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ABSTRACT

The effects of low doses of different radiation quali-
ties have been investigated wusing the micronuclei induc~-
tion in Vicia faba bean roots as an indicator. The radia-
tion qualities used were: ©%Co-gamma rays, high energy
neutrons (maximum energy 600 MeV), low energy neutrons
(mean energy 2.35 MeV), negative pions in the plateau
region and negative pions in the stopping region. ‘It was
found that the best fit to the gamma ray data wuas
obtained by uéing a linear+quadratic relétionship,
E=C+aD+BD?2, while in the case of the other radiatfoﬁ
qualities a linear equation, E=C+aD, represented the best
fit, implying the non-existence of a threshold dose. No
dose-rate, fractionation or oxygen effect was found for
gamma radiation in the low dose region (belou 20cGy)
where the Ilinear dependence betueen effect and dose is
dominant. In contrast, jn the high dose region these
effects were present as normally expected. Fractionation
experiments were carried out using high energy neutrons
and pion radiation. No recovery was observed after neu-
troh radiation while some recovery was found for the pion
radiation. The RBE values found for the two neutron
energies were in the high dose‘region 4.7:0.4 (600 MeV
neutrons) and 11.821.3 (2.35 MeV neutrons). In the lou
dose region the RBE value approached a constant value of
25.4%4,4 for the high energy neutrons and 63.7%12.0 for

the low energy neutrons.




DIE WIRKUNGEN KLEINER DOSEN VERSCHIEDENER STRAHLENQUALITATEN AUF
DIE WURZELMERISTEME DER BOHNE VICIA FABA.

Die Wirkungen kleiner Dosen verschiedener Strahlenqualitdten auf
die Bohne Vicia faba wurden mittels der Mikrokern-Bildung unter-
sucht. Die verwendeten Strahlenarten waren: 60Co—Gamma—Strah]en,
hochenergetische Neutronen (maximale Energie 600 MeV), niederener-
getische Neutronen (mittlere Energie 2.35 MeV) und negative Pionen
in dem Plateau und Bragg-Peak Bereich.

Die Tinear und quadratische Verbindung : E = C + oD + BD2 ergab
die beste Anpassung an die Gamma-Daten, wahrend sich die anderen
Strahlenarten besser durch eine lineare Gleichung E = C + oD dar-
stellen lieRen. Diese Linearitdt impliziert, daB es keine Schwel-
lendosis gibt.

In der niedrigen Dosisregion (unter 20cGy), in der eine Tineare
Abhangigkeit zwischen Dosis und Wirkung dominiert, konnte kein

Dosisraten-, Fraktionierungs- und Sauerstoffeffekt festgestellt
werden. Im Gegensatz hierzu wurden in der hohen Dosisregion die
normalerweise erwarteten Effekte gefunden.

Fraktionierungsexperimente wurden auch mit hochenergetischen Neu-
tronen und negativen Pionen ausgefiihrt. Nach der Neutronenbestrah-
Tung TieB sich keinerlei Erholung feststellen, wahrend im Falle der
Pionenbestrahlung etwas Erholung beobachtet wurde.

Die RBW-Werte flir die zwei Neutronenenergien lagen im hohen Dosisbe-
reich bei 4.7 + 0.4 (600 MeV Neutronen) und 11.8 + 1.3 (2.35 MeV Neu-
tronen). Im niederen Dosisbereich erreichte der RBW-Wert einen kon-
stanten Wert von 25.4 + 4.4 fiir die hochenergetischen Neutronen und
im Falle der niederenergetischen Neutronen einen Wert von 63.7 + 12,0 .
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CHAPTER 1
INTRODUCTION

The recent developments of nuclear technology, like nuclear pouer
plants and nuclear weapons, and also the increasing use of ionising
radiation in medicine, have brought the problems of possible health
effects produced by lou doses of radiation into the center of public
interest. One of the ﬁain questions still discussed is as to uhether
or not a so called threshold dose existé, j.e.the dose belou gﬁich no
radiation damage is produced. This threshold dose should, houever,
not be confused uwith the threshold dose observed in toxicology uhere
an organism can survive up to a certain critica) dose but will die if
the dose is exceeded. In the case of ionising radiation it has heen
shoun that in the high dose region an increase in radiétion dose uill
also result in an increase in effect. Hou far this relationship
extends into the lou dose region is still widely discussed.

The recently published BEIR III - report on the Biological Effeﬁts
of Ionizing Radiation [1}, wuhere most ﬁf the relevant data collected
up to now on the effects of radiation are reported, was not able to
ansuwer this question. The problems of measuring small radiation
effects stems from the fact that the sample size required to estimate
or to test a small absolute effect such as cancer induction after lou
doses of radiation is extremely large, In 1980 data from & health
survey made in China were published [2], Researchers studied the

health status of about 73,000 people living in regions where the




radiation level is three times that found in the neighboring areas.
There uere 77,000 inhabitants in the control regions. No increase in
malignancy in the high background area wuas observed. Could those
results mean that there really exists a threshold dose, or could it
actually mean that the sample size has still been too small and it
was therefore not possible to ascertain the effect statistically?
Even if a population size of tuwo times 70,000 seems large the follou-
ing might clarify 'the problem. The sample required to estimate or
test an excess is approximately inversely proportional to the square
of the excess. For example, if the excess is linearly proportional to
dose and if 1000 exposed and 1000 conirol persons are required to
test the cancer excess adequately at 100 ¢6y! , then about 100,ﬂ00
people in each group are required at 10 ¢Gy, and about 10,000,000 in
each group are required at 1 oGy [3]. This demonstrates houw diffi-
cult it is to find the proper dose response curve for an organism if
only “gross” effects are studied. However, it is known that the dam-
age finally observed after irradiation of an organism has first been
produced on the cellular level. It seems therefore reasonable to
study the effect of radiation directly on the cellular basis and
thus, because of the large numbers automatic;lly involved, improve at
the same_time the statistical significance of the result.

In order to contribute to a better.understanding of the shape of
the dose-response curve at low dose levels, we have performed experi-
ments with different kinds of fonizing radiation using the broad bean
Vicia faba as a biological test system. |

As regards the general validity of the results, there seems to be
no disadvantage in using é blant s;s@em Aé opposed to an animal sys-
tem since both are eucariotic systems (organisme whose chromatin is

cohtained in & nucleus) and their ochromosomes are similar in struc-




ture and in the basic biochemistry. The mechanisms by which jonizing
radiation induces mutations or chromosome aberrations in plants are
similar, if not identical, to those in mammals. In addition, very
large populations of plants or plant cells can be groun and analyzed
relatively easily,

The decision for selecting this particular system is based on the
following requirements :

i} The system should represent an organism.
i1) It should have a sufficiently -high intrinsic sensitivity to.
radiation, enabling measurements at low doses to be performed.
1ii) More then one effect should be testable,
iv) The system should be well established and easy to handle.

It will be shoun in the follouwing sections that Vicia faba has all
these properties.

The next two chapters, ‘the shape of the dose' effect curve” and
the ”biolﬁgical system” should actually be regarded as a continuation
of the introduction. There the physical and biological meaning of the
dose effeoct curve and the advantages of using Vicia faba will be dis-
cussed in wore detail. Chapter IV. is dedicated to the material and
- methodes section and chaptér V. to the dosimétrv. The presentation of
the results found for the different radiation qualities and the
different test systems used i¢ discussed in chapter VI. and will be

concluded with a discussion of the implications of these findings.




CHAPTER II
SHAPE OF THE DOSE EFFECT CURVE

The irradiation of biological material results in the production
of a certain amount of damage uhich depends on the dose administered.
This relationship between radiation dose and effect 1is described by
the dose effect curve.tSince the damage produced will normallv.reduoe
the surviving capacity of the system, the dose effect curve Iis
related to the survival curve. Therefore there are tuo equivalent
procedures to describe radiation damage: (&) Effect curve : Number
of events, eg. chromosome aberrations per cell. (b) Survival curve :
Fraction of surviving cells (see also Table 1). In figure (1) an

example of a survival curve is shoun.
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Figure 1: Example of a survival curve after neutron and X-ray

irradiation (redrawn from [4])
Many theories have heen developed in order to give a qualitative and
gquantitative descriptibn_of the shape of the survival curve. From
the classical investigations of neésauer (5], Blau et al.[6], Lea

[7], Timofeeff-Ressovsky and Zimmer [8] the ”Target Theory”  wuas




developed. This theory uses the fact that radiation is delivered to
the biological material in discrete energy packets which are statis-
tically independent and follouw a Poisson distributiqn. The main
objection sgainst the target theory is that it does hot adequately
account for repair processes within the biological target that are
knoun to influence its response. Repair ié the basis of another
theory which has been recently developed, namely the repair- ﬁisre-

pair model by Tobias et al.[9].
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Figure 2: Three possible shapes of a supvival curve

A dose effect relationship commonly used today is the linear-quad-
ratic dose dependence of radiation induced effects. In figure (2)
three examples of the possible shapes resulting from such a model are
given. Figure (2a) represents a curve uwhere both the linear anq the
quadratic term play an important role. Figure (2b) is an example of a
purely linear relationship betuween incidence and dose, while in fig- -
ure (2¢) only the quadratic term contributes to the incidence. This
type of relationship uwas suggested by Lea in 1946 [7] and was also
used by Leenhouts - and Chaduick [10] to describe their molecular
theory, but mainly since the development of the theory of dual radia-
tion action has it gained a physical basis. As the concept of this
theory is quite fundamental for comparing different types of‘ionizing
radiations, it Will be: outlined briefly.

The theory of dual radiation action> published in 1972 by Kellerer

and Rossi [11] is based on ﬁicrodosimetric principles.. What is nor-




Table 1: Different effect- and survival-curves.

Relationship Radiation=induced Survival

: Effect
Linedar E = ab N/Ny = exp-(a’D)
Quadratic E = BDZ N/No = exp-(B’/D2)
Mixed E = aD+RD? N/7Ng = exp-(a’D+p’D2)

mally measured as dose D is the integral dose over a macroscopic
volume., But radiation doés not deposit its energy in a uniform uay at
the microscopic level. It is therefore necessary to consider a
microdosimetric quantity, the specific energy z. Like the absorbed
doge D, the specific energy is defined as energy divided by mass,
but denotes values of this quotient in a localized region (eg. the
cell nucleus). The variations of z are described by the probability
distribution f(z,D), & composite Poisson distribution which depends
on the shape and size 60f the reference volume and on the radiation
quality. If a very small volume or a densely ionizing particle is
considered then the fluctuations are greatest, uwhile for large
voluhes and large doses of sparsely ijonizing radiations 2z is hear in
value té D. The importance of this quantity becomes apparent if one
determines the values of 2z in cell nuclei that have received about 1
year of background radiation. This produces an absorbed dose of about
1 mGy of mostly low-LET! radiation. In about tuwo-thirds of the nuclei
z=0, that is, no ionizations have occured; in the remainder, z varies
over several orders of maghitude, wuith an average value of about 3
m6y. If the same dose, D, was delivered by fission neutrons, z uould
differ from zero in only 0.2% of the cell nuclei; houever, in these
affected nuclei it would average 0.5 Gy, i;e., 500 times the average
dose. Likewise, a 1 MeV electron passing through the nucleus of a

e L B e e N

' LET stands. for Linear Energy Transfer and is also known as dE/dx
(Bethe Bloch formula).




cell produces only a few dozen jonizations in the nucleus. For the
much slower heavy particles, such as protons or a-particles, the ion-
isation density 1is higher. Thus, a 1 MeV proton produces several
thousand ionisations when it traverses a cell nucleus. Therefore, one
single heavy particle traversing the cell nucleus has a considerable
probability of killing a cell or causing mutations. In contrast, sev-
eral thousand of the electrons liberated by X- or ¥- rays must trav-
erse a cell before it is likely to lose its proliferative capacity
[12]. Figure 3 shous an example of the different ionization densi- -
ties found for several particles and kinetic energies. The back-
ground of the figure represents a cell nucleus with a,mitochondrium
inside, For the 500 KeV proton it uas not possible +to indicate all
ionizations in one line; therefore a widening of the track was made
1131, It is evident that the heterogenity of energy deposifion
depends greatly on radiation type. |

In cells which have been affected by radiation, elementary lesions
can be produced (eg.DNA strand break), the number being proportional
to the microdose uithin the sensitive site. It is commonly assumed
that the loss of proliferative capacity of cells, and also their
transformation which wmay lead to carcinogenésis, are linked to chro-
mosomal aberrations. These aberrations are caused by pairs of
lesions, eg. by tuo neighboring chromosome breaks, which might be, if
they were produced close enough to each other 1in space and time,
incorrectly joined together during of the . repair process. A descrip-
tion of a possible mechanism for the production of‘chromosome damage
will be given in chapter . section 2.3. In the case of sparsely
jonizing or low-LET radiafibn eacﬁ‘éf thé fnteracting sublesions will
usually be produced by independent ' ionizing particles. In this case
the number of biological lesions will be propertional to the square

of the radiastion doge.In the case of high-LET radiation uhere the
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lesion can be produced by only one particle the biological effect
Will be directly proportional to dose, Therefore the yield of elemen-
tary lesions € can he expressed by the following equation:
€ = k(&b + D2) |

The variable, ¢, determines the linear component of the dose effect
relationship and 1is therefore an important parameter of radiation
quality. It has such small values for X- rays that at high doses the
linear term can be discounted, while in the case of neutrons it has
such a large value that the quadratic term in D c¢an usually bhe

neglected.
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CHAPTER I1II
BIOLOGICAL SYSTEM

Root meristems have been extensively used in cytological and
radiobiological research becsuse of their ease of handling and the
genheral applicability of the results to broad general problems in
radiation biology. Already as far back as in 1913 Mottram [14] used
this plant to study the effects of B-radiation. Howard and Pelec [15]
first elucidated the cell cycle components(61,8,62) of interphase in
Vicia faba. Thoday and Read [16] discovered with Vicia faba that
chromosome aberrations are produced at a reduced rate when oxygen is
absent during radiation. In his now “classical” work on the repair
of radiation induced chromosome damage Sax [17] utilized also root
meristems. Soon after the discovery of the neutron in 1932 experi-
ments were made using Vicia faba to study fhe difference in effect
between gamma rays and neutrons by Gray,Read and Mottram [18]. In
1951 Gray a&and Scholes [19] published a series of papers on the mor-
phology and the cell kinetics of Vicia faba. A review of all the
important papers written up to 1959 on bean roots was published by
Read [20]). In comparing the results obtained for broad beans and
thoéé’found in mammalian systems, he concluded that the effects exhi-
bited were rather similar. Also. during fﬁe past 10 years Vicia faba
has been used by the Radiobiology Group at CERN [21,22,23] as one of
the test systems to study radiation effects. As a result bf this

long term and thorough investigation, the bean root is a relatively
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well understood svstém. However, as with other systems, there are
advantages and disadvantages for its use as test material,

Advantages:

The material is easily available throughout the year. It is inex-
pensive and easy to grow and handle. The method does not require
sterile conditions or any expensive material or equipment,

The root meristem contains a high proportion of c¢ells in mitosis
(2104), which is of advantage when chromosome aberrations are to be
analyzed.

The chromosome number is low (2n=12) and the chromosomes very
large, which makes the analysis of chromosome aberrations easy and
accurat;. An idea of the size of the Vicia faba chromosemes may be
obtained by comparing the DNA content and chromoseme number of a
Vicia faba cell with those of Chinese hamster or human cells, tuo
other materials commonly used for studying the prdduction of chromo-
somal aberrations. A root tip cell of Vicia contains about 46 pg of
DNA which is distributed among 12 chromosomes, a Chinese hamster cell
8.3 pg of DNA distributed among 22 chromosomes, and a human cell 7.3
py of DNA distributed amonj 46 chromosomes [24],

Finally, in contrast with in-vitro systeﬁs such as cultured animal
and plant cells, vroot-tip cells have a very low spontaneous aberra-
tion frequency and a stable chromosome number.

Disadvantages:

The cell uwall oconstitutes an obstacle to both biochemical and
cytological studies on plant root tips. The pectid substance in the
middle lamella of the cell wall has to be dissolved by hydrolysis
with acids or enzymes before squaéﬁ‘brepérétions can be wmade and good
separation of the cells can be obtained,

It is also nearly impossible to obtain more than a very moderate

synchrony of the cell division .




Finally, I should mention still another disadvantage which in an
other nay could be looked upon as an advantage. Although the root tip
containg a variety of cell types hav;ng different mitotic cycles and
perhaps different sensitivities to treatment, the symbiotic effect of
these cells should give a more realistic picture of uhat is actually

happening in an organism after irradiation.

1. Morphology of the bean Vicia faba

A photo of the bean is shoun in figure (4). The shoot and the
lateral roots have been removed leaving only the cotyledon and the
main root. The roots are normally irradiated in this condition. In
figure (5) the interior of the main root tip is shown. The first i/3
mm consists of the root cap, which contains relatively inert cells.
The meristem itself uhere the cells are actively dividing, occupies
the next 3 mm of the root. Inside the meristematic region, wuhich
contains about 2.6%105 cells [19,20], is a small part, the quiescent
center, containing about 500 cells which rarely divide, if at all
[25]., This is followed by the elongating zone. Here the cells do not
divide anymore but differentiate and elongate. This elongation of
cells causes the increase in length of the root. The rest of the
root tip consists of mature cells uhich are fully elongated.

It was shoun by Gray and Scholes [19] that the mitotic index (see
also section 2.2) +follows an approximate Gaussian spatial distribu-
tion only in the first 1.5 mm of the meristematic region (fig.6).
Thereafter, the number of actively dividing cells drops rapidly the
closer the cells are to the elongating =zone. | They observed that
within the region of 1.5 mm the intermitotic cycle time (the time
betueen cell division).has an average value of about 19 hours, uhile
the division itself takes place ih‘about 2.6 hours. In general cell

cycle times betueen 19 and .30 hours have been found for Vicia faba




Figqure 4: The bean Vicia faba: non irradiated and irradiated.
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We have assumed a cycle time of 24 hours, which seems to
agree with the experimental data very uell.
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Fiqure 6: The mitotic index distribution as a function of distance
from the root tip.
and uhere radiation produces the damage which reduces the surviving
 capacity of .the bean root. Gray and Scholes [19] uere able to demons-
trate this with a simple experiment. In one case they irradiated the
whole hean, while with an other group of beans they shielded the
upper part and irradiated only the meristem; with a third group they
irradiated only the upper part and shielded the meristem. Only when
the whole bean or the meristem itself was irradiated was a reduction

in grouwth observed.

2. Tests performed with the Vicia faba sttem

The first test, the 10 day grouth, was used only as a monitor of
the overall response of the complete organism. The micronucleus test
together with the analysis‘ of tﬁévﬁitotié index were actually the
ones of maiﬁ interest, With those the effect of dose rate, dose
fractionation and oxygen on the bean root in the louw dose region uas

investigated.
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2.1 Yen-day grouth
For the determination of the 10 day growth the length of the root

is measured daily after ~irradiation. In this way both the daily
growth increment and the total grouth increment 10 days after irradi-
ation can be ‘determined. Dividing the 10 day growth by the corres-
ponding value of the non irradiated control group results in the per-
centage 10 day grouth. Plotting these values over dose results in s
curve (fig.7) uhich is rather similar to a survival curve. This fact
is not very suprising because the reduction in grouwth has been pro-
duced through cell killing, Many 10 day .grouth curves have been
established in the last 10 years in the radiocbiology group at CERN
for a large number of radiation qualities, dose-rates and different
dose modifying factors [22, 23]. The results found, have shoun the
good reproducibility of the system, as uell as its comparability uith

animal and human results.
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Figure 7: The percentage 10-day grouth relative to the control group
as a function of dose: after gamma irradiation and after neutron
irradiation[23].




2.2 Mitotic index

The mit§tic index gives the fraction of c¢ells in mitosis (pro-
phase, metaphase, anaphase, telophase). It is only in this period of
the cell cycle that the chromosomes are visible, while during the
remaiﬁing 90% of the cycle the chromatin in the nucleus has a diffuse
appearance. The mitotic index is not only of interest as a test by
itself but it is also important in combination with micronuclei
induction. In fact cells have first to go through mitosis before a
micronucleus is formed and, therefore, any change in the mitotic
index should be reflected in a change in the number of micronuclei
produced. This fact will be discussed more thoroughly in the result

section,

2.3 Micronuclej

A striking abnormality that c¢an be observed after radiation in
actively proliferating tissues is the appearance of more than one
nucleus in a cell. These additional nuclei, which have been termed
micronuclei because they are relatively small in comparison to the
main nucleus, arise from acentric fragments uwhich can be induced by
radiation or by a chemical agent. In figure (8) a simplified descrip-
~tion is given of how an acentric fragment can be produced by radia-
tion. The moment radiation has broken tuwo adjacent chromosomes or
chromatids four possible reactions can occur. In case A) completé
repair has taken place. In case B) no attempt to repair the damage
was made at’all. In case C) tﬁe broken ends exchange symmetrically
and in case D) asymmetrically.
Figure 9 shows wuhat will happen during mitosis after those repair-
misrepair attempts hayé taken place. In case A) real repair has
taken' place (see also figure (10) for an example of a normal ana-

phase). In case B) 2 fragments are unattached during anaphase
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Fiqure 8: A shematic description for the production of chromosome
aberrations after irradiation,

because the centromere which normally pulls the chromosomes to the
opposite poles is missing (acentric).
An example of an anaphase uith fragments is given in figure (11),
The aberration in case ) is only visible with special staining tech-
niques. Finally in case D) the chromosome aberration produced by the
misrepair has resulted in a dicentric (2 centromeres) and an acentric
fragment. The chromosome with the two centromeres might be pulled to
opposite poles during anaphase and form a so called anaphase bridge,
In figure (12) an example for such a bridge is given,
Tﬁere are tuo possibilities concerning the fate of this anaphase

bridge. One is that the bridge nill finally rupture (fig.13) and the
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The fate of the chromosome aberrations shown in figure 8

Fiqure 9:
during mitosis.

Figure 10: An example for a normal anaphase.

Fiqure 11: Anaphase with fragments.

Figqure 12: An example for an anaphase bridge.
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other that one chromosome end uill pull the other one to the opposite

site (fig.14).

Figure 13: An anaphase bridge which is going to rupture in the
middle.

Figure 14: A chromosome is pulled to the opposite site,

Figure 15: A cell containing a micronucleus.

Those acentric fragments then form micronuclei in the interphase
following mitosis and can be observed in one or both daughter cells
(fig.15), Micronuclei uwhich are produced as a result of radiation
damage can therefore only be seen in cells wuhich have undergone divi-
sion since the irradiation. The c¢apability of acentric fragments to
form micronuclei indicates that they can still perform at least those
condensation functions related to mitosis and also the subsequent
chromosomal despiralization and nuclear envelopment processes neces-

sary for the formation of a nucleus. This can be easily seen from the




fact that because Vicia faba represents an asynchronous cell popula-
tion, cells have been irradiated in all stages of the cell cycle .
Cells uwhich were damaged in 61 have been able to pass through the §
and G62-phase before they finally reached mitosis. This implies that
chromosome fragments are at least able to survive one complete cell
cycle and have at least some functional ability. Because micronuclei
are formed from chromosome aberrations and chromosome aberrations can
be produced by radiation or chemical agents, there must also be a
correlation between micronuclei induction and radiation or chemical
dosage. Since chromosome aberrations are relatively difficult to
score, it can be advantageous to monitor micronuclei instead. Indeed
this effect has been quite frequently used in the past to study the
difference in effect of different radiation qualities, or the e%fect
of oxygen [27]. Recently the micronucleus test in general has been
proposed independently by Schmid [28,29] and Heddle [30] as a much
more rapid, easy and reliable way to score for mutagens, other than

the traditional method of scoring chromosome aberrations.
3. Conditions modifying radiation response

3.1 Dose fractionation

If a dose of low LET radiation 1is not delivered all at once but
divided into two equal fractions with enough time between the irradi-
ations for recovery to take place, less damage and therefore a higher
survival rate is found. Elkind [31] has shoun that this effect can be
ascribed to the independent action of each radiation dose. The tol-
lowing figure (16) uwhich is redraun from this reference is a good
example for this, If a dose of 5 Gy (relative survival=0.1) is
repeated after 18 hours the survival is again about 0.1 of the the
previous 0.1 resulting in a final survival of close to 0.0%. This

fact is commonly referred to as repeating the shoulder of the survi-
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val curve. Because the capacity of recovery from radiation damage
seems to be related to the size of the shoulder of the survival
curve, the smaller the shoulder the less recovery should be expected.
In the case of linearity no difference betueen effects from fraction-
ated doses and single doses should be found, This lack or only small
amount of recovery in the case of high LET radiation has been

recently reported by several groups [32,33,34,35,36,37].

Dose ,Gy
P SV S Sl T
|
[~ |
§
l Dose, Gy
Y\ 2 4 6 8
0lF ™~ - R = T T
3 L |
1606 Gy +
5 1183 hrs,
| S— ] P N - L e 37°C
s 001F 5
o [+] P
RS - &
it 3
0,001 a oop
szi
0.0001

Fiqure 16: An example of the fractionation effect
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In the case of low LET radiation a considerable difference in
effect is oBserved if the same radiation dose is delivered at a hjgh
or at a low dose rate [7,20]. Administering the dose at a lou dose-
rate is equal to an ultra fractionation scheme with the number of
fractions approaching infinity. This results 1in a continous repeti-
tion of the shoulder thus modelling & flattening of the survival

curve (see fig.17).

3.3 The oxvgen effect

It is a knoun fact fhat it the amount of free oxygen normally pre-
sent in a biological system is reduced drastically and irradiations

are carried out, then less effect will be observed. This fact is com-
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Fiqure 17: An example of the dose-rate effect.

monly referred to as the oxygen effect. The mechanism of this oxygen
effect is not yet fully understood. What is generally agreed upon is
that oxygen acts at the level of free radicals (R) produced by radia-
tion. This reaction results in RO, an organic peroxide uhich
changes the <c¢hemical composition of the material. These chemical
changes initiate a chain of events resulting in the final expression
of biclogical damage. If no oxygen is present this feaction cannot
take place and the ionized molecules can recover the ability to func-
tion normally. It is therefore said, that the oxygen fixes lesions
produced by radiation [38].

Houwever, there is also only a small oxygen effect observed in the
case of high LET radiation. If in the case of low LET radiation the
oxygen enhancement ratio (OER) is found to be betuween 2 and 4, it
lies betueen 1 and 2 for high LET radiation [39,40,41,42,43,44,45].
This OER value is the ratio of the doses needed to produce the same

effect if oxygen is absent or present in the irradiated material.
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CHAPTER 1V

MATERIALS AND METHODS

1. Culture system

The method of culture of the broad bean is in general the same as
has been described by E.J.Hall in 1961 [44]. About 3 times the num-
ber of bheans finally needed for the experiment were soaked in culture
tanks containing fresh, aerated, #filtered tap water.The uater flou
rate through the tanks uas about 2 liters per minute and the water
temperature was thermostatically controlled to stay at 19.0 ® 0.1 °c
(fig.18). After 3 days, uhen the root tip started to break through
the skin, the beans were planted in moist, sterilised vermiculite, a
‘medium used to raise seedlings. The containers uere covered to pre-
vent the vermiculite from drying out. After a growing period of 3
days the beans wuere taken out of the vermiculite and the testa and
the plumule uere removed. Beans that were damaged eg. exhibiting a
double meristem or attacked by fungi or uere shorter than 30 mm were
eliminated. A minimum length of 30mm was necessary for the root to
reach the water in the growing tank.

A number was uritten with ink on the cotyledon of each bean and
the length of the root from the “cotyled;n down to the root tip was
measured and recorded. Then the beans were transferred to the grow-
ing tank where they were placed on a perforated PVC support, allowing

the roots to be in contact with the water while the cotyledons stayed
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Figqure 18: The culture tank and the temperature control unit,

dry in air (fig.19).

Figure 19: Beans growing in culture tank.

Three days later each bean was remeasured, its new length recorded




and the length increment calculated. The beans were nou selected
according to their length and grouwth. Only beans uwith a length and
growth rate uwithin one standard deviation of the mean value uere used
for the experiment.The follouing day the beans uere sorted into
groups and put into special irradiation containers. The number of
beans in a group varied betuween 25 and 40 depending on the experimen-
tal test chosen, eg. 10 day grouth or wmicronuclei induction . The
irradiation containers were connected to a system comprising a refri-
gerated uater bath, a thermostatically controlled heater and an air
pump, and was commonly referred to as the “cooler” (fig.20). The
water temperature was kept constant at 19.0 * 0.1 °C by adjusting the

refrigerator and the heater.

Fiqure 20: The cooler,

2, Irradiation containers

Three types of radiation containers uere employed. The rectangular
container was used for gamma and high energy neutron irradiation,
where the beam uwas extracted horizontally. The round radiation con-

tainer was used for the pion irradiation where the beam was extracted




vertically.The c¢ylindrical shaped container was used for the
experiment with 252¢f - neutrons.

In the box shaped container, the bean holder could be placed in
two different positions (fig.21), In the front position the beans
are kept very close to the "uindow” of the PVC container. The *uin-
dow” stands for a circular region uhere the thickness of the con-
tainer is reduced to 1 mm. The final absorber thickness in front of
the root tip, including the water surrounding the beans, is then
about 3 * 1 mm. This position is normally chosen for neutron experi-
ments, while for the gamma radiation the middle position 1is used
(22). Because of the difference in beam size, depending on what
radiation is used, a circular ink mark is made on the net which holds
the beans in place, corresponding to the size of the beam and defin-
ing in this way the maximum permissible area of the meristem loca-

tion.

Fiqure 21: Box-shaped irradiation container.

The container used for the pion experiment is shoun in figure
(23).
All the roots have to be positioned in such a way that their meris-

tems are confined within the c¢ircular region in the middle of the
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middle position
{gamma irrad.)

front position
{neytron irrad.)

"window"
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Fiqure 22: Side view of the box shaped irradiation container,

Figure 23: The container used for the pion irradiations.

container, uwhere the beam is passing through. The third container
(fig,24) was used for the low energy neutron experiment. It was con-
structed in such a way that the source could be positioned in the
middle of the cylindrical shaped contéiner. The heans were held in
place alongside the inner plastic wall with the help of a net on

which the radiation area was marked.




Figure 24: The container used for the low energy neutron irradiation
(252¢f-neutrons).

3. Hypoxic irradiations

For the irradiation under hypoxic conditions the heans uere trans-
ferred to their irradiation containers which uere then closed with an
air tight 1id and connected to the cooler. There was a continous flou
of nitrogen into the water of the cooler system and therefore also
through the water in the irradiation tank. Furthermore, the air gap
betueen the cotyledon of the beans and the lid of the container uas
flushed uith nitrogen. No irradiation uwas carried out before the oxy-
gen level, uhich was measured with an oxygen indicator from the Orbi-
sphere company, was well belouw 100 pgl-' (mostly around 20 pgl-Yin
the cooling tank [23]. The de-gassing uas also maintained during the

irradiations and the oxygen level was continously observed.

4. Preparation of the biological material
For the initial experiments carried out, three beans uere ”fixed”
immediately after irradiation, referred to as time Tg¢. Thereafter

three beans uere fixed in time intervals of 2 hours up to 14 hours




— 29 —

after irradiation and then again at 24,30,36,42,48,60 and 72 hours,
In later experiments between 5 and 7 beans uere fixed only at 24,30,
36,42 and 48 hours after irradiation, The reason for this will be
given in the result section. In this content ”fixing” a bean means
breaking about 3 em off the root tip and immersing it in a liquid
consisting of acetic acid and ethyl alcohol in the ratio of 1 to 3.
The tubes containing the beans are marked with the information of
radiation quality, dose, dose rate, fixation time (time after irradi-
ation) and the real time. The Beans are left in this fixative for 3
hours after which they are transferred to 70% ethyl alcchol. - Later
the beans are transferred again, this time to preservative mixture
which consists of: |

1) 70% alcohol

ii) acetic acid (concentrated)

iii) 50% glycerol (1/2 glycerol+1/2 absolute alcohol)
in a ratio of 2:1:1, The beans remain stable for several months in
this solution. |

The staining has been carried out, following the procedure
described by John R.K.Savage [46] using Feulgen reagent; the perma-
nent mount of the preparation (slide) wuwas made using the ‘drv_ice
method [47]. These slides containing the cells of the first 1,5 mm

of the root tip are now ready to be analyzed with the microscope.

5. Mathematical analysis of the experimental data

For each fixation point 3-5 slides are available and each slide
contains the meristematic cells of one bean. 1000 cells are scored
per slide to determine the amount of cells with micronuclei, the num-
ber of micronuclei and.the mitotic.index. Those 1000 cells have been
divided into 10 subgroups contaiwihg 100 cells. From these data the

mean value p and the variance s? have been calculated, uwhere p, the
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mean value, is given by :

1
T %j
-1

1
o= -
1j

and s?, the variance, is calculated from:

H M e

(x5 = p)2
i=1
s =

1-1

where 1 = number of subgroups per beanh, which is here ten (10% 100
cells were counted per slide).

From the 3-5 slides per fixation boint the sample mean at this
particular time interval can be calculated and the resulting variance
is then détermined by the ueighted variance [48]. This weighted var-
iance is calculated from the variance of the distribution of each
slide found from:

842 (Nq=1) + 832 (nz=1) + ... + sx? (ng-1)

g2 =
n-k

with

nj

3
tt
HMMxE

i=1

sy, S2, ivs, Sk are the variances of the beans per fixation
point; n4, nz, ..., ng stands for the sample size and k is equal to
the number of beans per fixation point.

Taking as example ohly 3 slides this will reduce in our case to:

9542 + 9g,2 + 98,2

82 =
30 - 3

from which follous:

5’2 s 922 ¢ sa'zbl‘ i

g? =©
3

As will be explained in the result section a good estimate of the

damage produced by radiation is achieved by using the mean value of
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the number of micronuclei and the number of cells wuith micronuclei
found betueen 24 and 48 hours after irradiation. The final mean value
for micronuclei induction and for the mitotic index was then deter-
mined, and the final varijance for each irradiation dose uas calcu-
lated by wusing the ervor propagation method [49]. From this the
standard error of the mean can be calculated :

g2

SE =\I——r
1




CHAPTER V
DOSIMETRY

The absorbed dose D, is defined as the quotient of de by dm, uhere
de is the mean energy imparted by ionizing radiation to the matter in
a volume element and dm is the mass of the matter in that volume ele-
ment, The unit of the absorbed dose was until recently the rad, nou
it is the Gray.

16y = 100 rad

ie6y = 1 rad

16y = 1 Jzkg
This dose can be measured with idonization chambers by using the
Bragg-Gray principle. If a beam of photons traverses a medium into
which a cavity has been introduced, the ionization produced in this
cavity can then be related to the energy absorbed in the medium by
the Bragg-Gray formula.

E(m) = S(g,m) ¥ W(g) ¥* J(g)

Here E(m) is the dose in the medium measured in Gray. J(g) is the
measured ionization per gram of air in the cavity - that is, the ion
pairs per gram of air and W(g) is the average energy in J needed to
produce an ion pair. The corresponding dose in the medium is then
found by multiplying this value by S(g,m), the effective stopping
pouer ratio. This'vaiue is needed because different materials are
ionized to different degrees by the same energy yY-rays striking them.

As a result, a v-ray of a given energy produces a different number of
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electrons in the gas than it would when traversing an equal mass of
tissue. S(g,m) expresses the ratio between these numbers [50].
The energy loss of a particle of kinétic energy E(kin) along its
trajectory is given by the Bethe-Bloch formula:
dE  4me2(ze)? 2my 2

—_— = e nZ [1ln
dx mv 2 1

- In(1-R2)-B2)

where: m=electron mass; v=velocity of the particle; =ze=charge of the
particle; n=the number of atoms per cm®; Z=atomic number; I=the ioni-
zation potential of the wmaterial; B=v/c.

This energy loss depends mainly on the charge and kinetic energy
of the particle. Because this energy is transferred to the surround-
ing medium, dE/dx is élso referred to in radichiology as the Linear
Energy Transfer (LET). Particles such as a or d-particles or slow
protons lose a large amount of energy per unit path length when they
traverse a medium. Therefore they are c¢alled high LET parti-
cles.Electrons or y-rays which lose only relatively little energy are

called low LET particles.

1. Interactions of ¥-rays uith tissue and their dosimetfv

The gamma rays from the ¢%Co-gamma source are produced after
B-decay from the de-excitation of the neuly formed 6ONi hﬁclei at
energies of 1.17 MeV and 1.33 MeV (fig.25).

The absorption of 60-Co gamma rays in tissue is almost entirely by
Compton recoil, producing electrons of all energies from zero up to
about 1.3 Mev. Houever, most of the electrons will have an energy
betueen 0 and 100 keV. After several Compton interactions the energy
of the gamma will be so low that its residual energy uwill be given to
a photo electron.

All gamma irradiations have“been carried out with a 10 ¢Ci

69Co-gamma source, located .in the irradiation room at the CERN cali-

-~
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7, 1173 MeV Y (100%)
%, :1.332 MeV 7 (100 %)

Figure 25: The decay scheme of €%Co-gamma.

bration facility. The source is operated by a remote control system.
In the extracted position the source is surrounded by a 16 cm diame-
ter lead collimater into which a beamshaper can be introduced. In all
the experiments reported here the so called wide beam shaper which
could produce a beam of 48cm uwidth at a distance of im was used. The
dose rate measurements were carried out with a 0.1 cm® EGG ionization
chamber (216-56).The EG6 chamber was inserted in a water tight plexig-
las tube and fastened on a scanner.The measurements were made at 4
different water depths in the bean tray. A vertical scan of the dose
rate distribution in Pos.2, the irradiation position of the beans,
was made around the center. In this way an irradiation region uas
determined uhere the dose rate did not vary more than & 4%. This
region was then marked on the net of the bean holder and great care
was taken that all the bean meristems were within this region. The
roentgen obtained from the Bilduin Farmer chamber was converted to
absorbed dose after correcting for temperature and pressure fluctua-
tions [51]. A dose rate of about ' 500 ¢Gy/h uas obtained. uhen the
distance between collimator and irradiation container was 20 mm. At a

distance of 130 mm the dose rate was about 150 ¢Gy/h.
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2. Interactions of neutrons with tissue and their dosimetry

Neutrons entering a biological medium release energy by different
types of strong interactions; namely: (1) elastic scattering, (2)
.inelastic scattering, (3) nonelastic reactions, (4) capture pro-
cesseé, (5) spallation reactions.
(1) elastic scattering

When a neutron is scattered elastically by an atom, energy is
transferred to the nucleus. 0f the four most important elements in
tissue : oxygen, carbon, hydrogen, and nitrogen, the elastic cross.
sections are all generally decreasing uith increasing neutron energy.
(2) inelastic scattering

Inelastic scattering refers here to (n,n’) reactions (eg.
C'2(n,n’y3c'%2 ) in which the neutron interacts with a nucleus but is
promptly re-emitted, generally with a changed energy and direction.
Most reactions of this type are accompanied by .the emission of a
nuclear de-excitation ¥ ray. Inelastic scattering bhegins at a neu-
tron energy of about 2.5 MeV and becomes important at an energy of
about 10 Mev.
(3) nonelastic reactions

In nonelastic reactions the struck nucleﬁs emits particles other
than a single neutron (eg. 0'6(n,a)C'3 or N'"(n,t)Cc'2 ) All cross
sections for nonelastic processes become significant at neutron ener-
gies greater than 5 MeV and increase generally as the neutron energy
increases to about 15 MeV. Althoush most of these reactions are
accompanied by de-excitation y-rays, the proton and a-particle pro-
ducing reactions are more important in view of this work, because of
the high LET of these pérticles.?aﬁd beéahse of the total absorption
of their energies near the reaction site. At neutron energies greater
than 20 MeV, nonelastic cross sections contribute an increasing frac-

tion of the total dose because of the increased average energy of the




particles produced by the interaction.
(4) capture processes

Capture processes are not very important in the range of neutron
energies studied in this work. The only reactions uhich are contri-
buting to the dose in soft tissue are the 4JH'(n,Y)4HZ and
sN1%Cn,p)eC' reactions, and then, only in the thermal or near ther;
mal enerqgy region. |
(5) spallation reactions

Spallation is a process where a nucleus is fragmented, ejecting
several particles and nuclear fragments . From an energy of about 20
MeV upuwards this reaction starts to be significant for the C,N and 0
elements. The cross éection curve rises slouly with increasing neu-
tron energy to about 400 MeV and then becomes nearly constant. HMost
of the energy released is by heavily ionizing fragments, so that the
locally deposited energy is rather high.

At energies above 290 Mev pion production starts.

2.1 SC-neutron beam dosimetry

The neutron beam is produced by 600 MeV protons incident on a 10
em thick beryllium target at the CERN Synchro-Cyclotron (SC). The
secondary neutrons are then extracted in the foruard direction and
pass doun a 6 m long collimator, through the cyclotron shielding uall
(fig.26). The incident protons and the secondary charged particles
are bent out of the neutron beam by two sweeping magnets located
before and after the collimator. The distance betueen production tar-
get and irradiation position is 12.5 m and the diameter of the colli-
mator is 10 cm. The energy spectra of the secondary neutrons is
expected to be rather 'btoad with a.maximum energy equal to the ini-
tial 600 Mev prpton eﬁergv and a péak maximum at about 50 MeV belou

the incident energy [52,53]. Because only the charged particles are

~
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removed from the neutron beam, there will be a contamination of gamma
rays in the heam, uwhich come primarily from the decay of neutral
pions produced in the proton-target interaction, These gamma rays

have a broad energy spectrum with maximum emission of around 100 MeV

(/ff/};, "L " Cyclotron shield -

[54].

Beryllium
target

. Co_l}irﬁqtor e

Fiqure 26: The experimental area of the SC.

The useful beam diameter at the irradiation point, uhere the
intensity varied by less than 5%, was 14 cm. Tﬁe flux density of neu-
trons below 20 MeV in the pure beam uas estimated to be 1.1x105
n/cm?2/sec from the activation of indium foil inside a 15 cm diameter
polythene moderator covered uith cadmium [55]. In comparison the beam
intensity of the higher energy neutrons uas 10 nscmZ/sec as measured
from the activation of carbon-11 in a plastic scintillator. The reac-
tion '2¢(n,2n)''C has & threshold at about 20 MeV and the cross sec-
tion stays reasonably constant at 22 mb up to high energies [56].
The gontribution of gamma rays to the dose uas estimated by exposing
an unfiltered X-ray film. This film, wuhich has been calibrated with
gamma rays from the 5§0o -gamma source, is even more sensitive to
high energy gammas and it is assuméd that the effect of the neutrons

is very small. The actual contribution will therefore be slightly

-




overestimateﬁ and the upper limit of the gamma ray contribution at an
absorber depth of ifg/cm? was therefore determined to be about 10% of
the total dose [571.

The dose rate was measured with a parallel-plate tissue equivalent
ionization chamber, as well as with a 0.1 c¢m® tissue equivalent cham-
ber 5n a water absorber and with a 1 cm® spherical chamber in a tis-
sue- equivalent plastic absorber. It builds up rapidly with penetra-
tion in an absorber due to the production qf secondary charged

particles (fig.27).

/V’—mo\°

401 / \0

S 3or />

f} j o parallel plate TE chamber, polythene absorber
L=
e 20 4 lce TE chamber in TE plastic

"g € O.lce TE chamber in water absorber

= &

~

>

2 I10F

1 1 i 1
0 10 20 30 40

g/cm2

Fiqure 27: The dose rate build up as a function of water depth.

Tissue equivalent chambers are normally used because the dose deter-
mination is s{mplified if the surrounding médium has the same compo-
sition as the chamber. The tissue equivalent material developed by
Shonka consists of 10.1% H, 3.5% N, 86.4% ¢ and traces of oxygen. The
tissue equivalent gas with which the jonization chamber is filled has
the following composition: 64.4% CHy, 32.4% €Oz, 3.2% Nj. Houwever,
tissue equivalent material has an excess of carbon, whereas tissue
contains more oxygen. The dose'estimatiops at a giveﬁ absorber depth
were carried out with a tissue equivalent ionization chamber filled
with tissue equivalent gas, which had been previously calibrated with
60Co-gamma rays. The dose rate is obtained from the ionization cur-

rent produced in the chamber by the relation:




— 39 —

D=8 fq4 f2 i7p (Gysh)
where S is thg sengitivity of the chamber determined from calibration
with a knoun 6%Co-gamma source, 1 is the output current measured in
picoamperes, p is the absolute gas pressure in kgscm? at 209C and §4
is a correction factor to allou for the slight tissue inequivalence
of the chamber when compared to soft tissue, overestimating the dose
by about 5% [58]. 2 is a correction factor which takes into account
the efficiency of the chamber and includes recombination losses and
variation of the eneray required to form an ion pair. The biclogical
experiments were all carried out at a uater depth of 0.25 g/cm?. Here
the contribution to the dose from nuclear interactions is dominant.

The dose rate variation in this region is shoun in figure (28).
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Figqure 28: The dose-rate build up in the first 0.25 g/cm?,

An estimation of the contribution of backscattering to the dose was
made by reversing the thin wualled parallgl-plate ionization chamber,
s0 that its window was facing down the beam and adding backscatter
material. The contribution of the backscattering to tﬁe dose measured
at a uater depth of 3 gs/cm? uas about 8%,

The energy spectba of the secondary protons uas measured using &

counter telescope [59]. From these results the absorbed dose in

different materials, eg. wuwater, carbon and lucite was determined and
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compared Wwith the total dose measured using an ionization chamber.
The results showed that the largest contribution to the absorbed dose
comes from secondary protons which is in close agreement wnith the

calculations made by Alsmiller et al.[60].

2.2 252¢f-neutron dosimetry

fhe 252¢f-neutron source emits neutrons by spontaneous fission.
Its half life is 2.65 years. The effective neutron output on the day
of irradiation was 1.62x10% nssec. It is the spontaneous fission that
results in the miked neutron-y-ray emission. The mean energy of the
fission neutrons is 2.35 MeV (see fig.29), and most of the gamma rays

are produced with energies up to about 1 MeV (see fig.30) [61].
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Fiqure 29: The fission neutron energy spectra.

Figure 31 indicates the positions uhere dose rate measurements
were carried out. At positions Agq-A2-A3-By-B»-Bs the dose rate
dependence on the radial distance from the source was measured at
distances of 60,70 and 80 mmn respectively. In addition, at position
Aq, the dose rate as a function of height in the tank was determined.
Furthermore, a comparison was made between the reading of an air
filled and a tissue éqUivélent gas filled chamber, shouing an 11.6%
higher Qalue in the case of the TE-gas filled jonization chamber. All

measurements made Wwith the air filled chamber uere corrected for this
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Fiqure 30: The gamma ray energy spectra.
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Figure 31: The positions uere the dose wmeasurements were carried
out.
differenée. The gamma contamination was determined with a Geiger-
Mueller counter. The measurements gave a total dose rate of 7.0 %
1.0 ¢6ysh  in the position of the bean irradiation. The gamma dose
rate was 2.9 c6ysh and the neutron dose rate was 4.1 cGysh. In addi-
tion an  indium activation measurement was carried out to determine
the neutron flux. The mean value determined from several measurements
was ¢ F = 4,5x10% n/om~2/sec™! . From this the neutron dose rate can
be determined by using the neutron kerma value of 3.0%10-% cGy/n/cm?

(62].

i

D= F x 3.0x107% x 3600 (cBysh)

D = 4.86 (cGy/h)

This value is rather comparable with the dose rate of 4.1 ¢6ysh as




determined by the ionization chamber measurements.

3. Interactions of pions with tissue and their dosimetry.

Pions are produced in nucleon nucleon interactions when the energy
in the lab-system exceeds 290 MeV. Charged pions with a Kkinetic
energy E(kin) are slouwed doun when passing through matter by ioniza-
tion losses. The slouwing doun region is also called the plateau
region. In this region the main interaction with matter is via ionza-
tion even if some nuclear reactions are alse taking place.

If the negative pion has no kinetic energy left it is soon cap-'
tured into’a high ¢ircular Bohr orbit from which it starts to cascade
doun to the K-shell. These orbits have much smaller radii than the
electron orbits because of the larger mass of the pion (280 times the
electron mass). The w-mesi¢ X-rays associated wuith transition in
these orbits are also of corresponding larger energies (5 MeV or
more) . Eventually the negative pion is captured by the nucleus. If a
"star’ event occurs, one or more charged particles are expelled from
the nucleus. The large amount of energy released by the capture pro-
cess makes it also possible that the nucleus breaks up into
a-particles, deuterons and protons. In the cases Wwhere no star event
occurs only neutral particles are expelled (eg. one or more neutrons
carry off all the energy). This stopping region is also called the
Bragg-peak. In additiqn to the secondary particles there will be a
relatively large contamin;tion of muons in the pion beam, because the
lifetime of a negative pion is only 2.6%10-® sgeconds and it will
therefore quite frequently decay in flight into .a muon-- and a neu-
trino [54]:

T BT o+ v ¢34 Mev

The experiment involving pions has been carried out at SIN

(Schueizerisches Institut fuer Nuklearforschung) with the biomedical
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(w-E-3) beam. The pions are produced in the collision of 590 Mev
protons with a beryllijum target. This pion beam is then bent doun
vertically into the biomedical irradiation cave. Along the 10.7m long
beam line are several quadrupole lenses, bending magnets and collima-
tors. These elements can be adjusted to optimize the intensity, the
intensity distribution, the momentum, the momentum distribution and
the beam size. The mean momentum of the beam was 172 MeV/c. The
momentum distribution itself could be varied by opening or closing
the slit situated betueen the two bending magnets inside the QSK 72
lens (fig.32). For this experiment the width of the slit was 65 mm
which gave a momentum spread of 13.9 MeVsc FUHM (Full Width Half Max-
imum) [63]. The focusing of the beam uas wade mith the last lenspair
providing a circular beam. The intensity distribution had a FWHM of
6em at im above the floor, ensurfng 8 uniform dose distribution over
a diameter of about 2em. The beam was monitored with a thin-ualled
transmission ionization chamber mounted on the end of the beam pipe.
The beam shape was determined in air at five positions along the
beamline with X-ray ¥ilwms. The profile was measured with a fomd®
spherical tissue equivalent chamber.

All the dose rate wmeasurements were carried out at the irradiation
point. The dose rate was measured nith a parallel plate chamber uith
a collector electrode of 25 mm diameter and a single gap of 2 mm. The
volume of the chamber is small enough to be located at well defined
positions. The material surrounding the sensitive volume was made of
the tissue equivalent material already described and was of suffi-
cient thickness that the jonization due jo Qecondar%es generated in
the plastic could be considered.tb’be in equilibrium in the chamber
[64,651). As has been calculated by Butrannois et al.[66], 95% of the
charged particle energy coming ffom pion capture in oxvgen or carbon

is absorbed within a depth pf 3 gsom? of uater.
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Figure 32: The beamline of medical beam.

There will be an over-estimation of the dose by about 8% due to
the difference in pion interaction products from the oxygen of tissue
[67] and carbon, which has been shoun already to be the major const-

jtuent of the chamber. The over all uncertainty in the dose estima-

tion will be about 5% [68].
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Figure 33: Experimental set up for negative pion irradiation.

Above the ionization chamber a water tank uwas located (fig.33)
which could be filled and emptied via a remote control system. In
this way the dose rate as a function of water depth could be measured

(fig.34). As can bhe seen from this figure the range of the pions is
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Figure 34: The negative pion dose-rate as a function af water depth,

about 20 cm in uater. Because of the relatively large momentum spread
used the Bragg peak is rather broad.

The stopping rate of the pions in the irradiation position had
been determined by B.Nordell et al.[64] using a counter telescope .

A very thorough investigation of the energy specira of secondary
particles emitted after the absorption of stopped negative pions in
different chemical elements has been carried out by a group from the
Muclear Research  Center in  Karlsruhe at SIN (69,70,
71,72,73,74,75,761. Their results shoued that by far most of the
secondary particles produced were neutrons with energies betueeen 0.5
and 100 MeV. They uere followed by protons of about the same energy
range uhich were louer by a factor of 5. Alpha particles with ener-
gies below 20 Mev uere also significantly produced.

The dose deposited by secondary particles in a tissue equivalent
phantom has then been calculated using & Monte Carle program. The
results showed that the contribution of secondary neufrons te the
dose was even slightly higher than the centribution from all secon-

dary charged particles.
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CHAPTER VI

RESULTS

The acentric fragments produced by the radiation will form micro-
nuclei and will be visible after the first mitosis following irradia-'
tion, Because the cells in a root meristem are asynchronous and
therefore distributed over all cell cycle phases, the first cells
containing micronuclei will appear about 4 hours after irradiation.
The first micronuclei are the result of chromatid aberrations pro-
duced at the end of the Gz-phase. The last micronuclei produced dur-
ing the first cell c¢ycle should appear about 24 hours after irradia-
tion (equal to the duration of the cell cycle) provided that the cell
cycle duration is not prolonged by the irradiation. These are then

formed from chromosome aberrations produced at the heainina of the

80Co ~ gamma
80 Gy (~150 ¢Gy/h)

No of micronuclei in 100 cells
(s>}
T

. . ) o {
8 16 24 32 40 48 56 64 72 80
Time after irradiation (h)

Figure 35: The micronuclei distribution as a function of time after
irradiation (80 cGy; 150 cGysh).
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G64-phase. An example of the appearance of mwmicronuclei after
irradiation -is given in figure (35). As can be seen there is a
steady increase in the number of micronuclei appearing with timé
after irradiation. They reach a maximum at about 24 hours and stay on
a plateau for about another 24 hours, then their number decreases
again. This decrease is mainly due to the fact that cells containing
micronuclei are no longer able to survive after such severe damage
has been produced. Another reason for this decrease could be the
dilution effect produced from cells coming in from the second post .
irradiation mitosis. Houwever, since half of the neuly produced cells
will differentiate and become elongated cells, it seems rather
unlikely that the dilutionveffect is contributing very much to this
decrease,

To establish a dose response curve which would quantitatively be
representative of the damage induced, it wuas décided not to use
either & single fixation point or the cumulative incidence from 0-24
hours after irradiation, as has been done in literature (77,27,78).
In the first case the large fluctuations in the appearance of micro-
. huclei observed at high doses would be a source of error (79,80). In
the second case, this test might not be sensftive enough at low doses
because at fixation times scon after irrediation the number of micro-
nuclei produced is relatively small.

The fact that the cell cycle time of Viecia faba is about 24 hours and
micronuclei are vigible for at least one cell cycle, produces betuween
24 and 48 hours a relative stable number of micronuclei. It uas
therefore decided te use the mean value of micronuclei of this time
period as a guantitative ésfimate 6f”the démage produced. HNormally 5
points, each representing at least 3 times 1000 cells, are measured
at 24,306,36,42 and 48 hours after irradiation. From these values a

mean value is calculated snd plotied over dose.
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It is possible that when a cell has been heavily damaged not only
one bhut several micronuclei are produced. Therefore each slide uas
analyzed both according to the total number of wmicronuclei visible

and also to the total number of cells with micronuclei (one or more).
1. Single dose exposures

J.1 8C-neutron results

600 MeV neutrons
24

22

n
Q

®

No of MN/IOO cells
~ = &»

S

| | i

] | i } 1
0o 1] 20 30 40 50 60 70 80
Dose (cGy )

Figqure 36: The mean number of micronuclei betuween 24 and 48 hours
plotted over neutron dose (uncorrected data).

The neutron results uere obtéihed during two different experimen-
tal periods. During the first experiment the beans were exposed to
1,5,15,40 and 80 cGy. The results indicated that it would be possi-
ble to ”see” even louer dose effects. A second experiment was done in
1980 when, in addition.to a split dose irradiation, single doses of
40 c6y, 0.5 c6y and 0.2 cGy were administered. The data from the

single dose exposure uill be presented first. In figure (36) the
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mean number of micronuclei found between 24 and 48 hours after
irradiation per 100 c¢ells scored is plotted over dose. I¥ one tries
to fit the data points to a straight line one realizes that the curve
starts to bend over above 15 ¢6y. The reason for this sub-linear
increase 1is the drastic reduction 1in the mitotic figure at high
doses. Because cells have first to go through mitosis before a micro-
nucleus can be formed, a decrease in the mitotic index will then be

reflected by a reduction of the number of micronuclei.
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Eigure 37: The mitotic index distributjon as function of time afier
gamma and neutron irradiation. '




In figure (37) an example of the mitotic index distribution is
given, Shortly after irradiation at T=0, the wmitotic index drops
rapidly reaching a minimum between 4 and 6 hours, followed by a maxi-
mum betueen 12 and 14 hours and then stabilizing after about 24
hours. This oscillation is ascribed to the 6 blockage produced by
the irradiation, which inhibits cells from entering mitosis for a
certain time period and which therefore causes the initial drop of
the mitotic figure and the subsequent rise. After 24 hours most of
the cells have entered the second cell c¢ycle and the left over fluc-
tuation is minimal.' PDepending on the dose and the radiation quality
used, this stabilized mitotic index can be much louer than the cor-
responding value of the control group. The percentage mitotic index
determined from the ratio of the mitotic index betueen 24 and 48
hours after irradiation to the equivalent one from the control is
plotted as a function of dose in ¥igure (38). It can easily be seen
that there 1is a strong decrease in mitotic index in the high dose
range (about 40%). There are tuo possible explanations for this
reduction. One 1is that cells are killed before reaching the first
mitosis and the other is that there is a drastic prolongatioh in cell
¢ycle time. Houever, interphase death is ﬁot very often observed,
especially in plant systems [81]1, and a lengthening in cell cycle
time seems therefore more likely. In order to see a drop in the
mitotic index rate from a cell cycle prolongation a part of the cycle
will have to be unproportionally prolonged.

If one compares the micronuclei distribution after a neutron dose
of 15 o6y (fig.39), wuhere only a minor rgduotion in ﬁitotic indéx is
observed, with the one of 80 csv‘(¥i§.40) one observes no drop in the
humber of micronuclei after 48 hours with the high dose radiation.
Furthermore, the mitotic index distribution for the neutron data at

high doses seems to be disturbed. When comparing the distribution
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Figure 38: The percentage mitotic index as a function of neutron
dose.
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Figure 349: Micronuclei distribution after & neutron dose of 15 cGy.

normally observed for gamma radiatgon (fig.37) with the one for 80
¢By neutrons (fig.41) one realizes that the maximum is shifted by
about 6 hours. Similar delays in cell cycle progression, especially
after high LET radiation, have been reported by several authors
[82,83,84,85,86]. In our case this lengthening of cell cycle time
implies that at high doses more time is needed (more than 24 hours)
for the accumulation of cells containing micronuclei. Normalizing
the experimental data for micronuclei by dividing by the percentage

mitotic index takes this problem into account, and a curve uhich is
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Eiqure 41: The mitotic index distribution after a neutron dose of 80
cby.

well fitted by a linear equation is then obtained( see fig.42). From

now on the experimental data will be presented in the table, uhereas

the figures will contain the “corrected data”. The data have been

fitted to the linear’eéuation : E=¢+ab , using the Minuits pro-

gram available  in the CERN Progfam Library. The chi-square value

divided by the degrees of freedom for this weighted linear least
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Figure 42: Corrected number of micronuclei as a function of neutron
dose.

square fit (LSQ) was : %%/f = 1,9 ., The coefficients were found to
be : €= 0.13%0.04 and a=(0,.48%0.02)c6y"', where ¢ stands for the
number of micronuclei in the control group [87,88}).

The experimental data for the number of cells with micronuclei and
the corresponding percentage mitotic index for the different doses
are given in Table 2. As can be seen from Table 2, the number of
micronuclei found for the 0.2 cby dose is rather similar to the con-
trol value, To be sure that the slight difference observed is a
“real” effect the number éf beans was plotted as a function of the
number of micronuclei observed per bean, where 1000 cells were scored
per bean (fig.43). The shape of the distribution for the control
groups 1is completely Hifferent from the shape of the irradiated
groups, thus indicating that the effect, though maybe not statisti-

cally significant, is real.
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Table 2: The experimental data of the high energy neutron
experiments.
Dose Mitotic No of MN/ No of cells
(cGy) Index 100 cells with MN/
(MI) 100 cells
oY) 9.8%0.5 0.2120.05 0.21%0.05
02) 11.2%0.6 0.15£0.05 0.14+0.04
0.22) 10.920.4 0.19+0.07 0.17%0.06
0.52) 10.9+0.3 0.41+0.11 0.38%0.11
i.0") 10.320.4 1.0 *0.2 0.9 0.2
5.01) 9.5%0.4 2.0 0.2 1.8 ¥0.2
t5.0") 8.3%0.4 7.1 ¥0.5 6.4 *0.4
40.01) 6.6%0.4 14.3 *0.6 12.6 0.5
40.02) 8.3%0.7 13.1 1.0 11.2 0.8
80.0") 6.1%0.5 22.0 *0.9 18.2 *0.6
The indices 1) and 2) refer to tuwo separate experiments.

1.2 252¢f-neutron-results

The linear energy transfer of high energy neutrons is considerably
lower than that of neutrons commonly used in radiotherapy, which have
energies below 14 MeV. Observing such a strong response after high
energy neutron irradiation, it seemed of interest to measure the
effect produced by 252Cf-neutrons which have a mean energy of 2.35
MeV. The number of micronuclei, the number of cells with micronuclei
and the mitotic index were again determined for doses of 0.2,0.5,1
and 5 ¢6y. The experimental data are given in Table 3.

The corrected number of micronuclei as function of dose has been fit-
ted to the linear -equation : E= ¢+ «b (¢=0.09%0.04; a=(1.2

0. cGy~"), (figure 44). The resulting %2/f was found to be 0.4.

1.3 £9Co-gamma-results

The data for the ¢%Co-gamma rays were obtained from several suc-
cessive experiments. During the first experiment carried out in May
1978, doses of 160,110,80 and 55 cG6y at a dose rate of about 500

c6ysh and tuwo doses, namely 160 and 80 ¢cGy at a dose rate of 150
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Figure 43: The number of beans as a function of micronuclei.

c6y/h were given. An analysis of the datg shouwed that it uwould sgain
be possible to investigate the effects of much louer doses. The lou-
est dose finally administered was 7 c¢Gy. In table 4 the time sche-
dule of the gamma ray exp’er‘iments"is prés‘ented. 1t can be seen that
the data for the 150 and 500 c¢Gy/h curves uere obtained from many

different experiments proving the reproducibility of this system.




Table 3: The experimental data of the 252¢f-neutron
experiment.

Dose Mitotic No of MN/ No of cells
(cGy) Index 100 cells with MN/
(MI) 100 cells
0.0 9.70.4 0.0920,.05 0.0920.05
0.2 8.8*0.5 0.370.15 0.3120.09
0.5 9.4%0.5 0.62%0.15 0.570.12
1.0 9,.7%0.6 1.14%0,18 1.08%0.17
5.0 8.9x0.5 5.7 0.4 5.2 0.3

252
Cf - neutrons

of micronuclei in 100 cells

No.

1 | 1 1 |

Dose (¢Gy)

Figqure 44: Corrected number of micronuclei as a function

of 252¢f-neutron dose.

1.3.1 500 c6ysh and 150 cGysh experiments
The percentage mitotic index as a function of dose is shoun for
both dose rates in figure (45). Even at the highest dose the percen-
tage mitotic index did not drop below 80% which is in strong contrast
to the drop observed aftgr neutroﬁ' radiation. In figures (46) and
(47) the corrected me#n number of micronuclei are plotted over dose

for the two dose rates of 150 ¢Gysh and 500 c¢Gy/h. The data have
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Table 4: The time table of the different gamma experiments,

MAY 1978:

500c6ysh: 55,80,110,160c6y, (55+55)cGy and (80+80)cGy 1 hour
split dose.

150cGy/h: 80, 160c6Gy

F_E_Q-j_g_-.’_g:
150¢6y/h: 55, 110c6y

JUNE 1980:
500¢6ysh: 10,20, 190c¢6y and the (95+95) split dose exp.

150¢6ysh: 20c6y

CT.1980:

150¢cGysh: 7,10, 15¢c6y

DEC.1980:
500cGysh: 40c6y and (20+20) split dose exp.

150c6y/h: 160, 190cGy
10¢6ysh: 7,10, 15, 20c6y

been fitted to the following equation : E = C + aD + RDZ, wuhere E
stands for the effect observed, € for the control value at zero dose,
a and B are coefficients and D is the dose administered. The
x2/f-value is 2.9 for the 150 c¢Gys/h curve and 1.9 for the 500 ¢Gy/h
curve. The coefficients in the case of 150 c¢6y/h irradiation are
€=0.12% 0.02 ; «=(3.2 % 0.2) 10-2¢6y~'; B=(2.5 & 0.2) 10~%cGy~%, For
the 500 c©Gysh irradiation they are : €=0.1220.02;
a=(1.820.2)10"2¢6y"'; B=(4,420.2)10""c6y"2,

The experimental values are presented in Table 5.

From figure (48) wuhere the curves of both dose rates have been
plotted together, it can be seen that only in the high dose region is
a dose-rate effect observed (see also figure 50),

The definition of the shape of the dose-effect curve at low doses
being a wain question,' the experiﬁental points have also been fitted
to the following equat%on : E = €+ BD2,

In this case the x2/f value is 4,7 for the 500 ¢6y/h curve and 8.6
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Figure 46: The mean number of micronuclei as function of Y-ray dose
for the dose rate of 150 cGysh.

for the 150 ¢Gysh curve (§ig.49). The values of the coefficients for
the 500c6ys/h irradiation are: C€=0.15%0.02;(B=5.720.2)10"%c6y~%; and
for  the 150  cGysh  irradiation  they are: €=0.1520.02;
B=(4.7+0.2)10"%c6y~2. Apart from the obviously cohsiderably worse
%%27%f value there uill be an'underéstimation of the effect produced at

low doses if only the quadratic term is used to fit the data.
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Yable 5: The experimental data of the gamma experiments.
Dose~- Dose Mitotic No of MN/ No of cells
rate - (cGy) Index 100 cells with MN/
(cGy/h) (M1) 100 cells

0! 10.5:0.2 0.13+0.03 0.13:0.02
500 10 11.120.4 0.29%0.09  0.26%0.09
20 11.120.2 0.47:0.10 0.45%0. 10
40 10.8+0.5 2.26%0.23 2.10%0.22
55 9.6%0.3 2.4 #0.3. 2.4 *0.3
80 9,2:0.4 4.1 0.4 4.0 0.4
110 8.920.4 5.7 ¥0.4 5.5 0.4
160 10.220.5 12.4 0.7 1.4 0.6
190 8.1%0.3 13.8 0.4 12.0 0.4
150 7 9.020.5 0.26:0.13 0.23:0.09
io 9,4:0.5 0.3420.11 0.32%0.10
i5 9.50.5 0.69%0,18 0.6620.16
20 11.7%0.3 0.53+0.14 0.4820.11
55 10,10.4 3.1 20.5 3.1 0.5
80 9.430.4 4.6 0.4 4.3 0.4
110 9.1+0.4 7.5 0.4 7.2 0.4
160 11.520.6 11.5 0.7 10.5 0.6
160 9.2%0.5 10.4 %0.6 9.4 0.5
190 $.8%0.5  12.7 #0.6 11.3 0.5
1) Meanvalue of all control values.
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Figure 48: The fitted curves of fhe two dose-rates of 500 c6ys/h and
150 ¢Gysh plotted together fer comparison.

1.3.2 10 cGysh experiment

In order to ascertain the shape of the dose effect curve at lou
doses and louw LET radiation, doses at an even lower dose rate of 10
cGy/h uwere given. For high doses it is khoun that reducing the dose
rate results in a reduced effect because the cells uill ‘have more
time betuween hits to repair the damage (see also above results). In
figure (50) the experimental data for all 3 dose rates up to doses of
20 cGy are given [90,91,92]. All these data points have then been
fitted to a linear equation : E = C + aD, which gave the follouing
coefficients: ©=0.1320.02; «=(1.920.3)10"2c6y~2. The x*/f value was
found to be 0.3 . A linear fit to the experimental data excluding
the control value has also been made. The resulting intercept for the
fit without controls was 0.11, wuhich is in good agreement with the
experimental value of foll3tﬂ.03.‘ Assuming continuity of the curve,
this suggests a linear dose efféét relation doun to zero dose and

thus the absence of a threshold. In Table 6 the experimental data of
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Y-radiation fitted using only the quadratic term.
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Fiqure 50: A linear fit to all 3 dose-rate data after ¥-radiation.



the lou dose rate experiment are listed.

Jable 6: Data of the 10 cGysh gamma-ray experiment.

Dose Mitotic No of MW/ No of cells
(¢cGy) Index 100 cells with MNs/
(MI) 100 cells
7 10.220.5 0.26%0.160 0.25:0.09
10 10.4%0.5 0.28%0.10 0.26%0.09
15 10.320.5 0.43%0.18 0.3820.10
20 10.5%0.5 0.57%0.13 0.52:0,12

1.3.3 Combining data of different dose rates

Because the data seemed to indicate that there was no obvious dose
rate effect below 20 o6y, all the low dose data have been combined
and added to the 500 cGys/h as well as to the 150 cGysh data points,
to emphasize the low dose region, The 500 cGysh and the 150 cGysh
curves were then refitted using both equations, namely :E = € + BDZ
and E = C + oD + BDZ . In the case of the linear + quadratic dose
effect curve the low dose data were better fitted while the high dose
data fit changed very little. The fit became worse when only the
quadratic term was wused. The following table (Table 7) gives the

coefficients and the %Z/f values obtained for the refitted data.

1.4 p- plateau and §~ peak

The pion experiment uas one of the first experiments carried out
for this thesis. At that time the subject of main interest was the
effects of fractionation. This is the reason wuhy 6nly tuo single
doses uwere given, namely 80 and‘160 ¢6y in the plateau region. The
other doses uere divided into 2 x 80 ¢G6y given betueen 1 and 24 hours
apart. In the peak region also only tuo doses uwere given, namely 40

and 80 cGy; the other doses uere divided into tuo times 40 cGy given
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Yable 7: Coefficients obtained for the combined dose-rates at
low doses.
E=C +ab * BD2
500¢c6y/h: ¢ = 0.12%0.02
o = (1.620,3)%¥10-2 cGy~!
B = (4.520.3)#10% cGy~?
%2s7f = 1.0
150cG6y/h: ¢ = 0.12%0.02
o = (1.920.3)%10-2 ¢c6y~!
B8 = (3.420.3)%10-" cGy~2
%27% = 2.4
E=x=C * BD?2
500cGy/h: C = 0.1620.02
B = (5.720.2)%10"% ¢cGy-2
x2s7% = 2.5
150c6y/h: C =0.17:0.02"
B = (4.83:0.2)%10°% ¢6y-2
¥2/f = 4.4

between 1 and 24 hours apart. In parallel with the irradiations for
the micronuclei analysis a 10 day growth experiment was made applying
the same doses and fractionation scheme [34]. Unfortunately, it was
not possible to add a few more single dose points to the tuo
selected, because this was the last experiment before the shut doun
of the beam line used. Even though we have not been able to repeat
those data or add a few wore points the results are still worth pre-
senting, In the following table (Table 8) the experimental data
values are given together with the coefficients found for a straight
line fit, which was in this case the only possible fit to be made.

The ratio of dose needed in the plateau region'és 6ompared to the
dose needed in the peak region tq produce’thé same effect was found
to be 1.7. The same Qalue has beeﬁ found for the 10 day grouth of

Vicia faba [23] and for V79 cells in culture [89].
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Table 8: The experimental data of the negative pion
experiment.
- -PLATEAU
Dose Mitotic No of MN/ No of cells
(c6y) Index 100 cells with MN/
(MI) 100 cells
0 11.6%0.5 0.18*0.05 0.17%0.04
80 8.8*0.5 9.6%0.5 8.7%0.5
160 7.9%0.4 15.820.7 14.020.6
E=0¢+ ab
C = 0.13%0.05
a = 0.1520.01
T~ -PEAK
Dose Mitotic - HNo of MN/ No of cells
(cGy) Index 100 cells with MN/
(MI) 100 cells
40 9.7x0.5 9.10.5 8.3%0.4
80 9,00.4 15.310.6 13.5%0.5
E=¢C+ ab
¢ = 0.1320.05
o = 0,25%0.01

2. Split dose experiments

Fractionating or splitting a dose means that a dose is divided
into two equal parts and the second dose is given a certain time
interval after the first dose. In this uway cells are given time to
repair the still repairable damage produced by the first irradiation.
One uwould expect a reduced effect after such a treatment, as compared
to single dose exposure [31]. It has just been mentioned that frac-
tionation experiments were also carried out using the 10 day grouth
as a test. The radiations used in this case were pion, high energy
neutrons and $%9Co-v- fadiation [34;35]. The results indicated that

already after about 1 hour most of the repair has taken place. This




reason, together uith the fact that prolonging the time interval
beyond 1 hour produces cell kinetic problems due to the G2-blockage,
convinced us that the 1 hour split dose was the obvious time period

to use when discussing repair.

2.1 SC-neutrons

In the case of the high energy neutrons a dose of 40 cGy has been
split into tuwo half doses given 1 hour apart. The results in compar-
ison to the corresponding single dose result obtained during the same

experiment is given in Table 9.

Table 9: Experimental data of the neutron split dose
experiment.
Dose Mitotic No of MN/ No of cells
(cGy) Index 100 cells with MN/
(M1) 100 cells
40 8.320.4 13.1%0.6 11.2*0.5
(20+20) 8.0:0.4 15.6%0.6 13.3%0.5
(1h split)

From the data it is obvious that no recovery has taken place.

2.2 $%op-y-ravs

A split dose experiment has only been carried out for the high
dose rate (500 cGy/h).Total doses of 190,160,110 and 40 c¢Gy have been
split in half and were administered one hour apart. As can be seen
from figure (51) the expected recovery at high dose has taken place
while it is completely absent at the low dose [92].
The coefficients used for the fit Were: €=0.1320.03;
a=(3.8+0.8)10"2¢6y~"'; B=9.126.2 10", In Table 10 the experimental

data are given.
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Figure 51: The experimental results of the split doses in comparison
to the single dose results (both at a dose-rate of 560 cGy/h).

Yable 10: Experimental data of the gamma-ray split dose
experiment.
Dose Mitotic No of MN/ No of cells
(c6y) Index 100 cells with MN/
4,19} 00 cells
40 10.8%0.5 2.26%0.23 2.10%0.22
(20+20) 10.020.4 1.86%0.23 1.7720.22
110 8.9%0.4 5.7%0.4 5.5%0.4
(55+55) 9.8%0.4 4.630.4 4.4%0.4
160 10.2+0.5 12.420.7 11.420.6
(80+80) 9.8%0.4 6.720.5 6.3%0.4
190 8.1%0.3 13.8%0.4 12.0%0.4
(95+95) 9.120.4 9.3:0.5 8.5:0.5

2.3 n--plateau and n--peak

In the plateau region a total dose of 160 csﬁ énd in the peak
region a dose of 80 cGy has. been diyidedfinto tuo equal halves given
1 hour apart. Only a small amoﬁnt of recovery is observed in both
cases. The experimental data of the pion irradiation are shoun in

figure (52).
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Figure 52: The results of the single dose and split dose pion
experiment a) plateau and b) peak.
The damage produced by the pions in the peak region is about a factor

of 2 higher than that produced by the pions from the plateau region.

3. Oxygen effect

It is a well knoun fact that the oxygen effect observed after
irradiations with high LET particles is smaller than the one exhi-
bited using low LET radiation. However, there are also indications of
a reduction of the oxygen effect at low doses in the case of low LET
radiation [93].

To be sure that the hypoxic condition by itself does not produce
micronuclei in the bean root meristem, 3 control groups wuwere kept
1,2,3 and 4 hours under anoxic conditions, whereas 3 hours has been
the maximum time period for the irradiated beans to stay 1in anoxia
(fig.53).

As can be clearly seen, no additional micronuclei are produced and
the anoxic control group fs'ident{éél to the oxic control group. The
experiment under hypoxic conditions wuas carried out giving a wide
range of doses, 7 - 600 c6y of 6%°Co~7-rays (500 cGy/h). The percen-

tage mitotic index as function of dose is‘shoun in figure 54.
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Figure 53: The number of micronuclei in the anoxic control groups as
a function of time in anoxia.
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Figure 54: The percentage mitotic index of the anoxic experiment as
a function of dose. ‘

The corrected data are plotted together with the experimental results
of the aerated experiment in figure (55). It can be seen that at
high doses a strong oxygen effect is'observed. In the lower dose
region, houwever, no difference is visible. This fact is illustrated
even more clearly ih figure (56), where all the lom dose experimental
data of the three different dose rates of the aerated experiment were

combined with the results from the beans irradiated in hypoxia.
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Figure 55: The oxic and anoxic data are both fitted to the
linear+quadratic equation.
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Figure 56: The anoxic low dose data (with error bars) are plotted
together uith the oxic low dose data (uithout error bars). Both data
sets were fitted independently to a linear equation,

No difference is observable and the OER value is therefore one for
doses up to 20 cGy. In Table 17 the anoxic experimental data are
given. They have been fitted to a linear+quadratic equation with the

coefficients of:c=  -0.13 % 0.03; a=(1,920.2)10"2¢6y";

B=(4.9%0.6)10"5c6y-2 ahd with a xi/f of 1.35.




Table 11: The experimental data of the two anoxic experiments.
Dose Mitotic No of MN/ No of cells
(cGy) Index 100 cells with MN/
(MI) 100 cells
o) 10.3%0.3 0.15:0.05 0.13+0.04
02) 10.920.4 0.14x0.07 0.130.06
72) 9.8%0.4 0.310.09 0.28%0.08
102) 10.6+0.4 0.3120.10 0.29%0.08
152) 10.5+0.5 0.49:0. 14 0.44%0.12
202) 11.2%0.4 0.40+0.09 0.40%0.09
201) 9.9%0.5 0.54+0.12 0.51%0. 11
402) 10.020.5 0.89%0.17 0.810.16
601) 9.2%0.4 1.05%0,15 1.0420.14
1002) 10.9%0.5 2.6%0.3 2.5:0.3
1502) 10.7%0.5 3.810.3 3.5%0.3
2002) 11.1%0.4 6.3x0.4 5.8%0.4
2001) 10.8+0.5 6.8%0.4 6.4%0.4
3002) 9.8%0.4 10.5%0.5 9.4+0.4
4502) 9.00.5 16.9:0.8 14.4:0.6
6002) 8.9x0.5 20.80.9 17.520.7
The indices 1) and 2) refer to two separate experiments.

4. RBE-values

The RBE (Relative Biological Effectiveness) value is used to com-
pare the efficiency of different types of_radiation with that of
60Co-gamma rays. It is defined as being the ratio of the tuo doses
(D(y)sD(radiation)) which are needed to produce the same effect. If
the curve uhich is compared +to the gamma ray curve is for example
represented by a straight line, the RBE value uill vary uith dose.
Houever, if the gamma ray curve displays a linear initial slope the
RBE uill assume a constant value at lou doses.

In figure (57) the two RBE-curves found for the SC- and the 252Cf-
neutrons when compared to the 500 c6ys/h ¢-ray data are presented.
The maximum RBE-value of the high energy neutrons in the very lou

dose region uwas calculated to be : 31.0 * 6.4 and for the




252¢f-neutrons to bhe: 76.8 * 16.8,
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Figure 57: The tuo RBE-curves calculated from the fitted curves of
the SC- and 252¢f-neutrons in comparison to the $%Co-gamma curve (500
c6ysh). The dotted lines represent areas were no experimental values

were measured.

In the following table (Table 12) all the RBE values found for the

different radiation qualities 1in comparison to different ¢-ray data

sets are given.

Table 12: The maximum RBE values for the different radiation
qualities.

Dose- se- 282¢0¢-
rate neutrons neutrons
(cGy/h)

500 26.5%3. 1 66.5%9.2
5001 31.0%6.4 76.8%16.8
150 15.0%1.2 37.6%4. %
1509 24.6%4.4 61.7x11.7
10, 150,5002 25.4%4.4 63.7x12.0

i: Below 20 cGy all dose-rates are combined
2: RBE was calculated from the linear fit made to all dose~-
rateg below 20 c¢Gy.

The RBE values found at an effect level of 190 micronucleis’zi00

cells which corresponds to a gamma-ray dose of 190 ¢6y uas found to




cells which corresponds to a2 gamma-ray dose of 190 ¢6y was found to
be 4.7%0.4 for the SC-neutrons and 11.8*1.3 for the 252Cf-neutrons.
The RBE-values found for the negative pion plateau region was 1.3 and
1.8 for the 160 and 80 c¢6y dose respectively. In the case of the
stopped pions the RBE varied betuween 2.45 and 3.3 for the 80 and 40
cGy irradiation. It should be mentioned that the dose values given
here correspond to the total dose and no correction for the gamma

contamination has been made.




CHAPTER VII
DISCUSSION

Chromosome damage leading to acentric or dicentric aberrations is
generally considered as being too severe an injury for a cell to sur-
vive. Many authors have reported correlations betuween DNA double
strand breaks and reduction in survival rate [77,94,95], strengthen-
ing this assumption. The same correlation should exist for micronuc-
lei because they are formed from acentric fragments. The 10 day-
growth curve can be considered as a type of survival curve because an
increase in cell killing uill be proportional to a reduction in
growth of the root. Therefore, the percentage 10 day grouwth data for
high energy neutron doses 0¥:25,37,56,60,74,90 and 92 ¢Gy uere plot-
ted against the number of cells with micronuclei observed for the
corresponding doses (fig.58).

A very good correlation betueen these tuo effects is obvious. This
agrees with the data reported by Grote et al.[96,97] who have found
direct evidence for a relation betueen micronuclei formation and
slow-growth or stop-grouth of colonies in cell in culture systems.
The authors uere able to observe single cells for several mitoses
after X-ray irradiation and concluded that micronuclei formation
finally leads to the death of the cell.

A very good linear correlation uas also obtaineq when the number
of cells uith micronuclei uwas plotted against the number of micronuc-

lei for tuo radiation qualities, namely the high energy neutron- and
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These correlations allow

an extension of the discussion

of the dose




effect curves from mere chromosome aberration incidence to cell kill-
ing.

An important result of the analysis of the single dose experiments
has been the clear evidence of a linear dose effect relationship at
low doses for all radiation qualities used. In the case of high LET
particles this linear dependence continues also in the high dose
region while for low LET radiation the quadratic dependence becomes
dominant. In the theory of dual radiation action it is postulated
that ionizing radiation produces soc called “sublesions” in the cells
of higher organisms. These sublesions combine in pairs to produce the
lesions which are responsible for the various biological effects
observed, eg. chromosome aberrations. In the case of high LET radia-
tion these sublesions can be produced by one single particle because
of its high ionization density. In the case of louw LET radiation,
which is also called sparsely ionizing radiation, more than one par-
ticle is needed to produce the final lesion. However, the LET is a
function of the velocity of the particle traversing a medium (see
Bethe-Bloch formula in the dosimetry section) and the energy loss per
unit path-length increases with decreasing energy. In the folloring
figure(60) the distribution of dose in =z (the specific energy) for
single events in a spherical tissue region of pm for 6%°Co-gamma,
14.7 MeV and 3.7 MeV neutrons is plotted.

The 6%Co-gamma distribution extends far into the region of the 14.7
MeV neutrons and reaches even into the 3.7 MeV heutron distribution.
If regions below 1pm are considered the‘ ionization density produced
can be still higher, For example an electron with a kinetic energy
of 100 eV will lose all its energy within a region of 20 10-1%m which
is about the diameter of a DNAvmqlecule [98]. This very localized
energy deposition of {00 eV corresponds to a LET value of about 50

keV/pum which is now even comparable to the LET of a very lou energy
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Figqure 60: The distribution of dose in z.

neutron, and therefore belongs clearly to the group of high LET radi-
ation ( >10 keV/u). This very small but certainly.existing high LET
component in the g amma radiation is the cause of the linear depen-
dence betueen dose and effect at low doses. The probability that tuwo
independent particles would interact at low doses to produce an
effect is negligible and therefore only the single particle interac-
tion is important in this dose region.

Clear evidence of a linear dose-effect relationship at low doses
was, to my knouledge, first reported by Sparrow and Underbrink [99],
who studied the mutation incidence in Tradescantia after X-ray irra-
diation. The more recently published daté from Furcinitti and Todd
[100] also shous a linear dependence in a dose region betueen 20 and
80 cGy for human kidney cells 1in culture, after irradiation to
X-rays. A linear-quadratic relationship uas also reported by Lloyd
et al.[101] for chromosome aberrations in human lymphocytes after
irradiation to v- and x-rays. By calculating A=asB, where o and B
are the coefficients from the linear+quadratic equation, one obtains
the dose value uhere the linear and the quadratic term contribute
equally to the effect. In the case of the 500 cGys/h curve (see table
7) XA is found to be equal to 34.5 * 7.3 c6y, while for the 150 cGy/h

A =57.5 % 11.0 cGy. The dose region where the linear part is domi-




nant was, in the case of the mutation studies, below 18 eGy, while in
the case of human kidney cells in oculture this value was much higher
(above 80 c6y). The asB value of the human chromosome aberration
studies from Lloyd et al. was 31 for dicentries, 59 for acentrics
and 40 ¢c6y for the total amount of aberrations. These values agree
well with the ones found here for micronuclei induction, which shous
the comparability of the results found f¥or Vicia faba with .human
data.

The existence of a high LET component in the gawmma experiment can
be an explanation for the non-existence of dose-rate, fractionation
and oxygen-effect. The lack of recovery between doses and for reduced
dose-rates in the lineér part is similar to the effect observed after
neutron and negative pion irradiation. Using as a test the {0 day
grouth of Vicia faba, less recovery uas found for negative pions in
the peak region when compared with the recovery in the plateau
region. This results in an increased gain factor betuween the plateau
and peak region and is of great importance for radiotherapy
(34,102, 1031, The same result has been obtained using micronuclei
induction (figs 47a+b),

In the case of the fractionation experiment using high energy neu-
trons, no recovery at all was found. Again, this agrees with fhe
results found from & 10 day grouwth experiment carried out using the
same beam [35], where doses betueen 20 and 90 c6y were divided into
tue and 3 équal fractions each given 24 hours apart. No recovery Was
observed at low doses while at high doses an enhancement in effect
was actually found. A similar result has been obtained by Vogel
et.al.[104] studying mammary tumor induction in rats. These results
can be partly explaihed uith the Elkind theory of recovery uwhich says
that the amount of recovery of which a system is capable depends on

the size of its survival shoulder. From a linear dose effect curve




which is equivalent to an exponential survival curve (see Table 1.)
no recovery betueen doses, or at a lower dose rate, should be
expected.

Another similarity betuween ¥-rays at louw doses and high LET radia-
tion is that no oxygen effect 1is observed up to a dose of about
20cGy(eg. OER=1), Recently Underbrink and Wolch [93] reported that
in the case of mutations in Tradescantia stamen hairs, the OER seemed
to approach unity at low doses. In the case of cell kill}ng this
effect has not yet been studied. An explanation for so drastic a
reduction in oxygen effect might be that the damage produced by the
high LET component of the gamma radiation will be mostly unrepairable
ONA double strand breaks. Therefore, the micronuclei production will
not be altered by the presence or absence of oxygen in the low dose
region. Above 20 ¢Gy the quadratic component becomes more and more
important, and from then on the anoxic curve departs from the oxic
curve, For the anoxic curve the as/B-value wuas found to be:
A=385.0¢59.0 c6y. It is obvious that in the absence of oxygen the
linear component is dominant much longer.

Linearity at low doses should actually reduce the problems of risk
estimates for different radiation qualities because it implies that
the RBE value reaches a constant value (equal to the ratio of the
slopes of the tuo lines) in the dose region of interest for radiation
protection. In figure (61) a comparison is made betuween the results
of other experiments with the RBE values found here fér the high
energy neutrons and 252Cf-peutrons, which were in the low dose region
approaching values of 31.06.4 and 76.8:16.8 respectively.

There is a very good relationship betueen data of RBE values mea-
sured for mutation, transformation, eye lens opacification and cell
killing. An experiment carried out here at CERN uSing the same high

energy neutron beam (SC) to study the eye lens opacification in mice
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Figure 61: The RBE curves found for micronuclei induction as
compared to the RBE curves found for different effects.
1) Opacification of the wurine lens [105], 430 kev
neutrons. 2) Opacification of the murine lens [105], 1.8
MeV neutrons. 3) Mutations of Tradescantia stamen hairs
[99], 430 keV neutrons. 4) Mammary neoplasm in the
Sprague-Dauley rat [106]), Fission neutrons. 5)
thromosome aberrations in human lymphocytes [1071},
Fission neutrons, 6) Growth reduction of Vicia faba root
[108], 6.0 MeV neutrons. 7) Skin damage Chuman, rat,
mouse, pig) [109], 6.0 MeV neutrons.

l T L T T T T T

100 Lens opacification in mice : b

¢t s
P
——,

50 ' e 5MeV neutrons
30L________ } o600MeV neutrons .|
w -
o 20 , .

B ~$
o R Micronuclei induction
10} ~ in Vicia faba .
5 e .
w252 Cf _neutrons

3 ¥~600MeV neutrons™]
2r ]
| N [ 1 | 1 ] | I

00I 005 0.1 05 10 5 10 50 ' 100

Neutron dose (cGy )

Figqure 62: A comparison of the RBE curves found for micronuclei
induction with the RBE values found for lens
opacification in mice,

resulted in about the same RBE-values [110]. These data, together

with data obtained using low energy neutrons (2.35 MeV) are presented




in figure (62). The RBE values found for the high dose data are in
close agreement with the values obtained from the 10 day-growth and
for survival curves derived from the 10 day-growth [23,22]. The RBE
values found for the negative pions in the plateau¥re§?6n, which var-
ied between 1.3 and 1.8, and ‘the RBE values found for the peak-re-
gion, which varied betueen 2.45 and 3.3, are similar to those
reported in literature [23,111,112,113,114,&%5,1161. |

The fact that different tests still give about the same RBE values
is very important . Furthermore, these values are, at louw doses,
independent of any dose modifying factors such as oxygen, dose rate,
or fractionation.

There are three moré points worth stressing. One is the fact that
the dose response of a system depends very much on dose, dose-rate
and radiation quality used. Radiation very often induces a delay in
the cell progression and a lengthening of the cell cycle time, thus
changing the time of appearance of the effect being studied. By
using only one fixation point this time alteration is not taken into
account and one can very easily obtain a urong result. As has been
shoun in this work a very strong delay was found with neutrons, uhile
in the case of gamma radiation the mitotic index dropped only to 80%
of the control value. A similar bend over of the dose-effect curve
at high doses of neutrons was observed by Vulpis et.al. [117] using
the same high energy neutron beam and by Molls et. al.[118], suggest-
ing the same qualitative response to this radiation.

The second point to be mentioned is the danger of predicting lou
dose effects using high dose data alone. The data for micronuclei
induction were refitted with the linear + quadratic equation, using
only data points above 20 ¢Gy which were already well into the quad-
ratic region. An overestimation by a factor of 1.7 uas found for the

linear part in the case of the 500 c¢Gy/h curve and a. factor of 1.8
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for the 150 cGy/h curve.

252Cf peutrons
8 (~8 cGylh)

% 6 SC-neutrons

o

° (~20 cGy/h)

Q

£

5

KT

[*3

2

[~

4

E 60Co- gamma

5, A 500 cGy/h

o]

z A 150 cGy/h
) o 10 cBy/h

j I i 1 L ]
0 2 4 6 8 10 12 14 16 18 20
Dose (cGy)

igure 63: Comparison of effects produced by neutrons and gamma rays
in the low dose region.

Finally, even though the effect produced by gamma rays is rela-
tively small it should not be forgotten that the damage produced in
the lou dose region increases linearly with dose and does not seem to
be repairable; this implies no threshold response. The effect pro-
duced by neutrons, houwever, is much more significant and should be
taken very seriously. In figure (63) a comparison of the lou dose
data for both neutron energies and Y-rays are given, This large dif-
ference in effect persists even to higher doses as is shoun in figure
(64). One notes that the louw energy neutrons are by far the mqst

damaging radiation of all radiation qualities studied here.
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SUMMARY

The results of this work have shoun that in the case of micronuc-

lei induction 1in Viecia faba the dose-effect curve 1is much better
described by & linear + quadratic than by a purely quadratic equation
for lou LET radiation,

For the high LET radiation used here (SC-neutrons, 252Cf{-neutrons,
pions) a linear dose-effect relationship uas found.

The necessity of normalizing the experimental data to mitotic
index fluctuations has been shoun to be very important for establish-
ing dose effect curves.

The linearity observed at low doses for all radiation qualities
results in constant RBE values in the dose region of interest for
radiation protection.

The linear part of the dose-effect curve for low-LET radiation has
been shoun to be independent of three wmajor dose modifying factors:
oxygen, dose rate and dese fractionation.

In fhe case of high-LET radiation no or very little repair between
doses was found.

These results confirm the predictions of dual radiation theory
which is based on microdosimetric findings that so called lou-LET

radiation alsc contain a high-LEY component.
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