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ABSTRACT

The investigation had two objectives:

1. To study, in an organised normal tissue, the form of relationship between
the iso—-effect dose and the overall irradiation time of fractionated
regimes of radiation.

2. To test the gensral formula for equating protracted and acute regimes
of radiation (Iiversage, 1969). This formula had previously been
shown t0 be approximately true for two mammallan tissues.

The LD 50{30) for grain weevils has been determined for 63 different

irradiation regimes ranging from single doses delivered in 24 minutes or

continuously at low dose-rate over periods up %o 106 hours to fractionated
acute regimes involving 1 to 20 fractions delivered in overall times varying
from O to 28 days. The use of 68200 weevils has enabled iso-effect data

to be established which are probably more comprehensive and acocurate than

those obtained for any other tissue.

Weevils wexe housed and irradiated at constant temperature and at constant

humidity. A &Bo?f-—m bear unit was used for all irradiatioms.

Over the whole range investigated the gsneral formula for squating protracted

and aoute regimes of radiation has certainly bsen found to be valid, to the

degree of ascuracy (= 10%) claimed by Liversage (1969).

For fractionated regimes, the relationship between the LD 50 for weevils

and ovarall time 1s not consistent with published iso-effect formulae but

& new relationship bas beon established which fits the experimental data,

provided the radiation is delivered in equally spaced fractions of equal

magnitude. Unexpected resulis were obtained using unequally spaced
fractions or doses of unequal magnitude. These results suggest that the
rate of cellular repopulation at any instant of time is a function of the
damage present.

The implications of these results in radiobiclogy and radiotherapy are

discusseds It is suggesied that the effects of cellular repopulation in



norsal tissues, suoh as skin,; may have been under-emphasized and those

of intracellular vecovery over-emphasized in recent years.
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INTRODUCTIOR

Low dose-rate rudium treatnment for careinoma of the corvix is being
replaged by a new technique involving fractionated high dose~rate irradiation.
Optimal treatument regimes for the now technique nsed to be established through
clinical experience.

Theoretical considerations led the present author $o sugzest a general
formula for equating protracted snd acuts regimes of radiation (Chapter 4).
It was hoped that this formula would help to bridge the gap between the old
and the new treatment techniques and thus provide some guidance as to the
dose levels and fractionation regimes which might be effectively employed
in early clinical trimls.

Within the limite of acouracy of availabls experimental and clinical
data, the formula had beon shown to be true for two very differsnt effects
in mammals, namely, skin reactions in patients and lothality of mice (4e4)e
The present investigation was designed to test the formula more rigorouslys
The use of insects not only helped to test the gensral nature of the formula
but also enabled much more data to be obtained with greater ascurasy than
would huave baen possible if a third mammalian tinsue had been used instead.

Preliminayy experimcnts revealed that the choson systom exhibited a
much larger amount of long term repair (often assumed to bBe due to
rapopulation of cells) than that shown by mammalian tissuese Although
several different formulas (Chapter 5) had been sugzested to enadle the
magnitude of such effects to be predicted in some organised mammalian tissues,
the exaot type of relationship governing this effect had not bsen determineds

The reason for this was that the available sxperimental mammalian data were



1oy

generally insufficiently precise to distinguish olearly betwsen the
small changes in iso-effect dose predicted by the different formulae.

In order to achieve the primary objective of this investigation it
was necessary, amongst other things, to make a partial study of the
repopulation effect in weevilse This study was therocfore extended in the
hope of obtaining some insight into the nature of the laws goverming this

effect in an organised tissue.
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CHAPTER )
THE INTRODUCTIOR OF HIGH LOSE~RATE IHTRACAV;‘I‘AR!_‘-‘RAI THERAPY FOR THE
TREATHERT OF CARCIROMA OF THE CERVIX

1. 1.

¢ oxint low do te _radium techni
For many years carcinoms of the cervix has been treated by inserting
¥~ray emitting applicators into the uterine canal and laterasl fornices
of the patient (es.g. Tod and Meredith, 1953)» Techniques vary from
contre o contre but in general eaoh patient has one, two or three
insertions and the radium remains in situ for periods of 24 to 120 houxs
depending upon the activity of the radium and the number of insertions
used at the centre concemeds Due to the rapid fa2l1l off in dose in the
vicinity of the applicators it is difficult to specify the dose delivered
in terms of a single ﬁgurq' Thus doses are usually specified in terms
of the dose delivered to point A which iz defined eas a point 2om lateral
to the centre of the uterinc canal and 2cm from the mucous membrane of
the lateral fornixs. Optimum dose levels for these treatmenis are well
establisheds At the Charing Cross Group of Hospitals the standard
procedure has been to deliver a total dose of 6000 rade to point A in
three 24 hour insertions spaced one and two weeks apart. One of the
main dangers of this treatment iz that the rectum may rsceive too high
a dose and in order to avoild this, gauze packing material is inserted
beneath the radium appliocators (i.e« the vaginal ovoids)s Measurementis
of the doge-rate in the rectum are made befors the patient leaves the
operating theatre and if the dose~rate is too high the packing is
adjusted or the treatment time is reduceds Joelsson and Bickstrdm (1969)
have shown however that the dose-rate in the reotum usually incereases
during the period of the insertion due to the maceration of the gauze
packing material, that this increase in dose-rate could be in excess of
50% and on average amounted to 26%.



"y
-y

Instead of using low dose-rate radium applicators, similar $reatment

may nov he given using high dose~rate 6QG° sources inserted by remote

control as desoribed by O'Connell, Joslin, Howard, Ramsey and Idversage

{1967)s The goometrical arrangemont of the sources and their relative

strengths havebean kept identiaal to those used in the radium technique

of Tod and Meredith (1953) but the sources are clamped in position and

the vaginal ovoids are soparated from the posterior wall of the vagina

by solid perspex spacerss Thess improvements are made possible by

the faot that eash trestmont lasts only a fow minutes as the dose-rate

delivered to point A 4= now of the oxder of 180 rads/min instesd of

the 144 rads/min which is delivered to polnt A during a corresponding

radiun incertion.

The patient recelvos seweral insertions but optimum treatment regimes

have yet to be established.

1, 3« The advantages of the new technique

() The accuracy of the ireatment is improved as the sources can be
positioned with much greater precision and there is no dange» of
over-doaling the reotum due to the applicators moving during
treatnents

(b) Radiation hazard to stuff and other patients is virtually eliminated.

() Hany patients may be troated as out~patienuts.

l. 4+ Dissdvanta f the now technique
The use of high dope=rate intracuvitary $reatment ic a radical departure
from the well establiched radium technique so that the radiobiclogical

implications of such & change need to be considered.
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CHAPTER 2

RADIOBIOLOGICAL PROBLENMS ASSCCIATED WITH THE NEW THCHNIQUE

2 le

2+ 2.

The choice of a suitable irestment regime

In times clinieal trials should show whether the new technique is
suporior to the old but the radiotherapist initiating a trial needs %o
dooclide how many fraotions and what total dose should be received by the
patientss An unwise ohoice of elther of thess factors could lead to a
worsening of the clinical results which could more than cancel out the
expectied improvement due %o better and flrmer positioning of the
applicatorse Thus before starting clinieal work it was natural to
enguire as to whether any guidance could be obizined from radiobiology.
The aim of the new technique is to produce an equal or greater affect
on the tumour and an aquai or less effect on the surrounding tissues
thar the e;isting technique.

Variation of bi cal effca th dose-rate

. A study of the published data reveals that the blologlical effectivencss

of continuous irradiation varies with the periocd of irradiastion. The
relative biological efficiency (R.BsE.) of radiation delivered at high
dose-rate, in the course of 2 fow minutes, oompared with that given at
low dose~rate, in say a period of TO hours, is liable to vary appreciably
from tissue to tissuee. For example, under these oonditions the ReBeZe fox
the healing of small skin tumours is of the order of 2.2 whilet the
corresponding valve for L D 50(30) in mice is only about 1.75. (Fig 2a)
It thus appears that if a 7O hour radium treatment were to be replaced

by a single high dose-rats insertion lasting only a few minutes, {o
produce the same effect on the irradiated tissues the dose delivered
would need to be reduced by a factor of about two bul that this fastor

gould vary appreciably from tissue to tissue.
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Variation of biological effect with fractionation

It is also known that if & single dose (at high dose-rate) is replaced
by a number of daily doses, in order to obtain the same effeot on the
irradiated tismues, the total dome delivered must be incremseds Fig 2b
shows for example that if 20 daily fraoctions are given instead of a
single dose, the total dose needs to be increased hy a factor of about

2 but that the exaot amount of the increase varies from tissue to

tissue. For skin reactions the factor appears to be adout 2.7

whereas for L D 5030 in mice it im only about 1.8.

Diffioulty of devising a useful experiment to solve these radiobiological

problems
Clearly there is no unique answer to the question "What dose DHT &lven

at high dose~rate in N fractions in an overall time T days will be
equivalent to a continuous irradiation daliveringfbt rads in a treatment
tiné of t hours?® Not only will the answer depend upon the values

of Ky Ty and t dut, for any given values of W, T and ¢+, the answer is
likely to depend upon the affect heing studieﬁ end the type of tissue
beiné-irradiated.

Under these olroumstances it 1s diffiouls, if not impossible, to

devise an anima) experiment which will be relevant to the problem of
the radiotherapist about to initiate high dose-rate intracavitary
treatment. After muoh effort an iso~effect relationship applicable

to say skin reaction in rabdita might be found but this would not
neaessarily provids information applicable to earcinoms of the cervix
or to the normal tissues, such 29 the rectum end the vaginal epithelium,
which are of interaost to the radiotherapists It would provide no
information at 21l as to how the therzpoutic ratio iz likely to be

affected by bis choice of itreatment regime.
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These considerations led the author to examine the problem from a

more fundamental point cf viewe The increases in iso-affect dose
resulting from either the protraction of s continuous irradiation or
from the frastionation of a high dozo-rate regime are both balicved to
be due mainiy“§a the repalr of intracellular sub~lethal damages In

the next two chapters thesme sffocts are oxamined and a general formula
is derived to show how the incrsass ocgurring in a given tissue with
protraction is related to the increase oscurring in the sams tiscue

with fractionation. Subseguent chapitera descride the testing of this
relationship in e bilological syctem known to exhibit large fractionation

aeffoctm.



CHAPTER

THE APPLICATION OF CELL SURVIVAL THEORY

3. 1.

3. 2.

Cell Survival Curves

Cell survival curves, obiained by plotting the surviving fraction of
eolls (on & logaritumie seale) against dose (on a linear scale),
usually display an initial shoulder which is frequently followad by

]

a more-or-lass straight portions. The intercept DQ (Fig 3a) ie Xmown

as the quasi-threshold dose {Alper, Fowler, Morgan, Vonberg, Ellis
ard Oliver, 1962)s Survival curves whioch do not attain a constant
slope have also been observed (esg. Barendsen, Beusker, Vergroesen
and Budke, 1960). The slope of the ourve after a given dose of
radiation is a meacure of the sensitivity of the cells to further
irradiation and it will be sesn that in the shoulder region of the
ourve the sensitivity increases with the dose delivered. To explain
this offect 1t is necessary to assume that the cells may suffer
sub-lothal damage, i.es 8 dogree of damage which by itself is
insufficient to kill the cells but which renders them more
susceptible to subsequent irradiation.

Recovery from sub-lethsl damage

Experiments, such as those of Elkind and Sutton (1960), in which
tvo doses of radiation have been given at varying hours apart,
(sometimes referred to as split-doss experiments), have shown that
oells recover from this sub-lethal damage in the space of a faew
hours., If N daily doses of D rads are given, the shoulder of the
aell survival curve is restored between one dose and the next and,
according to simple theory, the surviving fraction of cells S should
be given bys

s - ()" (1)

vhere SD is the surviving fraction after a single dose of D rads.
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In Fige.3b which is taken from Elkind and Sutton (1960) it will be
observed that the survival eurves A, B, C, D etoc applicable to each
dose, are parallel o eash oiher and are separated by the quasi~
threshold dose Dq. Thus on this simple theory the $otal fractionated
dose necessary to kill a given fraction of the cells will be (H—I)DQ

rads higher than the corresponding single dose.
It is generally believed that this simple theory does not agree with
oclinical ox experimental observations for two reasonss

1. Cell proliferation ocours betwsen fraotions.

2+ A dose of radiation tends to produce a partially synchronised
population of surviving cells which subsequently progresses through
the different stages of the cell cycle which have different
sensitivities to radiation. It is often possible to correot for the
effects of cell proliferations (see later) but only in exocsptional
cages is it possible to make any allowance for the effeot of qell
synchronys These effects are described and discussed by Young and
Fowler (1969) and Fowler (1968) who suggested that the effects of
synchrony tend to become smoothed out as the number of fractions is
increased and thersfore believed that there would be no great difference
between simple theory and experimental observations when more than
4 or 5 fractions were involved.

3+ 3» The Theory of Laujtha and Oliver

In oxder to describe the recovery from sub-lethal damage mathematically
and to apply the theory to continuous low dose~rate irradiation,
Lajtha and Oliver (1961) and Oliver (1964) introduced the concept of
sub-lethal damage dose equivalents This may be defined as that dose
of radiation n’ which given instantaneously to the cells would bring
them to the same state of sub-lethal damage, and hence the same state
of sensitivity, as that in which the oells find themselves at the
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given moments lLajtha and Oliver inferved from the in vitro data of
Elkind and Sutton (1959) that the dose equivalent of sub~lethal damage
faded exponentially with & half-1ife, 7", of 145 hr, i.0. they assumed
that + hours after an acute dose Dl’ the irradiated eells would have
the same amount of sub-lethal damage present, and henée the same
sensitivity, as they would have had immedistely after an asute dose
of BE reds where!

Dy = Ble-»f"t (2)

where [« = 0,693/7
On the above basis, Lajtha and Oliver showed that the slope of the

proiracted cell survival curve after irradiating cells for t hours
at d rade/hour should be the same as the slope of the eorresponding
acute @ell survival curve when a dose of T)E rade has been delivered,
where DE is now given by

Dp = f (-0 (3)

As t becomes large compared with 7- it will be observed that DE tends
to & limiting valus equal %o ﬁ s 1.0+ an aquilibrius sondition is
established where the rate of production and the rate of repair of
pub-lethal damage are equals Thus the lower the dose-rate d, the
smaller will be the amount of sub-lethal damage present and the lower
will be the #onaitivity of the cells. Lajtha and Oliver were thus
able to explain the decrease in effectiveness of X~ and X-irradiation
with decrease in dose~rate in texms of the continuous repair of sub-

lethal damage occurrirg during the proiracted low dose-rate irradiatiom.
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e spplieation of sell e_the to intracavitary the
Liversage (1966) attempted to use cell survival curve theory to
predict regimes of high dose~rate treatment which would be equivalent
to the existing low dose-rate radium treatment referred to in Chapter
l« The problem bdasically was to find what total dose Dy delivered in
K fractions in T days using a high dose-rate would be equivalent %o
6000 rads delivered in three 24 hour irradiations in an overall time
of three weeks. The starting point for the caloulations involved
assuming that a certain cell survival curve was applicable to the
tissues of interest. As several tissues were of interest and
there was 1little or no evidence available to suggest which of the
available cell survival ocurves was most applicable to any particular
tissue, the calculations wers performed for the aeven very different
eell survival curves detailed in the caption to Fig Je.

Using the method of Lajtha and Oliver (1961) the fraction of cells
surviving the radium regime was caloulated. Then using equation (1)
the value of D!.whioh would glve the same surviving fraction was
caloulated for various values of N ranging from 3 to 20. In an
attenpt to eliminate the effects of cell proliferation it was
suggested that the N fractions of acute irradiation should be given
in the same overall time as that used for the radium treatment, i.e.
3 weekss The resulis of these oaloulations are shown in Fig 3o. It
will be sesn from this diagram that if a amall nunber of fractions
5;0 given the predioted iso-effect dose varies greatly ?ith the
particular shape of cell survival curve chosen but, if between 15 and
18 fractions are given, all the cell survival ourves studied predict

the same iso-effect dose to an accurasy of = 5%.
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Lajtha and 0liver(1961) to the following
seven cell survival curves:

A

B
C
D

'
B

n

a multi-target curve(n=l.6;D0=180 rads)
" 1"t 1" " (n=2.O;D03160 I‘adS)
" " " " (n'2.8;DOSl4O rads)

the experimental curve of Barendsen et al
(1960) for human kidney cells

1
and D the same as B and D above but dose
modified by a factor of 2.5 to
obtain predictions for hypoxic cells

any survival curve with unit extrapolation
nunber such as that which was observed by
Hall,Bedford and Oliver(1966) for cells
irradiated under conditions of extreme
hypoxia.

™
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If the oells of different tissues have different survival ourves,
 whioh has not been proved but whioh would seem likely a priori,

then the above Pindings have important implications in radiotherapy.
The theory was thersfore examined to gee if there was some fundamental
reason why all the predictions should be in such close agi'eement in
the range 15 to 18 fractions. This led to the derivation of the
general formula discussed in the next chapter.
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CHAPTER 4

A _GENERAL FORMULA FOR EQUATIRG PROTRACTED AND ACUTE REGIMES OF RADIATION

4s 14 e ocauses of the rense iso~effect dose with fractionation
and protraction

According to the theory discussed in the%;apter, the dose DM‘

necessary to produce a given effect increases with the number of

fractions N and the overall irradiation time 'I' days for two reasonss

(a) Intrecellular sub~lethal damage is repaired between fractions
and a quantity of radistion which we will eall HDK is used up
in re~creating this sub~lethal damage.

(b) Cell proliferation increases the surviving fraction of cells
during the irradiation time T and an additional quantity of
radiation 1'D,p needs to be given to compensate for this
repopulation effects

These effects may be expressed mathematically,

- D, + "o+ Ty (4)

Pyp
where D, is the single dose (at high dose-rate) necessary to
produce the given effact.

Also ascording to the theory discussed in the last chapter (3.3)
the protracted dose Dt necessary to produce a given effeot, if
delivered continuously over a period of ¢ hours may be represented
mathematically by the following relationship

D, = D, + RD,‘ + rDt (5)
vwhere RDt is the dose "wasted" due to the repair of intracellular

sub-lethal damage ovcurring during the irradiation and z'I),6 is the
additional quantity of radiation necessary to eompensate for

repopulation ocourrirg during the irradiation period of ¢ hours.
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Fowlor (1968) showed for pig skin that HDH was of the order of (F-1)
times several hundred rads whereas 1'D,l, was only of the ordexr of T
times 25 rads. (Eqn 4). Thus Fowler's pig siin sxperiments show
that in this mammalian tissue the iso-effect dose inoreases with the
nunber of daily frastions dus mainly to the Aincreass in the numbar
of fraotions rathor than the inerease in overall timej d1.e. RDH is

in this oase much greater than ’n,r‘

To produse equal skin reaction on patients the data (Fig 2a) of Mitchell
(1960) show that 3600 rads ia 70 hours produces the same effect as
1800 rads in 1.7 hours. If we assume that patieni's skin repopulates
at a rate equivalent to something of the order of 25 rade/day it will
be seen from equation (5) that Rnt is of the order of 1700 rads
whereas rnt is probably less than 100 radse

It will thus be seen that for skin reactions the inorease in iso~effect
dose witn fractionation and with protraction are largely due to
recovery from sub-lethal damage although repopulation plays a small
but significant part in the former case and a very small probably
insignificant part in the latter case.

The derivation of the eral fo

Liversage (1969), ueing the theory of Lajtha and Oliver (1961)

showed that irrespective of the shape of the applicable cell survival
ourve, RDK in equation (4) should be approximately equal to RDt in

equation (5) 1f ¥ and t were related by the equation
[y

TR

In other wordsy for any given tissue, it was suggested that a given

(6)

dose would produge equal effects irrespective of whether it was given
4n ¥ fractions in T days or continuocusly over a period of t hours
providedi

{a) N and ¢t were related by equation (6) and



(b) negligivle repopulation of oells ccourred during the
periods of T days and t hours.
If the effects of repopulation were not negligible then instead of
I)m, needing to be equal to Dt in oxder to produce an equal effeot
the following relationship would be obeyedt
Dyp =Dy + Dy - Dy (1

Liversage suggested for skin reactions that

"n,p =™, = C(T- t/24) (8)

where C = 25 ’rada/day approximately.

The basis of the argument uséd by Liversage (1969) is 1llustrated
in Fig.4a. Using equation (3) it may be shown that the average
value of the dose-~equivalent of sub~lethal damage during a
protraoted irradiation lasting t hours is given byi

&

o+l

d -
L‘,(1’° k) at

[+

- ﬁ E—- %,‘ ( loe-i‘%l (9)

Thus the average slope Aof the protracted cell survival curve during

an irradiation lasting ¢ hours is assumed to be equal to the slope
of the acute survival ourve at the point DEWQ and this is assumed
to be equal to the average slope of the acute survival curve from O
to ZDEa,“'
be as effective as asute irradiation given in fractions of

Thus protracted irradiation at d rads/hour is assumed to

nagni tude ZDEava. Thus N domes of 2 D should kill the same

Eave
number of oells as irradiation given at 4 rads/hour for t hours

provided the same total dose is given in eaoh case.
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The average slopre of the low dose-rate
(drads/hour) survival curve is assumed by
Liversage(1969) to be equal to the slope of
the acute cell survival curve at the point
Dg (Bqn.9). This slore 1s then assumed to
ave
be equal to the average slore of the acute
curve from O to 2DE . Thus protracted
ave
irradiation at d rads/hour is assumed to be
as effective as acute irradiation given in
fractions of magnitude 2DE
ave

28



4¢ 3o

4o 40

pi%)
©

For this to be BO

2DanB-td

or g it
2[""}%1; (1 -—e"ﬁ‘“tZ[

The above derivation involves a number of approximations (e.g. it

(see equation 6)

assumes that the tangent to the surve at the point Dan has the
same glops as the chord from O to 2 DEavo and for this reason
Liversage (1969) suggested that the relationsﬁiﬁ was only likely to
be true to an acsuracy of : 108.

The value of the tor

Apart from N and ¢, the only unknown parameter in the above equation
is [« vhioh is equal to 0,693 where 1~ is the half-life of the dose
equivalent of sub-lethal da;z}z:go- Lajtha and Oliver had inferred
from the work of Elkind and Sutton (1959) that 7~ was equal to 1.5
hours but Liversage (1969a) reviewed published experimental data

and came %o the conclusion that it was not possible to determine

T’ precisely for any of the data he analyseds He found, however,
that all the evidencs reviewed suggested that 7'is of the order of

1 or 2 hours for mammalian systems irradiated at normal body
tamparatures and that, in such systems, little error is produced in
dosage ocaleulations by assuming a walue of 1.5 hours to be applicable,
as originally suggesteds Values of N caloulated from equation (6)
for differant values of %, assuming T = 1.5 hours, are given in
Table 1.

Validity Cheoks

In order to test his formula, Liversage (1969) used equations (6),
(7) and (8) above to predict, from published data for protracted

irradiation, how the iso~effect dose would vary with the number of



TABLE 1
- |
1 1.16
2 1.33
3 1.51
4 1.70
5 1.89
é 2.09
7 2.30
8 2.51
9 2.T2
10 2.94
12 3.38
15 4405
20 5.18
24 6.09
30 T.47
40 9.8
48 11.6
60 14.4
T2 17.2
96 22.7
120 28.2
144 33.8
168 393
200 46.7
400 92.9
€00 139.1

The radiation "wasted" due to the repair of intracellular sub-lethal

30

damage during a fractionmated regime involving N acute fractions should

be approximately squal to that "wasted" due to the same cause during a

oontinuous irradiation lasting ¢t hours provided N and t are related by

equation (6)« The above table gives values of ¥ calculated from this

equation assuming the half-life of the dose-equivalent of sub-lethal

damage i 1.5 hours (Chapter 4.3).



daily frastions
(a) TFor skin reactions in patients
(b) For LD 50(30) in mice.
He was able to show that over the whole range of continuous irradiation
times tested, namely from O to 600 hours, the predictions agreed
with the data for the corresponding fractionation regimes tc an
acouragcy egqual to that of the spread of the published data, which
was usually of the order t 107
4+ 5. Radiotherapsutic implications of this formula
If a radiotherapist decides to replace a continuous low dose-rate
regime lasting t hours by a fractionated regime involving N fractions
where N and ¢ are related by equation (6) (see Section 4.2) the
overall treatment time will almost certainly be increased from ¢
hours to at least (N - 1) dayss Liversage (1969) olaims that as
his formula should apply to all tissues, such a change will have
little or no effect on the therspeutic ratios There are two factors
whioh oould invalidate his argument
l., As the overall time ie inoreased, both the tumour and the
surrounding normal tissue will have more time to repopulate.
Differing rates of repopulation could thue produce advantageous
or adverse changes depending on whether the tumour repopulated
nore slowly or more rapidly than the surrounding normal tissue.
In view of the faot that "D, is relatively small (i.e. of the
order of 25 rads/day) the difference hetween !bT for tumour and
for normal $issue is also likely to be small unless the tumour ie
a particularly fast growing type.
2+« In deriving the formula it was assumed that the oxygen tension of

the variocus cells remains conetant throughout the treatment regime.
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In practice the oxygen status of tumour oells, initially
hypoxio, is liable to improve during a treatment regime lasting
(¥ - 1) days but is unlikely to improve to the same extent
during irradiation lasting only t hours. For this reason the
frastionated regime might show an improved therapeutie ratio.
4. 6. Need for further testing
In view of the above consideratioms, the present author olaims that
there is no inherent advantage in low dose~rate irradiation compared
with high dose-rate irradiation provided the latter is fractionated
in agcordance with equation (6)s He considers that the good
results obtained with radium are due to geometrical considerations
whish oan be maintained, and even improved, when low dose-rate
intracavitary treatments are replaced by high doss-rate intracavitary
trezthentse This conolusion relies entirely on Liversage's claim
that his formula is of a general nature and applies equzlly to all
tissues., Admittedly he has shown it to be true ito within stated
limits for two very different mammalian tissues namely skin reactions
in patients and L D 50(30) in mige. These two tissues are known
to exhibit very different iso-effect relationships (See Fig.2a and
2b) but it would be advantageous if the formula oould be shown to
be true for some completely different type of timsue ~ perhaps even
a8 non-mammalisn tissue.



CHAFTER 3
THE VARIATION OF ISO-EFFECT DOSE WITH THE OVERALL TIME OF A FRACTIONATED

IRRADTATION

5+ 1« The need for an iso-effect formuls
In oxder to apply or to test the general formla referred to above
(equation 7) it is necessary o be able to estimate how the iso-effect
dose varies with the overall time of a fractionated regime of
radiation involving a sonatant number of fractionss A satisfactory
method of making such estimates would be invaluable to radiotherapists
in general (e.g. a patient's preseribed sourse of treatment may be
intorrupted for one reason or another and the radiotherapist will then
have to decide what additional dose should be given to allow for
the prolongation caused by this interruption).
Several formulae which olaim to relate iso-effect dose and overall
treatment time have been published but it should de stressed that the
exsot form of this yelationship is not known. Fortunately in
radiotherapy, the variation in iso-effeot dose with overall time is
gonerally small and & large error in estimating this small effect is
usually tolerateds It is because these effects are so small in
normal elinical practice that they are %mcisaly known but dangers
arise if exisiing iso-effect formulae are used to prediot large
changes due to radical changes in the overall duration of treatment
regimes.

Se 2+ Simple formulae relating iso-effect dose and overall time
l. Acoording to the formula of Ellis (1967)

DM.‘ T B
Dyep T, )
2

where B ia a constant.

Ellis suggests that for normal tissues B w« 0.1l.
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2. According to the formula of Cchen (1968)

D D
NT2 - NTI - c (Té - Tl )

(11)

where C is a oconstant.

Cohen suggests that for skin reactions in patients C « 30 rads/day.
3+ According to the formula of Liversage (1971)

D

wr D

NT

. - c('r-'rp) (12)

where TF is the time required to give N fractions at five
fraotions a week and C is a variable whioh for skin reaotions
may be taken as 30 rads/day if T - TF <20 days and as 20 rade/day
3£ 20 <(T - Tp) < 30 days.
5¢ 3« More complicated formulae
Cohen and Scott (1968) modified the formula of Cohen (1968) by
applying the logistic model of Sacher and Trucco (1966). Thus
instead of assuming a oonstant rate of repopulation (expressed in
Tade per day) they assumed that the instantaneous rate of repopulation
at any instant of time during the course of a fractionated regime of
treatment was equal to C{H ~ S) rads/day where C is a constant, S is
the surviving fraction of cells at that instant of time and H is
the maximum fraction of the original population of cells which eould
be restored by repopulation in an infinite time. Cohen and Soott
suggested that H diminishes in value during the course of a fractionated
irradiation due to the accumulation of irreparable injury. However,
as there are no data available regarding the probable value of H,
they assumed it to have a constant value of unity. 3By doing this

Cohen and Scott at least introduced a factor to allow for homeostatie



influences which should presumably prevent the cells from repopulating
0 a level higher than that normally present in unirradiated tissue.
It will be seen that in oxder to apply the above formula it is
necessary to evaluate the surviving fraotion of cells present at
different times during the course of treatment. Cohen and Scott

have a computer program which enables this to be done on the basis

of a three-component cellular iothality model involving at least

8ix parameters. Eaoh of these parameters needs to be evaluated by
supplying the computer with all the iso~effeot data available for

the offect being considered and computing the values of parameters
which provide the best fit. Laok of precision in available cl:l.ni;'.:al
data throws considerable doubt on the aocuracy of the values computed
for the various parameters.

It should, in falress, be pointed out that the modification of the
Cohen model by the introduotion of the logistic‘ fastor will make 1little
difference to the estimated amount of mpcpulaﬁm occouxring during a
sonventional radiotherapy treatment. A single dose of X-Rays of

600 rads is sufficient to reduce the surviving fraction of human
cells :‘to below O.1 (Barendsen, Beusker, Verzroesen and Budke, 1960) and
Cohen {1968) estimates that at the end of a successful radiotherapy
treatment, the surviving fractions of cells are of the order of 1072
and 10'B for normal skin and epidermoid cancer respectively. Thus
during the majority of a fractionated course of radiotherapy, if H is
taken as unity, the valus of (H - 8) will algo be close to unity.

The logistic faotor oould be important however, when the effects of
prolonged interruptions of treatment are being considered.
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5¢ 4+ Existing experimental evidence on the relationship between

Iso~effact dose and overall time
Many experiments on the skin of animals have been designed to

evaluate the values of B and C in equations (10) and (11) or to try

and establish the true form of the relationship between iso-effect

dose and overall time. The results of these experiments are reviewed
by Fowler (1971). The values of B and C obtained from these experiments
are somewhat variable and Iivertage (1971) has suggested that B and C
are factors which vary with overall time or fraction spacing.

Although much of the experimental work is very ascurate, the effect
being examined is go small that the precision of the resulis is not
good enough to determine whioh of the above iso-effect formulae is
closest to the truthe The accuracy of the existing experimental

data is gertainly insufficient to enable the true form of the
relationship between iso~effect dose and overall time to be established.
To establish the form of this relationship further experimental work

ie required, preferably using a system in which the magnitude of the
effect is greater than that found in the skin of animals.



SINMARY OF SECTION 1 (CHAPTERS ) = 5)

In the tmamt of carcinoma of the cervix, the substitution of
frastiomated high dose-rate iantracavitary therepy for low dose-rate radium
treatment, delivering Dt, rads in ¢ hours, introduces several advantages

but raises radiobiological problems. The main problem is to decide how
many fraotions N, what oversll time T and what total dose Dm, should be
used in olinical trials designed to compare the old and new techniques.

As the geometrical dose distridbutions are the same in both types of treatment,
it is natural to try to relate the dose necessary in the new technique to
that used, and found to be effeotivﬁ, in the olds

4 study of available clinical and experimental data reveals that, for

glven values of K; T and 4, the magnitude of the dose Dm, which will produce
the same effeot as tha dose Dt will vary from tissue to tissue. Iso~effect
doses predicted by cell survival curve theory vary from one cell line to
another depending upon the shaps of the survival curve for the cell line
concerneds As the cells of different tissues are likely to have different
survival curves this could explain why different equivalent doses are
required for different tissues. Cell survival curve theory prediots
however thaty provided N and ¢ are related by the general formula

described in Chapter 4, the wvalue of Bm, (corrected to allow for the effeot
of cell proliferation during time T) will be approximately equal to D,
(oorrected to allow for the effect of ¢ell proliferation during time %)
irrespective of the shape of the relevant eell aurvival cuxve.

To test whether this general formulae holde true for gross effects in
different tissuesy it was tested aguinst published clinical and experimental
data for skin reactions in patients and L D 50 in mice. The formula was
found to be a good approximation to the truth for these two very different
effeots in mammalian tissues. If the formula is really of general
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applioation it could be a useful guide in radiotherapy both for estimating
the dose levels to be given and for estimating the number of fractions to

be used in the new teshnique to ensure that the therapeutic ratic will be at
least as good as that obtained with the old technigues.

Although this fomnulsz has been shown to ba approximately itrus for the two
veyy different mammalian tissuss wentionsd above, it would be useful if the
general nature of this formula could be tested more rigorously by experiments
with some complotely different type of tissue ~ nol necessarily a mammalian
tissue. The choszen tissus must however show appreciuble affects due to the
repair of sub-lethal damage.

In oxder to apply, or io test, the general formula 41 iz necessary to he

able to correct iso-effect doses for the effects of repopulation ccourring
during the period of the treatment regime. A mumber of different iso-effect
. formulae enabling this to be done are referred to briefly in Chapter 5

but the exact form of this reletionship is not knowne In order to detsrmine
the nature of this relationship a comprehensive set of very accurate iso-effect
data is required for one particular end-point. For this purpose it would be
prefersble if the end-point ohosen eould be one in which the magnitude of the

repopulation effect ie much larger than that cobserved in the skin of animals.
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CHAPTER 6
THE DESIGN OF EXPERIMERTS TO TEST THE ABOVE FORMULAE

6» 1+ Data required to test the Gensral Formula
To test the general formmmle it is first necessary to determine the

value of 1" , the half-life of the dose equivalent of sub-lethal
damage, applicable to the ohosen end-point. This may be eatimated
from a split-dose recovery ourve. It is then nesessary to find how
the iso-effect dose of continuous irradiation varies with irradiation
time t over an appropriate range and how the iso~effest dose of
frastionated irradiation varies with fraction nmumber over a sorresponding
range. (4.3 Table 1), To correct for ihe effests of repopulation

it is also nooessary to f£ind how the imo~effect dose for a constant
numbexr of fractions inereases with overall irradiation time T and
whether this inorease is a function of the number of fractions
employeds This information may also be used to test the formulase
reforred to in Chapter 5.

The ranges of the required data will now be considered.

Liversage (1969) showed that recovery should be 99% complete in

a period of 77 which is usually of the order of 10 hours but which
eould be appreciadbly larger or smaller in some uninvestigated
non-mammalian tissues To cover the whole of the likely recovery
pericd 4t was decided that the isoweffect dose should be determined
for eleven split~dose intervals ranging from O to 25 hours.
Oynascological radium is usually inserted for periods of 24, 48, or
T2 hours but occasionally for longer periods. According to the
General Formulay the radiation "wasted" due to the repair of
intracellular sub~lethal damage during 24, 48 or 72 houre should be

equal to that "wasted” due to the same cause occurring in the intervals
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between €, 12 or 17 fractions of acute irradiation (4.3 Table 1).

The experiments should at least span the above ranges. The longest

continuous period for which the 6000 unit could de made availabdle

for these experiments was 106 hours (Maundy Thursday until Baster

Tuesday) and it was decided to utilise the whole of the range

available during one such annual occasione

The initial fraotionation experiments were designed to cover the vange

1 to 20 "daily” fraotions (Five fractions per week). In order to

correct for long term repair (repopulation) it was therefore neocessary

to stuﬂy» how the iso-sffect dose, for a constant number of fractions,

varies with overall treatment time for periods up to 28 days. The

above considerations govermed the initial design of the experiments

and are summarised belows

In oxder to test the Gemeral Formula over a reasonable working range

it was deoided to find for one specific end-point how the iso-effect

dose varies with

(a) split-dose interval (11 regimes, O to 25 hours)

(b) oontinuous irradiation time (13 regimes, 1 to 106 hours)

() mmber of "daily” fractions (7 regimes, 1 to 20 fractions)

(4) overall irradiation time using 4 fractions (6 regimes, 3 to 28 days)

(e) overall irradiation time using 9 fractions (3 regimes, 10 to 28
days).

Thus initially it was estimated that the isoc-effect dose would need

to be determined for 40 different irradiation regimes. As the work

progressed the need and opportunity to obtain additional data arose.

The iso-effect dose was in faot determined for 63 different irradiation

regimes (Chapter 11). Most of this increase was due to the need for



additional data regarding the long term repalr process which was

found to be more important and mors complicated than originally
envisageds The remainder was due to repeating the daily fractionation
regimes at a higher dose-rate made possible by the installation of a

new 6000 undte

6. 2. Choice of end~point

6+ 2+ 1. Part or whole~body irradiation?
When comparing the effects of continuous irradiation with those

of fractionated irradiation it is clearly advantageous if the
geometricial dose distribution can be kept constants The only
practical methods of continuously irradiating part of an animsl
for 100 hours involve the use of interstitial, intracavitary or
surface appliocatorse. The geometry of such deviees 1s extremely
eritical and difficult to simulate with fractionated high
dese=rate irradiatione With whole-body irradiations these
problems do not arises DBoth low and high dose-rate irradiations
may be delivered by the sane 6000 Y-ray unit, using similar
goeometry but with or without the insertion of a lead absorber.

6. 2. 2. Statistical considerations
The experiments are intended to show small variations in iso~effect
dose with changing conditions and it is therefore essential that
for each regime the iso-effect dose should be determined with a
high degree of accuracys It was deoided to aim at a somewhat
arbitrary accuracy of : 3t. To obtain this degree of accuracy,
using whole-body irradiation and lethality as an end-point it was
eatimated that several hundred animals would be required for each
of the 40 or more irradiation regimes. Thus the total number
of animals required would be of the order of tens of thousands.

(The number aotually used was 68200). Housing such large numbers
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of szall mammals and irradiating many of them for oontinuous
periods of up to 100 hours would require resources which are beyond
most of our research institutess These problems are greatly
reduced if small animale such as inseots are used.

6. 2. 3. Other oriteria affecting choice
The design of an experiment is greatly simplified if previous
work has already revealed some information regarding the effects
to be studied. TFor example, if the LD 50 for an animal is
being used as the endepoint it is useful to have some idea of the
value of the LD 50 for single dose irradiation before plamning
the experiments. If the effeocts of fractionation are being
studied it is advantageous to use an experimental system in which
such effects are lmown to be large.
Other praotical points which need to be considered are life span,
ease of handling, habits and required living conditions.



CHAPTER 7
THE SUITABILITY OF L D 50 FOR GRAIN WEEVILS AS AN ERD-POINT

T+ 1« The advantages of using grain weevils
The main formula to be tested has already been shown to be valid to

a limited degree of acourasy for two mammalian tissues ‘(Chapter 4e44)
| Thﬁs, oexperiments with insects should help in testing the general
nature of the formula more effectively than the use of yet another
mammalian tissue.
An adult grain weeﬁl weighs appréximately 2.5 ng and 4s approximately
5 nm longs Forty such weevils can live quite happily for more than
28 days in a 2.6 em diameter perforated plastic container, in a warm
molist atmosphere, provided adequate food is supplieds Housing and
irradiating the required large number of specimens thus presents few
problems.
Considerable data regarding the susceptibility of grain weevils to
Yeradiation are available. This helps in designing the experiments
and enables precautions 10 be taken to avoid inconsistencies which
might otherwise result from insufficient control of faetors whioh
influence their susceptibility. The published data which have an
important bearing on the deslgn of these experiments are briefly
described in 7.2.
The average life of a grain weevil housed at 70% RH.and 25° C is of
adequate duration, being about 110 days if kept on wheat and about
190 days if kept on flour (Coombs and Woodroffe, 1964). Grain weevils
do not fly and can only climb a vertical glass wall with difficulty.
They are thus easily handled (Chapter 8.3).
Insects, despite their smallness, are & highly developed species
having respiratory, circulatory, digestive, excretory, reproductive
and nervous systems (Wigglesworth 1956). Weevils have a remarkable
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ability to recover from radiation injury as was shown by Jefferies
and Banhamy (1961 These workers found that grain weevils given

two doses of 4000r 10 days azpart showed the same percentage mortality
ag grain weevils given a single dose of 4000rs They claimed that
this demonstrated that complete recovery from 4000r ococurred in a
period of ten days.

In organised tissues, the long term repair of radiation injury is
generally considered to be influenced hy homeostatic forces but the
rate of repalr is much slowery, and hence more difficult to measure,
in mammals than in weevilse The latter would appear to be good
experimental subjeots in which to study the form of relationship, if
anys between the rate of repalr and the amount of damage present

at any instant of time.

7» 2. Published data on the radiation susceptibility of grain weevils
Grain weevils breed in grain and in experimental work are normally
housed on grains The female lays her eggs in the grain and Fig Ta
taken from Cornwall and Morris, (1959), shows the developmental siages
existing between oviposition and the emergence of the adult weevil
some 33 days later, if housed at 26° C.

Jefferies and Banham (1961) using O, Y ~rays found the LD 5%(28)
for grain weevils to be 4470r using single doses and 6780xr using

4 fraotions in 3 days at dose-rates of 7300 to 10000 r/hr. Their
weevile were housed at 26° C and 765 R.H but were irradiated at
temperatures which varied between 25° and 35°C.

Martin, Burson, Bull and Cornmwall (1962) studied the effect of
culture density on susceptibility of grain weevils reared and housed

in a room kept at 26°C, 75¢ R.H. They showed that if grain weevils
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wore cultured on wheat bhoused in glass jarsy tho single dose LD 50( 42)
for the eserged adult deoreased from 6750r to 5000y as the culture
density was inoreased from 10 to 1000 parenta/B00g of wheate

They also showed that the radiation mortality (i.e. the mortslity
observed after ivradiation but appropriately correoted for natural
mortality) remained constant from 14 to 56 days after irradiations
These authors showed that during the developmental stages, the
temperature of tho dense cultures rome by sc much as 6°C avove room
temporature dus to netabolio activitye Thoy suggested that the LD 50
for grain weevils wae very dependent on the temperature at whioh they
had been kept during their development from ogg to adult.

Further work by Pendlebury, Banham, Couper and Bland {1962)
Snvostigated how the 1D 50 varded depending on whother weevila were
kept at 15°C or 3% before; during or after irradiation. They
found that kecping the weevila at 30°C instead of 15°C before
irradiation inoreassd their senaitivity by 507, during irradiation
decreased their sensitivity bty 207 and after irrsdiation had little
sffoct on the ultimate percentage k41l but decrussed the time fopr
radiation deathe to xeach completion from 56 to 14 days.

Te 3« QOvexsomipg difficultios

Te 3¢

In all the irrsdiation experiments referred to ahove the weovils
had basn reayed, irredisted and subsoquently housed on graine

In oxdar to count tho surviving woovila in any batoh it ip first
neosnsary to alovs the grain to sopsrate the woevils from St
This prooess ie vory time consuming as tho weavils burrow into the
grain to feod and even aftor siaving for 15 minutes acme veevils
may still lie hidden inside the graine
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In prolonged experiments the grain needs to be changed st

least every 28 days to prevent the emergence of offspring.
Between ohanges, the metabolic activity of the developmental
stages of these offspring may well affect the temperature of
the batch under tests To reduce these difficulties it was
deocided to keep the weevils on flour at 70% R H. Sieving s
then much easier and offspring do not interfsre with the
experiment for the simple reason that the female weevil does
not normally lay eggs in floure VWeevils require a moist
atmosphere dbut flour tends to cake and grow mould if stored

at a relative humidity above 707 R H.

Constant Temperature Requirement

The published date referred to above clearly indicate that the
temperature must be very carefully controlled during all stages
of this investigation and the building of a constant-temperature,
constant-humidity, irradiation cabinet and storage room

(Chapter 8) were essential.

In several of the investigations referred to above, the weevils
had been irradiated and stored at 26°C and, to obtain comparable
results, these conditicns should be replicated ag closely as
possibles In hot weather, however, the irradiaetion catinet
would probably require to be cooled to keep ite temperature
below 27°C. To reduce the risk of such an eventuslity it

was decided that during all the present experiments the vesvils
would therefore be irradiated and stored at 27°C.

Because the susceptibility of weevils is so oritically dependent
on temperature before and during irradiation it was decided

that every experimental specimen should be accompanied by
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specimens taken from the same oulture to act as controls. Some
controls would be unirradiated whilst others would receive single
doses of varying magnitude to enable the single dose LD 50 to
be determined for eaoh culture (Chapter 8.3 and 1l.1)

Te 3+ 3. _Dose control
In orxder to cope with the ﬁexy large numbers of weevils and
irradiation regimes involved it was essential to design the
irradiation cabinet in such a way that it could be used in
conjunction with a 6060 'ULray beam unit to irradiate several
hundred batches of 40 weevils simultaneously to many different
doses.
The constant~tempesrature constant-humidity irradiation cabinet
would require time to reach the correct condition each time the
door was opened to insert or remove speocimens. Simultaneous
irradiation of speocimens to different doses could therefore
only be achieved by keeping the irradiation time constant and
controlling the dose delivered to the specimen by placing it in
a position within the cabinet where it would receive the required
dose~rate« The choice between irradiating at constant dose-rate
or for a conatant irradiation time per frastion was thersfore
diotated by technical rather than scientific considerationse.
From the purely scientific point of view the author would however
have made the same choice on the grounds that the proportion of
radiation "wasted" due to the repair of intracellular sub-lethal
damage during an irradiation is a fumoction of the time available
for such repair to occur. Ideally, for the acute regimes, the
irradiation time should be sufficiently short for such repair to
be negligible during the actual irradiation.
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CHAPTER 8

EXPERIMENTAL TECHNIQUE

8, 1o Constant-Temperature R
8. 1. 1. Layout

An area of 2.5 X 1.6 metres in a basement room having no windows or
exterior walls was partitioned off to make a oomstant~temperature
oconstant-humidity roome The walls were lined with 2.5 om thick
expanded polystyrene and the partition, which included a sliding
door, was made of a wooden framework lined both sides with expanded
polystyrene. The humidifier and heating elements descoribed below
were mounted on the floor, opposite the door, wnder shelf T (Fig 8a).
On each side of the room wexe built three shelves nmumbsred from
floor to ceiling Ll, 12 and L3 on the left and Rl, R2 and R3 on the
right. The comsr of the room and part of shelves Rl, R2 and T
are shown in FPig.Bb.

8. 1. 2. Control Apparatus
The humidifier consiated of a boiler fitted with an eleoctric kettle
slement and supplied with water from a constant-level oistem. A
bumidistat (Teddington Autocontrols Lid, Type HS) was used in
conjunction with a hot wire vaouum relay (A.E.I.Sunvic Type HeV.R.) to
switch on or off full power to the kettle element as the room
humidity fell or rose above that required. Reduced power was
initially supplied continuously to the kettle element via an energy
regulator (A.E.I.Sunvic Type E.R.C.) but after the room had been
conditioned for a few weeks it was found preferable to dispense with
this facility (8.1.3.)
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Fig. 8b One corner of the constant-temperature room. The
glass honey-jars containing irradiated weevils and
flour can be seen standing on small platforms in
the oil filled trays on the right hand shelves.

The perspex nest of shelves in the centre of the
picture was used to house specimens during irrad-
iation in the specially designed irradiation cabinet
described later (8.2).



8. 1.

3.

54

| Temperature control was maintained by means of a modified

domestic fan heater. The two 1 Kv heating elements were connsoted
in series, instead of in Mhl, 80 88 to reduce the power to

500 wattse The electrical connections were rearranged so that the
fan ran ‘comﬁnuo‘usly but the heating elements \mxo onl:y enorgised
vis a thermistor temperature controller (A.E.i. Sunvette Type T.H.I.)
The fan heater was mounted in such a position that it Vblaw the water
vapour rising from the boiler in the direction of the doox.

As a safety measure, a room thermostat (A+E.I.Sunvic Type SR 2)

was fitted and adjusted soc as to switch off all power supplies to the
humidifier and the fan heatexr should the roo; temperature rise to
above 29°C.

¢ ] obt

Thermohyzrograpks (Casella) were used to record the temperature and
reletive humidity &n the roome Thess wers calibrated at the
beginning and end of each batoh of experiments by comparison with a
whirling HBygrometer (Casella). Under normal operating conditions
the thermohygrographs showed that the humidistat switched on and
off the power to the kettle element 6 or 7 timss per hour causing
rapid fluctuations in the relative humidity. The magnitude of
these fluctuations varded with position having a minimum value of =
1% (Shelf R1) and & maximum value of = 3} (Shelf L1). The relative
humidity existing on any shelf, at any time, was considered to be
the mean of that recorded as the moisture content of wheat or flour
would be unlikely to follow such rapid fluctuations as in-air
oonditions. When the energy regulator was used the fluctuations
ocourred less frequently which was the main reason why this device
was dispensed with.
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Periocdic fluctuations in temperature dus to the heater being
switched on and off were hardly detectable being less than

% 0.2%.

The three thermohygrogaphs available were placed in twelve different
positions in the room over a nine day period to record the
variation in temperature and humidity with position and to some
extent with times At all times and in all positions the relative
humidities and temperatures observed were found to lie within

the ranges Tl & 4% R.H, and 27 % 1.5°C. The monitor thermohygrograph
situated on Shelf T (later moved to Shelf L2) recorded average
values of 70% RH. 27.0°C and showed a day to day variation over

& number of months of X 2% in relative humidity and less than

% 0.5%.

It was found that the average temperature on the shelves on the

left hand side of the room was 1°C higher than those on the right.
The effects of this difference were largely eliminated by
distributing specimens from the same batch uniformly round the

voom (8e3ede)

8. 2, The Irradistion Cabinet

8. 20 1. Conatruction
The oabinet, 102 om long, 66 om wide, and 120 om high, was made

of wood lined with 2.5 om thick expanded polystyrene. An insulated
partition, having a vent at top and bottom, divided the cabinet
into a specimen compartment at one end and an air-conditioning
compartment at the other, A removable door was fitted at each

ende TFigs 8o and 8d show the conditioning end of the osbinet



Figs., 8c and 8d

The air-conditioning end of the irradiation cabinet showing the
door closed and open, The apparatus controlling the temperature
and humidity is described in chapter 8.2.2.
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Fig. 8e The specimen compartment of the irradiation cabinet
with the door open to show the nest of shelves
housing the plastic pots containing weevils for
irradiation.
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with and without the door whilst Fig 8e shows the specimen end
without door.

The specimen compartment housed a perspex nest of 23 removable

1247 sm thick perspex shelves. Iach shelf oontained 37 symptrically

arranged holes (Fig 9a) which during irradiation were filled with
plastic pots containing either 40 weevils plus flour or flour only.
In either oase, the amount of flour in the pot was adjusted so
that the weight of the pot and its contents was equal to the weight
of perspex displaced. VWhen exposed to a vertically downward

60 Co Y=-ray beam the dose~rate received by the weevils was determined
by their position in the nest (Chapter 9). Thue several hundred
pots of weevils could be irradiated to different doses simultansocusly.
Control Apparatus

Temperature and humidity control for the irradiation oabinet was
obtained using a similar technique to that employed in the éonstant
temperature room. The control circuiis were essentially the same
but three 15 watt light bulds were used to supply heat and the kettle
element of the water boiler was only energised through the energy
regulators Water vapour from the boiler, which was mounted outside
the cabinet, was fed into the cabinet through a lagged pipe (Pig 8d).
Alr was contimously ciroulated from the air conditioning compartment
to the specimen compartment by a fan. Two thermohygrographs were
used to monitor the air entering and leaving the conditioning
compartment and the temperature of the specimen compartment oould

be observed directly on a thermometer,

Conditions obtained

The cabinet was conditioned for two or three weeks before starting

experiments. The relative humidity in the cabinet then decreased

20 slowly that several hours would elapse between successive
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operations of the humidistat. During this period the humidiiy fell
from 2% above to 2% below that required. For ocontinuous irradiation
lasting many hpurs average conditions would be close to those
required but a fine ocontrol was necessary for acute irradiations.
This was provided by installing small adjustable vents in the
camditioning compariment and inserting a low power electric oup
heater in the boiler. These refinements allowed manual adjustment
of the oonditions.
Except in the case of the split dose experiments specimens were
inserted in the cabinet at least one hour (usually several hours)
before irradiation to allow equilibrium conditions to be obtained.
It was found that the temperatures recorded by the two thermohygro-
graphs wore never more than 1% aifferent and averaged 27 b4 o.s"c
during every irrediation except for the split-dose experiments
vhere they averaged 27 X 1%. The temperature of the thermometer
in the specimen compartment was observed at the begimning and end
of each irradiation and was usually found to be 27 % 0,1°%C.
The upper thermohygrograph usually recorded a humidity some 3}
highor than the lower thermohygrographe During each irradiation the
average value of the recorded humiditics was 70 ¥ 24 except for the
split-dose experiments where it wae 70 ¥ 3%,

8. 3. Care cultivation we 8

8+ 3« 1. Produstion of stook cultures
The original culture containing 50 adult weevils (eitophilus granarius)
on approximately 200g of grain, was kindly supplied by the Pest
Infestation Laboratory at Slough and housed in the C.TwRoom. Weevils

emorging from this oulture ware used to make up six stock cultures.
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Standard stock cultures were made by placing 120 adult weevils on
200g of Argentine Plate Wheat which had been disinfested by heating
%0 60% for four houre and then conditioned by allowing it to stamd
in the C.T+ Room for at least one weeks The wheat was contained in
glass jan jare T.8 om diameter sealed with filter paper fixed by wax i
and two laysrs of cotton oloth held by rubber bands.

Throughout these experiments, any jar containing a oulture, flour,
grain ox weevils was stored on its own individual platform in a

tray of oil on one of the shelves in the C«TsRooms The oil
provented any weevils whioh might escape from reaching other
specimens and helped to reduce the risk of speoimens becoming
infested with other speciss of insecis attracted by the food and the
environment« XNo now weesvils would emsrge from the stook culture

for 33 days but, by 36 days the rate of emergence exveeded 100
weevils per day. TYoung weevils could be separated by sieving

the oculture at frequent intervals during the next three or four
weeks. Weevils pass through a British Standard No 12 sieve but
grain does nots Stock cultures were prepared every six weeks.

P otion of 8 fo iat

Special oulturxes were prepared to produce weevils for experiments.
The grain was prepared as for stock ocultures but only 100 weevils
(obtained from standard stook cultures) were placed to oviposit

on each jar of grain. The pavents were removed by mieving 15 '-"-1 days
laters Between 10 and 20 such cultures were prepared approximately
60 days before the first irradiation in zny group of experiments.
The cultures were sioved again 24 days and 14 days bsfoxre the first
irradiation. The weevils obtained from the second sieving were
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usad in the experiments and were thus all 14 to 24 days old on the
first irradiation day« Each such culture produced approximately
1000 weevils. Half of these were stored in a jar marked X and
the remainder in a jar marked Y« [Each of these jare ocontained
40g of disinfested, conditioned, whole wheat flour which had been
sieved through a British Standard No 30 sieve. The jars were
sealed in the same way as the cultures and were stored on shelf R2
until required (8.3.3.) All cultures were stored on shelf I3
axcept for the early sxperimentss The cultures used to produce
weevils for the pilot experiment and split-dose experiment were
stored on shelf R2+ (It 48 thought that the difference in
temperature between these two shelves may have been partly
responsible for the weevils firom the early cultures being slightly

more resistant to irradiation).

3+ Bottling of Weevils for irradiation

Eagch group of experiments, designed to determine the L D 50 for a
number (about 10) different irradiation regimes, required a total of
about 300 plastio pots of 40 weevils. The plastic pots were 2.7 om
high and 2.6 om in diameter. Two weeks before their first
irraediation, these pote were loaded with the required amount
(approximately 4+7g) of disinfested flour and stored in the C.T.Room.

The 30 or so pots to be used for a given irradistion regine were

allocated consecutive numbers. Loading the 300 or so pots with
woevile occupied two full days work and this task was usually
started 5 days hefore the first irradiations Pots with mumbers
ending in Zerc were loaded first and those ending in nine last, On
the first loading day the weevils from all the jare marked X (8.3.2.)
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were pooled and used for loading half the poise Weevils from the
Jare marked Y were used on the seocnd day.

The problen of handling and counting the thousands of weevils
involved was solved surprisingly sasily. If a thousand or moxe
weevils are placed in a large upturned beaker they tend to walk
out of the spout, more or less in a single file, and are easily
pioked up by a "pouter'. The latter is basically a miniature
vacuum cleaner comprising a glass ox perspex vessel 10em long and
2.50m diemeter which is sealed by a rubber bungs Inlet and cutlet
glass tubes pass through the rubber bunge The outlet tube, whose
ontranoe is covered by a wire gauzey is connected to a vacuum pump.
The inlet tube is bent through a right angle and has a small hole
in one sides When this is covered with a finger and the end of the

inlet tube is placed nsar a wesvil the latter is sucked up into the

- "pouter”. In this way 40 weevils may be oounted and collected

in as many seconds, and then transferred to one of the plastic
pots whioh are fitted with perforated polythene lids.

Stoxage of specimens, before, during und after frradiation

Bafore and after irradistion, the pots containing the weevils were

housed in the C.T+Room on shelves L1, Rl, L2 and R2 in a definite
saquencs which depended primarily on the last digit of their allocated
reference numbere Thus, pots whose number ended in zero were h&used
at the door end of shelf Ll whilst those ending in nine were housed

at the far end of shelf R2+ In this way, any variation in
irradiation susceptibility producad by positional faclors or loading
sequence would be reflected in the resulisc observed for any given

irradiation regime but would affsct all regimes equallye
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Preliminary experiments {10.1) revealed that weevile were oapable
of enlarging the perforations in the polythene lids sufficiently
tc escapes '1‘9 prevent thls happening each plastic pot was stored
before and after irradiation in & somewhat larger plastic container
also fitted with a plastic perforated 1ide The lids of the plastic
pots were inspeoted daily and replaced when necessarys
Weevils receiving singles doses of irradiation were transferred to
&lass honsy jaxm 6.60ms in diameter 7 days after irradiation. These
jars had been filled with 35g of disinfested sieved whole wheat flour
and housed in the C.TsRoom for al least T days. Weevils receiving
protracied or fraotionated regimes of treatment were similarly
transforred T deys after Day 0, defined below.
8+ 4o Definition of Day O
Preliminary experiments showoed that weevils killed by single doses of
radiation usually died about 16 days later and that weevils surviving
more than 23 days suffered a mortality similar to that of unirradiated
weevils, (Chapter 13.2). Thus the majority of deaths ocourring within
30 days ocould he ascribed to the effeots of radiation whilst those
occurzing after 30 days were pmbably due to other causess The L D 50(30)
wag therefore considered to be a good yardstick by which to measure the
suscaptibility of weevils to single doses of irradiations then
ocomparing the effecte of fractiorated irradiations with those produced
by single doses, the question arose aer to how one should define Day 30.
It could be argued that the IO day pericd could be counted from eithexr
half way through the irradistion regime or alternaitively from the end of

the irradiation regimes In view of thie uncertainty it was decided to

define Day O as the day which was three~quariers through the irradiation
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rogime and Day 30 as heing 30 days later. This was a somewhat
arbitary choloe which had to be made in order to demign the experiments.
The error in the estimetion ¢f the iso-effect doses dus to defining Day O
incorrectly im discussed in seotion 13.2.

8+ S5« Counting and scoring the survivors
The rumber of weevils surviving wae counted 5 or 6 times between Day O

and Day 37« Counts were invariably made on Day 7, when the weevils
were transferred from plastlc pois o honey jars and om Day 30. At
eaoh count the weevils in any specimen were separated from the flour

by sieving with a British Dtandard Sieve No 25. The weevils were then
placed on a white plastic table tope Those which moved were piecked up
by the "poutex™; +{hose which did not wove were placed on a sheet of
metal which was tbhen gently heatede Weevils which feiled to respond
to this stimulus were oonsidered deade Both the numbers of dead and
alive waevile in any eample were counted in ordexr to detect counting
errarsy which wore found Yo be very rares. Dead weevils were discardodj

live weevils were resaaled in their respective Jarse
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CHAPTER 9
DOSIMETRY

9s 1 Im&ti@ conditgm
Weevils were irradisted in the specimen ocompartment of the irradiation

cabinet desoribed above (8.2.)

Until September 1971 the vertically downward beam of an Orbitron
Cobalt-60 Unit (A.EsI.Ltd) giving a 22om square f£ield at a source-csbinet
distance of GOom was used for sll the irradiatioms. Baoch acute
ixrradiation lasted between 71 and 79 minutes bBut the doses delivered to
the weevils varied between 700 and 7500 rads depending upon their position
within the cabinet. During protracted continuous irradiation, lasting
between & and 106 houra, the dose~rates in the cabinet were reduced by
introduocing a 2om thick lead absorber into the beam at & distance of

4Ton from the scurce.

After September 1971, the Oxbitron was replaced by a Mobaliron 80 Unit
(T.E.MeInatruments Ltd). This gave a 22.60om or 13.3om square field

when operated at a source-cabinet distance of 72.5tm or 42.50m respectively.
The higher dose~rates obtainable with this umit enabled some of the acute
irradiation experiments to be repeated using shorter irradiation times

(24 to 26 min.)

The mhelves in the specimen compartment were lettered A to W in descending
oxder and the position of each pot on each shelf was numbered in
aocordance with the key diagram (Fig 9a)s The dose-rate on any shelf
was expscted to be approximately 15% less than that on the shelf
immediately above and 1t was antioipated that there would be a gradusl
deorease in dose-rate toward the periphery of each shelf, The design of
the experiments frequently required 5 pots to be irradiated to the same



Fig. 9a

Plan view of the 37/ rlastic specimen pots
housed on each shelf of the irradiation
cabinet. The holes into which the specimen
rots fitted were numbered as shown above
and the dose-rates received by rots in
different rositions on each shelf are
recorded in Table 2.
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doses Such pots were therefore positioned on the same shelf in holes
lying on concentric aros i.e., they were allocated to one of the five
groups of holes referred to in Table 2 (9.2).

9« 2, Ionization chamber messurements
The exposure-rate on the surface of each shelf at the centre of each
of the above axee was measured using an Ionex Mark 111 Dose~rate meter .
(IsDeLoLitd)s This had been calibrated against a Farmer Sub-standard
Dose-meter (I+DeLeltd) which had been ocalibrated by the National
Physics Laboratorys
To facilitate this measurement a special perspex shelf was designed.
. Thi= oonsisted of a number of rectangular perspex slabs, one of which
ocontained & hemi-cylindrical cavity in which the ionization chamber plus
builé-up cap could be half-immersed. Thess slabs could be fitted
together in such a way that they formed a solid perspex shelf of the
same dimensions as those in the irradiation oabinet. By rcarranging
the positions of the slabs, the centre of the half-immeraed itonization
ochamber could be made to colncide with the position normslly ocoupied
by the centrs of any of the 37 pots on that particulax shelf,.
Weovils housed in plastic pois were generally found to remain on the
surface of the flour which was 6.5mm above the upper surface of the
peraspex shelfs Thus an appropriate inverse square law correction
averaging 1.6% was necessary to convert exposure~rate on the shelf
surface to exposure-rate on the flour surfase. The observed lonex
exposure~rates were also correctsd for calibration factor, temperature
and pressure, Thus the exposure-rates in various positions on each
shelf wore determined.

A mmall discrepancy between the above measurements and confimatory
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measurements using thermo~luminescent dosimetry (9.4) resulted in
further ioniszation chamber measurements being made. The chamber
oomplete with bulld-up cap was half immersed in the special perspex
shelf in the position of shelf A in the same way as during the original
measurements.  Under this condition the dose~meter should record the
exposure~rate which would exist at the ocentre of the chamber if the
whole of the build-up cap and chamber were replaced by air. The
build~up oap was then removed and the chamber retained in the same
position using sellotape $o suspend it on the axis of the hemi-
Oylindriocal oanvity. The change in ionisation current observed was
negligible (an incresse of 0.2%) indicating that adequate build-up
material was provided by the perspex nest of shelvess The air cavity
below the ionisation chamber was then filled with flours This caused
the iomization current to inorease by l.4% indicating that the true
exposure~rate on the surface of the flour was l.4% higher than that
¢aloulated from the original measurements.

To oonfirm the above vorrection ithe naked ionization chamber was
mounted half~immersed in the surface of the flour in a plastic pot

in the same position on shelf A With or without a 1lid on the pot,
the ionization current observed was now found to be 3% higher than that
observed when the chamber with build-up ocap was half-immersed in the
perspex shelfs It was then realised that in addition to making a 1.6%
correction for inverse sgquare law a further l.4s correction was neceasary
t0 allow for back-scattered radiation from the flour immediatsly below
the point of interest.

The dose-rate (rada/min in water) received by weevils in a glven group
of pots on & given shelf was assumed to be the exposure~rate observed
at the centre of the arc on whioch the pots were situated, corrected

as described above and multiplied by a rad/roentgen conversion factor
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of 0.965 (T+CoR.U.1964)s An excepiion to the above procedure was made
in the case of pots in Group 1 (Table 2) where exposure-rates on one
side of the arc were foumd to be 1f (eccasionally 24) higher than those
ot the othere. In this case the average of the expusure-~rates
observed in positions 3, 4y 6, and T was assuzed to apply to all the
pots in positions 2 to 7.

Table 2 shows the dose-rates received during irradiation with the
Orbitron Unit without lead absorbexr. Similar tables were obtained
for the alternative irradiastion conditions referred to above.
Consistenoy of Tonization Measuresents |

The dose-rates received, particularly on the lower shelves of the
cabinet, would vary appreciably with time if the absorption and
soattering characteristics of the flour in the pois waried appreciadbly
with time. It was therefore decided o repeat the ionisation
peasurenments at a number of selsoted sites after the osbinet had been
in use for three months. Appropriate corrections for source decay
wore of course applied. Of the 36 wepeat measurements made without
lead 5 differed from the @uaw. measurements by more than 0.8%

but none by more than 1.04. OF 51 vepeat measurements with lead 6
differed by more than 2% but none by more thau 2.5%« The reduced
sonsistency found with lead was probably due to reduced measurement
asouracy at the lower exposure-xates, which ai some sites were as

lov as 2R/min. In the ocase of the measurements with load the

51 ohosen sites wore the sites which had been used $0 irradiate weevils.
The doses received by thess weavile were therefors caloulated from the

average of the two series of measurements.
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TABLE 2
Doae-rate mine in water) in Irradiation Cabinet Orbitron 4
thout lead at SeCeDe_on T+5.1970

GROWP 1 GROUP 2 GROUP 3 GROUP 4 GROUP 5
sir SO | sodom | 15,3601, | 21, 22 24, |20, 30, 33

S5y 6y Te 124 13« 18, 19 25, 2T 28+ |34, 36, 37.
A 96. 4 95+ 4 95« 3 94+ 5 92. 1
B 85. 2 84. 6 84. O 82. 9 Bl. 1
4 T4+ 8 74, 2 13. 9 T2. 4 T1. 2
D 65« 3 64+ 3 64+ 7 62. 5 6le 7
E 56+ 8 564 3 56¢ 2 53« T 52 7
F 48. 5 47. 1 47. 8 45. 4 44. 4
G 41 3 404 6 40. 4 38. 3 3. 1
B 35. 6 34. 6 34. 2 32. 9 32. 7
I 0. 4 29. 2 29, O 28. 2 28, 2
J 26e 1 244 5 24. 6 24+ 3 244 5
K 22« 3 21. 1 21 O 2l. 2 2. 2
L 19.15 17. 6 18, 0 18435 18. 5
| 16.45 15.05 19 4 15. 8 15 6
| 14, 2 13. 2 13.25 13. 5 13. 5
0 12.25 11. 4 11. 5 11, 7 11.65
P 10455 9. 9 9. 9 10. 2 10. O




-3
Y

9¢ 4o Confirmatory measurements using T.L.P. (thermoluminescent dosimetry)

by ¥r R G Dals
Tiszue squivalent Lithium Borate powder (Jayaohaniran, West and

Shuttleworth,1968 and Jayachandran 1970) kindly supplied by the Medioal
Phymics Dapartment at Hammeromith Hospital, was used in conjunction with
a8 Con-Rad Model TID 52 readex to sheck the doses dolivered on the
eurface of the flour in the specimen pots on a nunber of shelves in the
irradiation cabinet.

Gelatin capsules spproximately 4mn diamoter and llmm long containing
I1ithium Borate powdsr were half immersad in the surfass of the flowr

in pote numbered 3, 5 and 7 on shelves A, D, Hand L and 2, 4 and 6 on
shelves B, F and J. The Orbitron Unit operating under the conditions
spesified above (9.1) was then used %o ircadiate the oabinet for 5 mimutes.
Thres additional caopsules, used as standards, wore irradiated in a Mix D

6000 Y-radiation.

wax (Jones and Raine 1949) phantom with %00 rade of
This dose¢ wae detarmined from a measurcrent made in the phantog‘using
the Ionex dosemeter referred to above. The obzerved oxposure-rate

- 4n the phantom, appropriately corrected for calibvration factor,
temperature and pressure was converted to dose-rate (rads/min in water)
wring a oconversion fastor of 0495 in accordance with the Code of
Practice for Megavoltage Dosimetry (1969) published by the Hospital
Physioista! Asmociation.
As the dose response of Lithium Borate on the previous day had been
shown to be linear over the range O to 500 rads, the doses received by
the capeules ir the irrodiation eadbinet were found by ocoumparing their

thermoluminescence with that of the atandard capaules.
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In Fig 9b the dose-rates, with 1imits of £ one standard deviation,

as measured ueing Te.L.D. are plotted against shelf position and
compared with the dose~rates for the msame group of pots as measured
using the ionization chamber (9.2.). Although the latter dose-rates have
been corrected for the back-soatter effeot from the flour referrsd to
above, the T.l.D. values are on average 2.1% higher than the ionization
chamber values. This figure is greatly influenced by the sites having
the largest uncertainties and is redused to 1.1% if the percentage
differences at the individual sites are weighted in inverse proportion
to the standard deviations of their T.L.D. readings. It was therefore
considered that the general agresment was satisfactory.

A re-examination of the dou response ourve for Lithium Borate revealed
that the hest straight line passing exactly through the oxrigin and
through the point at 500 rads also passed through all the 9 intervening
points provided they were given limits of * two standard deviaticras.
The best curved line passing through the experimental points was
coinoident with this straight line at O and 500 rads but in the regiom
200 to 300 rads the ourved line would have indicated doses 25 to 3f less
than those obtained assuming strict linearity.

This possible slight departure frow lineaxity could have acoounted for
the slight discrepancy reported above.
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SUMMARY OF SECTION 2 (CHAPTERS 6 - 9)

Further testing of the General Formula (Seotion 1) required the obtaining of
& large body of acourate iso-effect dose data for one particular end-point.

It would be preferable if these data could be obtained from experiments on

a tissue which was very different from the mammalian tissues previously used
for teating the formuls and it was estimated that the iso-effect doses would
need to be determined for at least 40 different irradiation regimes. (In
practice 63 regimes were investigated). Some of these regimes would involve
fractionated high dose-rate irradiations whilet others would involve
continucus low dose~rate irrediation for periods up to and including 100 hours.
Whole~body irradiation may be delivered to small animals and a oomparison

of the doses delivered at high and low dose-rates can be made with a degree of
accuracy far greater than that obtainable if only part of an animal is
{rradiateds It was therefore decided that the LD 50 of some small animal
would be used as the end-point. Statistical considerations suggeated that
tens of thousands of suoh animals would be required. To overcome the
problems of housing and firradiating such large numbers it was declded to

use inseocts. The grain weevil was chosen heoause it was known to exhibit
appreciable recovery from radiation injury. Published data on the radiation
susoeptibility of this inseot were available for designing the experiments.
Because the grain weevil only thrives in & humid eavironment and its radiation
susceptibility is very temperature dependent it was necessary to build a
constant-temperature, oonstant-humidity storage room and irradiation cabinet.
Both were maintained at 27°C, 70% R.H. Weevile were cultured on grain but,
in order to overcome certain practical diffioulties, wexe housed and
irradiated on flour.

The irradiation cabinet used in conjunction with a 6 Co beam unit, enabled
sevoral hundred plastic pots, each containing flour and 40 weevils, to be
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irradiated simultaneously to different doses depending on their chosen
position within the cabinet. 4 lead absorber was used to reduce the dose~
rates received during protracted continuous irradiation.

The doses received by the weevils in different positions in the oabinet
were determined from ionization chamber measurements. These agreed within
the limits of experimental accuraocy with measurements made by Mr R.G.Dale
using thermoluminescent dosimetry.
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CHAPTER 10
PRELIMINARY EXPERTMENTS

10. 1.

8 og of survival 8 fferent condi of sto

Weevils receiving prolonged fractionated regimes would need to live in
the 2.6 om diameter plastic pots (8.3.3+) for several weeks instead of
in the more spacicus honey jars in which they are normally housed.

In both cases the weevils would be kept on disinfested, sieved and
conditioned wholewheat flour but the surface of the latter would become
more polluted with exoreta in the plastic pots than in the honey jars.
A preliminary experiment was done using 600 weevils of age O to 6 days
to find out to what extent the natural mortality of the weevils would
be affeoted by keeping thgm in plastic pots rather than honey jars.
The weevils were divided into 3 batches.

Batoh A consisted of 5 plastic pots each ocontaining 40 weevils and
4¢2g of flours These pots were left completely undisturbed in the
oonstant-temperature roome

Batch B was identical to batech A but the pots were shakem every 2 - 3
days to bring some of the clean underlying flour to the surface. The
weevils in this batch were transferred to honey Jars after 49 day=s.
Batech C consisted of 5 honey jars, each containing 40 weevils and

50g of flour, sealed with filter paper and two layers of cotton cloth.
Surviving weevils in batches B and C were counted, as dascribed above
(Be5) every T days but all batohes were inspected each day. At 20
days after sealing, it was found that the weevils in two of the five
pots in batch A had enlarged the perforations in their lids sufficiently
to escapes Those which escaped died in the oil surround. As these
pots could no longer be left undisturbed the survivors and dead were

counted. The natural mortality for batch A at 20 days was 1.5% ie,

the same as that observed for batches B and C,.
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No differences in survival were observed between batch B and C

within the limits of statistical accurasye Ths percentage survivals
of the two batohes wexe 94% and 94% at 70 days, S51% and 45% at 135 days,
25% and 27% at 154 days and 0.5% and 1.5¢ respeotively at 218 days.

It should be mentioned that although no escape of weevils coourred,

the holes in two of the perforated lids in batch B were enlarged
sufficiently by the 28th day to make escaps appear imminent. These
1ids ﬁere therefore replaced.

1% was ooncluded from this experiment' that the natural moxrtality of

‘weevils would not be greatly affected by storing them for periods up

$0 seven wecks in the small plastic pots, provided these were shaken
every 2 or 3 dayss It was realised that the perforated lids might
need changing occasionally and that 1% would be advisable to store
each pot in a somewhat larger plastic container (8.3.4)

10. 2. Pilot Irrediation Experiments
10s 26 o Oh;eotims

Each of the seven groups of main experiments (11.2 to 11.8)

would involve the use of approximately 10,000 wesvils and a
oconsiderable amount of experimental work spread over a period of
spproximately 5 months. If the truelDd 50 lay outside the range
of dose levels chosen or if too large a range of dose lovels was
employed much time and effort would be wasteds It was therefore
epsential that pilot experiments should be carried out which would
enable appropriate ranges of dose lsvels to be chosen for the main
experinents.

The pilot experiments were therefore designed to obtain approximate
values of the LD 50 for weevils for a small number of important
irradiation regimes under the exact experimental oonditions to be
employeds These experiments would serve the additional objective

of testing, in practice, the proposed experimental technique
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(Chapter 8). It had been decided that the age of weevils employed
in the main experiments nhquld be 14 to 24 dayss The pilot ‘
experiments were therefore also deasignsd to see whether there was
any gross difference in susceptibility of weevils of different
ages within this range. Thus in the pilot experiments each
batoh of wesvils employed was sub-divided into groups aged 14~18,
1821 and 21-24 days.
10. 24 2, at Re

For the pilot experiment it was decided to find the approximate
1D 50 for the ifollowing rogimen
(a) Single doses
(b) 4 fractiomsin 3 days
(o) 4 fractions in 21 days

The results of (a) and (b) should enzble veasonadle eatinates to
be made of how the LD %0 should increase with the mmber of daily
fractions whilst the vesulte of (h) and (c¢) should emable estimates
to be made of how the LD 50 for a given number of frastions should
inorease with overall time,

For each of the abhove regimes the expected LD 50 was predicted
from the results of Jefferies and Banham, 1961) (7.2) and dose
levels chosen which were considered to span the predioted LD %50 by
an adequate rangs of values.

Thres pots (one for each age group) each containing 40 weevils
were irradiated at each dose level and three kept unirradiated to
act as ocontrols for each regime.

The dose levels were as follows:

Single doses, 8 dose levels (2360-6580r)

4 fractions in 3 days, 7 dose levsls {4370-94407)

4 fractions in 21 days, 7 dose levels { 6840-175802)
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10. 2.

g1

39 Resul &!

Figs 10a and 10b show the numbexr of survivors plotted against
time for two dose levels for the single dose and the 4 frasction
in 21 days regimes.

Fig«100 shows the number of survivors plotted against dose for
saoh of the three regimes. From these graphs it was estimated
that the LD 50(36) for each regime was as follows

Single dome, 6200 & 200p

4 fractions in 3 days, 10800  800r

4 fraotions in 21 days, 16100  s00r

4 Disgussion

The LD 50's obsexrved for single doses and 4 frastions in

3 days were much higher than the corresponding values of 4470r
and 6780r found by Jefferies and Banham (1961). The latter
workers had housed and irradiated their weevils on wheat rather
than flour, had employed much higher culture densities and had
not controlled their irradiation temperature. The differences
in the observed results ars therefore not surprising, especially
when the changes in susceptidility lcnown to be produced by changes
in culture density or temperature (7+2.) are considered.

It will be observed that the ID 50 for 4 fractions in 3 days

lies outside the range of dose levels used for this regime. The
value of the pilot experiments may be judged from the fact that
this state of affairs never arose in any of the 63 different
irradiation regimes for whisch the LD 50 was measured in subseguent
exporiments.

Anzlysis of the results of the pilot experimenis failed to show
any significant or comsistent variation in susceptibility with

age over the range studied. The effoct of age i= disoussed more
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fully later (13.3.)

The pilot experiments suggested that the LD 50 increased with
fraotionation at the rate of approximately 1500 rads per daily
fraction and this provided a useful guide to the dcse levels to

be given in the main dally fraotionation experimentc. These
showsd the inorease to be 1900 rads per fruction on changing

from 1 to 2 daily fraotions but anly 1320 rads per fraction on
changing fram 14 to 20 daily fraotions (Chapter 17).

The pilot experimenis also suggested that, for a eomstant number
of fractions, the LD %0 increased with overall irradiation time

at a rate of approximately 300 rads per day. This provided a
ussful guide to the dous levels to boe given in the main fractionation
experiments employing long intervals (up to 9 days) between
fractions. The resulis of the wain experiments (Chapter 16) were
in olose agreement with the value of 300 rads per day when the
interval between fractions was increased from 1 to 7 days but gave
values olose to 600 rads pexr day when the interval between fractions
was only lncreased from 1 to 2 days. Fortumately, in the latter
ocasey the total inorease was relatively small and in ostimating
the range of dose levels for the main experiments a suitable margin
was included to allow for some uncertainiy im prediction.

The idea) system for testing the Ueneral Formula (Chapter 4) would be
one exhibviting a large effect due to the recovery of sub-lethal damage
and no effeot due to mepopulation. The pilot experiments suggested
that the proposed system exhibited a large effect due to fractionation
(1500 rads per daily fraction) and a relatively small but not
insignificant effeot due to repopulation (300 rads per day). Thus,
the proposed system seemed likely to provide a practical and suitable



€6

means of testing the General Formula provided appropriate corrections
for vepopulation could be accurately determined.

The pilot experiments employing four fractions showed that increasing
the overnll time from 3 to 21 days caused an inerease in the 1D 50
of 49%. This is a much larger inorease in iso-effect dose than that
found for skin resctions by Fowler, Morgan, Silvester, Bewley and
Turner (1963)s These workers found an inorease of only 174 on
changing from 5 fractions in 4 duys to 5 fractions in 28 days. The
proposed system therefore sppenved to be an excellent one in which to
study the form of relationship between iso-effect dose and overall
time (5+4)+

In the lizht of the zhove findings it wes decided that the main
experimental work should continue as planned but additional experiments
to slucidate the exact nature of the repopulation correction were

carried out.
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CHAPTER 1

THE MAIN EXPERIMENTS
1le 1« (Ueneral Considerations
1ls 1+ 1. Planning of dose levels for different regimes

In oxder to choose appropriate dose levels for each of the
irradiation regimes studied it was necessary to predict the LD 50

for each regime. For the fractionated experiments this was done

by interpolating and extrapolating the results of the pilot
experiments (and others as they became available)s Two altemative
assumptions were mades Firstly it was assumed that the ocurves
obtained by plotting either iso-effect dose against number of daily
fractions or iso-effect dose (for a constant number of fractions)
against overall iime would be straight lines on linear graph papers
Secondly, it was assumed that straight lines would de appliocadble if
double logarithmic graph paper were used instead (Ellis 1967).

For the preliminary continuous irradiation experiments (1l.4.1s)
predictions were based on the application of the General Formula to
the fractionated results already obtained., TFor this purpose the
half-1ife of the dose equivalent of sub-lethal damage was assumed

to be 1, 1.5 or 2 hourss For the main continuous irradiation
experiments (11.5) the results of the preliminary experiments

(1144.1) were also used.

For each regime a range of dose levels was then chosen which would
overlap the predicted values of {the LD 50 by & margin of approximately
¥ 18f. This margin was chosen to take into account inherent
uncertainties (say % 5%) and the desire to obtain information at the
10% and 90% levele of survival. The latter required a spread of

% 13% in dose as judged from the pilot experiments (Fig.10c)
It was generally found that the range of dose levels could be

obtained by irradlating weevils on 5 consecutive shelves of the



88

irradiation cabinets This number was reduced to 3 where there
was litile uncertainty involved and increased to 7 where there
was a large uncertainty in the predicted LD 50. To obtain the
required degree of statistical acouraocy 5 pots of 40 weevils were
irradiated at each dose levels When only 3 shelves were needed
the nmumber of dose levels was sometimes inoreased by irradiating
5 pots in each of two éositiema on the intermediate shelf (e.ge 5
pots in Group 1 holes and 5 in Group 5 - Table 2 Chapter 9).
1le 1« 2. Numbers involved ﬂA timing |

From the above it will be observed that for each irradiation regime
approximately iooo waevils (25 pots of 40) would be required.

~ The constant temperaturs room would house up to 330 honey Jare
(13,200 weevils) so that the mumber of regimes which oould be
investigated at any one time was approximately 13. The experiments
woere thexefore split into a number of groupe detailed below.
(112 to 11.8) The irradiation regimess studied (77 including
replicates) are listed in Chapter 12.3. ('I‘able 3)e
The speoial cultures required to produce weevils for irradiation
noeded to bhe prepared approximately 60 days before irradiation
(84342.), irradiation regimes lasted up to 28 days and counting
continued for at least another 35 dayse Thus approximately 4
months elapsed between initiating a group of experiments and
obtaining their resulis.

1le 1+ 3. Single dose ocontrols for every irradiation

Because it had been decided (7e3¢2+) that the single dose ID 50
should be determined for each batoh of culturesy an appreciable
number of weevils in each group of experiments were used as
irradiated controls. These weevils required single doses of the
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order of 6000r and required to be placed on the upper shelves

of the irradiation oabinets During multiple fraction experiments
these weevils were suﬁ-divided; sono being irradiated during each
irradiation pgrioda | In this way any large and influential
variation in irradiation conditions from day to day would be

apparent from the survival of the irradiated controls.

11, 1. 4 Igad;atg,on Sohedulés

11: 2.

To ensure that the 6000 Unit and the requisite space in the
irradiation cabinet would be availadle at the required time
detalled advanced plamning of these experiments was essentiale.
Irradiation schedules, showing the daute, exposure time and the
position %o be ocoupled by each specimen poty, were prepared two
or three months in advance (i.es before preparing the necessary
cultures) (B+3.24)
The June 1970 rimentss e split-dose recovery curve.
This group of experiments involving 11,320 weevils had a single aim -
namely the production of a split-dose recovery curve. This was needed
for the reasons already discussed (6+1) and involved finding the LD 50
for weevils given two equal doses of radiztion separated by intervals
which varied, in 2.5 hour increments, from O to 25 hourss The
mimber of weevils involved was too large to permit the first of these
two doses being delivered simultaneously to all weevilse By cavefully
planning the irradiation schedules, it was found that all weevils
could reccive their required doses by placing them in the cabinet
during two out of a total of six irradiation periods. The six
irradiations were performed at 0, 5, 73,124 224 and 25 hours aftexr
the start of the experiments, {(@.ge the weevils vequiring a 1% hour

split~dose interval were irradiated during the 3rd and the 5th periods).



80

The results of all the experiments are presented in Table 3 (12.3)
and disoussed in Section 4.
11. 3. ¢_Hovembe 0 ents
This group of sxperiments involving 13,160 weevils was designed to
study the three effects referred to belows
11¢ 3+ 1. Yariation of LD 50 with "daily” frectionation
These experiments were designed to determine how the LD 50
varied with the number of fractions when these were given at
the rate of five fractions per week. It was deoided to use 6 \
irradiation regimes namely 1y 4. 6§, 9, 14 and 20 fractionsy the
LD 50 for 2 fractions deing obtainable from the split-dose
experiment {(11.2). The need for this infornation has already
been disoussed (6.1.).
1 3 2, ¥ ion of LD 11 t
These experiments were designed to determine how the LD %0 for
either 4 or 9 fractions varied with overall time (6.1.) It was
decided to use six 4~fraction regimes having overall times of
3y, 74 10y 14, 21 and 28 days and to use three 9-~fraction regimes
having overall times of 10, 18 and 28 days. It was also decided
to find the LD S0 for 2 fravtions in } days so that the 2-fraction
data (11.2) could be extended.
1l. 3+ 3+ VYariation of LD and
It was realised that in the experiments referred to above
(11+3.1 and 1143.2) some of the weevils would be 28 days older
and would have been stored in plastic pots for 28 days longer when
they received their last irradiation than weevils which received
all their dose on the first daye In order to determine whether

the susceptibility of weevils was affaected by age or pre-storage ov -
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the above range an exsceptionally large number (2040) irradiated
oohtrols were used in these experiments. 800 of these were given
single doses during the first five days, a similar number during
the last five days, and the remainder on the intermediate days
of the 28 day irradiation period.

11. 4. The January 1971 Experiments

This group of expariments involving 7,800 weevils was designed to
study the two effeots referred to below.

11. 4. 1. Preliminary low dose-rate oontinuous irvadiation
The main low dose-rate experiments which were planned for Eastexr
1971 (1145) would not be repeatable until Easter 1972 when the
6000 Unit would again be available for the necessary period of
106 hovrs. It was therefore important that the dose levels
ohosen for the main experimenis should cover the required ranges
by a safe but not extravagant margine If too many dose levels
woere employed foxr one regime the capacity of the irradiation
cabinet would restrict the numbsr of regimes which could be
investigated during the Eastexr period.
It was therefore decided to do preliminary experiments using
continuous irradiation to determine the LD 50 precisely for
irradiation periods of 7, 15, 36 and 58 hours, the latter being
the longest period for which the 50Co Unit would be available
during a nomal week-end. (The unit is used for treating patients
on week days).

11. 4. 2. The effects of post-s
Because of the way Day O was defined (8.4) weevils receiving
irradiation regimes of 28 days duration could not be transferred
to honey jars until Day 7» In oxder to adopt a standard



procedure weavile were always transferred on Day 7 with the
exception of those used in the pllot study and in the split-dose
recovery curve experiments whioh had been sompleted bafore this
limitation had been realiseds In these experiments weevils
had been transferred to honsy jars within three days of their
irradiation yegimes being completed, To determine whether the
single dose LD 50 was affected by the duretion of post-irradiation
storage in plaatic pots 3800 nuviia, including unirradinted,
ocondrols were used, These were sub~divided into four groups
vhich were transforred to honsy jars on Day 1, Day 4, Pay 7 and
Day 14¢ The 1D 50 for sach of these groups was detsermined
sep:mtelﬁ The weevils transferred on Day 7 were used as
irradiatod controle for the continuous expeximent (1led.1)

This group of experiments involving 6000 weevils was designed to
determine how the LD 50 varied with the duration of continuous

irradiation over the range 1 to 106 hours (Ss1)s WHeevils were
sub=divided into groups and irradiated to appropriate dose lovels for
1.25¢ 6, 144 22, 38, 54, 68, 84, or 106 hours.

11e 6s

This group of oxperiments involving 4920 weevils was designed to
answey questions raised by the results of the earlier experiments.
1le 6« 1.

The expeximents (11+3.2) to deternine how the LD 50, using a
constant mmbey of fractions, inoreassd with overall time was
designod with the objeot of obtaining information which would
enable the daily fractionation data to ba corrested for the
effect of xepopulations These experiments showed that the

rate of the repopulation effect (expressed as rads per day)
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decreased appreciably ae the interval betwsen fractions was
increaseds To determine the correcilon appliosble to daily
fraotionation the obmexved data needed to be extrapolated backwards
to sexo time interval, and, when thie was done, suggested that the
initial rate of the éepopulation effect was equivalent to about 800
rads/daye Thie was & larger correction than originally envisaged
and unreliable in that the extrapolation had to be extended to a
region likely to be greatly affected by radiation induced mitotio
delay. To reduce the amount of extrapolation i was decided to
extend the observed data to include fraction intervals of & hours.
This was done by determining the LD 50 for 4 freotions in 1 day and

- gomparing this direotly with the LD 50 for 4 fractions in 3 dayse

The effect of a at th or in the middle of irradiation
Zegine

When the observed LD 590's for the dally fractionation regimes
(11.3.1) corrected for the effeoct of repopulation using data
obtained from (11e3+2.) wore plotted against number of fraotions,
the point obtained for 6 fractions in 7 days was found to be 1200
rads lower than that estimated from the smooth curve passing through
the other points. Exanination of all the "daily” (i.e. 5 fraotions/
week) regimes revealed that the 6 fractions in T days regime was the
only one used in which a 3-day gip (Friday to Monday) had ocourred
dimmediately hefore the final fractions Several of the "daily"
fractionation regimes involved gaps of 3 days but these were much
more symetrically distributed throughout the regimes and were always
followed by a further 4 or 5 fractionse It was therefore decided
that the ID 50 should be determined for & fractions in 5 days and

€ fractions in T days with & 3-dey gzp between the 3Ird and 4th
fractions instead of between the 5th and 6th fractions.
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11. 7o

1le 7o
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3+ An additional daily fractionation experiment

The above experiment (1le642.) involved irradiating specimens every
day for eight consecutive days. The opportunity was therefore taken
of detemmining the LD 50 for 9 truly daily fractions (i.e. 9 fraotions
in 8 days).

The October 1971 exporiments
These experiments involved 12,800 weevils and had two objectives discussed

below.

1. The ID for tio ha
This experiment was included as a further extension of the 4 -~ fraction
data referred to above (11s46s1e) I% was hoped that this experiment
would provide useful information regarding the repopulation effect,
if anyy cosurring hetween 3 end 8 hours after irradiation.

2. Doses of wnequal msgnitule |

The results of experiments (11e3.2.) and (1.6.1,) chowed that the

mate of the repopulation effeot (expressed as reds/day) dscreased

~exponentially with time (1644.) The ma;nitude of the total effect

osourring during a multi-fraction regime and the rate of the
ex;ponentia.l deorease suggeatec_\ indirectly that the instantaneous rate
of repair (rads/day) might be approximately proportional to the damage
present (expressad as rads)e To test this simple hypothesis and to
discover whether the rate of repair was a fumction of the damage
present, experimenis were designed to measure the rate of repair
ocourring affer initial doses of different magnitudes.

Weevlis were irradiated with ap initial dose DA rads and ts days later
subjected to a second dose DB' By keeping DA end ta constant and
varying Dy the total dose (nA + nn) necessary to kill 50% of the
weevils in 3O days was determineds In this way the 1D 5030 wes

determined for five values of DA ranging from 1000 to 5000 rads and
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three values of %, namely 1,03, 3.83 and 8414 days. The change in
1D 50 with time interval enabled estimates to be made of the rate of
repair ococurring after each initial dose. From the above it will
be seen that the LD 50 nesded to be determined for 15 different
irradistion regimes and thia required a total of 12600 weevils.

d and Fabruary 1972 I ta3 effect of short
the irradistion time during ncute fractionated regimes

Thie g:n;up of experiments involved a total of 8600 weevils.

The acute irradiation time of 71-T79 minutes used in all the above
experiments was longer than desirable as it was conasidersd that an
appreciable amount of sub-lathal damage recovery ocould have occurred
during the course of eagch acute freotion. The installation of the
Kobaltron 80 Uri% {9.1) enabled LD 50 doses to be given in irradiation
times of the order of 25 minutess It was therefore decided that all the
daily fractionation experiments reforred to in (11.3.1s) should be
repeated using the shorter irradiation time. The above regimes included
9 fractions in 10 days and, by aleo including 9 fractions in 28 days, it
would be possible to assess the change that such a shortening would have
on corrections for repopulation effeots: Irradiated controls would be
irradiated for both the long and the short irradiation times thus
enabling the single dose LD £0 to be determined under hoth conditions.

It was decided that all thesa experiments oould be dons as a single group.
Unfortunately the supply of Argentine Plate Wheat which had been used for
all cultures up to this time (B8.3.) was running low and fresh supplies
woere no longer available. It was therefore decided that Australian
Wheat would nsed to be used for some of the experimente and these would
require their own irradiated and unirradizted sontrols. The regimes
were therefore sub=-divided into two batches = one to use Argentine Plate

VWheat, the other Australian Vheat. These sxpeviments were planned to
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run conocurrently in January 1972 but twelve days after being placed to
oviposit on the cultures made from Australian Wheat the weevils involved
were found to be dead - presumably due to insecticide contamination.
Because of this, the second batch of experiments had to be delayed until
Februarys Freeh cultures were prepared for the February experiments
using Manitoba Wheat kindly supplied by the Pest Infestation Laboratory.
The regimes employed in each batoh are listed in Table 3 (12.3.)



GRAPTER 12

THE RESULTS

12. 1. The observed results
The suyvival at Day 30 in esch pot was corrected for natural moxtality
using the results of the appropriate wnirrodiated contrxels and the
formula of Abbott (1925)
For each lrradiation reogime the average corrected percentage survival
at each dose lovel was plotied agrinst the logarithm of dose om
probability graph papers The best fitting straight line (as Judged by
eye) wae then drawn through the plotted points. The dose corresponding
to 507 corrected survival on the eye-line will be referred to as the
eye~line LD 50(30))and the wvalues obteined are compared in Table 3
with thoge cbtained using s computer program desecribed below.

12. 2, The estimation of the ID 50 values by probit enalysis
For each irrediation regime the probit rogression line and the 95%
fiduciel limits of the 1D 50 and slope were estimated using the method
of maximum 1ikelihood (Fimmey 1952) This is an iterative method which
starts by acoepting a provisional regression line (usually the eye=line)
as the basis of the caloulotionse This provieional line determines
the welghting factors to be allocated to the individual resulise
The first oycle of czlculations enadbles a more accurate regression line
to be found and this is used as the stariting point for the next cycle.
Provided the probits of the observed date plotted against the logarithm
of dose lie close to a straight line there im little difficulty in
deciding vwhere the regrecsion line should be drawne lLittle change
in the position of the regression line is produced by the first cycle
of calculations and even less by the second.
The introduction of computer techniques enables a much larger number of

ocyoles to be carried out without additional effort and eliminates any
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subjective errors which might otherwise be saused by the investigators
choice of oye-lines

The somputer program writfen in basioc language by Mr R G Dale consists
of three parts. The first part (Fig 12a) determines the parameters
of the most likely probit regression 1ine, the second part (Fig 12b)
performs aX° test $o determine how well the cbeerved data fitg this
line and caloulates the heterogeneity faotor (Fimney 1952), the third
part (Fig 12c) oaloulates the 955 Piducial limits on both the LD 50
and the slope of the probit regression line.

The program assumes originally that the provisional regression line is
a horisontal streight line. By npaating the cyole of caloulations
the conpute& regreasion line is moved closer to the line of maximum
1ikelihoods Ten such cycles were" used routinely but it was found
from experience that four or five would probably have been sufficlent
as little oxr no change in the parameters of the regreasion line
normally occurred afier the fourth or fifth cyole.

All the observed dats, including those for pots having sero or 100%
survival, were used in obtaining the regression line. The’X? tont
is unreliable when applied to test the disorepancy between observation
and prediction if, in any pot, the number of specimens expeoted to
respond (or not to respond) is less than five (Firmey 1952). Thus in
part 2 of the progrem (Fig 12b) the resulits obtained with such pots
were pooled with those of others irradiated to the same dose level,
before applying the X—a $ests If pooling all the data for the givem
dose level falled $0 raise the mumber to above 5, the program ignored
the data for that dose level in compiling the value of X° applicable
to that regime and a warning was printed stating that thie was so.
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Read: natural mortality, C
number of dose levels, N
number of pots at each dose level
logarithm of each dose
percentage corrected survival in each pot

¥

.
Put all expected l

probits = 5

Y

For each pot calculate
working probvit and
welghting factor

2

Using the method of
weighted least squares
find the best linear
relationship betwsen A
working probit and
log dose

A

Iz this Use this relationship

the 10th such No _ to calculate new
relationship? d expected probit for
each pot

Calculate and print
parameters of this
relationship and
LD 50

Fig 12a
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¢

Fig 12b



101

%
Isfi?
< Yes significant?
Read 't' for
relevant degrees
of freedom
No

Y
Multiply variances Calculate and print 95%
by heterogeneity >— Piducial limits on LD 50
factor and slope

STOP

Fig 12¢
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All such dats were then examined to see whother the discrepancy
between predicted and observed survival was abnormally large. The
greatest discrepancy found was for the 20 fraction in 25 days regime
in which, at one of the six dose levels used, 24 weevils out of 200
died inetead of the prediocted 16+ The latter nusber amsiatéd of 12
which were expected o die from natursl omuses (by comparison with the
unirredisted control group) and 4 which were expeoted to die from the
radiations The value of X° for this individual result is 44 Om
atatistical grounds s discrepancy of this magnitude would be expected
to ocour in 44 of the observationss

The 20 or 30 pots involved in each treatment regime had been uniformly
distributed in the sonstani~temperature room which was known to have
a temperature gradient from ome side to the other (8.1.3.) Inm
oaloulating the 954 fiducial limits it was ossentisl to take into

aocount any heterogeneity arising from this or other causes, Wherever

X% wae found o be significant at the 95. confidence level all

variances were therefore multiplied by the heterogeneity factor as
sugzested by Firmey (1952)s The third part of the ocomputer program
(Mg 120) performed the appropriacte caloulation and printed out the
requisite 95% fidueial limits,
The program was carried out on the Leasco Time Sharing System employing
a Hewlett Packard 2000A Computer operated on line from a Westrex
terminal. The deta was fed in using punched tape.

@ es obt for each
The resulis of all the experiments desoribed in Chapter 11 are
presented in Table 3. Exanination of this table shows that the
maximum discrepancy between the sye-line LD 50( 30) and the ocomputed
LD 50(30) for any regime s 1,13 {experiment Wo 76)s In general, the
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IABLE 3
Group Regime D %0 2
jLye lLine Ugmpu ?.'(Dn’;glised Remerks
9520)
FeL.(rads)
8
1970 (2 | 2.5 b splitf 7740 1740 2.3 ?ggg 2170
3 5.0 » @ 8430 8400 3.0 7900 27 in thae ane
4 | 75" n | 8430 8480 2.8 | 7970 : 248 by U
5 |10.0 " » | 8320 8290 1.5 | 7800 2 3 ety
2 |92 Toro 70 103 - 130 post-storage
7 [15.0" » | 8090 | 8150 | 1.2 Tgég P g | n plastio
g |1oian A <a 185 3.1 ; 6 * - 110 . pots instead of -
9 20,0 " " | £020 8030 13 250 * 199 (See mos T day!
A -HENE -BE AR R
. " ¥ * * B o
25.0 ' | 8340 8390 3.7 78% * 300 1-30)-
NOV SOD. 20
wE BB e B e e
2F/3d 8730 8750 3.5 | 8740 T 320 Frrads 4th weok
4F/3d 10420 | 10450 1.4 10440 % 200
6F/1d 13460 | 13420 | 3.1 (13410 & 260 |34
9F/10d 17420 | 17530 3.1 {17680 I 730 gep &t end
14F/174 23990 | 24040 1.2 |24240 I 730
20F/25d 31260 | 31530 3.2 [32130 ¥ 13%0
4F/1d 12710 | 12670 1.3 12660 I 230
4F/10d 13870 | 13810 1.4 {13920 ¥ 420
4F/144 15100 | 15150 2.4 [15280 ¥ 550
4F/21a 16330 | 16310 4.0 [18620 ¥ 800
4F/284 16870 | 16850 4.4 (17160 ¥ 890
9§;§gd 22810 | 22900 4.5 [23330 I 1210 |
9F/284 24660 | 24620 3.6 |25080 % 1130
Jan S.D. 860 :
1971 SeD. g%o %% ij 2?55% 4 DR mtepeee
S.De 5710 5690 3.1 | 5900 '#g " "
S.D. 5500 5490 4.8 | 5690 £ 320 |14a *® "
Th conte | 7930 | 7920 | 3.1 | &2i0 * 360
12h " 9590 9550 2.6 | 9910 £ 200
%Bg " 11330 | 113%0 5.4 11760 £ 730
13320 | 13330 4.4 (13820 £ 750
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TABLE CONTINUED

Group|Ref| Regime LD 50(30) 95% F.L| Normalised Remarks
No Ty Iine EomputT# g | LD P30
and 95
FcLo(rad.B)
Easter|35 SD. 6140 6130 2.4 | 5900
1971 |36 | 6n cont. | 7910 1920 4.5 | 7620 * 390
37 | 140 " 9860 9870 2.3 | 94%0 - 310
38 [ 220 " 10500  |10480 3.2 10080 = 400
39 | 38 " 12680  |12670 5¢9 |12190 % 780
40 | 54n " 13680  [13720 3.6 {13200 = 570
41 | 68n " 14960  |14920 4.5 114360 - 730
42 | 84n " 15100 | 15090 2.6 |14520 = 510
43 [106n " 16710 |16750 3.1 |16120 = 630
1971 |45 | 4£/1a 9270 9260 2.1 | 9340 I 250
46 | 4£/34 10490  |10520 2.4 (10600 % 310

471 | 6£/14 14490  [14480 3.1 {14600 I 510 | 34 gap in middle
48 | 9£/84 16790 16830 1.0 |16970 I 340

+i+14+14

49 | 6£/5d 13030  |13040 1.3 |13140 % 280
Oot {50 8.D. | 5740 | 5130 3.5 | 5900
1971 |51 4£/9h 9250 9260 2.9 19540 - 430
2£/1.0254 Normalised values
52 | D,= 1010 | 6520 6500 2.1 | 6690 * 270 | Dy = 1040
53 | ph- 2070 | 7210 | 7420 2.4 | 7640 * 320 | Dy = 2130
54 | D= 3380 | 8050 8040 1.8 | 8280 * 320 | Dy = 3480
55 Dp= 4520 | 7890 7950 2.4 | 8190 % 340 | Dy = 4660
56 | Dp= 5090 | 7230 | 7220 2.9 | 7430 * 330 | Dy = 5240
3z/383d Normalised values
57 | Da= 1000 | 6650 6650 1.9 | 6850 * 270 | Dy = 1040
58 | Dpe 2070 | 7690 1610 3.2 | 7840 + 370 | Dy = 2130
59 | Da= 3300 | 8750 8730 1.9 | 8990 % 360 | Dy = 3400
60 | Dp= 4480 | 9040 9040 2.3 | 9310 * 390 | Dy = 4610

61 | Dp= 5090 | 8510 8550 2.7 | 8800 * 390 | Dy = 5240

2£/8.144 Hormalised values
62 Dy= 1010 | 6950 6960 2.6 | 7170 + 320 | Dp= 1040
63 Dy= 2070 | 7870 7860 1.0 | 8090 + 290 | Da= 2130
64 Dy= 3350 | 9020 9040 1.4 | 9310 + 350 | Dam 3450
65 | Dp= 4450 | 9460 9410 1.7 | 9690 = 380 | Da= 4580
66 Dp= 4980 | 8320 8360 3.6 | 8610 + 430 | Da= 5130
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TABLE 3 (CONTINUED)
Group| Ref] Regime LD 50(;9) 996 F.J| Normalised Remarks ‘
LD 50 |
Eye Line|Computed y ) 30)
and 9 |
Jan |67 | S.D. 72'§ 5610 5620 1.3 | 5900 Irrad lst day
1972 |68 | S«D.(24° 5060 5070 3.3 /5320 X190 | " 1st day |
69 | SeDe(25.5%)] 5140 5140 2.0 | 5400 T 130 "  28th day |
70 | 9F/10d 16220 | 1638 5.0 [17190 ¥ 890 | 26" exp. |
71 | 9F/28a 22390 | 22470 3.7 3580 I 920 | 26' exp. |
72 L4F/174 21280 | 21340 2.4 2400 Z 600 | 26' exp. |
13 BOF/254 .27670 | 27680 | 3.5 P9050 ¥ 1070 | 26" exp. ]
_
Feb {74 s.n.i'(z'g 5850 5840 2.9 | 5900 Irrad 1st day
1972 |75 | 8+D.(24" 5180 5180 3.7 | 5230 £ 250 "  1gt day
76 | 4F/34 9860 9970 3.7 [10070 % 470 | 26' exp.
111 6F/14 13390 ] 13390 3.9 [13530 + 660 | 26" exp.

-
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oomputed LD 50(30) values are acourate %0 - 3 or 45 at the 95%
level of confidence.
in the penuliimate column of Table 3, the normalised valuesy which
aro referred to in all subsequent analyses were obtained by multiplying
the computed LD ’50(30) by 5900 and dividing by the single dose LD 50(30)
obtained in the same group of experimentse When experiments involved
prolonged fractimmation (e.g. Nov.1970) the eingle dose LD 50 was
determined at the begimning and end of the group of experiments and
an intermediate value (interpolated to Day '0' of the relevant
fraotionated regime) was used for the purposes of normalisatiomn.
Any error ocaused by this procedure was likely to0 be emall as the
variation observed in the single dose LD 50 between the beginning and
end of a group of experiments was never more than 3f.
The 956 fiducial limits quoted in the perultimate column were
obtained by taking the square root of the sum of the squares of the
1limits of the computed LD 50 for the relevant regime and thoae of ths
corresponding single dose LD %0.

12+ 4. e B 8 of the probit regreasi ®
For the 15 singls dose experiments listed in Table 3, the average
slope of the computed regression lines (probit of survival against
logarithm of doss) was found to be 22.2 with & standard deviation of
% 2.8, This slope is considerably steeper than the corresponding
value of 10.8 % 0,7 obtained by Jefferies and Banham (1961). The
difference may in part be attributed to the improved conditions of
culture and tightey oontrol of temperature during the present
investigation. The present author is indebted to the earlier workers

for discovering the importance of these fastors (7.2).
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For the 12 low dosewrate econtimuous irradiation regimes the average
slops of the computed regression lines was fownd to be 18.8 b4 2440

The corresponding average for the 35 fractionated regimes was found to
b6 24.9 2 4.1. There are theoretical reasons for expecting the
former average to be lower and the latter average to be higher than

that for eingle doses (Chapter 17).
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SWMMARY OF GECTION 3 (CHAPTERS 10m1:
THE EXPLRINENTS AND THEIR RESULTS

Preliminary experiments dcmonstrated that the natural mortality of weevils
was little affected dy storegefor 7 weeks in the small plastic pots to be
used in the main experimenis.

Pilot drradiation exzperiments, carried out under fhe oonditions to be used

in the mzin experﬁments, rvevealed that the single dose LD % was appreciubly
higher than that found by previous workers under somewhat different conditions.
Th-eae experiments also provided information on how the ID 50 was likely to
increase with the number of daily fractions and with the overall irradiation
time. This information was used to predict the dose levels required in

the main experimenise The latter were designed to obtain an acocurate and
oomprehensive body of iso-effect data for fractionated asute and low dose-rate
continuous irradiations Partioular attention was paid to the effect of
repopulation and how this varied with fraction interval and the amount of
demage presente Altogether, 63 different irradistion regimes were
investigated.

For each regime the 1D 50(30) was determined using both a simple graphieal
method of analysis and a computer program written by Mr R G Dale employing
probit anslyeis (Fimmey 1952), The values of the ID 50(30) deternined by the
two methods agreed in every instance to within = 1.1%. The main advantage
of the computer analysis was that it greatly facilitated the determination of
the 956 confidence limits« 4As will be seen from Table 3 (12.3) these were

ueuelly less than & 3 or 4f.
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CHAPTER 13
CONSIDERATION OF UNDESIRABLE EFFECTS WHICH MIGHT INFLUENCE THE OBSERVED
LD 50 VALUES

13. 1. Varistion of susgeptibility betweasn groups of exporiments

The iwradiated controls were used to determine the single dose LD 50( 30
for the weevile involved in each group of experiments and was found
to be 5900 rads L 5f for every group except the June 1970 group which
had an ID 50(30) of 6270 rads, (.0, 6% high). The reason for this
group being less susgeptidle than the average was considered to be
mainly due to these weevils having been cultured on shelf R2 instead
of shelf L3 (8.3+2+) because the temperature of the latter was 0.5
to 1% higher than that of the former (The effect of temperature on
the susoeptibility of weevils is discussed in Chapter 7.2). The
variation in storage conditions after irradiation (see below)

(13+4) may also have been partly responsible for the relatively

low susceptibility.

Variation in the susceptibility of weevils between batches was

corrected for by the nomalising procedure referred to above (12.3).

13+ 2+ Cholce of Day O for prolonged treatment regimes
13, 2 1. ©V on t deat th duration o

Throughout the experiments, Day O had been defined (8.4.) as

the day which was three~quarters through the irradiation regime.
If this somewhat arbitary definition had been well chosen then
the interval between Day O and radiation death might be expected
to be similar for all irradiation regimes. The survivals
obsexved in 38 experiments (Ref Fos 12 ~ 49) were analysed to
see whether this was sos The survivors had been counted at

approximately 5 day intervals between Day 7 and Day 37.



For each regime, for the dose levels immediately sbove and
immediately below the LD 50, graphs were drawn plotting survival
against times The interval between Day O (as defined above) and
the day on which the radiation mortality was 50% of that
occurring by Day 30 was determined from each of the 76 graphs.
The intervals so determined were all found to lie between 6 and
18 days and 907 between 9.5 and 1645 days. These results were
exemined to see whether there was any trend suggesting that
this interval was dependent on the percentage surviving or the
overall irradiation times Fo consistent variation with
percentage survival could be detected but it was found that this
interval tended to decrease from 16 days to 10 days as the overall
irradiation time inereased from O to 28 days. This suggested
that the effective Day O and Day 30 for prolonged fractionated
regines mey heve occurred up to 6 days earlier than had been
asgumed and that the effective Day O occurred closer to half
through rather than three~-quartsrs through, the irradiation
regimee

13« 2 2. Estimeted error in cbserved LD 30) due %o choice of Day O
All the above regimes having overall irradiastion times in excess
of 10 days were examined to detemmine the difference between
their corrected percentage survivzls at 24 days and et 30 days.
The maximum differerce found was 275« The regimes showing the
greatest changss were then further examined to determine the
differonce between thoir LD 50 34y and LD '50(2 4) The maximum
differsnce so found was O«8%. It was therefore considered that
no appreciable error in the detemination of the LD 50( 30) had

resulted from the choice of Day O.



13. 3+ YVarigiion of LDig(3d) with age and pre-storage in plastic pots.

Experiments HNos 12 and 13 and Nes 68 and 69 show that thers is less
than 37 difference in susceptibility between weevils which have
been housed in small plastic pois for approximately 4 days and
those which have been 80 housed for 28 days longer and are 28 days
older at the time of irradiatiome Thus the LD 50(39) observed for
prolonged fraciionation regimes should be 1little affected by changes
in suseeptibility due to ageing and housing during the course of
the regimee The method used to normalise the observed LD 50's
(12.3) should, however, compensate for any slight changes occurring
due to this caussz.

13+ 4. Yariation of LD 50 with period of post-storage in plastic pots
Experiments Nos 27 to 30 show that as the period of post-irradiation
storage in plastic pots is increased from 1 to 14 days the obsaerved
L 50(30) decreases by approximately 400 rads (i.e. an average of
30 rads per day). In an attempt to eliminate this smource of
variation, weevils in subsequent experiments (Nos 31-77) were
transferred from plastic pots to honey jers after the same peried
of post-irradiation storage as that employed in the main fractionation

experiments (Nos 12-26) i.e. the weevils were transferred on Day Te



CHAPTER 14
THE SPLIT-DOSE RECOVERY CURVE FOR WEEVILS

14. 1. The observed resulis
In experiments Koe 1 -~ 11 weevils were irradiated with two equsl
doses separated by intervals of O to 25 hourss The LD 50(30 ) and
corresponding 95% fiducial limits determmined for each of the split~
dose Mtaﬁals are presented in Table 3 {12.3.) The observed results,
normalised in accordance with their appropriate single dose controls
as previously described (12.3.) are plotted against interval in Fig l4a.
The zwesulté.nt split-dose recovery curve exhibits similar character-
istics to fhose obtained with mammalian cells and tissues. Before
attempting to interpret this curve, the factors which influence the
shape of such ourves will be oconsidered.

14, 2. Faotors governing the shape of split-dose recovery curves
Young and Powler (1969) su;gest that there are three factors which

influence fhe shape of a recovery curves intracellular recovery,
progression and repopulation. Such curves generally show an initial
rapid rise in the surviving fraction of celle which reaches a peak

in a few héurs and is considered to be duc mainly to the repair of
intracellular sub~lethsl damage. The recovery curve may then show

a numbex of peaks and troughs believed to be due to the progression
through the division c¢ycle of a partially synchronised population of
cells surviving the first dose. When the split~dose interval exceeds
the mitotic delay induced by the first dose, the curves show a gradual
rise due to repopulations The first and second effects and the
second and third effects overlap and it is consequently difficult to
analyse the relative effects of the three componentise

Young and Fowler (1969) used a model incorporating experimental data

for synchronous and asynchronous Chinese hamster cells {Sinclair,
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Fig. l4a The observed srlit-dose recovery curve.
The total LD 50(50) for weevils irradiated

with two equal doses is plotted against
the interval between doses. The limits
shown are the 954 fiducial limits
gstimated by probit analysis as previously
discussed (12.2)
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1967, 1968) to investigate the effects of progression and

repopulation on split-dose experiments. This model assumed that

full intracellular recovery occurs before the second dose is given.

Thus their predioted split-dose recovery curves showed how the

surviving fraction of ocells should vary with 1n&erva1 due to progression
and repopulation, but could not show the rise due to intracellular
recoverys Provided suitablq allowance is made for this factor the
predictions of this model are in olose agreement with the split~dose
recovery curve obtained experimentally by Sinclair (1967, 1968)

and therefore support the above theories regarding the factors governing
the shapes of split-dose recovery curvess

By applying the theory of Lajtha and Oliver (1961), Liversage (1969a)
predicted how the surviving fraction of cells in Sinclair's split-dose
experiment should vary due to the repair of intracellular sub-=lethal
damage in the absence of any effect due to progression and repopulation.
Fig 14(b) shows how the predictions of Young and Fowler (1969) may be
combined with the predictions of Liversage (1969a) to obtain a
theoretical split-dose curve which takes into account all three factors
discussed above and which is in reasonably good agreement with
experiment.

Comparisons of the split-dose curve for weevils with that obtained by

Sinclair for Chinese hamster oells

le The initial rise due to intracellular recovery
Both curves chow an initial rapid rise but whereas the oell

survival curve reaches a peak of survival at between 2 and 3 hours
the LD S0 for weevils does not reach a peak until 7 hours. (Figs

14a and 14b).
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14+ 3. 2. Fluotuations due to Progressiom

14. 3.

After the pesk, both curves fluctuate. The first trough ococurs
at 9 or 10 hours in the cell survival curve but at 12} hours in
the ID 50 curve. In the latier curve there is a suggestion of a
second trough five hours later. The magnitude of the fluctuations
between peak and trough appears to be a smaller fraction of the
total amount of recovery for the wsevil LD 50 curve than for the

Chinese hamster ¢sll survival curve.

3« The repopulation effect

The effect of repopulation is more apparent in the cell survival
curve than in the LD 50 cuxve, e.g. the sesoond peak of the cell
survival curve is appreciadbly higher than the first peak whilst
the LD 50 curve is no higher at 25 hours than it is at 7 hours.
The LD 50(30 ) for a split-dose interval of 3 days (Experiment

No 13, Table 3) is howsver 850 rads higher, suggesting that
repopulation becomes important at a later stage in the LD 50 curve.
It will be shown later (Chapter 16) that a first dose of 4000 rads
is estimated to induce a mitotio delay in the critical ocells of
the weevil of 174 hourss The experimental data of Sinclair (1967)
a8 used by Young and Fowler (1969) show that the first dose of

T10 rads given to the cells would induce a mitotic dslay of less
than 5 hourse Thus repopulation effects should be apparent

after 5 hours in the hamster cell ocurve but not until after 17%

hours in the LD 50 curve for weevils.

14. 4. Estimation of 7° from the split-~dose cuxve

The precise estimation of T (the half-life of the dose equivalent of
sub-lethal damage) from & split dose recovery curve is not possible
because of the difficulty in separating the effects of sub-lethal
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damage repair from those of progression (Liversage, 1969a). It is
however possible to determine upper and lowsr limifs between whioch 1"
is likely to lie and the analysis of Young and Fowler (1969) is of
considerable assistance in this respects Their model showed that
after a first dose of 710 rads, Chinese hamster cells display a slight
inorease in resistance during the first 2% hours (curve (a) in Fig 14b).
After 2} hourﬁ the resistance of the cells decreases until at 10 hours
they have progressed into their most sensitive phase thus producing

a trough in tﬁa split-dose recovery curve.

The LD 50 split-dose curve for weevils suggests that their critical
cells require a slightly longer period (124 hours) to progress into a
| sensitive phase after receiving an ﬁitial dose of approximately 4000
rads.

Examination of curves (a) and (b) 4n Fig 14b shows that the first peak
in the combined theoretical curve occurs when the rate of increase due
to sub-lethal damage repair (curve b) i)eoomea equal to the rate of
decrease due to progression (curve a)s Thus the first peak in the
combined curve occurs before the sub-lethal damage repair has reachsed
completion. fn practical terms it will be assumed that the first
peak oocurs before sub-lethal damage repair is 99% complete. How
much before will clearly depend on the shape of the progression curve.
Liverasage (1969a) showed that sub-~lethal damage repair is 995 completve
in a period of T « Kow‘ the first peak for the weevil curve occurs
at 7 hours and on the above reasoning 77 must therefore be greater
thaxi T hoursy i.s. T must be greater than 1 hour.

Having estimated a lower limit for 7Y it is now necessary to estimate

an upper limit.
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The first peak of the weevil recovery curve is 2070 rads higher than
the single dose D 50(30) of 5900 rads suggesting tﬁat the total
amoun’ of recovery (expressed in rads) is 2070 rads, i.e. 35%. However,
as the repair of sub-lethal damage is not complete by 7 hours and as
progression is causing a fall in the ID 50 by 7 hours, the true rise
due to complete repair of snb—l;athal danege is likely to de greater
than 2016 m:‘v.-ads perhaps even 200 or 300 rads more, i.e. up to 40% of
the single dose LD 50. The observed split-dose recovery ocurve rises
by 1035 rads (4ses half of 2070 rads) in 1.8 hours and by 1170 rads
(1cee half of 2340 rads) in 2.0 hourss Thus, as judged from the
split-dose recovery cum., the repair of sub-lethal damage appears to
be half complete in approximately 2 hours. Oliver (1964) and
Iiversage (1969a) have shown that becsuse radiation effect and dose
are not linearly related, the half-life, 7, of the dose equivalent of
sub~lethal damage is less than the time required for the recovery to
be half complete as judged from an observed split-doso TOCOVETY CuIrve.
On the sbove reasoning 7 must be less than 2 hourse

The split-dose recovery curve for LD 50(30) Lor weevils suggests
therefore that the half-life, T , of the dose equivalent of sub-lethal
damagey for the critical cells in weevils, lies betwsen 1 and 2 hours

when these are irradiated and housed at 27°C 704 R.H,
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CHAPTER 15

THE VARTATION OF THE LD 50 WITH THE NUMBER OF FRACTIONS N DELIVERED IN A
CONSTANT OVERALL TIME T

15+ 1o Iso-effect animal experiments %o show the effect of varying N only
' Fowler {1971) roviewed animal experiuents desiamed to determine how

iso~effect doses vary with the number of fractions and overall time.
He pointed out that few sxperiments have been carried out in which
the effects of overall time and fraction number were investigated
separately.

To $est the General Formula (the main objective of the present
investigation) it is necessary to isolate these twﬁ effects. The
present investigation denonstrates that it is not always simple to
design expsrimenis which will do this completelys The results
obtained with weevils ahow that the inocrease in Lﬁ 50(30) with fractiom
number using a constant overall time is, in faot, a function of the
overall time chosen.

It will be shown later {Chapter 16) that in any irradiation rogime,
the additional dose necesszry to compensate for the vepopulation
oocurring during the regime is a function not only of the overall
irradiation time but also of the interval betwsen fractions. Thus,
irradiation regimes employing a conziant overall irradiation time

but different numbers of fractions reguire unegual additional doses
to compensate for repopulations These required additional doses are
also not proportional tec the iso—effect dosas appliecable to their

respaective reginese. Thus, if DBT is the dose necessary to produce

a given effect in N fractions in T days, DNITI / DRéTl vill not be

equal to Dy /D The difference between these two ratios
1°2 22,
may be small in those systems in which repopulation has little

influence. In weevils the effect can be considerable as illustrated

by the following example.
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15. 2. JWeevil results demomstrating the dependence of DII.P / ”xa'r on the
¥elue of T
The results of experiments Nos 17, 21, 24 and 26 (Taeble 3, 12.3.) all
involving weevils from the same batch demonstrate the above sffect.
1t D9 and D4 are the LD 50(3‘3) observed for regimes involving 9 and
4 fractions respectively delivered in a oonstant overall time of either

10 days ox 28 days the following ratios are obtaineds If T & 10 days

D, /D, = 17680 +15 +
9 4 i%g'—aé-iﬁ- L 10270 600044

I£ T = 28 days

Dy, /D, = 265 = 1462 X 0.083
9 ° 4 "17!1%' ~ed 4

To caloulate the 95¢ confidence limits of the above ratios the 955

+]1+

t

fiducial limite of the individusl LD 50's were added vectorially.
It may Vbe concluded that in iso-effect experiments designed to study
the effect of fraction mumber only, the influence of overall time is

not necesearily eliminated simply by kesping it constant.



124

CHAPTER 16
VARIATION IN LD 50 FOR CONSTANT N AND VARTABLE T
16. 1. Attempt to fit results to an Ellis type formuls

16. 2.

Bllis (1967), as previously referred to (5.2), claims that iso-effsot
doses are proportional to IA a.ml’fB where § is the mumber of fractions,
T is the overall time and A and B are constants.

If the LD 50 for weevils varies with overall time T in this way, then
for any oonstant number of fractions N, the LD S0 values plotted
against overall time T on a double logaritimic soale should lie on

s straight line of slope B.

With the exception of experiment No 16, the results of all the
experiments involving 2, 4, 6 or 9 frastions, each of 71-79 minutes
duration, together with their 95f fiducial limits are plotted in this
wvay (Pig 16a). Experiment No 16 (6 fraotioms in T days) was exoluded
as it involved a l-day gap between the 5th and 6¢h fractiom. The

LD 50 observed in this experiment is believed to De greatly influenced
by the position of the gap and will be discussed more fully later
(Chapter 18).

Examination of Fig 16a shows that the exponent B of time is not
constant but depends on both N and Ts Between 10 days and 28 days,
the 9-fraction data have an average slope of 0.34 = 0.07 whilat the
4-fraction data have an average slope of 0,205 & 0.055. Between 1
day and 3 days, the 4~fraction data havean even smaller slope of
0115 £ 0.04.

It may be concluded that the Ellis (1967) type relationship does

not apply to LD 50 observations on weevils.

Attenpt to fit results to the Cohen formul

The formula of Cohen (1968) as previously referred to (5.2) implies
that keeping the number of fractions constant but increasing the

overall time increases the iso-effect dose by C times the inorement
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in overall time, where C is considered to be a constant.
The data plotted in Fig l6a are reploiied on a linear=linesr
soale in Fig 16be Ixamimabion of this diagrum shows that for
a cansﬁmrt numbsr of mgiiom the ID 50 for weevils iz not linsarly
related to overall time, esgs from the 4-fraction data it will be
seen that the LD 50 increases by 630 rade per day as the overall
time is inoreased from one to three days dut only by 77 rads per
day as the overall time is inoreased from twenty-one $o twenty-sight
days. Clearly the value of C is not a oonatant but deoreases as
the overall irradiation time Lnoreases.
It may be concluded that the Cohen (1968) type relationship does not
apply to 1D 50 obmexvations on weavils.
Attenpt o t_results ¢ Jers £
As previously discussed {5.2) Liversage (1971) using published
data for okin reaotians suggested that for a constant number of
fractions, the rate of increase in iso-effect dose would decrzase as
the irradiation regime was prolonged. He suggested that the rate
of incresse C was z varigble whioh decressed as (T - '!‘r) was inoreased
and oould be considered as a function of (T - TP) where T is the
overall time used and T, $s the time required to give the same mumber
of fraotions at five fractions per week.
In the present experiments, data were obtained for 2, 4, 6 amd 9
fractions given strictly daily and the formula of lLiversage may be
reurittons

Dy = DMD = C(T=Tp) eusccesarsecsansccecs (13)

where Dm. is the 1D 50 for weevils irradiated with ¥ fractions in T
days and TD is the time in days required to give ¥ strictly dsily
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fraotions (ie.e. Tp = (¥-1) days)s The parameter C should now de
a varisdle which decreases as (T - 'J.‘D) inoreases.

To test whethor the weevil data fiited such s relationship all the
data included in Figs 16a and 16b were snalyzed and values of
(DRT - DH’TD) were plotted against ( T ~ T ) in Mg 160,

The results show that the value of C does decrease as (‘i‘-TD) is
inoreaseds Unfortunately it will also be observed that C is a
function of the mmber of fractions N. For example, on changing from
9 fractions in eight daye (i.s. daily fractions) to 9 fractions in

18 days, the ID 50 inoreases Dy 6360 rads i.e. 636 rads per day. Om
changing from 4 fraotioms in 3 days to 4 fractions in 13 days Pig l6o
shows that the LD 50 inoreases by omly 4500 rads i.e. only 450 rads
per day even though (T - "n) i8 10 days in both cases.

It may be concluded that ihe formula of Iiversage (1971) (Equation 13)
doas not apply to ID 50 observations on weevils as the value of C
varies not only with the time inorement (T - Tp) but also with the
mmber of fractions N. The problem is further disoussed below.

The h for the ¢ relat:

16. 4. 1. The importanos of fruotion interval

Examination of Fig 160 suggests that the inorease in LD 50 with
increase in overall iime is not just a function of the increment in
overall time but is also some funotion of fraction interval $,»

The average amount of repopulation (expressed in rads) ocourring
between consecutive fractions tg days apart minus that between
consecutive fractions ome day apart will be (D!T - DMD) / (¥ =1).
The numerical values of this expression are plotted against
fraction interval ¢ (Mg 16d4) for the same axperimental data

as thoss used in the previous three diagrams.
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irrespective of the mumber of fractions employed, it will be seen
from Fig 164 that all the plotted data lie olose to a single
ourve (b)s» The maximum and minimum limits of the relationship
are represented by curves {a) and (o). It may be concluded that
for any irradiation regime involving 2 to 9 fractions and killing
5% of the weevils, the average amount of repopulation per
fraction interval is principally a function of $hat interval and
ie practically independent of N and T.

Before attempting to use the data in Fig 164 to estimate the
sffoct of repopulation during irradiation regimes in generaly a
oloser soxrutiny of ihe data is called for.

A quantity of radiation ‘D, has previously been defined (4.1)

as that quantity of radiation necessary to compensats for the
effects of repopulation cocurring during & fractionated regime
involving N fruections delivered in an overall time of T days.
Thus rB,P is a measure of the amount of repopulation (expressed
in rads) ocourring during such a regime.

Using this temainologyy the amount of repopulation per fraction
interval will be "D, / (N - 1) and this should be equal to the
mmsn{n“-bmn)/ (B - 1) as the fraction interval is
incnamd!mﬁtot.da:n, as shown in Fig 16d. The curvee
4in this diagram have been drawn with a discontinmuity occurring at
approximately O.5 days. The only data enabling the position of
this discontinmuity to be looated are data obtained for regimes
involving 4 fractions. For regimes involving different numbers
of fractions the discontinuity could ocour earlier or later than
shown in Fig 16d. The discontimity ies believed to result from
radiation induced mitotio delay preventing repopulation ocourring
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for a period t o days after sach fraction of radiation. Using
Chinese hamster cells, Elkind, Han and Vols (1963) showed that
mitotic delay was direcily proportional to the dose delivered.

Thus ty is likely to vary with fraction sise.

It may be eoncluded that if the data in Fig 164 are to be used

to estimate the total repopulation ooourring during any fractionated
regime, due allowance must be made for the influence of mitotio
delay and how this is likely to vary with fraction size. These

effacts are discussed below.

2. The sffects of mitotio delay.

In an attempt to estimate the effects of mitotic delay the LD 50( 30)
was detemined for 4 fractions in 3 days; 4 fractions in 1 day and
4 fractions in 9 hours; i.e. for fraction intervals of 1, 0.33
and 04125 days (Experimants Nos 46, 45 and 51). The computed

LD 50's observed were 10520 % 2.4%, 9260 ¥ 2,14 ana 9260 ¥ 2.9%.
Thus no difference was observed in the ID 50 for intervals of 0.33
and 0,125 days. (After normalising in acoordance with their
respective single dose controls tke LD 50 for ta = 0,125 daye was
found to be 2% higher than that for t = 0.33 days but this
difference is not significant).

The LD 50 for ts = 1 day and for ty = 0e33 days were determined
in the same group of experiments and may therefore be compared
without normalisings The difference between them is 1260 & 330
rads i.e¢ 420 £ 110 rads per interval. Thus, on average, this
amount of repopulation ooours after each daily fraction of 2630
rads. By extrapolation of curve (b), ms drawn in Fig 16d, it

will be observed that repopulation is required only for the

last 0.52 days of each dally period in order to obtain 420 rsds
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per days It is therefore esiimated that a dose of 2630 rade
produces a mitotic delay t of 048 days, i.e. 0.183 days /1000
radse

As the mitotio delay %, will vary with the dose delivered

per fraction, the total amount of repopulation cccurring during.
any fractionated regime is wore likely to be (N - 1) times some
funotion of (ta *‘tm) rather than (N - 1) times some function of
ts’ The experimental data presented in Fig 164 will therefore
be reconsidered below.

The shape of the relationship between repopulation and (tB - tm)

fhe mitotic delay tm for each of the 4-fraotion regimes has been
calculated assuming the delay to be 04183 days/1000 rads. The
values of (D, = Dm.n) / (¥ - 1) together with their 95%
confidence limits have been replotted against (ta - tm) in

Pig 16es It is considered that, at the 95¢ level of confidence,
the curve relating these two factors is likely to 1lie between
ourves (a) and (c)e Examinetion ¢f the plotted data shows that
the estimated position of the true curve would be little affected
by the absence of any one pointe The presence of the point
therefore confirms the position of the line and thus provides a
seocond independent estimate of its positions Now doubling the
number of observations should reduce the size of the confidence
1imits by the square root of twos Thus curves (a) and (e)

were drawn closer together, by z factor of l.4, than the smooth
curves (not shown) passing through the upper and lower limits

of the individual pointss Curve (b) was calculated from &
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Flg 16e The average increase in iso-effect dose per
fraction interval as the interval between
fractions is increased from 1 day to tg days
rlotted against (tg-tm) where tg is the fraction
interval and tm is the mitotic delay after each
fraction. Curves a and c¢ rerresent the uprer
and lower limits of the exrerimental data.

Curve b was calculated from equation (15) and is
in excellent agreement with the rlotted 4-fraction
experimental data.
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mathematical relationship derived belows

In Fig 160, the slope of the curve passing through the
experimental points at time (ts - tm) is equal to the average
instantaneous rate of repopulation M (expressed in rads/day)
occurring t, days after each of the N fractions except the last.
(¥.Be It is necessary to insert the word "average" here as the
rate of repopulation may vary from one fraction interval to the
next). ,

The slopes of curves (a) and (o) in Fig 16e have been plotted
against (t‘ - tm) on & logarithmic = linear sosle in Fig 162
to obtain upper and lower limits to the average instantaneous
rates of repopulation and to show how this decreases with time.
‘It will be observed that, to within the limits of experimental
agsouracy, the average instantansous rate of repopulation M

t days after the mitotic delay decreases exponentially with

time and may be represented by the equation

Mo coesreesscnssenssensas(ld)
where lo iz the average instantaneous rate of repopulation
(expressed in rads/day) immediately following the mitotic delay
poricd and A is the exponsntial decay constant.
It follows that the total repopulation rDT (expressed in rads)
oocurring during a fractionated regime delivering a total dose
D,

NT
days will be given by»

rade in N equally spaced fractions in an overall time of T

(t, - t,)

“DT « (N=-1) M dt

[+]
w (N-1) M, [1-.‘“%"‘{[.......(15)

~ .
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TIME AFTER MITOTIC DELAY (DAYS)

rads[day
1000 |-

Fig.16f The average instantaneous rate of rerorulation
(expressed in rads/day equivalent) during the
interval between fractions plotted on a logarithmic-
~linear scale against time after mitotic delay. The
urrer limits (open circles) and the lower limits
(closed circles) were obtained by measuring
resyrectively the slopes of curve a and curve ¢
in Fig.l6e at (ts - t,) days.
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where t  4s the interval betwsen fractions (i.e. /(X - 1) days)
and t 48 the mitotio dolay estimated to be 0.183 DM,/IOOQ ¥ days
for the oritical cells of the weevil. '

From Fig 16f 1% is estimated that M_ = 850 rads/day andj=

-1 (The time required' for the rate of repopulation

0,291 days
to f£all to half its initial value is thus 2.4 days).

In oxrder to verify that the above relationship doez in fact fit
the shape of the experimental data from which it is derived,
equation (15l) was used to calculate how the expression (Dg, - Dm,n)/
(F = 1) should vary with (3, ~ tm).  The results of these
caloulations are plotted (curve b) in Fig l6e. The precise
agreement at all points on the curve shows that the above
mathematical relationship certainly has the correct shape. Had
the best smooth curve passing through the experimental points
been drawvn on this diagram it would have been practically
indistinguishable from the curve caloulated from eguation (15).
The total repopulation "Dy / (¥ - 1) per fraction interval ¢,

is equal to the inorease in (Dp, - M‘D) / (N = 1) as the
fraotion interval is increased from tn to ts days. Tor any
irrediation regime this may be estimated from ourve (b) in

Fig 16e. The 95% confidence limits of this estimate may be
obtained by considering the corresponding inocreases in curves
(a) and (e)s For convenience, the inoreases in these ourves
have been replotted against (ts - tu) in Pig 16g which has been
used to estimate the total repopulation correction rD,r for each
of the fractionated regimes investigated in this thesis. Values
of (Dgy = *D,) 1.0 the LD 50 for N fractioms if repopulation
effect is eliminated are tadulated in Table 4. The consistency
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The total regorulation (rads.equivalent) per
fraction interval rlotted against (tg - tp)
where ts is the fraction interval and t; is the
mitotic delay after each fraction. The curves
were obtained from Fig.l6e by transforming the
origin of the co-ordinates. Thus Curve Db
represents the estimated reporulation as
calculated from equation (15) whilst curves

a and ¢ are the experimentally derived 955
confidence limits of this estimate.



TABLE 4

. | P DAYS (Dgp = rnT) rads
2 0.104 1280 < 170
0.208 7900 = 240
0.313 7970 = 230
0.417 7800 130
0,521 7410 < 110
04625 7660 = 110
0.729 1340 < 240
04833 7430 & 110
04938 1450 £ 230
1.042 7630 T 310
340 7350 = 360
4 0.375 9540 < 430
1.0 9340 < 250
3.0 9370 T 400
3.0 9210 ¥ 320
7.0 9160 = 490
1040, 9160 = 650
14.0. 9280 < 780
2140 9280 >1080
28.0 9120 =1210
3 5.0 10790 * 530
740 1108 ¥ 770
9 8.0 12950 = 800
10.0 12350 Y1140
18.0 13890 1680
28.0 11500 <1740
14 17.0 14750 21660
20 2540 17750 2570

139
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of the values obtained for a given number of fractions dut for
different overall times provides supporting evidence for the
validity of the deﬂ@d nmathematical relationshipe. (Equation 15).
Discussion
Tt should be stressed that the sbove relationship was derived from
experiments involving fractions of equal magnitude. In general
these were as equally spacedaa a five day week would allowe The
most unequal spacing occurred in regimes involving 5 fractions
per week as a 3-day gap occurred at each weekend. For this reason the
6-fraction and 9-fraction regimes wers repeated using strictly daily
Mtiom. |
The 3-day gaps cocurring in the S-fraction per week experiments were
distributed a&nunetrically about the mid-point of the regimes employed
except for one expeviment (No.16)¢ In this experiment, involving 6
fractions in 7 days, a 3=day gap occurred between the 5th and 6th
fraotions and the LD 5050y was found to be 13410 1 460 rads. When
the experiment was repeated but with the 3-day gap between the 3rd and
4th fraotion (experiment No 47) the LD R(3p) ¥as found to be 1200
rads higher (i.es 14600 + 510 rads)
In deriving the above relationship, experiment No 16 was ignored on the
grounds that this result was greatly influenced by the presence of a
gap 80 close to the end of the regime. This result will be further
discussed in Chapter 18 in the light of additional experimental
evidence presented in the same chapter.
Although equation (15) is more complex than any of the empirioal iso-
effect formulae previously referred to, it is based on the simple
equation (14) whioh shows that during each interval the instantaneous
rate of repopulation decreases exponentially with time. This

experimental finding suggests that the rate of repopulation may be

directly proportional to the damage present provided both entities

are expressed in terms of their dose equivalents.
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To satisfy such a hypothesis the repopulation occurring during an
infinitely long intervel must be equal to the damage present at the
start of that interval. For this to be true, the mmerical value
of uc/%u in equation (15) must be equal to the average damage
(expressed in rads) present at the start of each fraction interval
of any regims which kills 50% of the weevils. For any such regime,
irrespective of the number of fractions or the overall time employed,
the ultimate damage is equivalent to that produced by a single dose
of 5900 radss Thus during the whole of any such regime the average
damage present will be approximately 2950 rads which is in close
agroement with the value of 2920 rads found for KA (M_ = 850 rads/dayy

A = 04291 days -1y

.
The sbove analysis is full of approximations and is ocomplicated by

the faolt that damage is not linearly related to dose. - Nevertheless
the agreement is encouraging and suggests that the hypothesis ise
worthy of further investigation and considerations To develop the
concept more fully a dose-response curve for the critical cells of

the weevil is required. - This is derived in Chapter 17+ - The
hypothesis is disocussed further in Chapter 18 together with the

results of experiments designed to investigate the relationship betwemn

the rate of repopulation and the damage present.

Conclusion

The LD 5Q30) for weevlils varies with overall irradiation time in a
way which is not consistent with published iso-effect formulae
purporting to estimate such variation for normmal tissues in patients
or skin reactions in animals.

The total repopulation rbT (expressed in rads) occurring during a
fractionated regime delivering a total dose DNT rads in ¥ equally
epaced fractions in an overall time of T days has been found to be

consistent with the following relationships
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p = (¥~1) uo E -e 7\(‘58 - tmﬂ sessaee(l5)

I,
D,
owm—
N

vhere t is the interval between fractions and t‘ is the mitotio

delay estimated to be equal to 0.183 Dy, / 1000§ days. It is
estinated that M, = 850 rads/day and A = 0,291 dayss'

For any regime killing 50% of the weevils, the average repopulation
occurring per fraction interval will be "Dy / (N - 1) and may be
ealoulated from the above formula or ray be determined, together

with appropriate 955 confidence limits, from the experimentally derived
curves presented in Fig 16g. Curve (b) on this diagram is the curve
obtained by oalculation using the sbove formula and is centrally
situated between the upper and lower limits of the experimental data

" (curves a and o) thus demonstrating the excellent agreement between the
formula and the experimental data.

In Chapter 4 the dose "wasted" due to intracellular recovery B‘DH and
tha dose necessary to compensate for repopulation 1‘I),i, were mathematically

related by the simple equation (4)1

D

In order to test the general formula for equating protracted and

- Dl ‘O'RDN 'PrDT tbo-ooooqoeoeoooo(4)

aocute regimes of radiation, the main objective of this thesis, it is
necessary to find how the dose "wasted" due to intracellular recovery
varies with fraction numbere. This may now be determined by applying
equations (4) and (15) to the fractionated LD 50 results. The
appropriate analysis is presented in Chapter 17.

The finding that the rate of repopulation decreases exponentially with
time between oonsecutive fractions suggests that 2 simple relationship
may exist between the rate of repopulation and the damage present. The

results of experiments designed to discover whether such a relationship

exists are presented and discussed in Chapter 18.



143

SAAPTER 21
VARXATION IN LD 50 WITH FRACTION NUMBER

17¢ 1 Datly Freoiooe

17, 2.

The LD 50 was detexuined for 2, 4, 6 and 9 fraotions using strictly
dally freotions and for 6y 9y 14 and 20 fractions delivered at the
rate of five frsotions per wesks The results (after normalising in
ascordance with their eingle dose controls) ave plotted on a linear
scale against fraction mumber (Pig 17a)s The results of all the
expariments in which fraotions wors of 71 - 79 minutes duration are
inoluded excopt the result of experiment Ho 164 The latter was
excluded besause of the influenoe of the three-day gap betwesn the
last twe fraotione as previously discussed (16.5)

It will bas oheerved from Fig 1Ta that from 1 to 2 daily fraoticns the
LD 50 inoreases by 1900 rads (1.es 32() but from 2 to 20 "daily”
fractions the incresss per fraction is practically comstant at

1350 rads per "daily” fraotion for the fractions of 1600 to 3900 rade.
(The term "daily” in this oontext includes reximes in which five
fractions were given por waek)e.

As previously disoussed (16.6), equation {15) may be applied to any

irradiation yegime to estimate the magnitude of the 2epopulation

component ’DT- The intracellular recovery component ana may shen

be determined by substituting the eatizated value of 'D, snto Eqn (4):
Dyp @ Dy + Dy 7D, covesanascecs(d)

whore Dm is the 1D 50(39) for wesvils irradiated with N fractions

in an overall time of T days and nl 18 ths single doss LD 50(30).

The intrecellular recovery component Bﬁ_g i8 a function of N but 4s

assumed to be independant of T provided the interval betwesn frections

iz sufficiently large to allow full intracellular resovery between

fractionss The split~dose rscovery curve (Fig 14s) indicates that



144

o)

LD 50( 30) WEEVILS 5

O 3 G N N Q o
© 1 | e |

SNOILDVYd 40 ¥IGWNN

Fig.1/a The LD 50(50) tor weevils plotted against number of
fractions: 'The lower curve is for strictly daily
fractionation (e.g. 9 fractions in 8 days) whilst
the urrer curve is for five fractions rer week
(e.g. 9 fractions in 10 days)
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such recovery is essentially complete in an interval of 0.3 days.

The valus of "Dy for any regime may be satimated from equation (4)

by using exporimental walues of I’m and }Jlr and estinated values of
rb,r caloulated from Oqﬁatlon (15) as previously disoussed (16.6).

The most relisble estimates of ‘D, are obtained when "D, is szall

as the 956 confidencs limits on the valus of “D, will then also be
small (Fig 16g)s Thusy to obtain reliable estimates of the effects
of complete intracellular recovery between ¥ fractions the fraction
interval should be small but greater than 0.3 daya. Five fraotions
per week data are available for all the dirfuint numbers of fractions
inveatigated and these employ average fraotion intervals of 1.4 days
or lezs. To estimate how the LD 50 varies with fraction mmber §t is
neoeseary to inslude the five fraotion per week data as these are the
only data availabls for 14 and 20 fractions.

In view of the above considerations the estimated values of (D = "'n,.)
obtained for all regimes employing fruotion intervals of between 0.3
and 1.5 days, were abstraoted from Table 4 (16.4.3) For each
fraotion nusber, the average of these wvalues is given in Table & and
plotted against fraotion number in Fig 17bs These values are in
faot the sume, to an accuracy of - 0.5%, as would have been obtained
using all the data presented in Table 4.

Fig 17b shows how the LD 50, corrected for repopulation, inoreasec
with tho number of fraotions whilat Fig 17a shows how the LD 50
uncorrected for repopulation increases with the mumber of daily
fractione.

The inoresse in LU 50 with the number of daily fractions im mainly
dus to two effects: 4ntracellular recovery and repopulation.

As previously discussed (3.2) synohrony may also affect the observed
LD 50, espeoially when the number of frmotions is esmalle However,

examination of the split-dose recovery curve (Fig 14a) reveals that
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TABLE 5
Numbex ID 90 « REPOPULATION CORRECTION
of | (DNT - rDT) rads
Fractions .
) 4
1 5900
2 7590 £ 180
4 9310 £ 320
6 10940 = 650
9 12650 = 970
14 14750 % 1660
20 1775 % 25710

Bach of the cbove fractions were delivered in a pariod of
TL - 79 minutes.
The derivaticn of this tadble is described in Chapter 17.2

and the repopulation correction in Chapter 16.4+3.
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The LD 50(50) for weevils,corrected for

reropulation between fractions rlotted against
the number of fractions. This curve shows how
the LD 50(50) increases with the number of

fractions if complete intracellular recovery
but no reropulation occurs between fractions.
The plotted data are taken from Table 5.
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even when only two fractions are given, synchrony only produces a
variztion of ¥ 44 in the observed ID 50, It is believed that the
effects of synchrony on the two-fraction data have been largsly
eliminated by averaging the eight values of (DBT - rDT) presented
in Table 4 for time intervals varying from 0.3 to 1.04 days. When
more than two fractions are employed the effects of synchrony are
likely to be appreciably less than t 4% and have been neglected in
this analysis. The averaging procedure, though less effective in
these cases, has probably reduced any smell error due to this cause.
By comparing Fige 17a and 17by the relative importance of
intracellular recovery and repopulation may be estimated. Fig 17a
shows that from 2 to 6 fractions the combined effects of intracellular
recovery and repopulation increase the LD 50 by an average of
1340 rads per daily fraction. Trom Fig 17b it will be sesn that
of this 1340 rads, 840 rads result from intracellular recovery and
the remaining 500 reds from repopulations From 9 to 20 fractions
the total inorease averages 1310 rads per daily fractiom of which
460 are due to intracellular recovery and 850 rads due to
repopulation. It may be concluded that in this biological system
when tho number of "daily" fractions is lese than six, intracellular
recovery has more effect thanmpopulation but that the relative
importance of these two effects is reversed when the number of
daily fractions is greater than nine.

17. 3. _The effect of reducing the irradistion time per fraction
All the fractionated resulis analysed previously in thie and earlier
chapters were obtained from experimenis in which each frastion of

irradiation had been delivered in a period of 71 - T9 minutes.
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The main objective of this thesis ia to test the validity of the
general formmla (Liversage, 1969) for equating protracted and acute
regimes of radiation disocussed earlier (4.2). 1In deriving this
formula, Liversage (1969) assumed that the acute irradiation was
delivered at a sufficiently high dose~rate for its effects to be
dose~-rate independent, i.e. he assumed that the amount of sub-lethal
damages repaired during each fraotion was negligible compared with

the amount produced.

It has been eatimated (14.4) that the half-life of the dose equivalent
of sub-lethal damage for the oritical cells of the weevil is between
one and two hours. Thus an irradiation time of 71 -~ 79 minutes
would allow appreciadle repair of sub-lethal damages to ooocur during
each fraotion. To test the walidity of the general formula,
fractionated experiments should therefore be dons using shorter
irradiation times. As previously mentioned (11.8) the installation
of a new cobalt unit enabled the irradiation times to he shortensd to
between 24 and 26 minutes. The regimes listed in Table 6 were
therefore rspeated using these sghorter irradiation times. Single
dose ocontrols using an irradiation time of 72 minutes were included
in each batoh of experiments and this enabled the LD 50's observed to
be normalised in the usual manner.

The observed and normalised LD 50(30) for each regimo are presented
in the comprehensive list of results (Experiment Nos 67 = 77) in Table
3 (12¢3)« The results obtained with 24 to 26 minute exposures are
compared with those obtained with 71 - 79 minute exposures in Table 6
from which 1t will be seen that the latter are on average 8% higher
than the former. The single dose controls were irradiated at
approximately 230 rads/min and 78 rads/min respectively. The results
show that dose~rate effects can be appreciable at dose~rates in excess

of 78 rade/min when the effect being studied is produced by a fairly
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TABLE
REGIME | EXPERT~ | NORMALISED EXPERT~| NORMALISED RATIO
HERT 1D 50 MENT (1D 50 or
F0. 1179 MIN M 24-26 K ID 50's
IRRADIATIONS IRRADIATIONS
Single +
Dose 61 5900 68 | 5320 - 190 1.11
ingle
Doso 67 8900 62 | 5400 + 130 1.09
Single | .
Dose 14 5900 15 | 5230 ¥ 250 1.13
4¥/3d 15 10440 ¥ 200 16 10070 £ 470 1.04
4F/3d 46 10600 ¥ 330 76 |10070 % 470 1.05
67/7a 41 14600 £ 510] 77 | 13530 * 660 1,08
9F/10d 17 17680 £ 730 70 | 17190 % 890 1.03
14F/174 18 24240 £ 730] 172 | 22400 ¥ 600 1.08
20F/254 19 32130 f1350| 73 | 29050 T1070 1.11
9F/28a 26 25080 ¥1130] 71 | 23580 % 920 1.06
Mean ratie 1,08
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large single dose of 5000 to 6000 rads which 6onsequent1y requires
an irradiation iiué in excess of one hour.

Td test the validity of the general formula referred to above, it
was necassary to determine how the LD 50 corrected for repopulation
varied with fraction number. Thus for each of the regimes
employing 24 to 26 minute exposures it was neocessary to estimate
the repopulation component rbT- This was done as described
previously (17.2) but because the efficiency of the radiation was
8/ higher than with 71 - 79 minute irradiations, M in equation (15)
was assumed to be 850/1.08§ ja.e. 787 rads/day. The values of

(p ’bT) 80 obtained for different numbers of fractions are

M-
tabulated in Table 7« In Chapter 19, these results are compared
with predictions based on the application of the general formula

to data obtained using continuous low dose~rate irradiation (Fig 19b).

17« 4« The derivation of a dose~response curve for the critical cells of

the weovil
Following the method of Fowler and Stern (1963), let it be assumed

that a weevil dies within 30 days of irradiation due to some unknown

critical population of cells being reduced to a surviving fraction

of b‘eo, vhere b is some unknown but constant number.
The fraction of cells surviving a single dose of 1 (DNT T) should
be b ~20/N as N such doson, (delivered at intorvals too small to

permit any repopulation but sufficlently large to allow full
intracellular recovery between fractions), would kill 50% of the
weevils. The data tabulated in Table 5 may thus be used to obtain
a theoretical cellvaurvival curve (Fig 17c) for doses delivered in
71 to 79 minutes. The absolute level of survival is not obtainable

from this curve as the value of b is unknown. An estimate of the
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TABIRT
NUMBER ID 50 -~ REPOPULATION CORRECTION
or
magmns | (Dgyp - :-DT) RADS
1 5320 ¥ 190
4 8890 T 540
6 10150 ¥ &0
9 12210 % 12%0
14 13360 % 1560
20 15490 ¥ 2460

Each of the above fractions were delivered in a period of
24 - 26 minutes.
The derivation of this table is described in Chapter 1T7.3.
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Fiz.17c. Thenretical cell survival curve for
the critical cells of the weevil derived
as described (17.4) from the results of
fractionation expreriments.
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surviving fraotion may be obtained using the model of Lange and
Gilbert (1968).

17. 5. cation of the o) Gilbexrt
Lange and Gilbert (1968) desoribed a model which related animal
mortality probability to cell mortality. According to their model
the slope of the animal mortality probit against dose curve is
related to the slope of the appropriate cell survival curve by

the following relationship

% - kDo !..Q‘.‘QUQQI......I....l...'QO.(lG)

whore g is the slope of the probit-dose curve
k is a constant equal to 1.2
Do is the dose necessary to reduce the surviving fraction
of celle (at the end of the irradiation) to 37%
If G is the slope of the probit against 1°310 dose curve it follows
that

oo-.ooooaoo-otu(IT)

Lb 50

S e mamsd

‘%,‘ 1°810 14+ kD°

Using this equation it is possible to estimate the valus of Do

from a knowledge of the slope of the probit ourve and the LD 50.

The above theory assumes that the oritical cells of all the animals
in any single experiment have an equal probability of surviving a
given dose of radiation. In praotice, variation in the sensitivity
of cells from animal to animal, due to variation in environmental
oonditions, will reduce the slops of the obmerved probit curve.

The present experiments were designed to find how the LD 50 varied
from one regime to another. To reduce the variations between

experiments, batches of experiments were carried out simultaneously
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and the specimen pots in each of the experiments were distributed
in a definite pattern within the constant-temperature room, as
previcusly described (8.3.4.) Thus any changes in sensitivity due
to temperature gradients in the room would increase the spread of
sensitivity within each experiment but eaoh experiment would bve
affected in a similar manner. Although, as previocusly mentioned
(12.4) the observed probit slopes in these experiments were twice as
steep as those observed by Jefferies and Banham (1961), it is
believed that they would have been even steepef if all the pots in
any one experiment had been stored in closer proximity to one another.
The 15 single dose probit against logarithm of dose curves were
found to have an average slope of 22.8 with a standaxd deviation of
2.,8. By substituting this value of G into equation (17), D, was
ostimated to be 535 radas but in view of the above reasoning this
must be considered, as an overestimate of Do'

The theorstioal cell survival curve (Fig 17c) at a dose of 5900 rads

hss & D_ of 1850/1ogb°

and by equating this to the above estimate,
v 45 found to beeual to 0,001, This suggests that to kill 50%
of the weevils their critioal cell populations have to be reduced by
a faotor of 1000. If Do is emaller than 5354 as suspected, the
factor would be larger than 1000,

17. 6, Variations of probit slope with rexime
From equation (17) 4t will be observed that the smaller the value
of LD 50/n° the smaller the slope G of the probit of mortality
egainst the logarithm of dose curve.
The single dose 1D 50 should be equal to DQ +c‘Do where o< 38 &

constant equal to 105;b~20 and DQ is the quasi-threshold-dose

defined previously (3.1) for the appropriate cell survival curve.

o.o D SO/DO = o< 4 DQ /Do o.oooo.co-ooon.(ls)



It was shown theoretically by Lajtha and Oliver (1961) and experiment—
ally by Berry and Cohen (1962), Bedford and Hall (1963) and Hall and
Bedford (1964) that D, increases and D, decreases as the dose-rate
decreases. Thus DQ/DO decreases as the dose-rate decreasess The
effect was most marked in the range 100 to 1 rads/minute, (Hall, 1972).
The single dose LD 50 experiments employing exposure times of 71 to
19 minutes involved dose~rates of the order of 80 rads/min whilst the
low dose~rate continuous irradiation involved dose-rates of 2 to 25
rads/min. Thus in the low dose-rate experiments, LD SO/DO and
consequently the probit slope G should be smaller than in the single
dose experiments.
The mean probit slopes observed in the 12 low dose-rate and the 15
single dose experiments and their standard deviations were 18.8 toa
and 22.2 ¥ 2.8 respectively. This difference is significant at the
80% level of confidence and is probably due to the theoretical reasons
discusaed aboves
The mean probit slope observed in the 35 fractionated acute experiments
was 24+9 % 4.1 which at the 75% level of confidence is significantly
higher'than that observed in the single dose experiments.
In order to predict how the probit slope should change with
fractionation it is necessary o consider how the factor LD SO/DO
changes with fractionation.
From equation (4)

ID 50/D, = (D, + g+ D) / Dy eeseecsesseccreenceces(19)
If the number of fractions is increased, RDE increases but the dose
per fraction necessary to kill the weevils decreases causing an
increase in the effective D.. Examination of Table 5 reveals that

0
(D1 + RDH) which is pqual to (LD 50 - rbT) inoreases by a factor
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of 3 as ¥ 15 increased from 1 to 20, (i.es the LD 50, corrected

for repopulation inocreases from 5900 to0 17750 rads). Examination
of the cell survival curve (Fig 17c) reveals that D, also increases
by a factor of 3 as the dose per fraction is reduced frum 5900

rads 0 17750/20 rads. Thus en inoreass in the mmber of fractions
should make little difference to the slope of the probit curve
provided negligible repopulation ocours between fractions.
Repopulation between fractions causes & pronounced effect. If for
a constant mmber of fractions, the overall time is inoreased, ‘D,
increases, the LD 50 increases and the dose per fraction incresses.
Examination of the derived cell survival curve (Fig 170) shows that
as the dese per fraction inoreases the effective D o decreases.

Thus the value of LD 50/D, dnoreases appreciabdly as is illustreted
by the 20 fraction in 25 day experiment. The LD 50 was found to de
32130 rads, "D, was estimated to be 14380 rads and the dose per
fraotion was 1607 rads. (The slope of the obmerved probit curve for
this regime was 30.4 with 955 fiduoial limits of L 11.6). Thus the
1D 50 48 5.4 times larger than the single dose LD 50 bdut from Fig 1To
it may be estimated that D, at 1607 rads is only 2.1 times larger
tha%bo at 5900 rads. Thus on changing from a single dose to a 20
fraction in 25 days regime the wvalue of LD SO/DO increases by a
factor of 5.4/2.1 (i.e. by a factor of 2.6).

The above analysis indicates that there are reasons to expect the
probit slopes to be steapsr for fractiomated regimes involving
signifiocant repopulation. The 35 fractionated regimes referred to
above inocluded regimes of short and long duration, s.g. 4 fraoctions
in 9 hours (slops 17.7s 955 fiducial limits of  5.4) and 4 fractions
in 28 days (slope 28.0; 955 fiducial limits of = 12.3). Closer
examination revsaled no consistent rolationships between probit slope
and fraction mmber dbut a general tendency towaxrd inoreasing slope
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with increasing overall time in keeping with the above theoretical
considerations. The 955 fiducial limits of the slopes observed in
individual experiments were considered to be too large to justify
a more detailed analysis of this effect.

17. 7. Conglusions
The LD 50(30) for weevile increases with the number of "daily”
fractions, From 2 to 20 "daily" fraotions the increase is practically
oonstant at 1350 rads per fraction, It is eatimated that from 2 to
6 fractions 63% of this increase is dus to intracellular recovery and
37% to repopulation. From 9 to 20 fraotions, 35% of the inorease is
estimated to be due to intracellular recovery and 65% to repopnlatién.
When weevils are irradiated with 1 to 20 fractions, shoﬁoning the
irradiation time per frastion from 75 minutes tc 25 minutes
decreases the 1D 50 by an average of §%. For single dose irradiations
the average decreass observed was 11% showing that appreciable dose-rat
effects can ocour at dose-rates in excess of 78 rads/min, when the
offect being studied requires an irradiation time in excess of one
hour.
The fractionated data, corrected for repopulation have been used to
derive the shape of the cell survival curve for the critical cells
of the weevil (Fig 176). By applying the theory of Lange and Gilbert
(1968) 3t is deduced that D, for this curve is less than 535 rads
and that to kill 50% of the weevils their oritiocal cell populations
need to be reduced by a faoctor in excess of 1000.
The differences in the slopes of the probit regression lines obmerved
for different irradiation regimes may be partially explained by
oonsidering how the LD 50 and the effective slope of the appropriate

oell survival curve vary with regime.
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CHAPTER 18

THE RELATIONSHIP BETWEEN THE RATE OF REPOPULATION AND THE DAMAGE PRESENT

18. 1, ripents us two_doses of unequal tud
The relationship (Equation 15) derived previously (16.4.3) provides a
means of estimating the total repopulation ocourring during a
fractionated regime which kills 50f of the weevils, provided the
regime oonsists of equally spaced fractions of equal magnitude.
As already discussed (16.5) the data from which this relationship
wag derived suggest that the rate of repopulation (expressed in
redo/day) may be direotly proportional to the damags present (expressed
ir. zuds)s  If such & simple relationship exists, it could be used to
estimate the repopulation ocourring during regimes involving fraotions
of unequal magnitude and unequal spacing. Experimoﬁts Nos 52 « €6
were designed to find whether a simple relationship existed or not.
In these experiments, weevils were irradiated with an initial dose
DA and t, days later subjected to a seoond dose. By keeping IJA and
t, constant and varying the seoond dome, the total dose (DA + D:B)
necessary to kill 50% of the weevils in 30 days was determined. In
this way the LD 50(30) was found for five values of DA ranging from
1040 to 5240 rads and three values of t namelys 1.025, 3.83 and
8.14 dayse The results of these experiments are presented in the
comprehensive resulte (Table 3, 12.3) The doses D; (normalised in
accordance with their sppropriate single Aoso controls) are plotted
against D, (similarly normalised) in Figs 18a, 18b and 18¢c for each
of the three time intervals. Foxr purposes of oomparison, theoretiocal
ocurves predicted as desoribed below are also showne

18. 2. dioted results ass the rate of repopulation to be orti

to _the demage present
The hypothesis to be tested is that at any instant of time (exoept

during the mitotic delay) the instantaneous rate of repopulation
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The dose DB necessary to kill 507% of the weevils
in 30 days if delivered 1.025 days after an
initial dose DA rFlotted against initial dose DA'
The observed values of DB may be compared with
the curve predicted by the hypothesis discussed
in Chapter 18.2.
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The dose DB necessary to kill 50% of the weevils
in 30 days 1f delivered 3.835 days after an
initial dose DA rlotted against initial dose DA’
The observed values of DB may be compared with
the curve rredicted by the hypcthesis discussed

in Chapter 18.2.
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Fig. 138c  The dcse Dy necessary to kill 504 of the weevils

in 30 days if delivered 8.14 days after an
initial dose DA rlotted against initial dose DA‘
The observed values of DB may be compared with

the curve rredicted by the hypothesis discussed
in Charter 18.2.
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(expressed in rads/day) is proportional to the damage A (expressed
in rads) present at that instant of time.

The question arises as to how the dose equivalent of damagu (Ao rads)
present immediately after a single dose of DA rads should be defined.
Ao cannot be as large as DA as part of the damage produced by DA rads
is repaired by intracellular recovery. The value of Ao should
represent the damage which remains after intracellular recovery is
complete but before any repopulation has occurred. Let us therefore
define the damage Ao present immediately after a dose DA by the

following equations
!
Ab = Dl - nB -oocoo00000‘000-00000(20)

vhere D. is the single dose necessary to kill 50% of the unirradiated

1
weevils and DIIB is the dose necessary to kill 50% of the weevils if

delivered shortly after the dose DA

recovery is complete but befors repopulation has commenced. For

» &t a time when intracellular

any value of DA’ the value of 131’3 may be determined from the theoretical
cell survival curve derived previously (Fig 17e).

According to the above hypothesis, the total amount of repopulation
(expressed in rads) occurring within t o 0ays of an initial dose D,

will be “D_ where

T .
T o spads v\ L

where A\ 1s a constant previously estimated (16.4.3) to be 0.291 days"l

and t 1is the mitotic delay previously estimated (16.4.2) to be 0.183
days/1000 rads. The dose DB necessary to kill 50% of the weevils if

delivered ts days after an initial dose DA is therefore given by:

X
DB = nB + nT .......o.......................(22)
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Values of DB caloulated from the above equation have beon used to plot
the theoretical curves shown in Fige 18a, 18b and 18c.

18. 3. Comparison of observed and predicted results
Fig 18a shows that for initial doses of 3000 to 5000 rade the predicted
values of Dy at 1,025 days are 500 to 600 rads less than those founde
The discrepancy may be partly dus to experimental uncertainties (the
95% fiducial limits on the LD 50 of the irradiated controls for these
experiments are unusually large at = 3.55) and partly due to cell
synchrony as the split-dose recovery ourve (Fig 14as) shows that the
oritical cells of the weevil are moving into a resistant phase 24
hours after an initial dose of 4000 rads.
In view of the above considerations the agreement is reasdnably.
matisfactorye However, as the amounts of repopulation oscurring in
one day are predicted to be no more than the equivalent of 200 rads,
this comparison is more a test of the reliability of the derived cell
survival ourve (Fig 17c0) than the repopulation relationship.
Por intervals of 3.83 days, Fig 18b shows excellent agreement between
prediction and experiment except at DA = 3400 rads where the prediction
coincides with the lower limit of the observed result and at DA = 5240
rads where the prediction is 600 rads higher than the observed result.
If in these diagrams the observed results had not been normalised,
they would all be 2.7% lower than plotted. Thus whilst the normilicing
procedure may be blamed for part of the discrepancy in Fig 18a and at
D, = 3400 rads in Fig 18b it is likely to have minimised the disorepancy
at D, « 5240 radss Cell synchromy could still be having some effect
at 3.83 days but it is doubtful whether it can account for the latter

discrepancy.
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For intervals of 8.14 days the suggested hypothesis prediots that the
majority of the damage caused by the initial doses would be repaired by
repopulation before the second dose was given. This is borne out by
experiment for initial doses below 4000 rads. Above 4000 rads the
prediction begins to deviate from observation and for an initial dose
of 5130 rads overestimates the repopulation by as much as 1950 rads.

In view of the above discrepancies it was decided to plot the
relationship betwesn the repopulation observed, the initial damage A o
and the initial dose D, for each of the three time intervals used

(Pig 184). The repopulation observed is assumed to be (D; - n;) and
the initial damage is assumed to be (D, ~ Dy) as previcusly defined
(18.2).

As previously discussed, the effects of cell synohrony are bslieved

to have inflated the values of (DB - D;) observed for intervals of
1.025 days and thus the lower curve in Fig 184 is believed to overestimate
the true repopulation occurring during this interval. Examination of
Fig 184 shows that for all three intervals the repopulation increases
as the initial dose D.& inoreases and at first is approximately
proportional to the initial damage Ay As D, 1s increased beyond
3500 rads the repopulation inoreases less rapidly and reaches a peak
when D, is approximately 4500 rads. As D, is further inoreased the
amount of repopulation per intérval falls dramatically. It may be
argued that the dramatic decrease in the value of (l)n - D;) for high
values of DA may not be due to a deorease in repopulation but could

be due to the first dose DA killing a proportion of the wesvils so that
the second dose does not have to kill so many. Examination of the
single dose mortality ourves shows that 5200 rads kills 10% of the
weevilse. Thus to reduoce the total surviving fraotion of weevils to

50% the secand dose Dy is only required to kill 455 cf the 90% surviving
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The amount of repopulation (rads-equivalent)
occurring in a reriod of tg days after an
initial dose DA’ rlotted against DA' The

three lower curves show the reporulation
dose-~equivalents found by experiment for
reriods of 1.025, 3.83 and 8.14 days and how
these vary with initial dose. The initial
damage A_ (urrer curve) is defined by equation
20 and rgpresents the dose-equivalent of the
damage rresent shortly after an initial dose
DA at a time when intracellular recovery is

complete but before rerorulatinn has commenced.



the first dose. The single dose mortality curves show that the dose
required to k111 45¢ 4s only 70 rads less than that requived to id1l
50%. For intervals of B.14 days the decrease in the value of

(Bb - Q;) which ooours as D, is increased from 4500 $o 5200 rads

is 860 rads and thus ocannot be explained by the killing effact of the
first dose.

It may be concluded that although the total repopulation ie
approximately proportional to the initial damage for values of DA lens
than 3500 rads the subsequent rapid decrease in repopulation shows

that there is no simple relationship between repopulation and damage
which is applicable to the whole range considered.

The results suggest that homeostatic control mechanisms in the weevil
are able to speed up the repopulation rate (rads/day) in approximate
proportion to the damage present but that after doses of 4000 rads or
more the reproductive capacity of the surviving cells is severely
impaired and they are thus unable to respond to the homeostatic oontrol.
An alternative explanation would be that the oontrol mechanism itself
is disrupted by such large doses. (4000 rads is 685 of the single dose
ID 50).

The fact that nb simple relationship has been found betwsen repopulation
and damage in no way invalidates the relationship (Equation 15)
eatablished previously (16.4.3) for regimes employing equally spaced
fractions of equal magnitude. The extension of this relationship to
regimes involving unequal doses or unequal intervals is however, made
more difficult. In certain cases, guidanse may be obtained by
considering the shapes of the curves relating repopulation and damage
(Fig 18d) as 4s illustrated by considering the anomalous result

discussed below.
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18. 4. The enomalous result for 6 fractiomsin 7 days

The 1D 50, corrected for rapopulation, observed for 6 fractions in

7 days (E2xperiment Ko 16) was found o be 1200 rads bslow the smooth
curve drawn through the remainder of the dally fractionation data
similarily correcteds This anomaly was thought to be associated with
the 3-day gap between the 5th and 6th fraction as this was the only
"daily" regime in which such a2 gap occurred zso close to the end of the
regimes Experiments Nos 47 and 49 were done to test this theory and

their results are compared below.

D30
No 16, 6F/74 gap between 5th and 6th fractions 13410 ¥ 460r
No 47, 6F/74 gap between 3xd and 4th fractions 14600 £ s10r
No 49, 6F/54 no gap 13140 * 280r

Comparison of experiment Nos 47 and 49 shows that extending the

g5p betwesn the 3rd and 4th fractions from 1 day to 3 days allows
additional repopulation, equivalent to 1460 rads, to ooour.

Comparison of experiments Nos 16 and 49 shows that a similar extension
between the 5th and 6th fractions allows additional repopulation
equivalent to only 270 rade to ocour. This difference of 1190 rads
may be explained as follows.

In experiment No 16, immediately before the 3-day gap, 11,170 rads
were delivered in five fraotions in four days. This dose is 95% of the
LD 50 for 5F/4d (Fig 1Ta)s Thus the damage present at the start of
this 3-day gap was probably similar to that caused by 955 of the single
dose LD 50 (1.e+ 5900 X 0.95 = 5600 rads). After such a single dose,
Fig 184 shows that the amount of repopulation occurring in 3.83 days
should be epproximately 700 rads. The exact amount will depend on
bow the curve is drawn in this rather oritical region.

In experiment No 47, on the other hand, the dose delivered immediately

befors the 3~day gap was 7300 rads in three fractions in 2 days whioh



1693

ie only 80% of the ID 50 for 3¥/2d (Fig 17a)s Thus the damage
present at the start of the 3~day gap in this experiment wes probably
simtlar to that caused by B0% of the single dose LD S0 (i.es 5900 X
0,80 = 4720 rads). After such a single dose, Fig 184 showe that the
amount of repopulation cccurring in 3,83 days should be close to the
peak value of 1900 rads.
Thus the 3~day gap in experiment No 47 occurred at a time when it
would have moximum effect whereas in experiment No 16 it ocourred
at a time vhen it would have welatively little effeot.

18. 5. Coneclusions
The relationship between the rate of repopulation (expressed in rads/day)
and the damage present (expressed in rade) is not a simple onse. Vhen
the damage present ie lese than that onused by a single dose of 3500
rads, the amount of repopulation ocourring in e given interval is
approximately proportional to the damage present at the start of that
intervale The wajority of the dumage is completely repaired by this
process in a perliod of wight days.
When the damage present is lIn excess of that cusused by a single dose
of 3500 rads the amount of repopulation is appreciadbly less than that
predicted by a proportional relationshipe
When the damage present is in excess of that caused by a single dose
of 4500 rads the rate of repopulation decreases dramatically as the
damage increasese This suggests that the critical surviving cells of
the weevil may be pub-lethaly damuged to such an extent that their
proliferative capacity ies greatly impaired or, alternatively, that the
homeostatic control system of the wsevil is disrupted by such high doses.
If, at some stage during a fraotionated regime, a rest perlod is
introduced, the amount of repopulation ocourring during that period
will be very dependent on the damage present at the start of that period.

In weevils, maximum repopulation occurs when the initial damage is fairly
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large (equivalent to that produced by a single dose of 4500 rade).
If the rest period ocours too close to the end of the regime,

the damage present may be sufficiently large to inhibit cell
proliferation and 1little effeot may be produced.

The implications of these findings and their relationship to results

obtained by other workers will be discussed in Chapter 20.



CHAPTER 19
TESTING THE GENERAL FORMULA
19. 1o Variation in LD 50 with duration of low dose-rate continuous irradiation

The LD 50's observed with continuous low dose-rate irradiation are
presented in the ocomprehensive table of results (Experiments Nos 31
to 43 in Table 3, 12.3). These results (after normalising in accordance
with their appropriate single dose conirols) are plotted against
irradiation time on a linear scale in Fig 19a. It will be seen that
the results obtained in January 1971 (open squares) are in close
sgreement with those obtained at Easter 1971 (olosed squares). The
1D 50 for 0.4 hours irradiation wae obtained from the January and
February 1972 experiments (Nos 68, 69 and 75).
It will be cbserved that the LD 50 inoreases by a factor of three as
the irradiation time is inoreased from 0.4 to 106 hours.
The derivation of the dotted curve in Fig 19a is disoussed below.

19. 2. The Correction for repopulation
To test the general formula equating protracted and acute regimes of
radiation (Liversage, 1969), it is necessary to determine how
(v, - ”n,‘) varies with irradiation time. As previously defined
(Chapter 4) D, is the LD 50 for continuous irradiation lasting ¢ hours
and rDt is the dose necessary to compensate for repopulation ocourring
during the irradiation.
Hall (1972) suggests that the dose-rate necessary to stop cell division
occurring during irradiation is inversely proportional to cell cycle
time and is equal to 19 rads/hour for Hela cells having a oell oycle
time of 24 hourss. The large repopulation effect observed in weevils
during fractionated regimes of radiation suggests that the cell cyocle
time for the critiocal cells of the weevil can be very short. The
maximum rate of repopulation is estimated (16.4.3) to be 850 rads/day.

The oritical cslls of the weevil are estimated (17.5) to have a D, of
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Fig., 19a The LD 50(50) for weevils plotted agsinst

continuous irradiation time. The January 1971
results (oren squares) are in close agreement
with the Easter 1971 results (closed squares).
It is estimated that the LD 50 corrected rlor
repopulation lies between the full and

dotted curves, as discussed in Chapter 19.2.




535 rads. Combining these two estimates suggests that the cell cycle
time Zor the oritical cells of the weevil oan be as short as 10.3
hourss It is doubiful whether it is valid to extrapolate the data of
Hall (1972) to weevils but his data would suggest that a dose-rate of
44 rais/hour should be adequate to stop cell division in the weevil.
The ID 50 for the most protmted sontinuous irradiation regime was
found to be 16710 rads delivered in a peried of 106 hours at a dose~
rate of 158 rads/hour, (i.e. at a dose-rate 3.6 times higher than that
necessary to stop cell division). It .may therefore be concluded

that repopulation by cell division was negligible during all the low
doss~rate continuous irradiations but the extrapolation from mammalian
oells to insect cells throws doubt on this conclusion.

An alternative approach is to assume that radiation induces a mitotio
delay of 0.183 days/1000 rxads, as found eariier (16.4.2). If the
delay tm’ 80 oalculated, exceeds the duration of the regime it is
ascumed that no repopulation occurs. If however the delay is less
than the duration of the regime it is assumed that repopulation occurs
at the maximum possible rate (equivalent to 850 rads/day) for a period
of (t - tm) hours

o Dy . BB (4 -4)  serrereennenennienen(23)

where t and tu are both expressed in hours.

The dotted curve in Pig 19a shows how (Dt - rDt) varies with irradiation
time if the amount of repopulation ocourring is calculated from the
above equation.

I¢ will be observed that both methods of approach indicate that no
repopulation occurs when the rogime is of less than 60 hours duration.
For Tegimes of 60 to 106 hours duration, equation (23) suggests that

a small repopulation component is present whereas the original

approach suggests there is no repopulation effect in this range.
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It may be concluded that during the continuous irradiation regimes
repopulation effects were smally if not negligibley, and that {he
true curve showing how ('11i ~ ™D,) varies with irradiation time is
likely to lie beiween the dotted curve and the full ocurve in Fig 19a.
19, 3 '

According to the general forxmula for equating protracted and acute
vegimes of radiation discussed previocusly (Chapter 4), (Dm. - rDT)
should be spproximately equil to(D, - "D,) provided ¥ and + are
related by the following equations

At [ XX Z X ZXERXER X ) 6
2 E»_L (1-a" M)] ©
It |

where Dm\ is the LD 50 for N acute fractions delivered in T days,

e

rDT is the dose necessaxy to compensate for the repopulation occurring
in T days, Dt is the LD 50 for contimuous irradiation given over &
period of ¢ hours, 3Dt is the dose necessary to compensate for
repopulation occurring in t hours and /< is equal to 0.693/7 where 7
is the half-life of the dose equivalent of sub-lethal damage.

Fig 19a showe how (D, = ’nt) varies with irradiation time ¢ and may
therefore be used in conjunotion with the above relationship to
predict how (Dygp = rD,i.) should very with fraction numbex.

Under the conditions used in these experiments, the half-life of the
dose equivalent of sub~lethal demage for the critical cells of the
weevil has been shown (14.4) to be greater than 1 hour and less than

2 hourse To allow for the uncertainty in the value of " , the
variation in (Dgy = "D,) with fraction mmber hes been predicted, as
described above, using values of 7 equal t0 1+0, 15 and 2.0 hours.
The resultant curves are plotted in Fig 19bs The full and dotted
ocurves in this diagram refleot the repopulation correction uncertainty

inherited from Fig 19a.
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Fig. 19b The LD 50(50), corrected for cellular

repopulation between fractions,plotted

against the number of fractions. Th: curves

show the prz:dicted values obtained by

aprlying the general formula (egyuation 6)

to the low dose-rate continuous irradiation
data, assuming the half-1ife of the
dose-equivalent of supn-lethal damage to be

1.0, 1.5 or 2.0 hours. The results obtained
from fractionated high dose-rate experiments,
corrected for reprorulation as described in
Charter 17.%, are also shown for purroses

of comparison. The 95/% confidence limits associated
with these plotted points take into account

the uncertainty in the observed LD 50's and that
involved in the reporulation correction.
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Values of (Dyy, = "Dy)y together with their 953 confidence limits,
derived from the fractionation experiments (Table T, 17.3) are also
plotted in Pig 19b for comparisons
The values of 1.0 and 2.0 hours are the lower and upper limits
respectively of the value of T estimated from the split-dose
recovery curves The true value of T~ is probably closer to l.5 hours.
However, any one of these three values of 7 leads to prediotions
which are within ¥ 124 of the experimental results cbtained over the
whole range investigated (i.e. from 1 to 20 fractions). Both the
full ourve and the dotted curve predicted using a value of 7 equal
to 1.5 hours agree with experiment to within X T4 over the whole
range investiguted and both lie within the 95% confidence limits of
all the experimental points. PFig 19b suggests however that
predictions using the gemeral formule and a value of T~ equal to 1.5
hours slightly overestimate the LD 50 for fractionated regimes
involving small numbers of fractions (less than 6) and possibly slightly
undsrestimates the LD 50 for regimes involving larger numbers of
fractions (about 20).

19, 4+ Conglusions
Liversage (1969) acknowledged that his formula for equating protracted
and aoute regimes of radiation was derived by making a number of
assumptions and involved & number of approximations, as previously
discussed (442) In view of this, he claimed his formula would not be
strictly true but should be accurate to & 10%.
The experimental results with weevils certainly substantiate this olaim
over the whole range investigated (i.e. ffom 1 to 20 fractions) but
suggest that from 6 to 20 fractions the formula is probably accurate
to £ 4%. The implications of these findings will be disoussed in

Chapter 20.
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Qualitatively, bui not quantitatively, the LD 50 for weevils varies

with split-dose interval, overall irradiation time and number of

fraotions in a similar manner to the variation in iso-effect dose

observed in nomal mamealian $issues and cells. Effeois have bean

observed in weevils which in mammallian tissues would have bheen

attributed to each of the following phencasnas

1, Intracellular sub~lethal damage repair (14.3)

2. Progression of a partially synchronised population of surviving
oslls through phases of varying sensitivity (14.3)

3. Repopulation of damaged tissues by cell proliferatiom (Chapter 16)

4. Radiation induced mitotic delay (16+4.2)

5. Homeostatic control of repopulation (Chapter 18).

The system studied in the present investigation thus constitutes an

excellent model for investigating precisely how these phenomena are

likely to affect the shape of iso-effect dose relationships in normal

tizsues. The magnitude of the effest produced by any ons of these

phenomena is, of course, liable to be vory different in weevils from

that ocourring in some oiher biological system.

The use of weevils has enabled a large body of accurate iso-effect

data to be obtained. These iso~effect data are more comprehensive

and more accurate than those cbtained for any mammalian system and

probably than those obtained for any other biological system to date.

They have been used to test a numbsr of hypotheses and may he used to

teat future hypotheses as and when these are Iormulated.

The findings with weevils may be compared with those obtained (perhaps

in less detail or with less certainty) using systems which are more

relevant to the clinioal situation. If the relationships observed
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in the more relevant tissues are consistent with those found in
weovils the latter may be used as a guide when interpreting, inter-
polating or extrapolating the more relevant data. Examples

of this are discussed below.

The weevil experiments involving fractions of unequal magnitude,

previously analysed (Chapter 18), show that when the damage present
is less than that caused by a single dose of 3500 rads, the rate

of repopulation (expressed in "rads per day equivalent”) is approx-
imately proportional to the damage present (expressed in "rads
equivalent”). As the damage is repaired, the rate of repopulation
should deorease proportionately and should thus decrease exponentially
with time. The multi~fraction experinenis analysed previously
(Chapter 16) show that this is true and that the time required for
the repopulation rate %o fall to half its initial value is 2.4 days.
It is interesting to compare these findings with those obtained for
mouse skin. Denekanp (1973)gave 4, 9 or 14 daily fractions of 300
rads to mouse skin followed by a saries of test doses at either 0,
1, 4, 8 or 15 days later. By comparing the skin resctions she was
able to estimate the rate of repopulation {rads/day) ccourring after
sach of the fractionated regimes.

After 4 dosss of 300 rads she found no significant repopulation
ocourred during the next 15 days. (The poesibility that some
repopulation was present but masked by synchrony is disoussed below)e
After 9 doses of 300 rads, the average rates of repopulatiom during
the first and second weeks wers 58 and 22 rads/day respeotively.
After 14 doses of 300 rads, the correspondiing rates were 130 and

18 rade/day.
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Thess skin reaction resulis shows-

a. the rate of repopulation increases with the damage present

b. as the damage 18 repaired the rate of repopulation decreases

8+ the time required for the rate of repopulation to fall to half
4t initial value is betwean 2.5 and 5.0 days (assuming it falls
exponentially)e.

These findings have important implications in split-course therapy

(Soanlon, 19603 Sambrook, 1962, 19633 Holeti and Taskinen, 1964)

and suggest, as Denekamp points out, thai in split-course therapy the

interval baeiween courses should not be allowed to be too 3.91:5l or the

i

benefit of tha faster rate of repopulation msy be lost. \ .
Denskamp's results also suggest that the npost b@naﬁ.eial tinme ‘;o
introduce a rest period would be towards the end of tresatment when the
damage present {and consequantly the rate of vepopulation) are likely
to be near their maximwa values. Denskamp refrained from drawing
this oconolusion and the weevil resulis suggest that her restraint
was well founded.

The wesvil results show the 3 effeots {a) (b) and (c) referred to
adove but the fall in she repopulation rate is slightly faster than
in mouse skin (The time to fall to half the initial rate in weevils
48 2.4 days) The weevil results demonsirate that this fall does
ocour exponentially (Flg 162) but show that the rate of repopulation
only increasss with the damage present provided the damage present

is less than that caused by a single dose of 4000 rads. As the
damage present inoreasas above this level the rate of repopulation
falls dramatically (Fig 18d)e Whether such a decreass occurs in
mouse skin or in the norwal tissues of patients is not known and
mquires further investigation. The wesvil resulis, however, provide

s waming of what might be expected. Ths experiments using 6
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fractions in 7 days with a l~day gap half-way or altematively near
the end of the irradiation regime emphasise the point, as previously
discussed (18.4 and 18.5). When considering the possidle implications
of these resulis it should, however, be remembered that during the
weevil experiments the whole body was irradisted whereas in rediotherapy
only a small portion of the body is normally irradiated.

The resulis cbssrved in mouse skin are perhaps at variance with the
woevil vesultis in one respect. After 4 doses of 300 rads, Denekamp
(1973) found no effect due to repopulation during the perioed 1 to 15
days. The repopulation effect only becams apprecizble after a further
week of datly irradiation. Demekamp suggested that the delay in the
onset of the repopulation effect probably reflsoted the necesaity to
acoumulate an apprecisble amount of damage which would be both dose
dependent and time dependent if the damage is only expressed at
mitosis. She pointed out that the normal turnover time of the

mouse epidermis (without mitotioc delay) is at least 4.5 days and that
the rate of expression of damage will be further slowed by radiation
induced mitotic delay from each dose.

The weevil results ehow that the rate of repopulation is certainly
dose dependent but they do not exhibit any comparable time delay.

Fig 16e suggests that rapid repopulation is occurring in the oritical
cell population of the weevil 12 hours after a dese of 2630 rads. It
has been estimated that the oell oycle time of theme cells could be as
short as 10.3 hours but, if allowance is mads for mitotic delay, it
would appear that homeostatic control has taken effect in the weevil
before many cells could have suffered a mitotic death. This suggests
that either intexphase death is ocourring in the weevil or the
homeostatic control mechaniem in the weevil can deteot potentially
lethal damage before the majority of that damage has been expressed
in the form of cell death. Further evidencs on this point is
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required.

The data of Denekamp regarding the rate of repopulation in skin
after 4 doses of 300 rads are also worthy of further consideration.
The test dose nsoessary to produce a given skin rﬁacﬁoa, 8 days
after the 4 doses, was 450 rads more than that required serv days
after the 4 doses. According to Denekamp, 195 rads of this inorease
was dus %o intracellular recovery and this suggests that 255 rads
was dus to repopulation and synchrony. By 8 days the effects of
aynchrany are likely to be emall and it may therefore be deduced
that, during the first 8 days, repopulation ocourred at an average
rate of 32 rads/day. Denekamp's estimate of no repopulation (her
table actually shows = 10 rads/day) during the pericd 1 - 8 days may
have been greatly influenced by the effects of synchrony inflating
the dose hecassary at one day, as she berself points outs It is
thus possibles that the homeostatic forces in mioe ave acting just

as fast as those in weevils. The difficulty of separating the
effects of synchrony from those of repopulation will make it
difficult to obtain decisive evidence on this point.

fractionated re

It has been shown (Chapter 16) that nons of the published relationships
purporting to predict how iso-effect doses for the normal tissues of
patients vary with overall treatment time, are of the shape necessary
to acoount for the variations observed in the LD 50 for weevils. The
published formulae may be useful in predicting small changes in iso-
sffect dose for the normal tissues of patients bdut may be inaccurate
when large changes are involved.

The form of the true relationship is more easily and aocurately

determined for weevils than for normal mammalian $issues, as previously



182

discussed (20.1). Pecause normal mammalian tissues and the

oritioal celle of the weevil both exhibit the same effects (20.1) it

is probable that the form of relationship (Equation 15) found for
woevils will be equally eppliocable to normal mammalian systems. The
values of the parameters involved are, of course, likely to be very
differents From the work of Denekamp it appears that the repopulation
rate M in the mouse skin decreases to half its initial rate in 2,5

to 5 days. If equation (14), as previously derived for weevils
(16.4.3) applies to mouse skin,

. ot
Hﬂxo.

sescscssscerssccssovecesec(ly)

The value of A for mouse skin will therefoﬁ 1ie between 0.14 and
0428 days I,

It follows that the average rate of repopulation ocourring during the
firet 7 days after irradiation will be equal to N (1 - ¢"1) /7. ,
where ¥ o in the initisl rate of repopulation. Using the above
estimated value of A, 4t follows that the initial rate of
repopulation in mouse skin is 1.6 to 2.3 times the average rate
oocurring during the first 7 days.

To estimate the rate of repopulation ocourring in normal tissues
during fraotionated regimes, it is common prastice to compare the
iso-effeot dose for N fractions given dally with that for N fractions
given, eay, 7 days aparts Idversage (1969) applied this procedure to
ths pig skin results of Powler, Morgan, Silvester, Bewly and Tumer
(1963) to obtain a repopulation rate in pig skin of 25 rads/day.

The above caloulation shows that the initial rate of repopulation
could be twice as great as the 7-day average rate found by Liversage
(1969)s Both Fowler (1971) and Iiversage (1971) drew attention to

the faect that repopulation rates were likely to be larger during
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short time intervale than those found dvring long time intervals
but neither conld socurstely predict the megoitude of sueh increcces.
Vhen daily fractions are used the rate of repopulatiorn in pig skin,
according to the sbove reasoning, is likely to be approximately
50 rade/dsy but the periods during which repopulation occurs are
likely to Yo considerxably less than the intervals between fraotions
due to radiation induvoed mitotic delay. The latter will depend
vpon the dose delivered per fraction and possidly on the cell cycls
time of the epithelial cells at the time of irradiation (Begasy, 1969).
Tng the amount of repopulatiﬁmv occurring in skin during a daily
fractionation regime could sotually be less than that sstimated on
ths basis of 25 rade/day. The imorease in repopulation ooccurring
on changing from a fraction interval of 1 day to a fraction interval
of 2 days could, however, bs twice as gresat as that estimated on the
bagiz of 25 reds/day.
It may be concluded that although Equation (15) 4s likely to apply
te manmalian tissues the values of the parameters involved are not
known to a sufficient degree of accuracy at presant to enable its
application to be & feasible propositimn

) ¢ O Jlular recovery and ve ati
Before 1963, the importance of fraction mumber was not appreciated
by the majority of workers im radiotherapy or redicbiclogye Imo=
effoct doses were generally considered to be mainly determined by
overall irradiation time and the mmber of frastions was considered
to be relatively unimportant. The imo-effect data of Strandqvist
(1944), Ellis (1942), Jolles and Mitchell (1947) and Coben (1960), for
example, showed how iso~effeot dose varied with overall time dbut
generally no attention was paid to the mmber of fractions involved.
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Elldnd and Sutton (1959) and others revealed the importance of

the shoulder of the cell survival curve and the vepair of sub~lethal
damagss The orucial experiments domonstrating the importance of
fraction mmber wers undoubtedly the pig skin experiments of Fowler,
Morgan, Silvester, Bewley and Turner (1963), The iso-effect doses
found by these workers are given in Tsdle 8.

IBES
16 X
REGIME ISO-EFFECT DOSE
Single dose 2000 rads
5¢/48 3600 rads
5¢/284 4200 rads
21¢/284 5500 ruds

The above results showed that when 5 fractions were glven, inocreasing
the overall time from 4 days to 28 days only inoreased the iso-effeot
dose by §00 rads. On changing from 5 "daily” fractions to 21 "daily”
fractions the iso-effect dose increased by 1900 rads but omly 600
rads (1.8. 32% of this Snorease) could be attributed to the increase
in overall time. The remaining 68f% of the increase was therefore

due to inoreasing the mmber of frastions. Increasing the overall
time from 0 to 4 days is unlikely %o have produced muoh effect in view
of the increase observed in changing from 4 to 28 days. Thus
practically the whole of the 1600 rads increase accompanying the

change from a single doase to 5 fractions in 4 days was probably due
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to the increase in the mmber of fractions rather than the inorease
in the overall time.

These results showed that the major factor which determines skin
réesponse is the sige or mumber of fractions. This conclusion of
Fowler and his co-workers has greatly influenced radio-therapy thinking
during the last decadss Ellis (1968) developed the concept
quantitatively by the introduction of & formula which implied that
doubling the number of fractions would inorease the iso~effect dose
by 184 whilst doubling the overall time would only inovease the iso~
effect dose for normal tissus by 8%.

The constancy of thess percentage variations is now being questioned.
Recent work (e.g» Dutreix, Wambersie and Bounik, 1973; Denekamp, 1973;
and Berry, Wiernik and Patterson, 1972) suggests that the relative
importance of fraction number decrtaaes/aa the mumber of fraotions is
inoreased and that the relative importance of overall time increases
as the overall time is increased. The analysis of published
experimental and clinical data by (L4 versage (1971) also suggested
that in oxder to fit the experimental data the exponent of time in
the formula of Ellis (1968) would nesd to inoresse, as the overall
time is increased.

Evidence is thus accumulating which suggests that whilst fraoction
number is the major factor responsible for the incresse in iso-effect
dose when the number of fraotions is small, the importance of fraotion
nuxber may have been over-omphasised and the importance of overall
time under-emphasised, when the mmber of fractions is laraw.

The above discussion has concentrated on the relative importance of
fraction number and overall time but has not yet discussed iho
relative importance of intracellular recovery and repopulation. The

weevil results are important in this respect because they clearly



demonstrate that part of the incremse dus to an increase in fyaction
nunbar ia not due to intracellular reoovexry but is due to an inoreased
rate of repopulation (at least when the latter is expressed as rads
per day equivalent).

The effeot of fraction number on the amount of repopulation ocourring
fs illustrated by the weevil results presented in Table 9.

TABLE 9
REGIME 1D 50 DOSE EQUIVALENT OF
: REPOPULATION IN 18 DAYS
9F/104 17680 rads
7400 xads
9¥/284 25080 rads
47/104 13920 rads
3240 rads
4p/284 17160 rads

From these resulis it will be observed that ms the mmber of fractions
delivered in a given overall #ime is increased, the amount of
repopulation ocourring {expressed in rads) also inoreases. Thus

part of the increase in iso~effect dose found by Fowler et al (1963)
on changing from 5 fractions in 28 days to 21 fractions in 28 days may
have been due to an increase in the amount of repopulation. As
previously discussed (20.3) lack of acourate data regarding mitotie
delay and the rate of decrease in the rate of repopulation prevents
an accurate estimation of the magnitude of the effect in the pig

skin experiments.
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Por the LD 50 results for weevils the necessary factors have deen
deterained and the repopulation oomponent “D; and the intracellular
recovery component “D’ oan be estimated with reasonable accuracy as
previously described {(Chapter 16).

Anslogous results to thoss shown for pig skin in Table 8 are presented
in Table 10 together with their estimated repopulation andlintraocllular

recovery components.

TABLE 10
ID 50 WEEVILS
RECIME 1D 50 T,

(rads) D g
(rads) (rads)

Single dose 5900 4] 0
42/34 - 10520 1210 3410
4¢/254 16930 7620 3410
20£/254 | 32130 14380 11850

The results in Table 10 show that nearly half the increase in LD 50
on changing from 4 fractions in 25 days to 20 fractions in 25 days
is due to an increase in the repopulation component rD,r.

The changes in LD 50 with regime are of a mimilar nature to those
found for skin reactions listed in Table 8 and show that fraction
mumber is more important than overall time. On changing from 4

fractions in 3 days to 20 fractions in 25 days the LD 50 increases by
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21610 reds. Using the same reasoning as that used for the pig skin
results, it will e seen that 70% of this inorease is due to the
inorease in fraction nosber and 30% to the increase in overall time.
Mmtm of the mMatim and recovery components on the other
band reveals that 39% of the inorease is due to intracellular recovery
and 61% due to repopulation.

The above results thus confirm the conclusion of Fowler et al (1963)

in thnt they show that, for the mginoa under consideration, fnotion |
mumber is more important than overall time. ‘l‘haj do suggest, however,
that repopulation may be more important than hitherto considered as
part of the inoreuse with fraction number appears to be due to
repopulation and not all associated with intracellular recovery, as

has been generally socepted in the past.

As previously discussed (17.2) the weevil results also show that the
relative importance of repopulation incrsases and that of intracellular
recovery decreases as the number of daily fractions is increased.

This coupled with the work of Dutreix et al (1973) Denekamp, (1973) and
Berry et al, (1972) together with the data presented in Table 10
suggests that repopulation effects in radiotherapy are probably more
important than recently believede More experimental work with
mammalian tissues 318 ._needed to determine the magnituds of these effects.

The general formula for equating protracted and acute regimes of

radiation was tested (Iiversage, 1969) using data for skin reaction
ard LD 50 for mice which had been published by different workerse.

For both effects,; the formula was shown to be irue to an accuracy
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squal to that of the experimental and clinical data, estimated to Ve
%L 204, Hall (1968) applied the formila to the in vitro cell survival
data obtained for soute and protracted irradiation of Hela cells

by Hall and Bedford (1964) and by Bedford and Hall (1963). He

found excellent agreement between observations and predictions based
on the general formula.

As discussed earlier (Chapters 1 and 2) the derivation of the general
formula was stimulated by the need to determine suitadble fractionated
acute regimes of radiation which could be used in clinical trials
using a remotely controlled high dose~rate after loading unit for

the treatment of carcinoma of the cervix.

The olinical trial initiated by O0'Comell, Joslin, Howard, Ramsey

and Liversage (1967) was designed to determine the aoute dose,
delivered in 6 fractions in 12 days, necessary to produce the same
sffeot as a sontinuous low doss-rate regime, delivering 4000 rads to
point A in 48 hours.

0*'Connell (1972) has now estsblished that a total dose of approximaﬁly
3300 rads to point A, in 6 fraotions in 12 days produces the same
vaginal epithelium reaction as that produced by 4000 rade to point A
delivered continuously during 48 hours. The geometrical arrangement
of the sources is the mame as far as is possible in both methods of
treatment and the vaginal epithelium receives a dose which is
approximately 2.5 times larger than that dellvered to point A.
According to the general fommula, 4000 rads to point A (or 10,000 rada
to the vaginal epithelium) delivered contimwusly in 48 hours should
produce the same effect ss 4000 rads to point A (or 10,000 rads to
the vaginal epithelium) delivered in 12 frastions (Table 1, Chapter 4.3)
in a hypothetiocal time of 48 hourse. If the number of fractions is
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reduced from 12 to 6, the date of Fowler (1965) shows that the total
dose should be reduced by 16%; ies. to 3360 rads to point A (and
8400 rads to the waginal epithelium). In the clinical txial the six
fractions were not given in 48 hours but in 12 days and therefors the
doses predicted from the general formula need to be incrsased to allow
for repopulation ocourring in the vaginal epithelium in a period of
10 days. 4s each fraction is spproximately 1400 rads, appreociable
mitotio delay will reduce, if not prevent, repopulation ocourring
during the 2 to 3 day intervals beiween fractiomns. If and when
repopulation is occurring, the rate could be as high as 50 raﬁe/dw
if allowance is made for the faotors previcusly discussed (20.3) and
if vaginul epithelium is considered to repopulate at the sare rate

as skin. Thus the inorease in overall time from the hypothetical
time of 48 hours to the actual time of 12 daye is liable to increase
the vaginal epithelium iso~effect dose by between O and 500 rads (i.e.
by O to 56). Thus after making appropriste corrections for reducing
the mumbexr of fractions from 12 to 6, =nd inoreasing the overall time
to 12 days, the general formmula predicts that the equivalent regime
should be 3360 to 3530 reds delivered in 6 fractions in 12 days. This
prediction is in good agreement with olinical obserwatiom.

The validity of the general formula has thus been tested for a mmber
of different memmaljan end-points, (skin reactions, 1D 50 for mice, and
Hela oslls in vitro) and is consistent with the clinical cbservations
of 0*'Connell (1972) on the vaginal epithelium.

The present investigation using weevils has tested the formule
against a completely different nom-mamralian tissue and certainly
shown it to be accurate to = 12% and probably to  7%.

Liversage (1969) claimed that, according to theory, the formula should
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be approximately true for all tisaues but only to an asouracy of

2 10f. The present study soupled with the sbove findings provides
strong evidence supporting this olaim.

This evidence strengthens the claim of Liversage (1969) that there

is no inherent advantage in low dose-rate continuocus irradiation
compared with high dose-razte irradiation provided the latter is
fraoctionated in ascordance with squatiom (6) (Chapter 4.2). This
claim is however basad on the assumption that intracellular recovery
is more important than repopulation and that any small effects due

to repopulation on inoreasing the overall tims from ¢ hours to 7

days are, in any case, likely to increase the iso-effect doses for
normal tissues to an squal if not greater extent than those for;fmouraa
The present investigmtion, whilst agreeing with the general forﬁula,
has shown that repopulation effacts in mamnalian tissues are likely
to be more important tham recently considered. Thus, on changing
from a low dose~rate sontimuovs irradistion regime lasting t hours to
a fractionated acute regime, in which N fractions are given in T days,
the affects of intracellular recovery are likely to be the same,
provided ¥ and t are related in asccordance with equation (6), but

the effects of repopulation are likely to be more important than
previously realised.

Whether increasing the overall time from ¢t hours to T days is likely
to benefit the normal tissues or the tumour is entirely a matter of
speculation. The present position is however more optimistic than
hitherto in that the present investigation {particularly when considered
in conjunction with the recent results of Benekamp) has shown that the
homeostatic factors which govern the rates of repopulation in normal
tisscues may be manipulated to obtain maximum effect, (e.gs by such
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devioces as selecting the optimum time for the introduction of a

rost period). Ellis (1968) has, indeed, stressed that the most
important difference bstween normal tissues and tumours is that
repopulation in the former is under homeostatio control whoreas,

in general, in the latter this is not sos

The fact that ropopulation must now be considered to be more
important than recently envisaged suggests that by manipulating the
homeostatic influences to inorease the rates of repopulation in
normel tissues these effeots might be exploited to the benefit of the
patient and the detriment of the tumour. However, before such bensfit
can be achieved in clinical praotice at will, muoh more will need

%o be known about repopulation effects in bolh tumours and normal
tissues. This suggests that more researc:i should be directed toward

this end.
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SUMMARY OF CORCL.USIORS
1. The to igo-affact relat in 1s

The manner in which the LD 50 for weevils varies with split-dose interval,
overall irradiation time and mumber of fractions is similar to that in
which iso-effect doses wary for normal mammalian tissues as explained

in dotail aboves The LD 50 for weevils has been used as an end-point to
establish iso-effect data which, because of the large number of weevils
that could be used, are probably more comprehensive and accurate than
those previocusly obtained for any tissus.

On changing from ons to twenty fractions the LD 50 {correoted for repop~
ulation) increases by & fastor of 3 due to intracellular recovery
(Chapter 17, Table 5). Thus the magnitude of the effect dus to intra~
cellulsr recovery is only slightly larger than that obaerved for
mampalian skin reactionsj Powler (1965) found the corresponding increase
for skin reactions (umcorrected for repopulation) o bs a factor of 2.76.
The split-dose recovery curve (Fig 14a) shows that radiation induced
synchrony has rvelatively little effect in weevils, ocausing a variation
in the LD 50 with split—dose inmterval of mo more than - 4%.

For irradiation regimes involving a constant number of fraotioms, the
percentage increase in iso~sffeot dose with increase in overall
irradiation time is much greater for lethality of weevils than it is

for mammalian skin reactions. Under certain comparative conditions,

the percentags increase is approximately three times greater as shown

by the pilot experiments (10.3). Thus, when the LD 50 for weevils is
the chosen end-point, repopulation effects are relatively large and
therefore conducive to investigation.

The iso-effect data for weevils may be, and have been here used to
investigate some of the fundamental relationships hetween imo-effect
dose and radiation regimesy relationshipe which are believed to be

governed by intracellular recovery from sub-lethal damage and cellular



194

repopulation influenced by mitotic delay amd homesostatic controle 1In
viow of the above findings, the LD 50 for weevils is a particularly
ussful end~point for studying the effasots of repopulation in an
orxganised tissue.

e

When irradiated and housed at 27°C and 705 ReH., the half-life 7 of

the dose-equivaleni of subelethal damage for the critioal cells of

the weevil is between 1 and 2 hours and is therefore similar to that
found for mammalian cells. (See Chapters 4.3 and 14.4)

T ‘ of ths general fo.

The general formula for egquating proiracted and acute regimes of radfation
{Liversage 1963) should snable the dose necessary to produce a given
effsot using low dose-rate contlnuous irradiation to be converted to an
approximately equivalent multi-fraotion acute dose. Application of
this formula requires a knowledge of the value of 7 for the relevant
cells but the equivalent multi-fraction dose so determined is omly
weakly dependent on the value assumed for T, (Fig 19d).

Unoertainty in the estimation of T for the critical cells of the
weavil unfortunately leads to some uncertainty in the predicted
equivalent dose. However, over the whole range invesiizated, (i.e.
from 1 to 20 fractions) predictions based on sither T equal to 1.0 hours
or T equal to 2.0 hours agree with observation to = 12f. The most
likely value of T  4is considersed to be l.5 hours and predictions

based on this value agree with observalion to an accuracy of t 1% over
the whole range investigated and % 4% over the rangs 6 to 20 frections.
Considering the appruimaﬁm involved in the derivation of the formula,
the gbove agreement is oomsidered to be satisfacliorye The formula has
been shown to be true o an accuracy of * 107 for several mammalian
tissuess Now it has been tested against a very different type of tissus



it may be generally applied with a greater degree of confidence tham
hitherto.

4« The variagtion in 1D S0 Qtﬁ overall time
For fractionated regimes, the LD 50 for weavils does not vary with
overall time in a way which is consistent with published formulae
purporiing to estimate such variation for the normal tissues of patients,
{Chapter 16).
The dose r}),r necessary %o compensate for cellular repopulation
ocourring during a fractionaied regime which kills 505 of the weevils in
30 days 1s consistent with the following relationship:

o= (K1) N E- A%y - ‘aU cereecerescsannes(15)
7,

where N is the number of fraotions
K, is the average rate of repopulation (expressed in rads/day)
immediately after the mitotic delay tn induced by each fractiom.
ts is the interwal between fractions
and ‘A ia an exponential decay constant.
The sbove relationship only applies when the irradiation regime consists
of equally spaced fractions of equal magnitude. For weevils, Ho is
estinated to bs 850 rads/day, \ is estimated to be 0.291 days » and
t, 1is estimated to be 0.183 days/1000 radss {(Chapter 16.4.3).
The above relationship probably applies to other end-poinis in other
tissues but lnsufficient data are available to enable reliable estimates
to be made of the appropriate values of M o’ A and f'n for any othex
tissus at present.
5« ZIhe relationship betwesn repopulation and danage
When the damage present in the weevil is less than that caused by a
single dose of 3500 rads, the dose necessary to compensate for cellular

repopulation ococurring in a given interval ic approximately proporiional
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$0 the dose~equivalent of the damage present at the start of that
intervale This suggasfa)that the homeostatic control in the weevil
does not simply switch on or off the repopuletion wechanism but is
capable of varying the rate of repopulation in accordance with'zhm
needs ox the systeme The rate of repopulation can be sufficiently
high to repair in a period of 8 dayes the majority of the dsmage

oaused by a single dose of 3500 rads (Fige 18c). |

As the damage is increased to higher levels the rate of repopulation
(oxpréssed in rade/day) fails to increase as rapidly as would be
required by a proportional relationship and, in faot, decrveases
dramatically when the damage present is in excess of that caused by a
single dose of 4506 rads (Fig 18d)s This suggests that the critical
surviving cells of the weevil may be sub-lethally damaged to such an
extent that their proliferative capacity is greatly impaired or,
altermatively, that the homeostatic control system of the weevil is
disrupted by such high whole~body doseses (Ne.Bs The single dose LD 50
for weevils is 5900 rads).

Because the rate of repopulation varies greatly with the damage present,
it follows that the beneficial effeot of a rest period during a
fractionated regime should be dependent on the stage at which such

a rest period is introduceds The weevil experiments show that this is
80+ For oxample, the LD 50 for 6 fraotions in 7 days can vary by as
much as 1190 rads (i.es 9%) depending upon the position of & 3~-day rest
periods These results coupled with the work of Denekamp (1973) suggest
that there could be an optimum time at which such a rest period should
be introduced in split-course therapy and that further experiments
using local irradiation of organized mammalian tissues should be done

to determine whether this is so.
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The LD 50 for weevils increases with the mumber of daily fractions.

As for mammalian tissues, the increase in iso-effact dome per daily
fraction can be explained as being partly due {0 intracsllular recovery
and partly due to cellular repopulations For the critical oells of
the weevil, the former appsars to be the major factor when the number
of daily fractions is leass than six and the latter the major factor
when the number of daily fractions is greater than nine.

Recent olinical and experimental work, discussed previously (20.4)
suggeats that & similar change~over in the relative importance of these
factors may ooccur in mammalian tissues as the number of daily fractions
is inoreaseds It may be anticipated, however, that the rapidly
proliferating tissues of the weevil would be likely to exhibit this
change-over at a lower number of daily fractions than more slowly
proliferating tissues. (It was estimated in the present work (19.2)
that the oell cycle time of the oritical cells of the weevil can bhe as

short as 10.3 hours).

The weevil results show that the rate of repopulation {exprecsed

in rads/day) decreases exponentially with time between fractions (Fig 16f)
It is suggested that a similar effect occurs in the skin of mammals
although the exponential dscrease may ocour rather more slowly with

a "half-1life" of between 2.5 and 5.0 days, (20.3)s It follows that
after the mitotic delay, the average rate of repopulation for skin
reactions during short intervals could be twice as great as the seven-

day everage rate of 25 rads/day estimated by Liversage (1969).
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A revised inta tation of the rease iso-affect dose when

tion number is ed
Because the rate of repopulation increazes as the fraction interval
decreases, pamisf the increase in iso-effect dose observed for rapidly
proliferating nommal tissue on changing from, say, 5 fraetions in 28 days
to 21 fractions in 28 days, must now be considered as being partly due to
an increase in the amount of repopulation ocourring and not entirely due
to intracellular recovery, as is gensrally accepted. {20.4). ‘
The ble tati re ation effects
The above conolusions suggest that cellular repopulation may be playing
a much larger part in detemmining iso-effect relationships than has been
gonsrally accepted during the last deocade, especially when the number of
fractions is greater than, say, ten. Further research into the
relationship between the rate of repopulation and the damage present
in mammalian tissues may provide the information necessary to exploit
the homecstatic mechanism believed to be present in norxmal tissues, but
not in most tumours, to obtain a therapsutically useful differential
offect.
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