ro lifera tive  compartment of the gut might 

give an insight in to  the various patterns of radiation  

injury in  the whole organ.

The second group of experiments are concerned with 

the in vestigation  of some of the predictions of the CRE 

(cumulative radiation e ffe c t)  model. Various formulae 

have "been derived from observations of c lin ic a l data to  

assess radiation damage to  normal t is su e  (usually skin 

or normal connective t is su e , another of the lim itin g  

normal t is s u e s ) .  The formulae are used as an aid to  

planning c lin ic a l treatments and some are in  use in  many 

radiotherapy centres. Perhaps the ones in  most common 

use at present are the NSD (E llis ,  1968) the TDP (Orton 

and E ll is ,  1973) th e  CRE (Kirk et a l . ,  1971).

The experiments used the Withers microcolony 

technique purely as a measure of b io log ica l damage. The 

e ffe c ts  of a lternating  large and small sized fractions  

were investigated  and the resu lts  compared with the 

predictions of the alternating fractionation  formula of 

the CRE model. A second and larger set of experiments 

in vestigates the e ffe c ts  on repopulation when a gap 

occurs in  a treatment schedule and how these e ffe c ts  are 

modified by the position  of the gap in  the schedule.

The resu lts  obtained are compared with the predictions 

of the gap formula of the CRE model for the same 

conditions.
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1.3* Reasons for Choice of Assay System for Investigation of 

CRE Model

The CRE model was derived from c lin ic a l observations of 

the e ffec ts  of radiation on human skinf as i s  c lin ic a lly  

applicable to  normal connective t is s u e . The end point 

(or amount of damage) i s  quoted as a CRE value on a CRE 

scale of damage. Obviously th is  scale does not apply to  

the more radiosensitive organ, gut. However the general 

predictions of the formulae should, i f  they are to be of 

any use c lin ic a lly , be applicable to  a l l  normal dividing  

t is s u e s . In th is  work gut was chosen as the animal model 

because i t  i s  one t issu e  in  which a direct measure of 

radiation damage can be obtained by counting the numbers 

of regenerating crypts present in  a section of t is su e .

It i s  therefore not necessary to  devise a scale of 

measurement of damage, thus overcoming the main critic ism  

of work with irradiated skin, that the method of assessment 

of damage can at best only be very subjective.
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1.4» L i te r a tu r e  Review

The ex p erim en ta l work in  t h i s  t h e s i s  d e a ls  w ith  an 

in v e s t ig a t io n  o f an anim al model o f a ‘ l im i t in g  normal 

t i s s u e ’ as th e  term  i s  u sed  in  th e  c o n te x t o f c l i n i c a l  

r a d io th e ra p y .  T h is anim al model, th e  mouse ileum , was 

a ls o  used  to  t e s t  some o f  th e  p r e d ic t io n s  o f a  

m athem atical model d ev ised  to  a s s e s s  th e  "b io lo g ica l 

e f f e c t  o f r a d ia t io n  on norm al co n n ec tiv e  t i s s u e  in  

c l i n i c a l  s i tu a t io n s ,  th e  CRE (C um ulative R a d ia tio n  

E f f e c t ) .  T h is l i t e r a t u r e  rev iew  i s  n o t in te n d e d  to  be 

t o t a l l y  in c lu s iv e  bu t i s  chosen to  in tro d u c e  in fo rm a tio n  

about th e  anim al system , th e  ex p e rim en ta l methods 

employed and th e  m athem atical model in v e s t ig a te d .

1 .4 .1  The S tru c tu re  o f  th e  Bowel and th e  C e ll Renewal System 

o f th e  I n t e s t i n a l  E p ith e liu m

The d ig e s t iv e  t r a c t  c o n s is ts  o f th e  mouth, pharynx, 

oesophagus, stomach, sm all i n t e s t i n e ,  la rg e  i n t e s t i n e  

and rec tu m . However, subsequent d is c u s s io n  i s  l im ite d  

to  th e  sm all i n t e s t i n e  as i t s  re sp o n se  t o  r a d i a t i o n  in ju r y  

i s  th e  s u b je c t o f t h i s  in v e s t ig a t io n .

I n  th e  sm all i n t e s t i n e  th re e  re g io n s  can  be 

d is t in g u is h e d ,  th e  duodenum, jejunum  and ile u m . T h e ir  

s t r u c tu r e s ,  a lth o u g h  showing some d i f f e r e n c e s ,  a re  

b a s ic a l ly  th e  same in  p r in c ip a l  and so one d e s c r ip t io n  

a p p l ie s  to  them a l l .  I n  c ro s s  s e c t io n  th e  mucosa i s  

seen  to  c o n ta in  innum erable v i l l i  l i n e d  t}y a  colum nar 

ep ith e liu m  c o n s is t in g  o f mucus and ‘ ch ie f*  c e l l s  (Leblond
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and Walker, 1956). The crypts of Lieberkuhn which 

contain the generative c e l ls  for ep ith e lia l replacement 

are found in  the mucosa at the bases of the v i l l i .

Cell renewal occurs in  the m itotic areas in  the crypts, 

from here newly formed c e l ls  migrate out of the crypts 

and move from the base of the v i l l i  to  the top, known 

as the extrusion zone. The predominate c e ll  in  th is  

renewal system i s  the columnar or •chief* c e l l .

Scattered among these are goblet c e l l s .  At the bottom 

of the crypts are the c e l ls  of Paneth and the 

argentaffine c e l ls  whose precise role i s  as yet to  be 

fu lly  estab lished .

Prom the view point of c e l l  k in etics , the ep ith e lia l 

c e l l  renewal system of the in testin e  can be considered as 

consisting of four pools. As in  any c e l l  renewal system 

there must be a sten>-cell pool which i s  se lf-su sta in in g .

In the in testin e  the stem c e l l  has not been morphologically 

id en tified , but the area of c e l l  proliferation  i s  known 

to  be the walls of the crypts. I t  i s  therefore not 

possible to  d istinguish morphologically a stem c e l l  from 

the p ro liferatin g  pool and the two must be considered 

together. However, an amplifying or p ro liferatin g  pool 

i s  most l ik e ly  present. The c e l ls  move from the crypts, 

lo se  th e ir  proliferating capacity, and move in to  a 

maturation pool probably located at the neck of the 

crypts and base of the v i l l i .  Early electron miscrosope 

studies of the maturation pool demonstrated the occurrence 

of cyto logical changes. Quastler and Hampton ( 1962)
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described these as a cytoplasmic tran sition  from the 

vesicular p ro liferative  c e l l  to  the tubular mature cell*  

Once the c e l ls  are at the base of the v i l l i ,  they move 

up the v i l lu s  surface u n til they are eventually ’shed* 

at the v i l lu s  t ip  or extrusion zone.

The most accurate estimate of time parameters of 

c e l l  renewal in  the in te s tin a l epithelium has been 

derived from studies using tr it ia te d  thymidine (e .g .  

Quastler and Sherman, 1959; Sherman and Quastler, i 960;

Pry et a l . ,  19^1; Lesher et a l . ,  19^1; Lipkin and Quastler, 

1962) .  However estimates have also been made from 

m itotic ind ices (Leblond and Stevens, I94S, BertalanfjPy 

et a l . ,  1962) .  Relative turnover times for various 

regions of the gastrointestinal tract have been 

calculated by many experimental workers and from 

comparative values i t  i s  evident that the small in testin e  

has the most rapid c e ll  renewal. In the mouse the c e l l  

doubling time in  the jejunum i s  approximately 12 hours.

The parameters of v i l lu s  tran sit time have been 

estimated by the use of tr it ia te d  thymidine, as the time 

elapsed from the f ir s t  appearance of labelled  c e l ls  at 

the base of the v i l l i  u n til the f ir s t  labelled  c e l ls  are 

shed from the v illu s  t ip .  The v i l lu s  tra n sit time in  

man i s  about three to  four days, two to  three days in  

the rat and one to  two days in  the mouse. However, since 

these parameters were obtained from the movement of the 

fa s te s t  c e l l s  these times are minimum estim ates, and the 

values must be considered as guides only as the times
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v ary  from s t r a i n  to  s t r a i n  in  th e  same sp e c ie s  and a lso  

w ith  age (L esher e t  a l . ,  19^1* F ry  e t  a l . ,  1962) .  

F u rtherm ore th e  s tu d ie s  i n  man were perform ed in  

p a t ie n t s  w ith  m alignan t d is e a s e ,  which may have 

in f lu e n c e d  th e  tim e p a ram ete rs  (L ip k in  e t  a l . ,  1963) •

E s tim a te s  o f t r a n s i t  tim e th ro u g h  th e  m atu ring  

poo l have "been made and most e s t im a te s  a re  v d th in  th e  

l i m i t s  o f 2 t o  4 h o u rs . As th e  number o f  g e n e ra tio n s  

■between s te m -c e ll  d iv i s io n  and th e  l a s t  p r o l i f e r a t i v e  

d iv i s io n  i s  n o t known th e  t r a n s i t  tim e i n  th e  

p r o l i f e r a t i v e  poo l i s  n o t known.

T h is  b r i e f  d e s c r ip t io n  o f th e  s t r u c tu r e  and c e l l  

k in e t i c s  o f th e  norm al i n t e s t i n a l  mucosa i s  g iven  to  

se rv e  a s  a  b a s is  f o r  th e  d is c u s s io n  o f  th e  e f f e c t s  o f 

r a d ia t io n  on th e  i n t e s t i n e  in  th e  fo llo w in g  s e c t io n s .

1 .4 .2  Assay o f I n t e s t i n a l  R a d ia tio n  Damage by th e  keasurem ent 

o f C rypt R eg en e ra tio n

A te ch n iq u e  f o r  m easuring  s u rv iv a l  r a t e s  o f  c ry p t c e l l s  

fo llo w in g  i r r a d i a t i o n  was d e sc r ib e d  by W ithers and 

E lk in d  (1970) • Id e e  were k i l l e d  th r e e  and a  h a l f  days 

a f t e r  an  a cu te  dose o f  i r r a d i a t i o n ,  a  s e c tio n  o f sm all 

i n t e s t i n e  removed, f ix e d  and examined h i s to l o g ic a l ly .  A 

c o n tro l  ( u n ir r a d ia te d )  v a lu e  o f  160 c ry p ts  p e r 

c ircum ference  o f  i n t e s t i n e  in  mouse jejunum  was ob serv ed . 

A f te r  la rg e  doses o f  r a d ia t io n  a  p ro p o r tio n  of th e  c ry p ts  

were com p le te ly  d ep o p u la ted  o f c lonogen ic  c e l l s  and th u s  

th e r e  were few er r e g e n e ra t in g  c ry p ts  counted th r e e  and a
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h a l f  days a f t e r  i r r a d i a t i o n  th a n  in  th e  c o n tro l  an im a ls . 

The f a l l  i n  c ry p t numbers w ith  in c re a s in g  dose can be 

p lo t te d  t o  g iv e  a  c ry p t s u rv iv a l  cu rv e . T h is  i s  a  b r i e f  

d e s c r ip t io n  o f  what has come t o  be known as th e  c ry p t 

m icro—colony a ssay  system t and i t  was t h i s  system  th a t  

was chosen a s  th e  q u a n t i ta t iv e  b io lo g ic a l  a s sa y  system  

f o r  th e  experim en ts  d e sc r ib e d  i n  th e  l a t e r  c h a p te r s .

I n  o rd e r  t o  d e f in e  a  c ry p t c e l l  s u rv iv a l  curve 

W ithers  and E lk ind  assumed th a t  c ry p t c e l l s  su rv iv e d  

in d ependen t o f one an o th e r , th a t  one s u rv iv in g  c lon o g en ic  

c e l l  was s u f f i c i e n t  f o r  th e  re g e n e ra t io n  o f a  c ry p t and 

th a t  th e  number o f su rv iv in g  c e l l s  i n  a  c ry p t were 

random ly d i s t r i b u t e d .  U sing P o isso n  s t a t i s t i c s  th e  

average s u rv iv a l  p e r  c ry p t could  be c a lc u la te d  and hence 

th e  c e l l  s u rv iv a l  p e r  c ircum ference  o f i n t e s t i n e .  C e ll 

s u rv iv a l  cu rves could  th e n  be p lo t t e d  u s in g  th e  c ry p t 

s u rv iv a l  d a ta .

W ith e rs , Brennan and E lk in d  (1970) u sed  t h i s  

te c h n iq u e  to  in v e s t ig a te  th e  e f f e c t s  o f  X—ra y s  and 

n e u tro n s  on c ry p t c e l l s .  T h is  a llow ed  them t o  s tu d y  th e  

r a d io b io lo g ic a l  e f f e c t iv e n e s s  (REE) o f n e u tro n s  compared 

w ith  X -rays a t  a  c e l l u l a r  s u rv iv a l  l e v e l .  T h e ir  f ig u r e s  

d em onstra ted  t h a t  RBE v a lu e s  f o r  c e l l  s u rv iv a l  were 

s im i la r  t o  p u b lish e d  RBE v a lu e s  o f 1 .4  f o r  

s u r v iv a l  ( i e  i n t e s t i n a l  d ea th  fo llo w in g  whole body 

i r r a d i a t i o n )  • B r ie f ly ,  t h i s  su g g es ted  th a t  a  dose o f 

n e u tro n s  i s  more e f f e c t iv e  in  c e l l  k i l l i n g  by a  f a c t o r  

o f ap p ro x im ate ly  1 .4  th a n  th e  same dose o f X—r a y s .
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Hornsey ( 1970) u sed  th e  m icro -co lony  te ch n iq u e  to  

s tu d y  v a r ia t io n s  in  s u rv iv a l  a f t e r  e le c t r o n  i r r a d i a t i o n  

a t  d i f f e r e n t  dose r a t e s  and re p o r te d  th a t  a t  low er 

dose—r a t e s  a  la r g e r  dose i s  r e q u ire d  to  g iv e  th e  same 

le v e l  o f s u r v iv a l .

The same te h n iq u e  was u sed  by W ithers  e t  a l .  (1975) 

t o  in v e s t ig a te  th e  e f f e c t s  o f f r a c t io n a te d  gamma 

i r r a d i a t i o n  and f r a c t io n a t e d  gamma and f r a c t io n a te d  

n e u tro n  i r r a d i a t i o n  (W ithers  e t  a l . ,  1974)» where i t  was 

r e p o r te d  t h a t  th e re  appeared  to  be l i t t l e  s p a r in g  o f 

je ju n a l  mucosa as  a  r e s u l t  o f r e p a i r  o f  s u b - le th a l  

damage d u rin g  in t e r v a l s  betw een n e u tro n  dose f r a c t io n s  

b u t c o n s id e ra b le  r e p a i r  betw een f r a c t io n s  o f gamrna ra y  

d o s e s .

Hendry e t  a l .  (1975) used  th e  te c h n iq u e  to  

in v e s t ig a te  d a i ly  n e u tro n  f r a c t io n a t io n  reg im es and 

r e p o r te d  RB3 v a lu e s  o f  3*3 f o r  10 f r a c t io n s  and 3*6 f o r  

15 f r a c t i o n s .  A s im i la r  te c h n iq u e  was used  to  

in v e s t ig a te  th e  s u rv iv a l  c h a r a c t e r i s t i c s  o f  th e  

p r o l i f e r a t i v e  c e l l s  o f  th e  g a s t r i c  mucosa (Chen and 

W ith ers , 1972) and d is c u s se d  th e  la rg e  s u b - le th a l  r e p a i r  

c a p a c ity  observed  w ith  re le v a n c e  t o  ra d io th e ra p y  

tre a tm e n ts  in v o lv in g  th e  stom ach.

A d i f f e r e n t  method o f  m easuring  c ry p t s u rv iv a l  has 

a ls o  been used  e x te n s iv e ly  t o  s tu d y  i n t e s t i n a l  

i r r a d i a t i o n  damage. T h is  method (Hagemann e t  a l . ,  1970) 

in v o lv e s  th e  l a b e l l i n g  o f  c ry p t c e l l s  w ith  t r i t i a t e d  

thym id ine  p r io r  t o  d is s e c t io n  u s in g  th e  te c h n iq u e  of
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Wimber e t  a l .  ( i 960) .  Ify- d e te rm in in g  th e  a c t i v i t y  of 

a l iq u o ts  o f la b e l le d  c ry p ts  i t  i s  p o s s ib le  to  p lo t  a 

graph of c ry p t s u rv iv a l  a g a in s t in c r e a s in g  dosage o f 

r a d ia t io n .  T h is  te ch n iq u e  employs a  c o r r e c t io n  f a c to r  

f o r  w eight changes fo llo w in g  i r r a d i a t i o n .

T h is  tech n iq u e  h as  been used  e x te n s iv e ly  t o  

de term ine th e  e f f e c t s  o f s in g le  doses  (Hagemann e t  a l . ,

1971) &bcL f r a c t io n a te d  doses (Hagemann e t  a l . f 1971) 

X -rays on c ry p t s u rv iv a l ;  th e  e f f e c t s  o f  oxygen on c ry p t 

s u rv iv a l  in  i r r a d i a t e d  mice (S ig d e s ta d  e t  a l . ,  1973)* 

th e  e f f e c t s  o f  d i f f e r e n t  ty p e s  o f  i r r a d i a t i o n  (gamma,

X—ra y s  and n e u tro n s )  on c ry p t s u rv iv a l  (S ig d e s ta d  e t  a l . ,

1972) and th e  degree  o f  i n t e s t i n a l  c e l l  p r o l i f e r a t i o n  

d u rin g  f r a c t io n a te d  i r r a d i a t i o n  (Hagemann, 197&)*

These and many o th e r  s tu d ie s  have produced v a lu a b le  

in fo rm a tio n  on th e  re sp o n se  o f th e  p r o l i f e r a t i v e  

compartment o f th e  sm all i n t e s t i n e  to  many ty p e s  o f  

i r r a d i a t i o n  and under v a r io u s  c o n d itio n s  o f oxygenation  

and h y p o x ia .

1 .4*3  I n t e s t i n a l  S u rface  H orphology a s  an I n d ic a to r  o f 

E xperim en tal R a d ia tio n  I n ju ry

A part from th e  m aintenance o f  th e  p r o l i f e r a t i v e  c a p a c ity  

o f a  t i s s u e ,  th e  c l i n i c a l  r a d io th e r a p i s t  i s  a ls o  concerned  

w ith  th e  m aintenance o f  th e  f u n c t io n a l  a b i l i t y  of th a t  

t i s s u e .  In  th e  gu t th e  f u n c t io n a l  compartment ( th e  

v i l l i )  i s  dependent n o t o n ly lo n  th e  a b i l i t y  o f th e  c e l l s  

in  th e  c ry p ts  to  p r o l i f e r a t e  b u t a l s o  on t h e i r
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a b i l i t y  t o  le a v e  th e  p r o l i f e r a t i v e  poo l and m ature as 

fu n c tio n in g  c e l l s ;  l o s s  o f gut fu n c tio n , even f o r  a  v e ry  

sh o r t  tim e , a f t e r  i r r a d i a t i o n  can have d r a s t i c  

consequences f o r  th e  p a t i e n t .  The d i s s e c t in g  m icroscope 

was f i r s t  u sed  to  examine th e  mucosal su rfa c e  o f th e  

sm all i n t e s t i n e  (Rubin e t  a l . ,  i 960) and in  I 96I  Holmes, 

Hourihame and Booth (1961 a  end b) dem onstra ted  i t s  

d ia g n o s t ic  u se  when th e y  d e sc r ib e d  th e  mucosal changes i n  

c o e l ia c  d is e a s e  and t r o p i c a l  s p ru e . S tu d ie s  o f t h i s  k in d  

brought more u n d e rs ta n d in g  o f  mucosal s t r u c tu r e  bu t 

advances were l im i te d  by th e  low re s o lv in g  power o f th e  

d i s s e c t in g  m icroscope, u n t i l  h a rsh , S w ift and W illiam s 

( 1968) in tro d u c e d  th e  scann ing  e le c t r o n  m icroscope a s  a 

method o f  exam ining  mucosal s t r u c tu r e  i n  g r e a te r  d e t a i l ,  

a lth o u g h  th e  f i r s t  p re lim in a ry  s tu d ie s  (and perhaps th e  

f i r s t  use  o f  SEK f o r  th e  s tu d y  o f s o f t  t i s s u e )  were done 

by Jaq u es , C oalson and Z erv in s  i n  I 964 (Jaq u es  e t  a l . ,

1965).
The fo llo w in g  i s  a  b r i e f  d e s c r ip t io n  o f  how th e  

scan n in g  e le c t r o n  m icroscope w orks. (Taken from I.a rsh  

S w ift, 1969)* A beam o f h ig h  energy  e le c tro n s  

a c c e le ra te d  from  a  h e a te d  tu n g s te n  f ila m e n t i s  focused  

in to  a  narrow  probe th e  s iz e  (d iam e te r)  o f which can be 

v a r ie d  by means o f two e le c tro m a g n e tic  l e n s .  A t h i r d  

e le c tro m a g n e tic  le n s  fo cu ses  th e  e le c t r o n  probe on to  th e  

specim en and scan n in g  c o i l s  in  t h i s  le n s  move th e  probe 

over th e  s u r fa c e  o f th e  specim en. Secondary e le c t r o n s  

e m itte d  by th e  specim en a re  a t t r a c t e d  tow ards a
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p o s i t i v e ly  charged F araday  cage, p ass  th ro u g h  a w ire  

gauge a t  th e  cage su rfa c e  and a re  a c c e le r a te d  ty  an 

a p p lie d  p o te n t ia l  d i f f e r e n c e .  The e le c t ro n s  s t r i k e  an 

alum inium -coated  p l a s t i c  s c i n t i l l a t o r  and th e  l i g h t  

g en e ra ted  p a sse s  down a  l i g h t  gu ide  in t o  a  

p h o to m u ltip lie r  which a m p lif ie s  th e  s ig n a l .  T h is s ig n a l  

i s  u sed  to  m odulate a  l i g h t  sp o t scan n in g  th e  sc re e n  o f 

a  t e l e v i s i o n  d is p la y  tube, which i s  i n  synchrony w ith  th e  

e le c t ro n  p ro b e . The im ages produced  a re  r e l a t e d  t o  th e  

s u rfa c e  topg raphy  o f  th e  specim en under ex am ination . 

Changes in  m a g n if ic a tio n  a re  made by v a ry in g  th e  a re a  o f  

th e  specimen scanned by th e  p ro b e . Because th e  p rim ary  

beam d iv e rg e s  over a  sm all ang le  th e  d ep th  o f fo cu s  i s  

v e ry  la rg e ,  t h i s  o f course  i s  a  m ajor advantage o f th e  

SHI as  i t  p roduces a  th re e -d im e n s io m lp e rsp e c tiv e  t o  th e  

m icrographs o b ta in e d .

The scann ing  e le c t r o n  m icroscope was used by k a rsh  

and Sw ift (19&9) examine specim ens o f  je ju n a l  mucosa 

o b ta in ed  from s u b je c ts  undergo ing  o p e ra t iv e  tre a tm e n t 

where d is e a s e  o f th e  sm all i n t e s t i n e  was excluded  i n  a l l  

th e  p a t i e n t s .  They d e sc r ib e d  f in g e r  shaped v i l l i  w ith  

b road  b ases  ta p e r in g  t o  b lu n t p o in ts  and rem arked on th e  

v a r ia t io n  in  v i l lo u s  shape, some b e in g  c i r c u la r  i n  c ro s s  

s e c t io n  w h ils t  o th e rs  were f l a t t e n e d  and tongue o r l e a f  

shaped . They d e sc r ib e d  th e  r id g e d  and c o rru g a te d  su rfa c e  

o f th e  v i l l i  and dem onstra ted  th e  g r e a t  dep th  o f fo cu s  o f 

th e  scann ing  e le c t r o n  m icroscope by d e s c r ib in g  e p i t h e l i a l  

c e l l  b o u n d arie s , g o b le t c e l l  o r i f i c e s ,  c ry p t mouths and
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even occasional red "blood c e lls  on "the v illo u s surface. 

They also demonstrated that at higher magnifications 

(x 20, 000) the m icrovilli could "be distinguished as 

d iscrete  structures.

In the same year Toner and Carr (19&9) published a 

paper describing SSI studies of human small in testin e  

specimens and specimens from ra ts . They also reported 

the le a f , tongue and finger shaped v i l l i  in  human 

specimens and noted that ridges of moderate length were 

not uncommon. They showed that the lea f  shape v illo u s  

pattern was the normal pattern for the rat and their  

fa ilu re  to  resolve individual m icrov illi demonstrated the 

importance of t issu e  preparation techniques in  obtaining 

high d efin ition  micrographs. Since these publications 

the scanning electron microscope has been used in  a large 

number of investigations of normal and diseased small 

in te s t in e  in  man and several other species and also the 

e ffe c ts  of gamma irradiation in  the mouse in testin e  (Carr 

and Toner, 1972) and rat in testin e  (Anderson and Withers, 

1973).

Carr and Toner examined the in te s t in a l surface 

changes produced in  mice by large doses (1500 to  2500 

rads) of gamma rays and compared them with some features 

of human coeliac d isease. They noted that 48 hours a fter  

irrad iation  the v i l l i  began to lose th eir  normal s ta b ility  

and appeared to droop and clump together. 70 hours after  

exposure the v i l l i  were shorter, more tapered and had 

developed a conical shape. Some 90 to  100 hours
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p o s t—i r r a d i a t i o n  th e  mucosal su rfa c e  showed g ro ss  

a b n o rm a li t ie s .  In  some cases  th e  v i l l i  s t i l l  e x is te d  as 

d i s c r e t e  s tu n te d  p ro je c t io n s ,  but i n  o th e r  cases  as on ly  

sm all i r r e g u l a r  ex cre scen ces  w hich had lo s t  th e  o rd e r ly  

grooves o f th e  c o n tro ls  and appeared  to  have w arty  b le b s  

o r p ro je c t io n s  and t o  have lo s t  a l l  su rfa c e  o rg a n is a t io n .  

The a u th o rs  n o ted  th a t  th e se  ap p earances were no t 

c h a r a c t e r i s t i c  o f th a t  seen  w ith  c o e l ia c  d is e a s e  d e s p i te  

th e  absence o f v i l l i .

Anderson and W ithers used  th e  scan n in g  e le c tro n  

m icroscope t o  examine th e  i n t e s t i n e  o f r a t s  i r r a d i a te d  

w ith  1000 ra d s  ^ C o b a l t  gamma r a y s .  The an im als were 

k i l l e d  a t  24 hour i n t e r v a l s  a f t e r  i r r a d i a t i o n .  24 t o  

48 h o u rs  a f t e r  i r r a d i a t i o n  th e  morphology o f th e  

i n t e s t i n e  appeared  s im i la r  to  t h a t  o f th e  c o n t ro ls .  

Iu c o s a l  d e t e r io r a t io n  was a t  i t s  w orst on days th re e  and 

fo u r ,  th e  v i l l i  were s h o r te r  and sometimes fu s e d . The 

m ucosal f lo o r  was no lo n g e r  smooth and th e  c ry p t o r i f i c e s  

d i f f i c u l t  t o  d i s t i n g u is h .  l y  th e  f i f t h  and s ix th  day 

p o s t—i r r a d i a t i o n  m orpho log ical r e p a i r  was e v id e n t, and 

an im als  examined on days seven t o  tw elve  d isp la y e d  a  

m o rp h o lo g ica lly  norm al mucosa.

F o llow ing  on from  th e  work d e s c r ib e d  in  th e se  l a s t  

two s e c t io n s  th e  in v e s t ig a t io n s  d e sc r ib e d  l a t e r  i n  

c h a p te rs  th r e e  and fo u r  a re  an a ttem p t t o  examine th e  

e f f e c t s  o f s in g le  and f r a c t io n a te d  doses o f X, gamma and 

n e u tro n  i r r a d i a t i o n  on th e  sm all i n t e s t i n e ,  from th e  

end p o in ts  o f m icro -co lony  a s sa y  and scann ing  e le c t r o n
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m icroscopy .

I . 4 .4  The C um ulative R a d ia tio n  E ffe c t (CRE)

One o f  th e  problem s c o n fro n tin g  th e  c l i n i c a l  

r a d io th e r a p i s t  i s  th e  r a t i o n a l i s a t i o n  o f th e  b io lo g ic a l  

e f f e c t s  o f f r a c t io n a te d  r a d ia t io n  reg im es in  th e  

tre a tm e n t o f  n e o p la s t ic  d is e a s e .  These reg im es v a ry  

from  one tre a tm e n t c e n tre  to  an o th e r and in  o rd e r  t o  

compare th e  r e s u l t s  from d i f f e r e n t  reg im es i t  i s  

n e c e ssa ry  to  have some c r i t e r i o n  a g a in s t which th e y  can 

a l l  be a s s e s s e d .  I d e a l ly ,  such a  r a t i o n a l i s a t i o n  

c r i t e r i o n  would p rov ide  a  method o f measurement o f  th e  

r a d ia t io n  damage to  bo th  th e  norm al and n e o p la s t ic  

t i s s u e s  f o r  any p a r t i c u la r  tre a tm e n t reg im e, th u s  

a llo w in g  th e  com parison o f th e  b io lo g ic a l  e f f e c t s  o f 

d i f f e r e n t  reg im es and a ls o  a  s e le c t io n  o f th e  most 

b e n e f i c ia l  form o f tre a tm e n t f o r  any p a r t i c u l a r  tum our 

ty p e .

A s ig n i f i c a n t  s te p  tow ards t h i s  id e a l  was made by 

E l l i s  and h i s  co lle a g u e s  ( E l l i s ,  1967; E l l i s  1968; E l l i s ,  

I 969J and W inston, E l l i s  and H a ll ,  1969)* They 

d em onstra ted  t h a t  a  s in g le  f ig u r e  r e p re s e n t in g  norm al 

co n n ec tiv e  t i s s u e  to le ra n c e  to  r a d ia t io n  cou ld  be used  

to  d e s ig n a te  any course  o f r a d ia t io n  tre a tm e n t which 

re a c h e s  t i s s u e  to le r a n c e .  I n  p r a c t ic e  to le r a n c e  i s  th e  

u pper l im i t  o f any r a d ia t io n  sch ed u le , and m ight be 

d e f in e d  in  te rm s o f  th e  norm al t i s s u e  a s  th e  maximum 

amount o f b io lo g ic a l  damage th a t  can be s u s ta in e d  a
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t i s s u e  from which i t  can r e p a i r  w ithou t s u s ta in in g  any 

permanent d i s a b i l i t y .

E l l i s  termed, t h i s  f ig u re  th e  USD (nom inal s ta n d a rd  

dose) and showed th a t  i t  cou ld  be ex p ressed  

m a th em a tica lly  a s : -

NSD = (T o ta l D ose), i f -0 ,2 4 . T"0 ,1 1 .

where th e  t o t a l  dose i s  g iv en  in  r a d , N i s  th e  number o f 

f r a c t io n s  in  a  tre a tm e n t and T i s  th e  t o t a l  tre a tm e n t 

t im e . T h is  e q u a tio n , based  on i s o - e f f e c t  cu rves f o r  

d i f f e r e n t  f r a c t io n a t io n  sch ed u le s  f o r  squamous c e l l  

carcinom a, s k in  erythejm o. and norm al t i s s u e  to le ra n c e  

(Cohen, i 960) ,  a p p l ie s  on ly  t o  norm al t i s s u e  a t th e  

l im i t  o f to le ra n c e  as s ta t e d  p re v io u s ly .

The cum ulative r a d ia t io n  e f f e c t  (CRE) i s  a  

g e n e ra lis e d  form o f t h i s  USD e m p ir ic a l fu n c tio n  and can 

be c o n s id e re d  as a  sum of th e  e f f e c t s  o f f r a c t io n s  o r  

groups o f  f r a c t io n s  and a ls o  ta k e s  in t o  account th e  

e f f e c t s  o f p rev io u s  f r a c t i o n s .  In  o th e r  words th e  CRE 

i s  a  s e r i e s  o f numbers d e s c r ib in g  a  s c a le  o f  damage, th e  

to p  o f  t h i s  s c a le  b e in g  th e  same a s  th e  DSD. The 

advan tage o f  t h i s  i s  t h a t  sch ed u le s  can be a sse sse d  a t  

su b - to le ra n c e  le v e ls  o f damage. Cum ulative r a d ia t io n  

e f f e c t  (CRE) was term ed by K irk , Gray and Watson (1971) 

and was d e r iv e d  in  o rd e r  to  ex ten d  th e  approach o f  E l l i s  

to  th e  r a t i o n a l i s a t i o n  o f ra d io th e ra p y  tre a tm e n t reg im es 

a t  s u b - to le ra n t  le v e ls  o f damage. The a u th o rs  have now 

a p p lie d  th e  CRE t o  a  v a r i e ty  o f c o n d itio n s  o f r a d ia t io n
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t re a tm e n t in  a  s e r ie s  o f p a p e rs . F ra c tio n a te d  T reatm ent 

reg im es were co n sid ered  in  th e  above m entioned r e f e r e n c e ,  

C ontinuous R a d ia tio n  th e ra p y  in  ICirk, Gray and Watson 

(1972 and 1973)f bjoSL Time Gaps in  T reatm ent reg im es in  

K irk , Gray and Watson (1975)*

A lthough th e  CRE was d e riv e d  from  a  c o n s id e ra t io n  

o f c l i n i c a l  and exp erim en ta l d a ta  th e  a u th o rs  th em se lv es  

s t a t e  t h a t  l im i ta t io n s  a re  imposed on th e  CRE by i t s  

e m p ir ic a l n a tu re  and th a t  any improvement i n  th e  CRE 

concep t r e q u ir e s  a  g r e a te r  knowledge and u n d e rs ta n d in g  

o f th e  e f f e c t s  o f r a d ia t io n  on norm al and tum our t i s s u e  

i n  v iv o . I t  i s  no t th e  purpose o f  t h i s  in v e s t ig a t io n  to  

a n a ly se  th e  CRE in  d e t a i l  hu t i t  was hoped th a t  by 

t e s t i n g  some p f  i t s  p re d ic t io n s  in  an anim al system  more 

in s ig h t  might he ga ined  in to  how th e  concept might be 

made more a p p lic a b le  to  th e  c l i n i c a l  s i t u a t i o n .  To t h i s  

end two o f  th e  more im p o rtan t p r e d ic t io n s  o f th e  CRE were 

chosen f o r  in v e s t ig a t io n .

I n  K irk  e t  a l .  (1971) i t  i s  s ta t e d  t h a t  i f  a  

p a r t i c u l a r  regim e ach iev es  a  c e r t a in  CRE, i t s  in d iv id u a l  

f r a c t i o n s  may be g iven  i n  any o rd e r  w hatsoever, w ith o u t 

a l t e r i n g  th e  CRE a t ta in e d .  T h is  p a r t i c u l a r  s ta tem en t i s  

in v e s t ig a te d  and th e  r e s u l t s  a re  re p o r te d  and d is c u s se d  

i n  c h a p te r  f i v e .  In  K irk  e t  a l .  (1975) th e r e  i s  a  

d is c u s s io n  o f how th e  p o s i t io n  o f a  gap in  tre a tm e n t w i l l  

e f f e c t  th e  amount o f a d d i t io n a l  dose th a t  would be 

r e q u i r e d  to  ach ieve  th e  same l e v e l  o f CRE t h a t  would be 

a t t a in e d  by an u n in te r ru p te d  sc h e d u le . These p r e d ic t io n s
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v;ere investigated and in  chapter s ix  the resu lts  that 

were obtained are reported and are discussed in  rela tion  

to  th eir  bearing on the predictions of the CRE model 

quoted above.
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CHAPTER 2

MATERIAL AND METHODS



2 .1 . Animals

Adult male and female Ĉ H/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 p lastic  

cages (12 per cage) in a ir conditioned rooms, with 

constant temperature (21°C) and re la tiv e  humidity (55$) 

and maintained in lig h t and dark periods each of 12 hours 

in duration, ( i . e .  l ig h t : -  7 a.m. to 7 p.m.} dark 7 p*m* 

to 7 a.m. GMT.)

The animals were provided with formula 41 mouse d iet  

(produced hy Angus M illing Company, Perth and supplied hy 

William Shearer and Company, Glasgow) and acid ified  water 

(maintained at pH 3.0 with d ilu te  hydrochloric acid) ad 

libitum , both before and after irrad iation . The cages were 

changed twice weekly and the water d a ily .

2 .2 . Irradiation Procedures and Dosimetry 
/ \ 6CL(a) Cobalt gamma irradiation

The ^Cobalt gamma ray exposures were to the whole body 

and carried out on an Orbitron therapy u n it . A perspex j ig  

containing four animals was positioned in the broadest 

f ie ld  such that the centre lin e  of each mouse was 40 cm 

from the source; The animals were irradiated dorso-ventrally. 

The dose rates to the tissu e under these conditions, 

approximately 180 rad minute"*  ̂ over the period of the 

experiments, were measured using a tissue-equivalent (TE) 

ion isation  chamber designed for the neutron experiments 

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

mouse phantom located in the j ig .  The TE chamber had been

22



had been calibrated against an NPL secondary standard 

Farmer-Baldwin ion isation  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 neutron source. The hind 

4 cm of the two animals were centra lised  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 E llio t  

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  ta rg et. Neutron 

spectrum measurements were available for sim ilar 

irradiation conditions (Lawson e t  a l . ,  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 ^-rays.

The absorbed doses in the neutron f ie ld  were measured 

using a small cy lin d rica l ion isation  chamber sim ilar in  

design to that described by Greene (1971)* The active  

length was 16 mm, the outer wall thickness 2*5 mm, the 

centre electrode diameter 3 mm and the cavity gap 2 mm.

The chamber was made from carbon-loaded polythene, which 

is  conducting and approximately tissu e  equivalent to 

neutrons. The atomic composition was 10.2$ hydrogen and

23



89.8$ carbon by weight. Ethylene gas was flowed through 

the chamber at constant rate.

Theft-ray s e n s it iv ity  of the chamber was determined 

by d irect comparison with a Farmer-Baldwin secondary

factor was used to convert the measured ionisation to the 

dose which would be absorbed by wet t issu e  exposed to  the 

radiation f ie ld  by taking into account neutron kerma 

values, photon mass energy absorption co e ffic ie n ts , 

experimental neutron and 5 —ray saturation factors for the 

chamber, assessed W-values, and stopping powers for the 

charged partic le  spectra and calibration photons in the 

gas and w alls.

The 0-ray component of the dose was assessed from 

measurements with LiF TLD/700 chips in teflon  and a

s e n s it iv it ie s  of these devices to 14*7 MeV neutrons (0 .1 7  

and 0.03 equivalent ^Co rads per neutron tissue rad 

respectively) were estimated from published data (Wingate 

et a l . ,  1965; McGinley, 1972; and Goodman, 1972). The 

uncertainty in the to ta l dose absorbed by tissue from 

neutrons and£f-rays, deduced from the measurements with 

the ionisation chamber was i  This is  similar to that

reported by Greene (1971) and- by Bewley et a l .  (1972).

Because the output of the generator could vary, the 

actual doses given to each pair of animals were controlled  

by two monitor f is s io n  chambers which were placed on the 

P-tube c lose  to the irradiation j ig  and regularly 

calibrated against the TB ionisation chamber placed in a

standard ionisation chamber f ie ld .  This

The in tr in sic
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mouse phantom in the irradiation j ig .  Dose rates to 

t issu e  for the neutron exposures were in the range 5 to  

12 rad minute”^.

(o) X-irradiation

P artia l body X-irradiations were carried out using a 

Siemens Stabilipan I unit operating at 250 kV and a 

filament current of 15 mA. Beam f iltr a t io n  gave a HVL 

of I .85  -  0.05 mm Cu. (The tube of th is  unit was 

contained in a sp ecia lly  designed, shielded box which was 

constructed in the Glasgow In stitu te  of Radiotherapeutics 

and Oncology. The description of th is  unit is  contained 

in Appendix 1 .)

Mice were restrained in perspex tubes which were 

positioned so that the abdominal cav ity  was over a 2*5 cm 

wide s lo t  cut in a 3 mm thick lead sheet and thus they 

were irradiated ventro-dorsally. Dose rate measurements 

were made in a perspex phantom with an ionisation chamber 

both over the centre of the s lo t  and 1,5 cm from i t s  edge, 

in the position which the femora were judged to l i e .  The 

femoral dose was <^4$ of. the in te s t in a l dose.

The su ita b ility  of th is  phantom was checked by 

comparing th is dose rate to measurements made with an 

ionisation chamber placed in the abdominal cavity of a 

dead mouse. The difference was ^  3$* The dose p ro file  

across the s lo t was determined using LiP thermoluminescent 

dosemeter. LiF rods were inserted in a perspex block at 

0*5 cm intervals, th is  was positioned over the s lo t  and 

irradiated. As a check on the r e la tiv e  doses at the
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in testin es  and femora, LiF rods were inserted at these 

s i t e s  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 s lo t  was 75 rad minute”* 

th is  being the position of the mouse in testin e  during 

irrad iation .

2.3*  T issu e  P re p a ra tio n  and M icroscopy

The mice were k ille d  by cervical d islocation  

three-and-a-half days after the f in a l irradiation dose was 

administered. Control animals for each experiment were 

k illed  at the same time. Two segments of the proximal 

small in testin e , approximately 1.5 cm long, were removed; 

one for examination under ligh t 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 ligh t microscopy was flushed and fixed  

in 10 per cent formal saline for one to two days then cut 

into smaller pieces three to four m illim etres long. These 

were embedded in paraffin wax, sectioned transversely (5 Ji) 

and stained with haematoxylin and counter—stained with eosin . 

The number of regenerating crypts per circumference were 

counted (200 x m agnification). In practice the segments
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from several mice receiving the same radiation dose were 

pooled on removal to the f ix a t iv e .

The segment for electron microscopy was flushed and 

then gently in flated  with f ix a t iv e , so as to preserve the 

normal dimensions, the ends were then tied  o ff and the 

segment immersed in f ix a t iv e . Two fix a tiv es  were used 

during the course o f the experiments, 10 per cent formal 

saline and 2 per cent phosphate buffered glutaraldehyde 

at pH 7*4* Following adequate fixa tion  (at least 2 days) 

the in fla ted  gut was opened longitudinally along the lin e  

of the mesentery and washed out with buffer solu tion . 

Suitable portions of tissu e  were post fixed with one per 

cent Osmium tetroxide in M illonig'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 absolute ethanol. The specimens were 

pinned out on cork and allowed to dry in a ir  at room 

temperature•

When dry the rough edges of the samples were trimmed 

o ff and these trimmed specimens were then mounted on 

specimen carriers with conducting adhesive solution and 

vacuum coated with gold-palladium. The tissu es were 

examined with an S600 scanning electron microscope 

(Cambridge S c ien tific  Instrument Company) used in the 

emissive mode at accelerating voltages of from 1*5 kV 4o 

25 kV. Recording was done with 35 mm or 70 mm FP4 film .
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CHAPTER 3

CRYPT SURVIVAL AND SURFACE MORPHOLOGY AFTER SINGLE 

WHOLE BODY DOSES OF NEUTRON AND GAMMA IRRADIATION



3 .1 .  In tro d u c t io n

The q u a n t i ta t io n  o f th e  re sp o n se  of th e  i n t e s t i n a l  

e p ith e liu m  c e l l s  to  i r r a d i a t i o n  has been made p o s s ib le  

by th e  developm ent o f methods fo r  th e  assay  of 

i n t e s t i n a l  c ry p t s u rv iv a l  (W ithers  and E lk ind , 1970» 

W ithers  e t  a l . ,  1970? Hagemann e t  a l . ,  1970 ancl 197l)»  

The d isad v an tag e  o f such c ry p t—co u n tin g  te ch n iq u es  

l i e s  in  t h e i r  i n a b i l i t y  to  d i r e c t l y  measure damage a t 

low er d o ses , i n  th e  range more commonly used in  

f r a c t io n a te d  ra d io th e ra p y .  A q u a n t i f ia b le  e f f e c t  i s  

on ly  d i r e c t l y  o b serv ab le  a f t e r  s in g le  doses o f & or 

X—i r r a d i a t i o n  in  th e  range  1—2 Krad, a lthough  a 

tem porary  p e r tu rb a t io n  o f th e  k in e t i c s  o f th e  c e l l  

p o p u la tio n  can be observed  a t  low er d o ses  (L esher, 

1967)» T h is  e f f e c t  o f  i r r a d i a t i o n  on th e  c e l l  

k in e t i c s  o f th e  p r o l i f e r a t i o n  compartment i s  ex p ressed  

as a  f a i l u r e  t o  m a in ta in  e p ith e liu m  i n t e g r i t y .  S ince 

i t  i s  n o t u n t i l  th e  number of c e l l s  in  any p a r t i c u l a r  

c ry p t h as  been reduced  t o  l e s s  th a n  one c e l l  t h a t  a  

re d u c tio n  in  c ry p t numbers w i l l  occur, th e n  stem c e l l  

i n ju r y  caused by low er d o ses  w i l l  n o t be exp ressed  on 

a  r e g e n e ra t in g  c ry p t s u rv iv a l  c u rv e . I t  h as  been 

shown t o  be p o s s ib le  t o  p roduce a  c ry p t c e l l  s u rv iv a l  

curve by e x t r a p o la t io n  from  c ry p t s u rv iv a l  d a ta  

(W ithers  e t  a l . ,  1970)» 'but w ith  th e  scann ing  e le c t r o n  

m icroscope i t  i s  p o s s ib le  to  observe d i r e c t l y  th e  

e f f e c t s  o f low doses o f i r r a d i a t i o n  on th e  i n t e g r i t y  

o f th e  s u rfa c e  mucosa o f th e  i n t e s t i n e  (C arr and T oner,
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1968; Toner and C a rr , 1969)* E xperim ents were 

d ev ised  in  an a ttem p t to  "bring to g e th e r  th o se  

q u a l i t a t i v e  and q u a n t i ta t iv e  approaches and th u s  

b u i ld  up a  more com plete p ic tu r e  o f th e  a c u te  

i n t e s t i n a l  response  to  i r r a d i a t i o n .
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3.2  The Experiments

Mice were irradiated with single whole "body doses of 
60C obalt gamma o r 14*7 MeV D—T n eu tro n  i r r a d i a t i o n  

over th e  ran g es  o f  0-2  Krads fo r  gamma and 0-1  Krad 

fo r  n e u tro n  i r r a d i a t i o n ,  gut s e c tio n s  b e in g  examined 

by l i g h t  and e le c t ro n  m icroscopy . In a d d i t io n  to  the  

u su a l c o n t ro ls  t e s t s  were made o f the  e f f e c t s  o f  

d i f f e r e n t  d eg ree s  o f  d is te n s io n  "by f ix a t iv e  on th e  

g u t .  U n d e r- in f la te d  and o v e r - in f la te d  segm ents were 

compared in  b o th  norm al and i r r a d ia te d  an im als .
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RESULTS

3*3. Crypt Regeneration after Irradiation
60F ig u re  3 ,1  shows d o se -resp o n se  cu rves fo llo w in g  Co 

and D-T n e u tro n  i r r a d i a t i o n  • Both cu rv es  have s im ila r  

f i n a l  s lo p e s ,  w ith  Dq v a lu e s  o f  180 and 150 ra d s  

r e s p e c t iv e ly .  U sing t h i s  system  o f r e p re s e n ta t io n  i t  

i s  p o s s ib le  to  compare th e  e f f e c t s  o f th e  two d i f f e r e n t  

r a d ia t io n s  a t  th e  same q u a n t i ta t iv e  le v e l  o f  b io lo g ic a l  

damage, ex p ressed  as th e  mean number o f  s u rv iv in g  

c ry p ts  p e r  c ircum ference  o f  i n t e s t i n e .

The RBE fo r  D-T n e u tro n  compared to  £$ - r a d ia t io n  

f a l l s  s l i g h t l y  w ith  in c re a s in g  dose from 2,1  to  1 , 8 , 

expressed  a t  s e v e ra l p o in ts  a lo n g  th e  c ry p t s u rv iv a l  

c o -o rd in a te ,  .C lea rly  dem onstra ted  a re  th e  la rg e  

•shoulders*  o f  the two c u rv e s  which a re  a t t r i b u t a b l e  to  

c e l l  m u l t ip l i c i ty  in  th e  c ry p t and th e  accum ula tion  o f  

s u b le th a l  damage by th e  c ry p t c e l l .  T h is  l i m i t s  th e  

d is c r im in a t io n  o f  e f f e c t  o f  t h i s  te ch n iq u e  to  

r e l a t i v e ly  h ig h  dose l e v e l s .  With Q  —i r r a d i a t i o n  th e  

f i r s t  s ig n i f i c a n t  d e v ia t io n  from th e  sh o u ld e r  occurs a t  

around 1,000  r a d s ,  w hereas in  th e  n e u tro n  s e r i e s  th e  

f i r s t  d e v ia tio n  from th e  sh o u ld e r  o ccu rs  a t  doses 

around 500 ra d s  (an RBE o f  2 ,0 ) .
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Scanning  E le c tro n  M icroscopy 

3 .4*  C o n tro ls

F ig u re  3 .2  shows a  segment o f i n t e s t i n e  from an 

u n i r r a d ia te d  c o n t r o l .  A lthough th e r e  i s  a  s l ig h t  

v a r i a t io n  i n  th e  morphology o f th e  v i l l i ,  over th e  

s e r i e s  as  a  whole th e  c o n tro l  an im als d is p la y  

s t r u c t u r a l  c h a r a c t e r i s t i c s  i n  agreem ent w ith  th o se  

d e s c r ib e d  in  th e  l i t e r a t u r e .  The v i l l i  a re  e r e c t ,  

f irm  and f in g e r  l i k e  in  appearance, th e y  a re  se p a ra te  

and no t clumped o r le a n in g  to g e th e r .  The su rfa c e  

c re a s in g  i s  o rd e red  w ith o u t any v e ry  sev ere  

in d e n ta t io n .

3 .5 .  D is te n s io n

To e l im in a te  p o s s ib le  so u rces  o f e r r o r ,  th e  e f f e c t s  

o f  d i f f e r e n t  d eg ree s  o f d is te n s io n  o f th e  sm all 

i n t e s t i n e  by f i x a t iv e  were co n s id e re d , s in ce  a random 

elem ent was in e v i ta b le  a t  t h i s  p o in t in  th e  p re p a ra t io n  

o f th e  specim ens. I t  was found th a t  in c re a s in g  

d is te n s io n  o f th e  norm al c o n tro l  i n t e s t i n e  (example 

shown in  F ig u re  3 .3 )  caused in c re a se d  s e p a ra t io n  of th e  

v i l l i  w ith  some m inor v a r ia t io n  i n  t h e i r  o r ie n ta t io n .  

However, changes in  th e  su rfa c e  co n to u rs  of th e  v i l l i  

were no t seen  to  be produced by d is te n s io n .

No bend ing  or tw is t in g  o f th e  v i l l i  was seen  to  

occur, and th e  v i l l i  were no t d i s to r t e d  in to  c o n ic a l o r 

l e a f  p a t t e r n s .  A f te r  h ig h  doses o f n e u tro n  or gamma 

i r r a d i a t i o n  ( i . e .  d oses which reduced  c ry p t s u rv iv a l  to
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F ig u re  3 ,2
Specimen from c o n t r o l  an im a l.  Scanning e l e c t r o n  m icrograph  (SEM) of 

norm al mouse jajvnum a f t e r  s ta n d a rd  d i s t e n s io n  (xlOO).

F igure  3 #3

SEM o f  normal mouse Jejunum  which has been over d i s te n d e d  (xlOO).
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Figure  3«4
S04 o f  underd is tended  normal monseJeJcnom  (x200) .
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ap p ro x im ate ly  one c ry p t per c irc u m fe ren c e ) chosen to  

produce ex trem e t i s s u e  damage and so to  maximise th e  

l ik e l ih o o d  th a t  specim ens would be much more v u ln e ra b le  

to  th e  e f f e c t s  o f  d i s te n s io n ,  th e  fo llo w in g  o b se rv a tio n s  

were made. In  h ig h ly  d is te n d e d  specim ens w id er 

s e p a ra t io n  o f  v i l l i  were ag a in  observed  which served  to  

make th e  s u r fa c e  a b n o rm a lit ie s  more a p p a re n t .  However 

th e  d i s te n s io n  d id  n o t ,  as was fe a re d , in c re a s e  the  

m ucosal damage a lre a d y  p r e s e n t .

E xam ination  o f u n d e rd is te n d e d  specim ens from bo th  

c o n t ro ls  and h ig h  dose an im als  serv ed  to  d em o n stra te  

th a t  in  b o th  c a s e s  i t  was ex trem ely  d i f f i c u l t  to  

observe th e  s u r fa c e  morphology w ith  any deg ree  o f  

ac c u ra c y . An example i s  shown in  F ig u re  3 .4*

• 3 - 6 .  ’Shoulder* Doses

As s ta t e d  th e  f i r s t  d e p re s s io n  o f  c ry p t c o u n ts  occur

60a t  1000 ra d s  f o r  C ob a lt gamma i r r a d i a t i o n  and 500 

ra d s  fo r  D-T n eu tro n  i r r a d i a t i o n .  At th e se  two 

co rre sp o n d in g  p o in ts  th e re  axe c le a r  c u t a l t e r a t i o n s  in  

the  m ucosal s u rfa c e  as  seen  by scann ing  e le c t r o n  

m icroscopy . Gamma i r r a d i a te d  specim ens (F ig u re  3*5) 

r e t a in  th e  s le n d e r  v i l l i  o f  the  c o n tro l  i n t e s t i n e ,  b u t 

t h e i r  o r i e n t a t i o n  i s  in c o n s is te n t  and groups o f  v i l l i  

appear to  clump to g e th e r .  In d iv id u a l v i l l i  a re  more 

o f te n  b e n t o r tw is te d  than  th o se  seen in  c o n t ro l  

specim ens, th e  v i l l u s  t i p s  a re  o f te n  m isshapen to  a 

g r e a te r  d eg ree  than  t h e i r  more proxim al p o r t io n s .  The
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Figure  3 . 5

SEM o f mouse jeJoi)on\ a f t e r  1000 rads  o f  6°C obalt gamma i r r a d i a t i o n  
(xlO O ).

I

Figure  3o6

SEM of m o u s e t e r  500 rads  of D-T neu tron  i r r a d i a t i o n  (xlOO).
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su r fa c e  c r e a s e s  o f  th e  v i l l i ,  which form in  c o n t ro ls  an

o rd e r ly  p a t te r n  o f c i r c u m f e r e n t ia l  g ro o v es , a re  le s s

c o n s is te n t  in  t h e i r  c o n to u rs  and in  t h e i r  arrangem ent. 

N eutron i r r a d i a t e d  specim ens (F ig u re  3 .6 )  which show 

th e  same r e l a t i v e  b io lo g ic a l  e f f e c t  in  te rm s o f  c r y p t-  

c o u n ts , a l s o  show m orph o lo g ica l a b n o rm a li t ie s .  As in  

th e  gamma specim ens th e re  i s  an i r r e g u l a r i t y  in  th e  

d is p o s i t io n  o f  th e  s u rfa c e  m arkings and a  change in  

t h e i r  n a tu r e ,  th e se  now ap p ea r more as rough 

c o r ru g a t io n s  o f  th e  v i l l u s  s u r fa c e  th an  as  th e  l in e a r  

c re a se s  seen  in  th e  c o n t r o l s .  In  a d d i t io n ,  n e u tro n

damaged v i l l i  a re  c o n s i s te n t ly  more c o n ic a l  in  p r o f i l e

than c o n t r o l s  and gamma i r r a d i a t e d  specim ens. Many o f 

th e  v i l l i  a re  b ro ad er a t  th e  base  and can be d e sc r ib e d  

as b e in g  o f  a  tongue o r  l e a f  sh a p e . T h is  i s  a  marked 

d e p a rtu re  from th e  morphology a s  seen in  th e  c o n tro l  

m ice . E a s i ly  d is t in g u is h e d  m orpho log ical changes 

th e r e f o r e ,  a f t e r  b o th  ty p e s  o f  i r r a d i a t i o n ,  accompany 

th e  f i r s t  q u a n t i t a t iv e  e f f e c t s  dem onstrab le  w ith  c ry p t 

co u n ts  •

3 *7 * Higher Doses

Beyond the in i t ia l  quantitative threshold progressively 

increasing doses of irradiation produce an exponential 

f a l l  in the counts of regenerating crypts (see Figure 

3 .1 ) .

The morphological changes seen by scanning electrcn 

miscroscopy are also progressive. At dose lev e ls  which
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reduce s u r v iv a l  to  about te n  c ry p ts  p e r c ircu m feren ce  

w ith  gamma i r r a d i a t i o n  ( l 600 r a d s )  th e  v i l l i  r e t a in  

t h e i r  i n i t i a l  s le n d e r  c o n to u rs ,  a lth o u g h  s u rfa c e  

i r r e g u l a r i t i e s  become p ro g re s s iv e ly  more o b v io u s . An 

example o f  t h i s  i s  shown in  F ig u re  3«7« T w isted  ben t 

and clumped v i l l i  a re  more numerous and marked 

d i s to r t i o n  o f  th e  t i p  o f  th e  v i l l u s  i s  o f te n  seen a t  

tim es w ith  concave in d e n ta t io n s .

A f te r  a  n e u tro n  dose w hich red u ces  c r y p ts  to  an 

e q u iv a le n t number (800 ra d s )  th e  tendency  tow ards 

f la t t e n e d  and c o n ic a l v i l l i  p e r s i s t s  w h ils t  n o t 

becoming s ig n i f i c a n t l y  more m arked. The su r fa c e  

co n to u rs  a re  s t r ik i n g ly  abnorm al, th e  c o r ru g a t io n s  

b e in g  no lo n g e r la rg e ly  c i r c u m f e r e n t ia l  b u t now a lso  

v e r t i c a l  (see  F ig u re  3 * 8 ). ' W hile some specim ens show a 

degree o f  bend ing  and tw is t in g  o f  th e  v i l l i ,  t h i s  i s  a 

much le s s  s t r i k i n g  fe a tu re  th a n  i s  seen  in  th e  gamma 

i r r a d i a te d  m ucosa. The m ucosal changes th e r e f o r e ,  

w h ils t  dependant to  an e x te n t  on th e  type o f  r a d ia t io n  

run p a r a l l e l  to  th e  q u a l i t a t i v e  changes on th e  

e x p o n e n tia l p o r tio n  o f  th e  s u r v iv a l  c u rv e , t h a t  i s ,  

becoming in c re a s in g ly  sev ere  w ith  in c re a s in g  d o se .

3 .8 .  Low Doses

I r r a d ia te d  specim ens which have r e c e iv e d  d o ses  o f  le s s  

than  1000 ra d s  o f  gamma o r  500 ra d s  o f  n e u tro n  

i r r a d i a t i o n ,  have c ry p t c o u n ts  w hich a re  

in d is t in g u is h a b le  from th o se  o f  c o n t ro l  specim ens.
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F igu re  3«7
» -  60 ISEM otf mouse jejvr\vn\ a f t e r  1600 rad s  C o b a l t  gamma i r r a d i a t i o n

(x lO O ) .

F igure  3 .8

SEM o f  mouseJ*Je'n</m a f t e r  800 rads  o f  D-T neu tron  i r r a d i a t i o n  

(x200 ) .
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Thus any damage th a t  th ey  have re c e iv e d  i s  he low the  

l e v e l  o f d is c r im in a t io n  o f  th e  c ry p t c o u n tin g  

te c h n iq u e . I t  was found, how ever, t h a t  o b s e rv a tio n s  

o f  damage co u ld  be made u s in g  scann ing  e le c t r o n  

m icro sco p y .

In  the  gamma s e r ie s  m inor changes in  v i l l u s  

o r ie n ta t io n  co u ld  f i r s t  be made a f t e r  d o ses  o f  300 

r a d s .  T h is dose i s  ap p rox im ate ly  one t h i r d  o f  th a t  

r e q u ire d  to  produce a s ig n i f i c a n t  d e p re s s io n  in  c ry p t 

c o u n t. In F ig u re  3*9 i t  can be seen th a t  th e re  is  a  

s l i g h t  d i s t o r t i o n  a t  th e  t i p s  o f  some o f  th e  v i l l i ,  bu t 

th e re  i s  l i t t l e  change in  th e  su rfa c e  c re a s e s  o f  th e  

v i l l i .

A dose o f  170 rad s  o f n e u tro n  i r r a d i a t i o n  a ls o  

produces m inor changes (see  F ig u re  3 .1 0 ) .  There i s  a 

s l i g h t  b ro ad en in g  o r  sw e llin g  o f  th e  v i l l i  and a  

d i s t i n c t  i r r e g u l a r i t y  o f th e  su rfa c e  c r e a s in g .
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F ig u re  3.9
SEM o f  mouse JeJt^m/rn a f t e r  300 ra d s  o f  ^ C o b a l t  gamma i r r a d i a t i o n  
(x200).

F ig u re  3 .10

SEM o f  mouseJejuwir\ a f t e r  170 rad s  o f  D-T neutron  i r r a d i a t i o n  
(x 2 0 0 ) .
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3*9 D isc u ss io n

The r e s u l t s  o b ta in ed  w ith  th e  re g e n e ra tin g  c ry p t

system  were q u a l i t a t i v e l y  com parable w ith  p re v io u s ly

p u b lish e d  work (W ithers e t  a l . f 1970; B roerse  e t  a l . f

1971) a lth o u g h  Dq and RBE v a lu e s  were h ig h e r .  Thi3 i s

p o s s ib ly  due to  th e  f a c t  t h a t  a  d i f f e r e n t  s t r a i n  o f

60mice was used  in  th e se  experim en ts  and C o b a lt gamma 

i r r a d i a t i o n  was u sed , n o t X - i r r a d ia t io n .

The c ry p t  co u n tin g  te ch n iq u e  g ives s ta n d a rd is e d  

c o n s is te n t  and e a s i ly  re p ro d u c ib le  q u a n t i t a t iv e  d a ta  

co n ce rn in g  r a d ia t io n  damage to  the  stem c e l l  p o p u la tio n  

o f th e  i n t e s t i n a l  e p ith e liu m  by h ig h e r d o ses  o f  

r a d i a t i o n .  I t  i s ,  however a  r e la t iv e ly  in s e n s i t iv e  

in d ic a to r  o f  t o t a l  m ucosal damage. Scanning e le c tro n  

m icroscopy produces v i s u a l  r e s u l t s  which e x p re s s  t h i s

damage in  term s o f s u r fa c e  changes in  th e  in ju re d
\

mucosa. Q u a l i ta t iv e  changes such as th e se  a re  

i n t r i n s i c a l l y  d i f f i c u l t  to  q u a n t i t a t e .  However a t  th e  

lower dose le v e ls  commonly used  in  c l i n i c a l  rad io th e ra p y  

they  a re  a  much more s e n s i t i v e  in d ic a to r  o f  damage 

than  i s  th e  c o u n tin g  o f surviV*w<S1 c ry p ts  • The r e s u l t s  

o f  th e se  experim en ts  dem onstra ted  d if f e re n c e s  in  th e  

q u a l i t a t iv e  ex p re ss io n  o f  th e  mucosal damage r e s u l t in g  

from th e  two forms o f r a d ia t io n  u sed . A lthough the  

reaso n s  f o r  t h i s  a re  s t i l l  n o t c le a r  i t  h as  been found 

p o ss ib le  to  d is c r im in a te  by scanning  m icroscopy between 

neu tro n  and gamma i r r a d i a t i o n  specimens th ro u g h o u t the  

range o f  d oses covered in  th e  experim en ts. I t  would
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seem th a t  th e  many b io lo g ic a l  v a r ia b le s  w hich 

c o n t r ib u te  to  i n t e s t i n a l  morphology a re  independjafttfy 

and d i f f e r e n t l y  a f f e c te d  by n e u tro n  and gamma 

i r r a d i a t i o n .  A p o s s ib le  s p e c u la t io n  i s  t h a t  a t  a  

given  le v e l  o f  r a d io b io lo g ic a l  e f f e c t  th e  in te n s e  

lo c a l i s e d  io n is a t io n  o f  th e  n e u tro n  beam produces 

more pronounced e f f e c t s  in  v a s c u la r  e p i t h e l i a l  and 

co n n ec tiv e  t i s s u e  th an  th e  d i f f u s e  io n i s a t io n  o f  

gamma i r r a d i a t i o n .

The need  f o r  s ta n d a rd is e d  t i s s u e  p re p a ra t io n  

te ch n iq u es  has been p o in te d  o u t by Anderson e t  a l .  

(1973)* The r e s u l t s  o f  th e  d is te n s io n  ex p erim en ts  

confirm  th e se  f in d in g s .  However, i t  ap p ea rs  t h a t  th e  

r e l a t i v e l y  sm all v a r i a t io n  betw een specim ens t h a t  o ccu rs  

w ith  th e  i n f l a t i o n  te ch n iq u e  a re  u n l ik e ly  to  le a d  to  

any s e r io u s  m is in te r p r e ta t io n  o f  th e  u l t r a s t r u c t u r a l  

e f f e c t s  o f  i r r a d i a t i o n .

In  c o n c lu s io n , th e  q u a l i t a t i v e  te c h n iq u e  o f 

scann ing  e le c t ro n  m icroscopy p ro v id es  a  more s e n s i t iv e  

in d ic a to r  o f  mucosal i r r a d i a t i o n  a t  low dose l e v e l s • 

There i s  a ls o  good ev idence  t h a t  m o rp h o lo g ica l s tu d ie s  

p rov ide  a  means o f d is c r im in a t in g  betw een th e  e f f e c t s  o f  

low and h ig h  LET r a d ia t io n s  a t  dose le v e ls  which are  

ra d io b io lo g ic a l/y e q u iv a le n t on c e r t a in  o th e r  

q u a n t i ta t iv e  s c a le s .
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CHAPTER 4

CRYPT SURVIVAL AND SURFACE MORPHOLOGY OF THE GUT 

AFTER FRACTIONATED DOSES OF X AND S’ IRRADIATION



In tro d u c t io n

Prom th e  experim en ts  re p o r te d  in  th e  p re v io u s  c h a p te r  

i t  can he seen  th a t  th e  r e s u l t s  o f Scanning  e le c t r o n  

m icroscopy p rov id e  a  more s e n s i t iv e  in d i c a to r  o f 

mucosal i r r a d i a t i o n  damage a t  low dose l e v e l s  th a n  th e  

more co n v en tio n a l q u a l i t a t iv e  te c h n iq u e s .  S im ila r ly  i t  

i s  p o s s ib le  to  c o n je c tu re  th a t  th e  measurement o f th e  

number o f s u rv iv in g  c ry p ts  a f t e r  low er d o ses  o f 

f r a c t io n a te d  r a d ia t io n  would p ro v id e  o n ly  a  r e l a t i v e l y  

sm all amount of in fo rm a tio n  about th e  s t a t e  o f th e  

'fu n c t io n a l*  a p p a ra tu s  o f th e  g u t, th e  s u r fa c e  mucosa, 

even a f t e r  doses o f r a d ia t io n  which ind u ce  su p p re ss io n  

o f th e  c e l l  p r o l i f e r a t i v e  system .

As th e  i n t e g r i t y  of th e  i n t e s t i n a l  mucosa i s  

depend'entr on th e  co n tin u ed  p r o l i f e r a t i o n  o f c e l l  

system s, a  schedu le  o f f r a c t io n a te d  r a d i a t i o n  which 

would on ly  s l i g h t l y  reduce t o t a l  c ry p t numbers, m ight 

produce c o n s id e ra b le  mucosal d is r u p t io n .  T h is  i s  

because th e  numbers o f v ia b le  c e l l s  a v a i la b le  t o  e n te r  

th e  m a tu ra tio n  pool would be red u ce d . In  o rd e r  to  

in v e s t ig a te  t h i s  p o s s i b i l i t y  exp erim en ts  were d ev ised  

i n  which th e  b io lo g ic a l  e f f e c t  o f v a r io u s  f r a c t io n a te d  

sch ed u le s  was assayed  from th e  p o in t o f view  o f bo th  

c ry p t re g e n e ra tio n  and o f th e  appearance o f th e  su rfa c e  

mucosa.

The Experim ents

F ra c t io n a t io n  reg im es were chosen u s in g  sm all do ses  more



r e le v a n t  t o  th e  s i t u a t io n  in  c l i n i c a l  ra d io th e ra p y , 

where la rg e  s in g le  d o ses  a re  r a r e l y  d e l iv e r e d .  Two of 

th e  i r r a d i a t i o n  sc h e d u le s  were c a r r i e d  out u s in g  whole 

hody ^ C o b a l t  gamma i r r a d i a t i o n  and a  t h i r d  u s in g  

X - i r r a d ia t io n  lo c a l i s e d  t o  th e  abdomen.

^ C o b a l t  Gamma I r r a d i a t i o n  to  th e  Whole Body 

Schedule A

Mice were i r r a d i a t e d  w ith  300 ra d s  a d m in is te re d  a t  

24 hour i n t e r v a l s  to  a  t o t a l  o f  t e n  f r a c t i o n s .  There 

was a  two day gap betw een th e  f i f t h  and s ix th  f r a c t io n s  

over th e  weekend as i s  custom ary i n  c l i n i c a l  

r a d io th e ra p y . 24 h o u rs  a f t e r  th e  f i n a l  300 ra d  dose 

an ’a s s a y 1 dose o f 900 r a d s  was a d m in is te re d  to  t r y  

and reduce c ry p t c e l l u l a r i t y  and hence c ry p t number to  

a  le v e l  which cou ld  be counted w ith  acc u racy . Each 

f r a c t io n  p o in t was in v e s t ig a te d ;  i . e . ,  sam ples were 

ta k e n  from  mice which had re c e iv e d  o n ly  one f r a c t io n  or 

two f r a c t io n s  and so on. T h is  p ro ced u re  was fo llow ed  

i n  a l l  th r e e  i r r a d i a t i o n  sc h e d u le s .

Schedule B

Mice re c e iv e d  f r a c t io n s  of 450 r a d s  o f gamma i r r a d i a t i o n  

a d m in is te red  a t  24 hou r i n t e r v a l s .

250 kV X - I r r a d ia t io n  ( to  th e  Abdomen Only)

Schedule C

Mice re c e iv e d  th re e  f r a c t io n s  o f 250 r a d s  d a i ly  to  a 

t o t a l  of 18 f r a c t io n s  in  6 d a y s . The th r e e  f r a c t io n s
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were g iv en  d u rin g  th e  day w ith  a  p e rio d  of th r e e  hours 

betw een f r a c t i o n s  and hence th e re  was an 18 hour p e rio d  

o v e rn ig h t when no i r r a d i a t i o n  was a d m in is te re d . T his 

18 hour i n t e r v a l  occu rred  th e re f o r e  betw een ev ery  t h i r d  

and f o u r th  f r a c t i o n  a d m in is te re d .

RESULTS

4*3* R eg en e ra tin g  C ry p ts

F ig u re  4«1 shows th e  dose—resp o n se  d a ta  f o r  th e  e f f e c t

o f s u p p re s s io n  o f c ry p t numbers f o r  a l l  th r e e  sc h e d u le s .

For com parison th e  curve o f th e  e f f e c t  o f s in g le  doses 
6o

o f  C obalt gamma i r r a d i a t i o n  i s  in c lu d ed  as a  d o tte d  

l i n e  (rep ro d u ced  from Hamlet e t  a l . ,  19 7 6 ). The cu rves 

a re  a l l  f i t t e d  by eye and because th e re  i s  no 

s ig n i f i c a n t  d if f e re n c e  between th e  c ry p t coun ts  o f a l l  

th r e e  sch ed u le s  over th e  range o f  th e  f i r s t  2000 ra d s ,  

a  common l i n e  was draw n. T h is  common l i n e  a lso  happens 

t o  be th e  b e s t  f i t  f o r  th e  whole of th e  d a ta  from 

Schedule A.

The c o n t ro ls  f o r  a l l  th e  experim en ts  have a  mean 

va lu e  o f 122 i  10 c ry p ts  p e r c irc u m fe ren c e . There i s  a 

f a l l  t o  96 — 12 c ry p ts  a f t e r  a  t o t a l  dose o f 3,900  ra d s  

w ith  Schedule A. Schedule B produced a  g r e a te r  

r e d u c t io n  t o  a  mean count o f 85 — 5 c ry p ts  a f t e r  a  t o t a l  

dose o f 2 ,250  ra d s  and Schedule C a  f a l l  i n  c ry p t count 

t o  a  mean le v e l  o f 18 .5  — 6 c ry p ts  a f t e r  a  t o t a l  dose 

o f 4, 250 r a d s .
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4«4» P r e s e n ta t io n  o f C rypt D ata

Hendry and P o tte n  (1974) have shown th a t  r e g e n e ra tin g

c ry p ts  th r e e  days a f t e r  s in g le  d oses o f i r r a d i a t i o n

app ear l a r g e r  th a n  norm al c r y p ts .  Thus th e y  would have

a  g r e a te r  p r o b a b i l i t y  o f ap p ea rin g  in  a  s e c tio n  o f

i n t e s t i n e .  For a c c u ra te  assessm ent of D_ ando

e x t r a p o la t io n  number, p a r t i c u l a r ly  a f t e r  c ry p t s u rv iv a l 

d a ta  i s  tran sfo rm e d  in to  v a lu e s  of c e l l  s u rv iv a l ,  th e y  

su g g es t t h a t  a  c o r r e c t io n  f a c to r  o f 0 ,8 8  be a p p lie d  to  

c ry p t r e s u l t s  o b ta in ed  from i r r a d i a t e d  i n t e s t i n e .  As 

i t  was found th a t  in  th e se  experim en ts  th e r e  was no 

s ig n i f i c a n t  d i f f e r e n c e  between c ry p t co u n ts  from c o n tro l 

an im als and t h a t  g iv en  low d o ses , and because a 

co n v e rs io n  t o  c e l l  s u rv iv a l  i s  not used  and a ls o  

because  th e  c ry p t r e s u l t s  a re  b e ing  used  p r in c ip a l ly  

f o r  com parison betw een f r a c t io n a t io n  sc h ed u le s , i t  was 

d ec id ed  t h a t  i t  i s  n o t n e c e ssa ry  to  use a  c o r re c t io n  

f a c t o r  f o r  th e  p r e s e n ta t io n  o f th e  c ry p t s u rv iv a l  d a ta  

from th e s e  e x p e rim en ts .

4*5* Animal C o n d itio n  and Postm ortem  O b se rv a tio n s

Because th e  sch ed u le s  in v o lv ed  e i th e r  whole o r p a r t i a l  

body i r r a d i a t i o n  p a r t i c u la r  a t t e n t io n  was pa id  to  th e  

g e n e ra l c o n d itio n  o f th e  ex p erim en ta l an im a ls . 

Postm ortem  exam inations were made on a l l  an im als dy ing  

b e fo re  th e  day o f a ssay , which was alw ays 3s" days a f t e r  

th e  f i n a l  i r r a d i a t i o n  d o se . The h e a l th  o f th e  

i r r a d i a t e d  mice v a r ie d  depending on th e  schedule and
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th e  t o t a l  dose a d m in is te re d . A ll th e  anim als were in  

e x c e l le n t  c o n d itio n  a t  th e  b eg in n in g  o f th e  experim ents 

and th o se  r e c e iv in g  a  sm all number o f  f r a c t io n s  rem ained 

h e a l th y .  A f te r  l a r g e r  numbers o f  f r a c t io n s  th e  

c o n d itio n  o f th e  an im als d e t e r io r a t e d .  I t  was in  th e se  

g roups th a t  some e a r ly  d e a th s  o c c u rre d . A d e s c r ip t io n  

o f th e  h e a l th  o f th e  an im als and postm ortem  o b se rv a tio n s  

f o r  each schedu le  a re  g iven  below .

Schedule A

These an im als  which re c e iv e d  th e  h ig h e r  numbers of 

f r a c t i o n s  were i n  poor c o n d itio n  a t  th e  end o f each 

e x p e rim e n t. They showed c o n s id e ra b le  w eight lo s s  and 

on postm ortem  exam ination  th e  i n t e s t i n e s  co n ta in ed  only  

f l u i d  and were o f te n  d is te n d e d  w ith  g a s . The i n t e s t i n a l  

w a lls  were u s u a l ly  s ta in e d  dark  g reen  and were r a th e r  

f r a g i l e .  D eaths occu rred  in  groups r e c e iv in g  8 to  10 

f r a c t i o n s .  Postmortem exam ination  re v e a le d  th a t  th e se  

an im als  had extrem e i n t e s t i n a l  damage, bu t a lso  showed 

s ig n s  o f bone marrow f a i l u r e .  P e te c h ia l  haem orrhages 

o f th e  sk in  and i n t e s t i n a l  mucosa were always p re se n t 

and la rg e  haem orrhages were o f te n  o b se rv ed . Thus th e  

r e l a t i v e  c o n tr ib u t io n  o f th e se  two ty p e s  o f r a d ia t io n  

in ju r y  tow ard th e  a c tu a l  cause o f  d e a th  in  each 

in d iv id u a l  mouse was v ery  d i f f i c u l t  t o  d e te rm in e . 

Schedule B

A ll th e  an im als rem ained in  good c o n d itio n , up to  a 

t o t a l  o f f iv e  f r a c t io n s  of 450 r a d s  and on exam ination  

t h e i r  organs a l l  appeared to  be i n  re a so n a b le  c o n d itio n .
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However, i f  s ix  o r more f r a c t io n s  were ad m in is te red  a l l  

o f th e  an im als d ie d  b e fo re  th e  day o f a s s a y . T h is was 

presumed to  be due to  bone marrow f a i l u r e  s in c e  s e r io u s  

haem orrhage was alw ays observed a t  postm ortem .

Schedule C

The an im als r e c e iv in g  n in e  or more f r a c t io n s  of 250 

ra d s  th re e  tim es  p e r  day d e te r io r a te d  i n  c o n d itio n  over 

th e  p e rio d  o f e x p e rim e n ta tio n . A ll th e  an im als which 

re c e iv e d  18 f r a c t io n s  d ie d  and th e re  were some d ea th s  

in  each o f  th e  groups o f an im als which re c e iv e d  13 or 

more f r a c t i o n s .  On postm ortem  exam ination  a l l  o f th e  

anim als showed sev ere  damage to  th e  i n t e s t i n a l  t r a c t  

in c lu d in g  d is te n s io n  of th e  i n t e s t i n e s  w ith  f l u i d  and 

gas w ith  c o n s id e ra b le  s ta in in g  o f th e  i n t e s t i n a l  w a lls .  

In  no case was i t  p o s s ib le  to  d is c e rn  s ig n s  o f bone 

marrow f a i l u r e .

4 .6 .  Scanning E le c tro n  M icroscopy

The r e s u l t s  o f Scanning m icroscopy show th a t  in  a l l  th e  

schedu les th e r e  i s  an unevenness o f th e  p ro g re s s io n  o f 

su rfa c e  damage w ith  in c re a s in g  dose and in  a  sm all 

number o f c a se s  a  v a r ia t io n  i n  th e  damage seen  in  

specim ens from d i f f e r e n t  an im als which had re c e iv e d  th e  

same t o t a l  d o se . There was some v a r i a t io n  in  th e  

appearance of c o n tro l  specim ens. In  a d d i t io n  th e re  were 

some f e a tu r e s  o f gu t morphology seen  from  one of th e  

experim en ts i n  Schedule C which had no t p re v io u s ly  been
A .

observed in  i r r a d i a t e d  an im a ls .
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4*7• Damage A ssessm ent U sing Scanning  E le c tro n  M icroscopy

In  o rd e r  to  t r y  and a s s e s s  th e s e  r e s u l t s  seven d i f f e r e n t  

f a c t o r s  in f lu e n c in g  th e  morphology o f  th e  v i l l i  were 

chosen and th e  m icrographs f o r  each  p ie c e  o f gut were 

a s se s se d  independQfitrly f o r  each  o f  th e s e  f a c to rs*

These f a c to r s  a r e : -  A pparent v i l l u s  h e ig h t ,  apparen t 

w id th , s e p a ra t io n  o f th e  v i l l i ,  c o n to u rs  o f th e  v i l l u s  

t i p s ,  e r e c tn e s s  o f th e  v i l l i ,  c lum ping o f th e  v i l l i  and 

f i n a l l y  c re a s in g  o f th e  v i l l u s  s u r fa c e  w ith  accompanying 

su rfa c e  damage which can be d e s c r ib e d  as  w a r tin e s s  or 

b le b s .  Each o f th e se  f a c to r s  was sco red  on a  ran k in g  

system  from 1 to  8* 1 r e p r e s e n t in g  th e  r e a l  o r * id e a l*  

appearance as  would be seen i n  a  w e ll p re se rv ed  c o n tro l 

specim en. 2 and 3 r e p re s e n t  m inim al o r s l i g h t  damage,

4 and 5 in d ic a te  m oderate to  s u b s t a n t i a l  damage and 

6 to  8 to  in d ic a te  sev ere  to  g ro s s  damage. The mean 

sc o re s  f o r  each  f a c to r  were o b ta in e d  from  th e  sco re s  

from in d iv id u a l  specim ens. F o r any g iv e n  d ose , th e  

mean sc o re s  f o r  a l l  th e  f a c t o r s  w ere th e n  added 

to g e th e r  to  g iv e  a  t o t a l  which cou ld  be used  as an index  

o f cum ulative  damage. A compound h is to g ra m  was th e n  

c o n s tru c te d , p ro v id in g  a  g ra p h ic  and s e m i-q u a n ti ta t iv e  

r e p r e s e n ta t io n  o f th e  m orpho log ica l v a r i a t io n s  w ith  

in c re a s in g  dose and in c lu d in g  th e  c o n t r o l s .  I t  can be 

argued th a t  th e s e  f a c to r s  o r p a ra m e te rs  have been only  

s u b je c t iv e ly  a s s e s se d . However, th e  problem s r a is e d  by 

d is o r ie n ta t i o n ,  tw is t in g  and b an d in g  o f th e  v i l l i  which 

occur a t h ig h e r  dose le v e ls  a re  such t h a t  a t  th e  p re se n t
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tim e  Scanning e le c t r o n  m icroscopy cannot be used fo r

a c c u ra te  q u a n t i t a t iv e  m easurem ents. In  f a c t  th e

d i f f i c u l t i e s  a re  such th a t  even co n v en tio n a l

h i s to lo g ic a l  specim ens cou ld  no t he fp r

su rfa c e  damage and a re  co n s id e red  to  l i e  "beyond th e

scope o f t h i s  i n v e s t ig a t io n .  C e r ta in ly  th e  same

s u b je c t iv e  assessm en t o f th e  Scanning e le c tro n

m icrographs was made f o r  a l l  th e  a sp e c ts  o f damage,

and t h i s  tre a tm e n t e n su re s  th a t  assessm ent o f damage

i s  l e s s  b ia se d  tow ards any in d iv id u a l  f a c t o r .

The compound h is to g ra m s f o r  th e  th r e e  schedu les 

a re  shown, w ith  th e  r e le v a n t  c ry p t count graph in  

F ig u re s  4«8» 4*9 4»10. The doses i l l u s t r a t e d  by

th e  Scanning e le c t r o n  m icrographs in  F ig u re s  4 -4  to  

4 .6  are  marked on th e  c ry p t count g rap h s . T h is  a llow s 

th e  in d iv id u a l  m icrographs to  be examined in  co n tex t 

w ith  th e  damage observed  th roughou t th e  schedu le , as 

seen by c ry p t co u n tin g  and scann ing  m icroscopy. The 

damage seen by scan n in g  m icroscopy as in te r p r e te d  th rough  

th e  h is to g ram s i s  d e s c r ib e d  below f o r  each schedu le w ith  

a  s e p a ra te  s e c t io n  d e a l in g  w ith  th e  normal v a r ia t io n s  

observed in  c o n tro l  specim ens.

4 . 8 . C o n tro ls

Two examples o f mucosa from u n tre a te d  mice are  shown i n  

F ig u re s  4*2 and 4*3 f o r  com parison w ith  th e  m icrographs 

ob ta ined  o f  specim ens from i r r a d i a te d  an im als . I t  can 

be seen th a t  th e r e  a re  v a r ia t io n s  in  th e  appearance o f
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Figure  4„2

SEM o f  c o n t r o l  specim en. A good q u a l i t y  c o n t ro l  showing w ell  

d e f in e d  f in g e r  l ik e  v i l l i  (xlOO).

F igure  4*3
SEM o f  c o n t ro l  specimen chosen f o r  i t s  r e l a t i v e l y  poor q u a l i ty  

(x lO O ).
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th e  v i l l i  o f  c o n tro l  specim ens "but th e s e  v a r ia t io n s  are  

r e l a t i v e l y  s l i g h t  and no t com parable w ith  th e  ty p e  of 

damage seen  in  m icrographs o f gu t ta k e n  from  i r r a d i a te d  

m ice. U sing th e  SEM s c o r in g  system  f ig u r e  4-2  sco re s  

7 ( th e  low est sco re  f o r  an id e a l  c o n t r o l ) .  F ig u re  4*3 

sc o re s  9 which i s  s l i g h t l y  h ig h e r  b u t w e ll below th e  

v a lu e s  o f 15-30 w hich were ach ieved  w ith  i r r a d i a t e d  

specim ens. The main d i f f e r e n c e  betw een th e s e  two 

c o n tro l  specim ens i s  t h a t  th e  v i l l i  i n  th e  second 

p ic tu r e  (F ig .  4*3) a re  l e s s  e r e c t  th a n  in  th e  o th e r  

sample (F ig .  4*2) b u t t h e i r  o th e r  c h a r a c t e r i s t i c s  a re  

| M e*/ S i n i u A d . | ' | _

I '
I . . I

To i l l u s t r a t e  th e  co n c lu s io n s  o f t h i s  work, and to  

save space one pho tograph  has been chosen from each of 

th e  f r a c t io n a t io n  s c h e d u le s . A more d e ta i le d  

a p p re c ia t io n  o f th e  r e s u l t s  can be o b ta in ed  by exam ining 

th e  h is to g ram s in  th e  l a t e r  f ig u r e s  (4*8 to  4*10) and 

w i l l  make c le a r  how r e p r e s e n ta t iv e  th e se  p ic tu r e s  a r e .

4*9* SEM Damage Assessm ent i n  th e  Three S chedules 

Schedule A

F ig u re  4*4 shows a  specim en o f mouse i n t e s t i n e  from 

Schedule A, which came from  an anim al which had re c e iv e d  

a  t o t a l  dose o f 3000 ra d s  (7 f r a c t io n s  of 300 ra d s  + 900 

ra d  assay  dose) • The specim en had a  mean c ry p t count of 

95 and- a  mucosal damage sco re  o f  30. F ig u re s  4*8A and 

4»8B dem onstra te  t h a t  Schedule A, a lthough  producing
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F ig u re  4*4
SEM from Schedule A, o f  a specimen which rece iv ed  a t o t a l  dose of 

3000 ra d s  (7 f r a c t i o n s  p lu s  assay  d o 3 e ) .  The v i l l i  a re  badly  
damaged (xlOO).

F ig u re  4 .5

SEM from Schedule B, o f  a specimen which rece iv ed  a t o t a l  dose of 

2250 ra d s  (5 f r a c t i o n s ) .  The v i l l i  appear longer and f loppy  but 

a re  n o t  badly  damaged (xlOO)•
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only  a  sm all d e p re s s io n  i n  c ry p t number, b rough t about 

c o n s id e ra b le  d is ru p t io n  o f th e  i n t e s t i n a l  mucosa. 

Schedule B

F ig u re  4*5 shows a  specim en from Schedule B which had 

re c e iv e d  a  t o t a l  dose o f 2250 ra d s  (5  f r a c t io n s  o f 

450 r a d s ) . I t  ach ieved  a  mean c ry p t count o f 85 and a 

sco re  f o r  mucosal damage o f 13* The v i l l i  a re  clumped 

to g e th e r  and l e s s  e r e c t  th a n  c o n t r o l s .  They appear 

however, t o  have a  s l i g h t l y  g r e a te r  th a n  norm al h e ig h t ,  

bu t a re  no t b ad ly  damaged. An exam ination  o f F ig u re s  

4«9A and 4*9® shows th a t  a  sm all d e p re s s io n  i n  c ry p t 

count i s  c o r r e la te d  w ith  a  sm all amount o f v i l l u s  

damage w ith  t h i s  s c h e d u le . There i s  a  g r e a te r  degree 

o f damage r e f le c te d  i n  th e  c ry p t count a f t e r  f iv e  

f r a c t io n s  in  Schedule B th a n  a f t e r  11 f r a c t io n s  in  

Schedule A, d e s p i te  th e  f a c t  th a t  a  sm a lle r  number of 

f r a c t io n s  and a  low er t o t a l  dose were a d m in is te re d .

But i t  must be remembered th a t  th e  in d iv id u a l  f r a c t io n  

s iz e  was Ig- tim es  l a r g e r .  In  com parison, Scanning 

m icroscopy showed t h a t  s u r fa c e  damage was l e s s  severe  

th a n  th a t  produced by Schedule A. The h is to g ram  in  

F ig u re  4*9B dem onstrates t h a t  th e r e  i s  n o t much in c re a s e  

i n  damage a f t e r  th e  i n i t i a l  r i s e  observed  a f t e r  th e  

f i r s t  f r a c t i o n .  These o b se rv a tio n s  can perm it 

sp e c u la tio n  in to , th e  p o s s i b i l i t y  o f  th e r e  b e in g  a  

d o se /th re sh o ld  e f f e c t  b u t as  y e t th e  ev idence i s  

in c o n c lu s iv e .



Schedule C

W ith Schedule C th e re  i s  a  good c o r r e la t io n  between th e  

r e s u l t s  o f th e  two a ssa y  m ethods. F ig u re  4*6 shows a 

specim en w ith  a  v e ry  b a d ly  damaged mucosal su rface  a f t e r  

a  t o t a l  dose o f 4» 250 r a d s  (17 f r a c t io n s  o f 250 r a d s ) .  

T h is  specim en had a  mean c ry p t count o f 18 .5  and a 

m ucosal damage sco re  o f  24* F ig u re s  4*10A and 4*10B 

show th a t  b o th  c ry p t co u n ts  and su rfa c e  morphology 

r e f l e c t  ev id en ce  o f p ro g re s s iv e  in c re a s e  in  damage w ith  

in c re a s in g  t o t a l  d o se . As in  th e  two o th e r  schedu les 

th e  changes i n  mucosal morphology a re  more v a r ia b le  

th a n  th e  c ry p t c o u n ts . Marked mucosal damage i s  seen 

w ith  stumpy and deform ed v i l l i  w ith  11 o r more f r a c t io n s ,  

as d em o n stra ted  i n  F ig u re  4*6. The assessm ent of th e  

damaged sam ples was com plica ted  by th e  p resence of 

envc.us which i s  o f te n  seen  a f t e r  heavy i r r a d i a t i o n .

The o b s e rv a tio n s  o f low c ry p t count and h igh  mucosal 

damage a f t e r  h ig h  t o t a l  dose th a t  have been made w ith  

t h i s  sch ed u le , a re  co m ple te ly  a t  v a ria n c e  w ith  th e  

r e s u l t s  o b ta in ed  a f t e r  Schedule A. In  th e  l a t t e r  case 

h igh  c ry p t count b e in g  c o r r e la te d  w ith  severe  mucosal 

damage.

An i n t e r e s t i n g  f e a tu r e  o f th e  experim ents p e r ta in in g  

to  Schedule C was th e  appearance of v i l l i  w ith  a  marked 

l e a f  o r r id g e  shape in  some specim ens which had re c e iv e d  

17 f r a c t io n s  o f 250 r a d s .  T h is  has been observed in  

i r r a d i a t e d  r a t s  (Anderson and W ithers , 1973) but h as  no t 

p re v io u s ly  been seen  to  occur in  any mouse i r r a d i a t i o n
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Figure  4*6
SEM from Schedule C, o f  a specimen which rece iv ed  a t o t a l  dose of 

4250 ra d s  (17  f r a c t i o n s ) .  The s u r fa c e  mucosa i s  very  bad ly  

damaged (xlOO).

F igure 4 ,7

SEW from Schedule C. T o ta l  dose 3750 rads  (15 f r a c t i o n s )  showing 

morphology s im i la r  to  t h a t  seen w ith human c o e l ia c  d i s e a s e  (x200).
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ex p e rim en ts . There were a ls o  th r e e  sam ples from th e  

Schedule C ex p erim en ts , which had re c e iv e d  11, 13 o r 

15 f r a c t io n s ,  showing a  p a tch y  ab n o rm ality  c o n s is t in g  

o f a lo c a l i s e d  absence o f v i l l i  and a  heap ing  up o f 

c e l l s  around th e  c ry p t m ouths. F ig u re  4«7 shows a 

sample o f  i r r a d i a t e d  gut showing th e se  changes. T h is  

p a t te r n  i s  s im i la r  t o  th a t  o f  human c o e l ia c  d is e a s e  

and has no t been seen  in  p re v io u s  i r r a d i a t i o n  ex p erim en ts  

(C arr and T oner, 1972).

4*10* D iscu ssio n  o f R e s u lts

The i n t e s t i n e  i s  so r a d io s e n s i t iv e  t h a t  even a  few low 

dose f r a c t io n s  w i l l  reduce c ry p t c e l l u l a r i t y .  Crypt 

numbers, however, w i l l  no t be a f f e c te d  u n t i l  th e  number 

o f c e l l s  i n  any p a r t i c u l a r  c ry p t has been reduced  to  

l e s s  th a n  one. As in  th e o ry  one rem ain ing  c ry p t c e l l  

i s  s u f f i c i e n t  t o  re g e n e ra te  a  c ry p t ,  o r r a th e r  a  c lone 

o f c ry p t c e l l s ,  w ith in  a  p e r io d  o f th r e e  to  fo u r  d a y s .

I t  fo llo w s  t h a t  th e  resp o n se  t o  r a d ia t io n  w i l l  be seen  

i n i t i a l l y  in  th e  c ry p ts  fo llo w ed  in  due course 

(depending  on th e  t r a n s i t  tim e )  by a  re d u c tio n  o f  v i l l u s  

c e l l  p o p u la tio n  and th e re f o r e  o f v i l l u s  h e ig h t .  I t  

would th e re f o r e  be expec ted  t h a t  a  f r a c t io n a t io n  

schedu le  ex ten d in g  over a p e r io d  o f tim e much in  ex cess  

o f  th e  t r a n s i t  tim e o f th e  i n t e s t i n a l  c e l l  p o p u la tio n  

from c ry p t t o  v i l l u s  t i p  would e f f e c t  a  s i tu a t io n  

whereby th e  e x te n t o f c ry p t damage would be r e f l e c te d  

in , th e  amount o f v i l l u s  damage and v ic e  v e rs a .  T h is
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e x p e c ta t io n  was confirm ed "by th e  d a ta  from tre a tm e n t 

Schedule C hu t no t w ith  Schedule A and on ly  to  a  sm all 

e x te n t w ith  Schedule B.

In  Schedule A, anim als which re c e iv e d  J o r more 

f r a c t io n s  have c ry p t coun ts  on ly  s l i g h t l y  low er th a n  

c o n tro l  v a lu e s  hu t have mucosal s u r fa c e s  which show 

c o n s id e ra b le  ab n o rm ality  (see  P ig .  4*4) • I t  i s  d o u b tfu l 

i f  th e s e  anim als^w hich show such sev ere  mucosal damage, 

cou ld  abso rb  s u f f i c i e n t  food and f l u i d  o r m a in ta in  an 

adequate  e l e c t r o l y te  b a lan ce  (Jack so n  e t  a l . ,  1958; 

C urran e t  a l . ,  i 960) t o  su rv iv e  u n t i l  th e  la rg e  numbers 

o f s u rv iv in g  c e l l s  i n  th e  c ry p ts  cou ld  e f f e c t  

re p o p u la tio n  o f th e  mucosal s u r f a c e .

T h is  phenomenon of h ig h  c ry p t count w ith  severe 

mucosal p e r tu rb a t io n  may be- e x p l ic a b le  in  te rm s of c e l l  

p o p u la tio n  k in e t i c s  (a s  o u tl in e d  by Hagemann e t  a l . ,

1975 and Hagemann, 1976). I f  one supposes con tinued  

c e l l  p r o l i f e r a t i o n  in  th e  c ry p ts  which a re  re c e iv in g  

re p e a te d  r a d ia t io n  i n s u l t s ,  i t  i s  p o s s ib le  th a t  th e re  

a re  i n s u f f i c i e n t  v ia b le  c e l l s  moving in to  th e  m a tu ra tio n  

s ta g e , th u s  r e s u l t i n g  in  a  re d u c t io n  o f th e  number of 

m ature fu n c t io n a l  c e l l s  a r r iv in g  a t  th e  v i l l u s .  T h is , 

combined w ith  th e  normal lo s s  o f c e l l s  from th e  

e x tru s io n  zone, might r e s u l t  i n  th e  ty p e  o f damage seen 

in  F ig u re  4»4* The v a r ia t io n  in  damage seen  th roughout 

th e  s e r i e s  o f sam ples from t h i s  schedu le  (a s  dem onstrated  

in  th e  h is to g ram  in  F ig u re  4*8b) i s  more d i f f i c u l t  to  

e x p la in  and i s  p robab ly  o f m u lti f a c t o r i a l  o r ig in .  I t  i s
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electron micrography.
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alm ost c e r t a in  th a t  c e l l u l a r  r e p a i r  and re p o p u la tio n  

p a r t i c u l a r l y  over th e  p e r io d  o f th e  two day gap i n  th e  

m iddle o f th e  schedule and th e  r e l a t i v e l y  la rg e  ’ assay* 

dose a l l  have a p a r t  t o  p la y  i n  b r in g in g  about th e  

i n t e r s e r i e s  v a r ia t io n .

Schedule B r e s u l t e d  in  a  s ig n i f i c a n t  f a l l  i n  c ry p t 

number t o  a  mean o f 85 — 5» This} U o-S  a s s o c ia te d  w ith  

th e  o b se rv a tio n  o f on ly  a  m oderate amount o f damage to  

th e  su rfa c e  mucosa. The d i f f e r e n c e s  from Schedule A 

can p ro b ab ly  be a t t r i b u t e d  t o  th e  fo llo w in g  f a c t o r s .  

F i r s t ,  th e  in d iv id u a l  f r a c t i o n  s iz e  i s  c o n s id e ra b ly  

h ig h e r , and although  no 'a ssay *  dose was used in  th e se  

experim en ts  th e  la r g e r  f r a c t i o n  s iz e  might be expected  

to  produce a  g r e a te r  n e t re d u c t io n  in  c ry p t c e l l u l a r i t y .  

Secondly , th e  experim en ts  were o f much s h o r te r  d u ra tio n  

th a n  th o se  in  Schedule A because o f th e  h ig h  incidence© *? 

bone marrow d ea th  w ith  in c re a s e d  t o t a l  d o se . I f  th e  

schedu le  could  have been co n tin u ed  f u r th e r ,  th e re  would 

have been more tim e f o r  lo s s  o f c e l l s  from th e  e x tru s io n  

zone o f th e  v i l l u s ,  and th u s  more pronounced mucosal 

damage would have been exp ec ted  t o  appear a t a  l a t e r  

t im e . I t  i s  a lso  p o s s ib le  to  c o n je c tu re  t h a t  th e  

•floppy* appearance o f th e  v i l l i  a s  seen  in  F ig u re  4*5 

cou ld  be due to  th e  u n d e r ly in g  co n n ec tiv e  t i s s u e  and 

v a s c u la r  fram e-work r a th e r  th a n  to  th e  c e l l s  o f th e  

e p i t h e l i a l  system .

Schedule C r e s u l t e d  i n  a  much b e t t e r  c o r r e la t io n  

between th e  re d u c tio n  in  c ry p t numbers and in c re a se  in

64



T
©oS
©

©«H

100

ou
• HO

m
ft
&o 50

400 800 1200 1600 2000 2400

Total dose in rads —>

Figure 4«9A
Crypt survival curve for Schedule B. C ircle refers to sample in 
figure 4» 5*

65



Da
ma

ge
 

in
de

x

20-1

15-

10-

5 -

400 800 1200 1600 2000 2400Con.
Total dose in  rads—>

Figure 4*9®
Histogram of surface damage in  Schedule B.
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m ucosal damage (se e  F ig s .  4*10A and 4»10B) • The 

in c re a s e d  number o f f r a c t io n s  ad m in is te re d  ( th r e e  

f r a c t i o n s  p e r  day) and th e  consequent d e c re a se  in  th e  

d u ra t io n  o f th e  in t e r v a l  between f r a c t io n s  produced a 

much g r e a t e r  r e d u c t io n  i n  c ry p t c e l l u l a r i t y .  This 

b rough t about a  f a l l  i n  c ry p t number and sev e re  damage 

to  th e  s u r fa c e  mucosa due to  th e  sm all numbers o f c e l l s  

a v a i la b le  to  m a in ta in  m ucosal i n t e g r i t y .  V a r ia t io n s  in  

m ucosal damage in  t h i s  s e r i e s  (se e  F ig . 4»10B) are  

p ro b ab ly  a t t r i b u t a b l e  t o  re p o p u la tio n  o c c u rr in g  d u rin g  

th e  r e l a t i v e l y  lo n g  gap o f 18 ho u rs  betw een each  th i r d  

and f o u r th  f r a c t i o n .  Thus, a lthough  su rfa c e  morphology 

may in d eed  be a  s e n s i t iv e  in d ic a to r  o f r a d i a t i o n  in ju r y  

o f th e  mucosa i t s  in t e r p r e t a t i o n  i n  te rm s o f  th e  

p e r tu r b a t io n  o f c e l l u l a r  k in e t i c s  can be ex trem ely  

d i f f i c u l t .  For exam ple, i t  i s  no t p o s s ib le  t o  e x p la in  

th e  appearance o f mucosal damage s im ila r  t o  t h a t  seen 

in  human c o e l ia c  d is e a s e  (see  F ig .  4»7)» s in c e  in  th e o ry  

a t l e a s t ,  th e  k in e t i c s  shou ld  be w idely  d i f f e r e n t .

Much o f th e  r a d io b io lo g ic a l  l i t e r a t u r e  concern ing  

th e  r a d ia t io n  re sp o n se  o f th e  sm all i n t e s t i n e  i s  based  

upon th e  m icroco lony  a ssay  system  o f W ithers  and ETLkind 

( l 970)» Use o f t h i s  system  h as  p rov ided  d e t a i l e d  dose— 

resp o n se  d a ta  f o r  bo th  s in g le  and f r a c t io n a te d  r a d ia t io n  

sch ed u le s  (W ith ers  e t  a l . ,  1975) and. th e  assum ption  has 

been made th a t  th e  resp o n se  o f th e  je ju n a l  mucosa i s  

dependje n t upon th e  c a p a c ity  o f c ry p t stem c e l l s  to  

r e p a i r  s u b le th a l  damage and to  r e g e n e ra te .  T h is
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hypothesis has been confirmed by experiments (carried 

out by the previously mentioned authors) where mice 

received 275» 300 or 325 rads per day for 9 days and a 

f in a l dose of 1230 rads on the tenth day, (A  sim ilar 

regime to  Schedule A ) . They concluded that crypt c e ll  

numbers were probably not depleted after such a regime. 

These authors make no observation on the e ffec t on the 

v illu s  surface of such a regime^ b u t  cone l u d e . d  the

le th a l e f fe c ts  of v il lu s  denudation are assumed to  

correlate with severe crypt damage but the present 

studies show that th is  may not always be the case. The 

alternative end point of gastro in testin a l death does 

not n ecessarily  provide a correlation either (Wambersie 

et a l . f 1974)* This i s  because such data, based upon 

the simple end point of death or survival, does not 

permit much resolution  of the degree of damage to the 

mucosal surface. The majority of studies have been 

concerned with the acute e ffec ts  of radiation on the 

gut. However, la te  complications of radiotherapy have 

also been reported (Roswit et a l . ,  1972) and i t  has 

been shown that la te  changes may mimic the e ffe c ts  of 

malabsorption syndromes (Wellwood and Jackson, 1973)* 

Thus the experimental resu lts  and the data from 

the litera tu re  confirm the importance of damage to  the 

in te s tin a l mucosa in  lim iting the dosage of radiotherapy 

delivered in  various fractionation regimes. They also  

emphasise the fact that doses which do not seriously  

disturb the p ro liferative capacity of a b io logical
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system might considerably disrupt i t s  sp ecific  function. 

This in  turn might e ffec t systems remote from the s ite  

of injury. The resu lts  also demonstrate that damage to  

different sections of the same organ may develop at 

d ifferent times thus complicating the complete picture 

of radiation injury.
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CHAPTER 5

A BIOLOGICAL INVESTIGATION OP THE ALTERNATING 

FRACTIONATION FORMULA OF THE CRE MODEL



5 •1 • I n t r  oduct i  on

Two p re d ic t io n s  a r i s e  from  th e  CRE model in  connec tion  

w ith  a l t e r n a t in g  f r a c t io n a t io n  sc h e d u le s . The f i r s t  i s  

t h a t  th e  a l t e r n a t io n  o f two f r a c t io n s  o f d i f f e r e n t  s iz e s  

w ith in  an i r r a d i a t i o n  schedu le  w i l l  produce a  g r e a te r  

b io lo g ic a l  e f f e c t  th a n  th e  r e p e t i t i o n  o f a  s in g le  s iz e d  

f r a c t io n  p ro v id ed  t h a t  th e  f r a c t i o n  i n t e r v a l ,  number of 

f r a c t io n s  and t o t a l  dose a re  th e  same in  bo th  c a se s  

(K irk , 1975)* F o r example i f  f iv e  f r a c t io n s  o f 450 ra d s  

and f iv e  f r a c t io n s  o f  150 ra d s  a re  ad m in is te re d  

a l t e r n a t e ly  a t  d a i ly  i n t e r v a l s  t o  a  normal t i s s u e ,  th e  

e f f e c t  on th a t  t i s s u e  w i l l  be g r e a te r  th a n  th a t  produced 

by 10 d a i ly  f r a c t io n s  o f  300 ra d s ,  a l th o u ^ i th e  t o t a l  

dose (3000 r a d s ) ,  f r a c t io n  in t e r v a l  and number o f  

f r a c t io n s  (10) a re  th e  same i n  bo th  in s ta n c e s .

The second p r e d ic t io n  o f  th e  fo rm ula  i s  t h a t  th e  

o rd e r  i n  which th e  a l t e r n a t e  f r a c t io n s  a re  g iv en  w il l  

have no e f f e c t  on th e  b io lo g ic a l  end p o in t as lo n g  as 

th e  o th e r  sch ed u le  p aram ete rs  a re  adhered to  i n  a l l  

c a s e s .  Thus i f  a l l  th e  f r a c t io n s  o f 450 ra d s  were 

a d m in is te re d  b e fo re  a l l  o f th e  150 ra d  f r a c t io n s  th e  

r e s u l t i n g  b io lo g ic a l  damage shou ld  be th e  same a s  th a t  

produced i f  a l l  th e  150 ra d  f r a c t io n s  were g iv en  b e fo re  

a l l  th e  450 ra d  f r a c t i o n s .  S im ila r ly ,  th e  damage would 

be th e  same a s  t h a t  produced when each in d iv id u a l  

f r a c t io n  was a l t e r n a t e  (K irk  e t  a l . ,  1971)* Experim ents 

were d esig n ed  t o  in v e s t ig a te  th e se  two th e o r e t i c a l  

p r e d ic t io n s  o f th e  CRE m odel.
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5.2 . The Experiments

In a l l  the experiments the mice were irradiated with 

whole body doses of ^Cobalt gamma irrad iation . The 

type of schedule used was three fractions given at 

three hour in tervals with an 18 hour interval between 

each third and fourth fraction . This schedule was 

chosen as i t  was known to  produce a sign ifican t  

reduction in  crypt numbers during the period of 

administration of the irradiation  fractions, but also  

because of i t s  relevance to  the type of schedule in  

c lin ic a l use at some centres at the present time.

Assay was of the mean number of surviving 

in te s t in a l crypts per circumference, three and a half 

days after a given number of fractions were administered.

Assay was made after each fraction  in  the standard 

schedule experiments and after every other fraction  in  

the experiments with alternating fractionation schedules 

as the CRE formula i s  only valid  for even numbers of 

doses. Unirradiated controls were sampled at the same 

time as the f in a l assay point in  each schedule. In a ll  

the experiments a minimum of eight mice were sampled at 

each individual fraction assay point.

The individual experiments were as follow s:—

5*3. The Standard Schedule. 300 rads per fraction  were 

given three times per day up to a to ta l of twelve 

fraction s.
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Alternating Fractionation Schedules. Two basic  

types of experiments were performed "but in  a l l  of the 

experiments the fractions were always one of two 

s iz e s .

Schedules A and B. Each individual fraction  was 

alternated up to  a to ta l of twelve fractions, so that 

the to ta l dose after even numbers of fractions was the 

same as in  the standard schedule. Thus in  Schedule A 

mice received 150 rads as a f ir s t  fraction , 450 rads 

as a second, 150 rads as a third and so on. Schedule 

B was sim ilar but started with 450 rads as a f ir s t  

fraction .

In Schedules C and D a l l  the fractions of one 

s ize  were given before a l l  of the fractions of alternate 

s ize , up to  a to ta l of twelve fraction s. Thus in  

Schedule C a l l  of the 150 rad fractions were given 

f i r s t ,  followed by a l l  of the 450 rad fraction s. 

Conversely, in  Schedule D a l l  of the 450 rad fractions 

were administered before a l l  of the 150 rad fraction s.

So that, for example, in  Schedule C, mice would receive 

from one to  s ix  fractions of 150 rads followed by one 

to  s ix  fractions of 450 rads. In each case mice were 

assayed 3§- days a fter the appropriate number of 

fractions had been given, ( ie  2, 4, 6 and so on up to  

12 fractions)*

For ease of reference the schedules are summarised 

in  Table I .
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5«4» Results

Animal D eaths

Because the irrad iation  was delivered to  the whole "body 

some animals died of bone marrow fa ilu re  before the day 

of assay. Confirmation of the cause of death was sought 

from postmortem examinations.

In the Standard Schedule experiments (300 rad 

fractions) only the animals receiving 12 fractions died 

before they were due to  be k il le d . In Schedules A and 

B a l l  the mice which received 10 or 12 fractions died.

In Schedule C no animals were lo s t ,  but in  Schedule D 

animals which received 12 fractions died before the time 

of assay. A ll of the dead animals showed signs of bone 

marrow fa ilu re  on postmortem examination.

Crypt Counts

The crypt survival data for sill of the experiments i s  

contained in  Table II along with the appropriate 

standard errors. However, for ease of comparison these 

resu lts  are plotted graphically in  Figure 5*1 • All the 

lin e s  in  th is  figure have been f it te d  by eye.

A study of Figure shows that the experimental 

data obtained can be f it te d  to  three d iscrete lin e s .

Line 1 i s  f it te d  to  the points obtained with the 

experiments in  the Standard Schedule of 300 rads per 

fraction . Line 2 i s  f it te d  to  the points obtained from 

Schedule C and D and lin e  3 i s  f it te d  to  the points 

obtained with Schedules A and B. It i s  apparent that
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TABLE II

R e s u lts  o f  th e  sc h e d u le s  ex p ressed  as mean numbers o f  su rv iv in g  
c ry p ts  p e r c irc u m feren c e  w ith  s ta n d a rd  e r r o r s .

S tandard  sch ed u le

Crypts per 
c ircumf erence

Total dose 
(rads)

Number of 
fractions

124.9 -  2.7 0 0
120.0 ± 3.4 300 1
120.6 i  2.0 600 2
118.3 ± 8.1 900 3
117.6 ± 8.1 1200 4
114.0 i  2.8 1500 5
107.2 -  5.1 1800 6

9 8 .2  i  1.1 2100 7
8 5 .2  i  1 .0 . 2400 8
64.2 ± 1.6 2700 9
48.3 -  6.1 3000 10
26.3 -  1.1 3300 11

Schedule A. Schedule B.

Crypts per 
c ircumference

Number of 
fractions

Total dose 
(rads)

Crypts per 
circumference

1 18 .6  ± 2.3 0 0 124.0  i  1 .7

106 .7  i  1 .4 2 600 110.2  i  2 .9

87.3 i  2.2 4 1200 9 2 .0  ± 1 .4

6 4 .7  i  2 .4 6 1800 61.3 ± 1.5
43.3 i  3.1 8 2400 46.4 ± 1.7

Schedule C• Schedule D.

Crypts per 
0 ircumference

Number of 
fractions

Total dose 
(rads)

Crypts per 
c ircumference

122.1 i  0 .9 0 0 121.1 ± 1 .2
117.5 *  1.3 2 600 114.8 ± 1.6

111.5 -  1.0 4 1200 94.8 ± 1.8
8 2 .2  i  2 .4 6 1800 89 .2  ± 1.1

56.5 ± 1.3 8 2400 60.4 -  2 .4
33.0 i  1.0 10 3000 32.4 ± 1 .4

12.4 ± 1.2 12 3600
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there i s  a sign ifican t difference between the lin es  at 

to ta l doses in  excess of 1500 rads.

5 .5 . Discussion

The alternating fractionation  formula of the CRE model 

predicts a greater b io log ica l e ffec t from an alternating  

fractionation schedule than that obtained from a 

schedule where the fraction  size  i s  constant, given 

that the parameters of to ta l dose, number of fractions  

and fraction  in terval are the same. The experimental 

resu lts  are in  general agreement with th is  prediction  

in  that a greater e ffec t was obtained with a l l  four 

Alternating Schedules, As can be seen in  Figure 5»1 

lin e s  2 and 3 show lower crypt counts for the same to ta l 

dose than does lin e  1 which i s  f it t e d  to  the resu lts  

obtained from the Standard Schedule experiments.

However, the formula also predicts that th is  e ffect  

w ill be independent of the order in  which the fractions  

are administered. Thus the resu lts  obtained from the 

four Alternating Schedules would appear to  be at variance 

with th is  prediction. I f  the predicted resu lts had been 

obtained the resu lts  from a l l  four Alternating Schedules 

would have f it t e d  a single l in e .  In other words, lin es  

2 and 3 in  Figure 5*1 would have been superimposed upon 

each other. In actual fact lin e  3 demonstrates that 

Schedules A and B produced an even greater e ffec t than 

Schedules C and D ( lin e  2 ).

I t  i s  d if f ic u lt  to explain why these differences

79



and s im ila r itie s  have occurred. It i s  doubtful whether 

th is  i s  an e ffec t characteristic only of gut t issu e  as 

the observations are to some extent reflected  by the 

higher number of bone marrow deaths which occurred 

with Schedules A and B. (Those schedules which 

produced the greatest amount of gut damage.)

Using a simple theoretica l consideration of c e ll  

pro liferation  k in etic s , which assumes an exponential 

growth of surviving c e l ls  after a dose of irrad iation  

and a constant rate of proliferation  between fractions  

for a l l  the schedules, i t  can be argued that a l l

the Alternating Schedules should produce the same 

e ffe c t  in  terms of the to ta l number of c e l ls  k ille d  in  

a given tim e. Factors such as m itotic delay and the 

possib le e f fe c ts  of synchrony may have a part to  play 

in  the explanation of the observed d ifferences between 

the schedules but i t  i s  not possible to  say how much 

influence these factors might exert on the population of 

regenerating c e l l s .  I t  i s  also possible that, after a 

r e la t iv e ly  low dose of irradiation , such as 150 rads, 

repopulation would rapidly make up c e l l  lo ss  even i f  

many of these low doses were administered, but with a 

larger dose (450 rads) depopulation would occur. This 

mechanism mi^it explain how in  Schedules C and D 

repopulation might be su ff ic ie n tly  rapid to  more than 

replace lo st  c e l ls  during the period of time when the 

150 rad fractions were being administered; whilst in  

Schedules A and B the interval between each 450 rad
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fraction  might be short enough to allow continued 

depopulation.

These arguments are however speculative and the 

resu lts  of the experiments cannot at present be 

adquately explained on the basis of c e l l  population 

k in etic  p r in cip les. The experiments were designed to  

in vestigate  the general predictions of a particular 

formula and i t  i s  not possible to  determine whether the 

quantitative predictions of the formula are ju s t if ie d .

I t  i s  apparent from the resu lts  that the 

alternating fractionation  formula in  i t s  present form 

i s  s t i l l  only an approximate model of the b iological 

r e a lity , and i t  would appear that more basic information 

i s  required before i t  would be possible to  improve the 

present formulation.
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CHAPTER 6

A BIOLOGICAL INVESTIGATION OP THE GAP FORMULA OP 

THE CRE MODEL



6 .1 .  I n t r o d u c t i  on

A f r e q u e n t ly  r e c u r r in g  problem  c o n fro n tin g  th e  c l i n i c i a n  

i n  p r a c t i c a l  r a d io th e ra p y  concerns th e  a llow ance th a t  

m ust be made f o r  th e  amount o f  r e p a i r  and o f  reco v e ry  

from  damage to  th e  i r r a d i a t e d  t i s s u e  which o ccu rs  when 

a  gap i n  tre a tm e n t i s  in tro d u c e d , e i t h e r  by a c c id e n t o r 

d e s ig n .  Most f r a c t io n a te d  ra d io th e ra p y  i s  d es ig n ed  to  

p roduce th e  maximum amount o f  damage t o  th e  n e o p la s t ic  

t i s s u e  w h ils t  s p a r in g  th e  su rro u n d in g  norm al t i s s u e .

T h is  i s  v e ry  o f te n  ach iev ed  by g iv in g  t h a t  t o t a l  dose^ 

f o r  any p a r t i c u l a r  tim e  sch ed u le , which p roduces damage 

i n  th e  norm al co n n ec tiv e  t i s s u e  a t  th e  upper l e v e l  o f 

t o l e r a n c e .  T hat i s  th e  amount o f i r r a d i a t i o n  damage 

w hich th e  t i s s u e  can t o l e r a t e  w ith o u t b e in g  perm anently  

and i r r e t r i e v a b l y  in ju r e d .

O bviously  a  gap in tro d u c e d  a t  some s ta g e  i n  th e  

schedu le  w i l l  a llo w  tim e  f o r  re c o v e ry  which h a s  to  be 

ta k e n  in t o  c o n s id e ra t io n  when tre a tm e n t i s  recommenced. 

I f  th e  o r ig in a l  schedu le  p a ram ete rs  o f  t o t a l  dose and 

f r a c t i o n  in t e r v a l  a re  adhered  t o  when tre a tm e n t b eg in s  

once a g a in ,th e  r e s u l t  w i l l  be a  s u b - to le r a n t  l e v e l  o f 

damagej . n o t on ly  sp a r in g  th e  norm al t i s s u e  but

a ls o  th e  m alignan t t i s s u e  under t r e a tm e n t .

There a re  s e v e ra l  methods o f rem edying t h i s  

s i t u a t i o n .  F o r in s ta n c e  th e  schedu le  can be len g th en ed  

so  t h a t  an in c re a s e d  t o t a l  dose i s  g iv e n , o r th e  t o t a l  

tim e  can be k ep t th e  same bu t th e  in d iv id u a l  f r a c t io n  

s iz e  in c re a s e d .  The problem  th e n , i s  how t o  app ly  one
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o f  th e  rem ed ies a c c u ra te ly  enough to  produce th e  d e s ir e d  

e f f e c t  w ith o u t in c u r r in g  th e  danger o f o v e r-  o r undeiw 

i r r a d i a t i o n  o f  th e  norm al t i s s u e .

The CRB system  i s  based  on a  m onotonic a l l y  

in c re a s in g  s c a la r  assessm en t o f b io lo g ic a l  damage in  

norm al co n n ec tiv e  t i s s u e ,  im p ly in g  th a t  a  s in g le  number, 

th e  CRE, i s  ta k e n  to  be a  com plete and unambiguous 

d e s c r ip t io n  o f  th e  l e v e l  o f  b io lo g ic a l  e f f e c t  g en e ra ted  

by th e  r a d ia t io n  r e g a r d le s s  o f  th e  way i n  which th e  

damage was i n f l i c t e d ^  w orking w ith in  t h i s

framework o f  a  s c a la r  d e s c r ip t io n  o f  b io lo g ic a l  e f fe c t^  

i t  fo llo w s  t h a t  th e  decay in  CRE d u r in g  a  gap in  

tre a tm e n t must depend on ly  on th e  d u ra tio n  o f th e  gap 

and th e  n u m erica l v a lu e  o f th e  CRE ach ieved  b e fo re  th e  

gap i n  tre a tm e n t commenced. ■

I t  i s  on th e s e  p rem ises  and on th e  f a c t  t h a t  th e  

s im p le s t f e a s ib l e  fo rm u la tio n  f o r  th e  lo s s  o f  CRE ( i e  

r e p a i r  o f  damage) i s  t h a t  o f  e x p o n e n tia l decay , t h a t  th e  

p re s e n t CRE gap fo rm u la  i s  b ased  (K irk  e t  a l . ,  1975)* 

T h is  fo rm u la  i s  q u i te  com patib le  w ith  th e  v e ry  l im ite d  

amount o f  c l i n i c a l  d a ta  a v a i la b le  on in t e r v a l s  i n  

t r e a tm e n t .  However, a s  t h i s  in fo rm a tio n  i s  m ainly 

o b ta in ed  from  sch ed u le s  where th e  gap occurs  i n  th e  

m iddle o f  t r e a tm e n t ,  a s  i n  Sambrook-type te ch n iq u es , 

th e r e  i s  l i t t l e  ev idence a s  t o  th e  accu racy  o f  th e  gap 

fo rm u la  when a p p lie d  t o  i n t e r v a l s  o c c u rr in g  e i th e r  

e a r ly  o r  l a t e  i n  s c h e d u le s .

Thus exp erim en ts  were d e v ise d  t o  t e s t  th e  a b i l i t y
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o f th e  CRE gap fo rm u la  t o  a c c u ra te ly  r e s o lv e  th e  

problem  o f a  gap o c c u rr in g  a t  any p o in t  i n  a  sc h e d u le .

6 .2 .  The E xperim ents

The W ithers  c ry p t m icroco lony  a s sa y  te c h n iq u e  h as  been 

shown to  be a  re a so n a b ly  a c c u ra te  assessm en t o f  gut 

damage a t  e x p o n e n tia l l e v e l s  ( c h a p te r  f o u r ) .  T hat i s  

a t  l e v e ls  o f damage g r e a te r  th a n  t h a t  i n  th e  sh o u ld e r 

re g io n  o f a  f r a c t io n a te d  c ry p t s u rv iv a l  c u rv e . Hence a  

schedu le  fo rm at was chosen which was known t o  produce a  

s ig n i f i c a n t  re d u c t io n  in  c ry p t num bers.

F i r s t  a  c o n tro l  experim ent was perform ed and 

d u p lic a te d , c o n s is t in g  o f 18 f r a c t io n s  o f 210 ra d s  

g iven  in  6 d ay s . P a r t i a l  body 250 kV ^ - i r r a d i a t i o n  was 

u sed  ( i r r a d i a t i o n  o f  th e  abdomen a lo n e ) .  Three 

f r a c t io n s  p e r  day were ad m in is te re d  w ith  a  f r a c t io n  

in t e r v a l  o f  3 h o u rs  and an 18 hou r i n t e r v a l  betw een each 

t h i r d  and fo u r th  f r a c t i o n .  I t  was im p e ra tiv e  t h a t  

d u rin g  th e s e  experim en ts  no anim al d e a th s  shou ld  occur 

b u t t h a t  a  r e l a t i v e l y  low c ry p t count should  be ach iev ed . 

U sing a  f r a c t i o n  s iz e  o f 210 r a d s  th e s e  c o n d itio n s  were 

s a t i s f i e d .

The r e s u l t s  o f th e s e  s ta n d a rd  schedu le  experim en ts  

a re  p re se n te d  i n  F ig u re  6 .1  a s  a  g raph  o f numbers o f 

s u rv iv in g  c ry p ts  p e r  c ircu m feren ce  a g a in s t  t o t a l  d o se .

I t  can be seen  th a t  a  mean c ry p t count o f  32 su rv iv in g  

c ry p ts  p e r  c ircum ference  was ach iev ed  a f t e r  18 f r a c t io n s  

o f  210 r a d s ,  a  t o t a l  dose o f 37&0 r a d s .
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6 .3 .  Gap E xperim ents

I t  was d ec id ed  t h a t  d u r in g  t h i s  in v e s t ig a t io n  th e  t o t a l  

number o f f r a c t i o n s ,  th e  t o t a l  d u ra tio n  tim e o f th e  

schedu le  and th e  le n g th  o f th e  gap should  a l l  be k e p t 

c o n s ta n t .  Thus i t  i s  th e  p o s i t io n  o f th e  gap i n  th e  

sch ed u le  and th e  s iz e  o f  th e  f r a c t io n s  a d m in is te re d  

a f t e r  th e  gap which a re  th e  im p o rtan t f a c to r s  and th e  

o n ly  v a r i a b le s .  The s iz e  o f th e  gap was chosen a s  

two days and was made t o  occur a f t e r  each t h i r d  f r a c t i o n  

(each  d a y ) , t h a t  i s  a f t e r  3, 6 , 9» 12 o r 15 f r a c t i o n s  o f 

210 r a d s .  Three o r fo u r  d i f f e r e n t  s iz e d  f r a c t i o n  d o ses  

were th e n  chosen f o r  th e  co rresp o n d in g  15* 12, 9* 6 o r 

3 f r a c t i o n s  fo llo w in g  th e  gap, th e  aim b e in g  t o  re a c h  as 

n e a r  a s  p o s s ib le  th e  same en d -p o in t o f  32 c ry p ts  p e r  

c ircu m feren ce  a s  ach ieved  by th e  s ta n d a rd  s c h e d u le . The 

a d d i t io n a l  dose w hich would ach ieve th e  n e c e ss a ry  

e n d -p o in t (32 c ry p ts )  cou ld  th e n  be de term ined  by 

e x t r a p o la t in g  l i n e s  f i t t e d  t o  th e  ex p erim en ta l d a ta  

u s in g  an erroxw w eighted l e a s t  mean square  f i t .

T ab le  I I I  g iv e s  a l l  th e  r e s u l t s  o f th e  gap 

e x p e rim e n ts . A longside th e  in d iv id u a l  sch ed u le s  a re  

l i s t e d  th e  a d d i t io n a l  d o ses  p e r  f r a c t io n  a f t e r  th e  gap 

and th e  c o rre sp o n d in g  mean coun ts  o f c ry p ts  p e r  

c ircu m feren ce  p lu s  th e  a p p ro p r ia te  s ta n d a rd  e r r o r s .

A minimum o f e ig h t  mice were used  f o r  each  s e p a ra te  

a ssay  p o in t  i n  th e s e  ex p erim en ts . 30 u n i r r a d ia te d  

c o n tro l  an im als  were sampled over th e  p e r io d  o f 

e x p e r im e n ta tio n . The mean c ry p t count o b ta in ed  from
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TABLE I I I

A d d itio n a l
Schedule dose ( ra d s )

200

3 + 15 220

240

260

240

6 + 12 255
270

255
270
285

255
12 + 6 270

285
300

220

1 5 + 3 240

260
280

C ry p ts  p er 
c ircu m feren ce  — SEM

82.5  2 .5

64-9 2 .3

50 .3  1 .7
31.0 3.0

63.0 2.16
51 .5  2.06
37.5  2 .03

60 .7  2.27

50.0  2 .77

38.7  3 .50

79.5  3 .4 2

63.0  4 .2 4

50 <>9 3.01

38.0  3 .3 2

76.0 5 .01

55.5  2 .46
40 .6  3 .11

3 2 .4  2 .39
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th e s e  c o n t ro l s  was found t o  he 123 .3  — S .E . 3*8*

The r e s u l t s  o f th e  gap exp erim en ts  a re  p re se n te d  

i n  g ra p h ic a l  form i n  F ig u re  6 .2 .  The l i n e s  a re  f i t t e d  

t o  th e  p o in ts  o f  each  experim ent u s in g  a  l e a s t  mean 

sq u are  f i t  and e x tra p o la te d  t o  a  le v e l  o f 32 c ry p ts  p e r 

c irc u m fe re n c e . The a d d i t io n a l  dose p e r  f r a c t i o n  was 

th e n  r e a d  o f f  a t  t h i s  l e v e l  o f  b io lo g ic a l  damage f o r  

each  e x p e rim en t. F o r convenience th e s e  doses a lo n g  w ith  

t h e i r  c a lc u la te d  s ta n d a rd  e r r o r s  a re  p re s e n t i n  t a b le  

form  below  th e  g raph  i n  F ig u re  6 .2 .

6 . 4 .  Comparison o f  th e  R e s u lts  w ith  th e  P re d ic t io n s  o f  th e  

CRE Gap Form ula

The ex p erim en ts  d e sc r ib e d  were desig n ed  so t h a t  th e  

decay  i n  damage (o r  CRE) over a  f ix e d  tim e gap cou ld  be 

d e te rm in ed  as  a  fu n c tio n  o f th e  amount o f  damage (CRE) 

w hich h a s  a lre a d y  been ach ieved  b e fo re  th e  s t a r t  o f  th e  

gap i n  th e  s c h e d u le s . T h is  decay i s  m easured i n  te rm s 

o f th e  a d d i t io n a l  dose r e q u ire d  i n  th e  f r a c t io n s  

a d m in is te re d  a f t e r  th e  gap, t o  ach ieve  a  c o n s ta n t le v e l  

o f  b io lo g ic a l  damage; t h i s  i s  c h a ra c te r is e d  by th e  t o t a l  

a d d i t io n a l  dose re q u ire d  t o  ach ieve  32 c ry p ts  p e r  

c irc u m fe re n c e •

I n  F ig u re  6 .3  th e  t h e o r e t i c a l  t o t a l  a d d i t io n a l  dose 

p r e d ic te d  by  th e  gap fo rm u la  t o  com pensate f o r  th e  two 

day gaps a re  shown p lo t te d  a g a in s t th e  number o f  

f r a c t i o n s  b e fo re  th e  gaps ( i e  th e  p o s i t io n  o f  th e  gaps) 

(from  K irk  e t  a l . f 1 9 75 ). I f  "the th e o r e t i c a l  p re d ic t io n s
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260220 280 300200 . 320

F r a c t i o n a t i o n
s c h . d u l o

D o s o s  ( r a d s )  t o  
g i v o  32  c r y p t s

1 • 3 + 1 5  f r a c t i o n s 271 . ±  10
2 a 6 + 1 2  f r a c t i o n s 2 81 . 3  — 9

I A 9 + 9  f r a c t i o n s 299 .5  -  5
k □ 12 + 6 f r a c t i o n s

+ 
1CM

5 O 15 + 3 f r a c t i o n s 27H.7  1  k

Figure 6 .2
Graphic presentation of the resu lts  of the assay doses 
of the gap {schedules. Table (in sert) g ives derived 
doses per fraction  to  give 32 crypts in  each schedule•
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a re  c o r r e c t  th e n  th e  r e s u l t s  o f  th e  ex p erim en ts , i f  

p lo t te d  i n  th e  same manner, shou ld  g iv e  a  curve o f th e  

same sh ap e . F ig u re  6 .4  shows a  g raph  o f th e  exp erim en ta l 

r e s u l t s  p lo t te d  i n  j u s t  such a  way. Comparison o f #

F ig u re s  6 .3  and 6 .4  shows th a t  th e r e  a re  c o n s id e ra b le  

d i f f e r e n c e s  between th e  observed  r e s u l t s  and th e  

t h e o r e t i c a l  p r e d ic t io n s .

Compared w ith  th e  s im ple e x p o n e n tia l decay  of 

damage, a s  assumed in  th e  fo rm u la , th e  r e s u l t s  o f  th e  

experim en ts  dem o n stra te  t h a t  th e r e  i s  a  g r e a te r  

re g e n e ra tio n  p o te n t ia l  e a r ly  i n  th e  schedu le  th a n  

p re d ic te d  and a  much s m a lle r  r e g e n e ra t io n  p o te n t ia l  

l a t e r  in  th e  s c h e d u le . The r e s u l t s  su g g es t t h a t  as  th e  

t o t a l  dose in c re a s e d th e re  i s  an in c re a s e  i n  th e  damage 

t o  th e  r e p a i r  c a p a c ity  o f  th e  t i s s u e ,  w hereas th e  

r e p a i r  and re p o p u la t io n  p o te n t ia l  i s  r e l a t i v e l y  

un im paired  by a  few  low dose f r a c t io n s  ( a  low t o t a l  d o s e ) .
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6 .5 .  D iscussion  and Conclusions

C ell repopulation in  the mouse in te s t in a l  crypt system 

achieves e s s e n t ia l ly  a maximum regeneration ra te  w ithin  

a very short time a fter  a dose of r a d ia tio n . So 

although t h is  might not he the only reason, i t  i s  

p o ssib le  that a high additional dose a fte r  a gap early  

in  treatment might he required, to  reach the desired  

le v e l  of damage, with gut t is s u e .  This may not 

n ecessa r ily  he the case in  other t is s u e s  (eg  skin) for  

which the CRE model was o r ig in a lly  designed .

In a t is s u e  such as normal skin i t  i s  known that 

the repair p o ten tia l i s  increased in  response to  damage 

up to  a maximum le v e l .  A se r ie s  of experiments to  

determine the amount of repair in  skin t is s u e  during an 

in terv a l in  treatment has been reported by Denekamp 

(1973). In th ese experiments, mouse fe e t  were irrad iated  

with e ith er  four, nine or 30 fra c tio n s  o f 300 rads in  

f iv e  d a ily  fr a c tio n s . S ingle doses were given  

immediately fo llow in g  the la s t  fra c tio n  or a fter  one, 

th ree , seven or 14 days to  achieve a chosen end-point.

I t  has been demonstrated (Perry, Hamlet and Kirk,

1979) that Denekamp*s r e su lts  when subject to  an 

an alysis  using CRE parameters show th at a lower 

additional dose i s  required e a r lie r  in  treatment than  

has been found to  be required with the r e s u lt s  of the  

mouse gut experiments described in  t h is  chapter. The 

r e su lts  of the gut experiments have demonstrated, as 

noted e a r lie r , th at repair p oten tia l decreases with
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in creasin g  to ta l  dose and that at higher dose le v e ls  

there i s  no longer an exponential decay o f damage 

during the gap in  treatm ent.

As an hypothesis the above observations may be 

summarised in  the form shown diagrammatic a l ly  in  

Figure 6 , 5, where the regeneration p o ten tia l i s  p lo tted  

against the le v e l  o f b io lo g ic a l e f fe c t  achieved before 

a gap occurs. Thus, fo r  a t is s u e  such as skin the  

regeneration p o ten tia l r i s e s  to  a maximum in  response 

to  a small amount o f damage and then f a l l s  asym ptotically  

as th e  rad iation  damage approaches to lera n ce .

Several b io lo g ic a l mechanisms must be involved in  

such a response. A fter a rad iation  in s u lt ,  a c e l l  

population in creases i t s  rate of repopulation but under 

conditions of in creasin g  le v e ls  o f damage the population  

becomes in creasin g ly  incapable o f rep air, thus leading  

to  a turning point and f a l l  in  the regeneration p o ten tia l. 

Recent p u b lica tion s (Brown and Probert, 1975; Hendry 

et a l , ,  1977? ant* Hunter and Stewart, 1977) in d icate  

th at some time a fter  a nearwt ole ranee treatment schedule, 

almost as much rad ia tion  can again be given although some 

memory o f the previous damage c le a r ly  e x i s t s .  The amount 

o f re—irra d ia tio n  which can be to lera ted  appears to  

depend upon the target t i s s u e .  Therefore, although the  

i n i t i a l  decay in  e f fe c t  fo llow ing  treatment may be 

fa ir ly  rapid, resid u a l damage cannot be neglected as an 

important aspect of t is s u e  regeneration a fter  treatm ent.

In conclusion i t  can be said  th at e x is t in g  methods
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of allowing for in terv a ls  in/treatment are inadequate.

Prom the presently available evidence i t  appears that
/

there are at le a st  three b io log ica l concepts which must
/

be taken in to  consideration i f  a more r e a lis t ic
/.

b io log ica l descriptiori^is to  be formulated.

1 . Increasing regeneration potential early in  

treatment in  certain  t is s u e s .

2. Progressive lo ss  of regenerative potential with 

increasing damage •

3 . Longer term residual le v e l of b io log ica l e f fe c t .

The mouse gut experiments were not aimed at 

offering a solution to  the problems concerning gaps in  

treatment but to  te s t  the lim itation s of the CHE gap 

formula in  i t s  current form. There i s  su ffic ien t  

evidence to  suggest a need to  rethink the formulation 

before i t  i s  adequate to  the needs of the c lin ic a l 

practitioner in  radiotherapy. However, the formulation 

can not be restructured without much more b io logical 

evidence than i s  presently availab le . So there i s  an 

accompanying v ita l  need for more experimental data 

relevant to  the problem.
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CHAPTER 7

SUMMARY OP CONCLUSIONS AND DISCUSSION OP SOME 

POSSIBLE FUTURE DEVELOPMENTS



7 .1 .  In tro d u c t io n

T his c h a p te r  p re s e n ts  an exam ination  o f th e  more s a l i e n t  

c o n c lu s io n s  which were reached  in  th e  d is c u s s io n s  o f th e  

p re v io u s  c h a p te r s .  I t  i s  an a ttem p t t o  t r y  and a sse ss  

th e  r e le v a n t  s ig n if ic a n c e  o f th e se  c o n c lu sio n s  w ith  

re fe re n c e  to  th e  p r a c t ic e  o f modern r a d io th e ra p y . The 

d is c u s s io n  w i l l  however, a ls o  r e f e r  t o  p o s s i b i l i t i e s  

which may have been d is c lo s e d  by v a r io u s  a sp e c ts  o f th e  

work p re se n te d , t h a t  might p re v io u s ly  no t have been 

w idely  re c o g n ise d  o r a c c e p te d .

T h is  s e c t io n  i s  th e n  fo llow ed  by a  b r i e f  survey  o f 

some o f th e  f i e l d s  in  which f u r th e r  in v e s t ig a t io n  might 

prove t o  be p r o f i t a b l e .

7 .2 .  S u rface  Morphology a f t e r  S in g le  Doses o f N eutron 

I r r a d i a t i o n

The d a ta  p re se n te d  in  c h a p te r  th r e e  le d  to  th e  

draw ing o f  th e  c o n c lu s io n  th a t  f o r  w hatever rea so n s  

n e u tro n  i r r a d i a t i o n  p roduces i t s  own d i s t i n c t i v e  p a t te r n  

o f damage in  th e  g u t .  T h is  p a t te r n  was seen  as a  much 

more marked tendency  tow ards f l a t t e n e d  and co n ica l v i l l i  

th a n  i s  seen  a f t e r  gamma i r r a d i a t i o n ,  where th e  v i l l i  

g e n e ra l ly  r e t a i n  t h e i r  i n i t i a l  s le n d e r  c o n to u rs . Also 

n e u tro n  i r r a d i a t i o n  produced a  marked change in  su rface  

c re a s in g  and i t  was n o ted  th a t  th e  band ing  and tw is t in g  

o f v i l l i  seen a f t e r  gamma i r r a d i a t i o n  i s  u s u a lly  absen t 

a f t e r  n eu tro n  i r r a d i a t i o n .

I t  i s  p o s s ib le  t o  sp e c u la te  t h a t  t h i s  p a t te rn  of
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damage i s  n o t w holly  a t t r ib u t a b le  to  th e  damage caused 

in  th e  e p i t h e l i a l  c e l l  p o p u la tio n  but may a lso  be 

concerned  w ith  in ju r y  to  th e  u n d e rly in g  co n n ec tiv e  and 

v a s c u la r  t i s s u e .  From th e  s ta n d p o in t o f c l i n i c a l  

r a d io th e ra p y  i t  i s  im p o rtan t t h a t  th e  re a so n s  f o r  th e  

p ro d u c tio n  o f t h i s  p a t te r n  o f damage a re  in v e s t ig a te d ,  

as  n e u tro n  th e ra p y  i s  a  tre a tm e n t m o d a lity  i n  use in  

some c e n tr e s  a t  th e  p re se n t tim e and i s  l i k e l y  to  become 

more common in  th e  f u tu r e .

7 .3 . Surface Morphology after Fractionated Doses of X and 

Gamma Irradiation

The d is c re p a n c ie s  found between th e  o b se rv a tio n s  made 

w ith  co n v en tio n a l h i s to lo g ic a l  te c h n iq u e s  and scann ing  

e le c t r o n  m icroscopy a f t e r  f r a c t io n a te d  d o ses  o f X and 

gamma i r r a d i a t i o n  (a s  d e sc r ib e d  i n  c h a p te r  fo u r )  a re  

w orthy  o f s p e c ia l  c o n s id e ra t io n .  I t  was expec ted  th a t  

a  f r a c t io n a t io n  schedu le  ex ten d in g  over a  p e r io d  of 

tim e  much in  ex cess  o f th e  t r a n s i t  tim e  o f th e  

i n t e s t i n a l  c e l l  p o p u la tio n  from c ry p t to  v i l l u s  t i p  

would e f f e c t  a  s i tu a t io n  whereby th e  e x te n t o f  c ry p t 

damage would be r e f l e c te d  i n  th e  amount o f v i l l u s  damage 

and v ic e  v e r s a .  T h is  e x p e c ta t io n  was confirm ed by th e  

d a ta  from  one o f th e  exp erim en ta l tre a tm e n t schedu les 

(S chedule G. 250 ra d s  X - ir r a d ia t io n  g iven  th r e e  tim es  

p e r  d ay ), bu t no t by th e  d a ta  o b ta in ed  from  a  second 

sch ed u le  (Schedule A. D a ily  f r a c t io n  of 300 ra d s  gamma 

i r r a d i a t i o n  p lu s  a  900 ra d  assay  dose) and on ly  to  a
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small extent "by a third schedule (Schedule B. Daily 

fractions of 450 rads gamma irrad ia tion ).

Previous publications have expressed the opinion 

that under continuous radiation the in testin e  (in  the 

rat) would maintain function almost in d efin ite ly  

(Lamerton and Lord, 1964) .  Masuda and co-workers (1977) 

have put forward the view, based on data obtained with 

the microcolony technique, that present information 

derived from mouse studies would allow the treatment of 

volumes including the in testin e  to  be carried out with 

some safety . The resu lts  of the experiments from 

Schedule A, which i s  in  fa c t  a schedule very similar to  

one in  use c lin ic a lly , demonstrate that high lev e ls  of 

surviving c e l ls  in  the crypts of Lieberkuhn do not 

always correlate with low le v e ls  of damage to  the gut 

mucosa.

These observations lead to  the conclusion that i f  

the conditions found in  the mouse can be extrapolated 

to  the human situation , an unexpectedly high lev el of 

damage might be produced in  the surface mucosa. This 

might in  turn lead to  undesirable consequences. Thus 

radiation treatment involving any of the in testin a l tract 

using an equivalent regime of Schedule A should only be 

carried out with extreme caution.

7*4* The Alternating Fractionation Formula of the C.R.E. Model 

The experimental resu lts  described in  chapter fiv e  have 

demonstrated that th is  formula has certain lim itation s.
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W h ils t i t  c o r r e c t ly  p r e d ic ts  an in c re a s e d  e f f e c t  w ith  

a l t e r n a t in g  f r a c t io n a t io n  as  a g a in s t a  s ta n d a rd  

sch ed u le , i t  i s  in  e r r o r  in  p r e d ic t in g  th a t  th e  o rd e r 

i n  which a l t e r n a t e  f r a c t io n s  a re  ad m in is te re d  w i l l  no t 

a f f e c t  th e  t o t a l  amount o f b io lo g ic a l  damage th a t  i s  

p ro d u ced •

I t  w i l l  be remembered th a t  th e  sch ed u le s  in  which 

each  in d iv id u a l  f r a c t io n  was a l te r n a te d  produced a 

g r e a te r  e f f e c t  th a n  th o se  schedu les  where a l l  th e  low 

dose f r a c t io n s  were g iven  b e fo re  a l l  th e  h ig h  dose 

f r a c t io n s  (o r  v ic e  v e r s a ) .

However, th e re  i s  a t  th e  p re se n t tim e , 

i n s u f f i c i e n t  d a ta  t o  suggest th a t  th e  fo rm u la  should  be 

w ithdraw n from c l i n i c a l  u s e .  I t  i s  c e r t a in l y  on ly  an 

approx im ation  o f th e  b io lo g ic a l  r e a l i t y ,  bu t as a  to o l  

f o r  use in  c l i n i c a l  p r a c t ic e  t h i s  fo rm u la  i s  p o s s ib ly  

one o f th e  b e s t  approx im ations c u r r e n t ly  a v a i la b le .

7*5* The Gap Form ula o f th e  C .R .E . Model

The r e s u l t s  o b ta in ed  from th e  experim en ts  d e sc r ib e d  in  

c h a p te r  s ix ,  which were d esigned  to  in v e s t ig a t e  th e  gap 

fo rm u la , dem onstra te  th a t  i n  i t s  p re se n t form , th e  

fo rm u la  has s e v e ra l d e f e c ts .  P r in c ip a l ly  th e  fo rm u la  

p r e d ic t s  e rro n eo u s e f f e c t s  a f t e r  a  gap which occurs, 

e i t h e r  e a r ly  o r l a t e  in  a  tre a tm e n t sc h e d u le .

B a s c ia l ly  th e  fo rm ula  a t p re se n t assumes t h a t  d u rin g  a  

gap i n  tre a tm e n t reco v e ry  p roceeds a t  an ex p o n e n tia l 

r a t e ,  and th a t  t h i s  ex p o n en tia l decay  r a t e  o f damage i s
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c o n s ta n t and no t dependen t on th e  p o s i t io n  of th e  gap 

i n  th e  tre a tm e n t s c h e d u le . However, th e  experim ents 

have shown th a t  in  th e  mouse g u t, a  much g re a te r  amount 

o f re c o v e ry  occu rs  d u r in g  a  gap which o ccu rs e a r ly  in  

tre a tm e n t,  th a n  i s  p re d ic te d  hy th e  fo rm u la . The 

r e s u l t s  a ls o  d em o n stra te  th a t  d u r in g  a  gap which occurs 

l a t e  i n  tre a tm e n t th e r e  i s  a  much sm a lle r  amount o f 

re c o v e ry  th a n  th a t  p re d ic te d  hy th e  fo rm u la . Thus th e  

r a t e  o f decay o f damage d u rin g  a  gap i n  tre a tm e n t i s  

d ependen t on j u s t  where th e  gap o ccu rs  ( i . e .  i t s  

p o s i t io n  in  th e  tre a tm e n t s c h e d u le ) . In  o th e r  words 

th e  re g e n e ra tio n  p o te n t i a l  o f th e  t i s s u e  i s  dependant 

on th e  amount o f  damage accum ulated .

T h erefo re  i t  can he concluded th a t  th e  CRE gap 

fo rm u la  does n o t adequate ly - a llow  f o r  i n t e r v a l s  in  

t re a tm e n t, and th a t  any new fo rm u la tio n  hased  on th e  

p re s e n t model must a ls o  ta k e  i n to  account th e  fo llo w in g  

p r o p e r t ie s  o f t i s s u e .

1 . An in c re a se d  r e g e n e ra tio n  p o te n t ia l  e a r ly  in  

t r e a tm e n t•

2 . P ro g re s s iv e  lo s s  o f r e g e n e ra tio n  p o te n t ia l  as th e  

le v e l  o f damage in c r e a s e s .

3 . Longer te rm  r e s id u a l  damage.

In  f a c t ,  th e  m athem atic ians re s p o n s ib le  f o r  th e  

o r ig in a l  d e r iv a t io n  o f th e  gap fo rm u la  a re  a t  p re se n t 

engaged i n  an a ttem p t t o  fo rm u la te  a  more r e a l i s t i c  

m athem atical model hased  on th e se  c o n c lu s io n s .
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FURTHER WORK 

7 .6 .  E xperim en ts Commenced

The in v e s t ig a t io n s  in v o lv in g  Scanning e le c t r o n  

m icroscopy  produced some o b se rv a tio n s  r e q u i r in g  f u r th e r  

c l a r i f i c a t i o n .  I t  i s  p o s s ib le  t h a t  th e  p a t te r n  o f 

n e u tro n  damage observed  in  th e  experim en ts i n  c h a p te r  

th r e e  and th e  scann ing  o b se rv a tio n s  made a f t e r  

f r a c t io n a te d  i r r a d i a t i o n  (c h a p te r  fo u r)  might have 

shown o th e r  v a r ia t io n s  i f  a  d i f f e r e n t  tim e of a ssa y  had 

been  chosen .

To in v e s t ig a te  th e s e  p o s s i b i l i t i e s  a  s e t  o f 

ex p e rim en ta l p ro ced u res  was i n s t i g a t e d .  U n fo rtu n a te ly , 

due to  th e  la c k  o f a v a i la b le  tim e on th e  i r r a d i a t i o n  

f a c i l i t i e s  th e se  experim en ts have n o t been com pleted a t  

t h i s  t im e . T h ere fo re  i t  i s 'n o t  p o s s ib le  t o  comment on 

what e f f e c t  th e  tim e o f assay  has on scan n in g  

o b se rv a tio n s  a f t e r  f r a c t io n a te d  sc h e d u le s . However, 

th e r e  i s  d a ta  p r e s e n t ly  a v a i la b le  which in d ic a te s  th a t  

th e  n e u tro n  damage p a t te r n  i s  c o n s i s t e n t  up t o  a  tim e 

days a f t e r  i r r a d i a t i o n .

B r ie f ly ,  mice were i r r a d i a te d  w ith  s in g le  d oses of 

900 r a d s  o f X o r gamma i r r a d i a t i o n  or a l t e r n a t iv e ly  500 

r a d s  o f n e u tro n  i r r a d i a t i o n  and th e n  k i l l e d  a t  -§• day 

i n t e r v a l s  a f t e r  i r r a d i a t i o n .  No damage c o n s i s t e n t  w ith  

th e  n e u tro n  p a t te r n  o ccu rs a f t e r  gamma o r ^ i r r a d i a t i o n  

from  ijr to  5ir days a f t e r  i r r a d i a t i o n .  A lso no damage 

c o n s i s t e n t  w ith  th e  gamma p a t te rn  i s  found a f t e r  n eu tro n  

i r r a d i a t i o n  over th e  same tim e s c a le .  These r e s u l t s
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s tro n g ly  support th e  c o n c lu s io n  th a t  n e u tro n  

i r r a d i a t i o n  p roduces, f o r  w hatever re a so n s , i t s  own 

d i s t i n c t i v e  p a t te r n  o f damage in  th e  su rfa c e  mucosa of 

mouse g u t .

7*7* Some P o s s ib le  F u tu re  Developm ents

I t  h as  been n o ted  p re v io u s ly  (c h a p te r  th r e e )  th a t  i t  i s  

p o s s ib le  th a t  th e  p a t te r n s  o f r a d ia t io n  damage in  th e  

i n t e s t i n a l  v i l l i  a re  n o t p r im a r i ly  due t o  th e  damage 

in  th e  e p i t h e l i a l  c e l l  p o p u la tio n  bu t may be concerned 

w ith  th e  damage to  th e  u n d e r ly in g  co n n ec tiv e  and 

v a s c u la r  t i s s u e .  D if f e re n t  approaches a re  a v a i la b le  to  

in v e s t ig a te  th e se  p o s s i b i l i t i e s .  S ev era l d i f f e r e n t  

s t a i n s  a re  a v a i la b le  which would a llow  h is to lo g ic a l  

p re p a ra t io n s  t o  be examined- m ic ro s c o p ic a lly  f o r  changes 

in  th e  gu t v a s c u la tu r e .  A tech n iq u e  i s  now a v a i la b le  

which a llow s th e  rem oval o f th e  su rfa c e  e p ith e liu m  of 

th e  v i l l i  w h ils t  le a v in g  th e  strom a i n t a c t .  The 

specim ens of i n t e s t i n e  a re  sim ply  l e f t  i n  norm al 

(p h y s io lo g ic a l)  s a l in e  f o r  fo u r  d ays, opened 

lo n g i tu d in a l ly  and w ashed. T h is  removes th e  e p i th e l i a l  

la y e r  and a f t e r  a p p ro p r ia te  f ix a t io n  and c o a tin g , 

scan n in g  m ic ro sco p ica l exam ination  can be c a r r ie d  o u t. 

T h is  te ch n iq u e  might be u s e fu l  f o r  th e  exam ination  of 

th e  connec tive  t i s s u e  in  gu t v i l l i  f o r  s ig n s  of 

i r r a d i a t i o n  damage.

F u rth e r  in v e s t ig a t io n s  might a lso  be c a r r ie d  out 

w ith  th e  scann ing  e le c t r o n  m icroscope, in t o  th e  e f f e c t
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of o th e r  f r a c t io n a t io n  sch ed u le s  on th e  v i l l i  o f th e  

i n t e s t i n e .  Of p a r t i c u l a r  i n t e r e s t  would he an 

in v e s t ig a t io n  u s in g  f r a c t io n a te d  sch ed u les  in v o lv in g  

n e u tro n  i r r a d i a t i o n ,  e i t h e r  on i t s  own or in  co n ju n c tio n  

w ith  gamma o r X - i r r a d ia t io n .

The in v e s t ig a t io n s  o f th e  A lte rn a tin g  f r a c t io n a t io n  

and Gap fo rm ulae of th e  CRE model have shown th a t  

c o n s id e ra b ly  more work i s  n e c e ssa ry  to  e x p e d ite  th e  

p ro c e ss  o f  m o d if ic a t io n  o f th e  form ulae t o  ach ieve more 

r e a l i s t i c  m odels. I t  i s  p o s s ib le  t h a t  a  d i f f e r e n t  

b io lo g ic a l  model might prove more v a lu a b le  f o r  f u r th e r  

p ro v is io n  o f ex p erim en ta l d a ta .  Experim ents a re  

a lre a d y  p lanned , u s in g  th e  mouse t a i l  sk in  a ssay  

te c h n iq u e  o f Hendry and co-w orkers (Hendry e t  a l . ,  1976) 

t o  in v e s t ig a te  th e  b io lo g ic a l  concep ts u n d e rly in g  th e  

th e o ry  behind  th e  gap fo rm u la . I f  su c c e ss fu l i t  i s  

hoped t h a t  th e s e  a tte m p ts  w i l l  le a d  to  an improved 

fo rm u la  f o r  u se  i n  c l i n i c a l  p r a c t ic e .

Mouse sk in  and gu t m ight a ls o  be used  as 

b io lo g ic a l  m odels f o r  t e s t i n g  p re d ic t iv e  fo rm ula  

concerned  w ith  n e u tro n  i r r a d i a t i o n ,  as i t  i s  a t  p re se n t 

p o s s ib le  to  see a  c l i n i c a l  a p p l ic a t io n  f o r  such fo rm ulae 

in  n e u tro n  th e ra p y .
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APPENDIX 1

Experimental X-irracLiation F a c ility

During a period of re-equipment a Siemens Stabilipan I X-ray 

unit 'became available for use as an experimental irradiation  

source. As space and finance to provide and equip the usual 

well shielded room were not available, a solution was sought 

which resulted in the construction of the shielding unit 

described in th is  appendix.

Accommodation forthe machine, shield ing unit and ancillary  

equipment wa3 made available by the conversion of an infrequently 

used store room. Water, drainage and e le c tr ic ity  supplies were 

in sta lled  by hospital engineers, but in sta lla tio n  of the X-ray 

machine was carried out by representatives of Siemens Ltd.

The construction of the shielded box is  shown schematically 

in F ig . A l. I t  consists of lead ply supported on a simple metal 

frame. A collim ator lim ited the beam area so that only the top 

surface of the box was in the d irect beam. This surface was 

shielded with an additional 3 0101 of lead. An interlock  

prevented the X-ray beam being switched on w hilst the door of  

the box was open. The door was hinged along the bottom edge, 

so that when open and supported by a strong safety chain, i t  

formed a useful s h e lf • Materials for irradiation were placed 

on a perspex sh e lf , the height o f which is  adjustable. The 

central-axis surface dose rates at the highest and lowest 

positions are 24 and 136 rad minute"^ resp ectively .

Safety checks on radiation levels  from the unit were 

carried out by the area Radiological Protection Adviser. 

Measurements were made of the exposure rate through the lead
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when the tube was operating at i t s  maximum output. These were 

made with an ionisation chamber both in contact with the box 

and also  approximately one metre from the tube focus. The 

maximum values obtained were 30 railli-Roentgen per hour and 

2.5 mi H i—Roentgen per hour resp ectively . These lev e ls  are 

well within the allowed lim its  set down in the Code of Practice. 

The Radiological Protection Adviser also made recommendations 

on the use of the machine and on various factors effectin g  the 

safety o f  the operators and other personnel. Principally these 

require that a l l  persons remain at lea st one metre from the box 

while the tube is  in operation, and that the to ta l running time 

of the equipment be lim ited to. 20 hours per week.

Fundamentally the unit was constructed so as to provide 

f a c i l i t i e s  for whole and p artia l body irrad iations of small 

animals at a reasonably wide range of dose rates and using 

X-rays of su ffic ien t hardness to deliver a homogeneous dose 

distribution throughout the t issu es  of these experimental 

animals. However i t  has a lso  been used for irradiating c e l ls  in 

tissue culture contained in a variety of p la tes , tubes and 

b o ttle s .
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APPENDIX I I

D uring th e  cou rse  o f th e  in v e s t ig a t io n s  re p o rte d  i n  t h i s  

th e s i s  i t  was sometimes n e c e ssa ry  to  perform  experim en ts  to  

c le a r  up sm all p o in ts  o r answer p o s s ib le  c r i t ic i s m s  o f th e  

co n c lu s io n s  drawn from th e  d a ta  o b ta in e d . These ex p erim en ts , 

a lthough  im p o rta n t, a re  a n c i l l a r y  t o  th e  main body o f work 

and i f  r e p o r te d  e a r l i e r  would have d is tu rb e d  th e  flow  o f th e  

d e s c r ip t iv e  c h a p te r s .  Hence th e y  a re  b r i e f l y  d e sc r ib e d  in  

t h i s  append ix .

S p li t  Dose E xperim ents

In  c h a p te r  fo u r  th e  f i r s t  f r a c t io n a t io n  schedule (a) had a

d a i ly  f r a c t io n  dose o f 300 ra d s  p lu s  an 1a s s a y 1 dose of 900 
60ra d s  of C obalt gamma i r r a d i a t i o n .  This a ssay  dose was used 

in  th e  hope o f re d u c in g  c ry p t c e l l u l a r i t y  so t h a t  damage 

could be assayed  on t h a t  p o r tio n  of th e  cry p t s u rv iv a l  curve 

which shows some s t r u c tu r e .  I t  i s  obvious from th e  r e s u l t s  

th a t  i t  f a i l e d  in  t h i s  f u n c t io n .  S p l i t  dose experim en ts  were 

perform ed u s in g  900 ra d s  gamma as a  f i r s t  d o se . The d a ta  a re  

p re se n te d  i n  Figure A2. I t  i s  c le a r  th a t  th e  * s h o u ld e r1 o f 

th e  c ry p t s u rv iv a l  curve i s  •re co n s tru c te d *  so t h a t  th e  t o t a l  

dose i s  ap p rox im ate ly  450 r a d s  g re a te r  th an  th a t  o f th e  s in g le  

dose cu rv e , f o r  th e  same le v e l  o f damage. In  o th e r  words th e  

Dg—Di v a lu e  i s  450 r a d s .  T h is  o b se rv a tio n  confirm s th e  

f in d in g s  o f o th e r  w orkers (W ithers e t  a l . ,  1970; Hendry and 

P o tte n , 1974) • Thus because o f th e  reco v ery  from su l> *lethal 

damage and ra p id  re p o p u la tio n  o f th e  c ry p ts  even a r e l a t i v e l y  

la rg e  dose o f  900 ra d s  has a  r e l a t i v e l y  sm all e f f e c t  on c ry p t

108



S
IN

G
L

E
 

D
O

S
E

a D N i a n w r i D u o  g a d  s i d A O  a o  *o n

109



num bers. I f  however, i n  Schedule A (C hap ter 4)» a l a r g e r  

dose had been u sed , o r th e  same dose been given  a t  a s h o r te r  

tim e in t e r v a l  th e  p ro b ab le  r e s u l t  would have been an in c re a s e  

in  th e  number o f d e a th s  from bone marrow f a i l u r e  and hence 

th e  o b je c t of th e  a s sa y  dose would have been f u r th e r  

f r u s t r a t e d .

Whole and P a r t i a l  Body I r r a d ia t io n

At th e  s t a r t  o f th e  p r o je c ts  th e  so u rces  of i r r a d i a t i o n  

a v a i la b le  were a  D—T n e u tro n  g e n e ra to r  and a ^ C o b a lt  gamma 

th e ra p y  m achine. Because o f d i f f i c u l t i e s  w ith  s h ie ld in g  i t  

was p o s s ib le  to  c a r ry  out on ly  whole body i r r a d i a t i o n  u s in g  

th e se  f a c i l i t i e s .  Sometime l a t e r  however an X—ir r a d i a t i o n  

machine became a v a i la b le  f o r  ex p erim en ta l work (a s  d e sc r ib e d  

in  Appendix i )  and t h i s  allow ed p a r t i a l  body i r r a d i a t i o n s  to  

be perform ed .

E xperim ents were designed  to  in v e s t ig a te  th e  d if f e r e n c e s  

of gut ( c ry p t)  resp o n se  due to  RBE e f f e c t s  and d if f e r e n c e s  due 

to  th e  u se  o f whole body gamma o r p a r t i a l  body ( to  th e  abdomen 

a lone) X—i r r a d i a t i o n .  S u rp r is in g ly  perh ap s, th e se  experim en ts 

showed t h a t  th e re  i s  no s ig n i f i c a n t  d if fe re n c e  in  c ry p t coun ts  

a f t e r  s in g le  whole body d oses o f gamma i r r a d i a t i o n  and s in g le  

p a r t i a l  body doses o f 250 kV X—i r r a d i a t i o n .

There i s  undoub ted ly  an RBE e f f e c t  (S ig d es tad  e t  a l . ,  

1972; Greene e t  a l . ,  1975)» "but t h i s  i s  sm all and d i f f i c u l t  

to  d e te c t  a c c u ra te ly  w ith  th e  c ry p t co u n tin g  system . In  

f u r th e r  experim en ts  u s in g  whole body gamma and whole body 

X - ir r a d ia t io n  an RBE o f 0 .9  was o b ta in ed  fo r  gamma i r r a d i a t i o n
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as compared t o  X—i r r a d i a t i o n .  However, i t  has been 

dem onstra ted  t h a t  c ry p t numbers and i n t e s t i n a l  c e l l  k in e t i c s  

in  g e n e ra l show s ig n i f i c a n t l y  d i f f e r e n t  d eg ree s  o f e f f e c t  

a f t e r  lo c a l i s e d  a s  opposed to  whole body i r r a d i a t i o n ,  (L esher 

and Bauman, 1969? L esher and L esher, 1974? and H am ilton, 1977) 

in  th a t  whole body i r r a d i a t i o n  i s  g e n e ra l ly  more e f f e c t i v e .

I t  can on ly  be c o n je c tu re d  th e re fo re ,  t h a t  th e  in c re a s e d  e f f e c t  

produced by whole body gamma i r r a d i a t i o n  has co u n te rb a lan ced  

th e  la r g e r  RBE of p a r t i a l  body X—ir r a d i a t i o n .  That i s  in  

th e s e  two s p e c i f i c  c o n d itio n s  of i r r a d i a t i o n  th e  opposing  

e f f e c t s  have c a n c e lle d  each o th e r  o u t. T his a llow s th e n , 

d i r e c t  com parisons to  be made (w ith  p a r t i c u l a r  re le v a n c e  to  

th e  work d e sc r ib e d  in  C hapter 4) between r e s u l t s  o b ta in ed  

from an im als su b je c te d  to  e i th e r  whole body gamma o r p a r t i a l  

body X - i r r a d ia t io n .

P a r t i a l  Body I r r a d i a t i o n  ( i r r a d i a t i o n  Technique)

The p o s s i b i l i t y  e x is te d  t h a t  p r a c t i c a l  d e f ic ie n c ie s  o f th e  

p a r t i a l  body i r r a d i a t i o n  p rocedure  might in f lu e n c e  th e  

r e s u l t s  o f  f r a c t io n a t io n  experim en ts u s in g  t h i s  ty p e  o f 

i r r a d i a t i o n .  I t  could  have been th a t  th e  p o s i t io n in g  o f th e  

an im als had v a r ie d  from exposure to  ex p o su re . To t e s t  t h i s  

mice were i r r a d i a t e d  w ith  s in g le  doses o f 1000 o r 1400 r a d s  

o f X—ra y s  and f r a c t io n a te d  doses o f 2730 o r 2950 ra d s  g iv en  in  

13 or 15 f r a c t i o n s  u s in g  th e  same i r r a d i a t i o n  p ro c e d u re . The 

anim als were l e f t  u n t i l  th e  c h a r a c t e r i s t i c  p o s t—i r r a d i a t i o n  

unpigm ented h a i r  appeared (see  P ig .  A 3). This was found to  

occur in  a  s h a rp ly  d e fin e d  band in v o lv in g  th e  whole o f th e
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F ig u re  A3

Photograph of mouse showing c l a s s i c  p o s t—i r r a d i a t i o n  pigm ent lo s s  

i n  th e  i r r a d i a t e d  a re a .
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a re a  around th e  abdominal c a v i ty .  T his p ro v id e s  f i n a l  

c o n firm a tio n  th a t  a l l  o f th e  abdom inal c a v i ty  and th u s  a l l  o f 

th e  g a s t r o - i n t e s t i n a l  t r a c t  was in  th e  i r r a d i a t i o n  f i e l d  d u rin g  

e x p o su re .

C onclusions

A ll o f th e  experim en ts  d e sc rib e d  in  t h i s  appendix  have proved 

t o  have had a b e a r in g  on th e  in v e s t ig a t io n s  d e sc r ib e d  in  th e  

p re v io u s  c h a p te rs  and in  some c a ses  to  have h e lp ed  in  th e  

u n d e rs ta n d in g  o f th e  r e s u l t s  o b ta in e d .
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