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CHAPTER 1

INTRODUCTION

A short time after Chadwick discovered the neutron in 1932, radiobiologists became
interested in this new particle and started various experiments to compare the
effects of neutrons and X-rays in a number of biological systems. The irradiations
were carried out with the neutron beam produced liy the first cyclotron built at
Berkeley in 1932. The (D, Be)-reaction was used, with deuterons accelerated up to
5.5 MeV. These early investigations lacked an adequate method to measure absorbed
neutron doses; moreover, the availability of a neutron beam of low intensity only
was a serious disadvantage. The effectiveness of fast neutrons relative to X-rays was
found to vary widely, depending on the different biological effects studied.

Lawrence et al. (1936) examined lethal effects in normal mice and on a trans-
plantable sarcoma; they suggested that neutrons might be more selectively effective
on tumour tissue in comparison with X-rays.

Zirkle and Lampe (1938), who worked with Drosophila eggs and wheat seedlings,
noted that although the effectiveness of neutrons relative to X-rays varied widely in
different tissues, the overall increased relative effectiveness of neutrons was probably
due to the higher specific ionization with respect to X-rays.

Aebersold (1939) found increased effectiveness of neutrons compared with X-rays
for epilation of the dorsal skin of rabbits.

Axelrod et al. (1941) compared the effects of both radiations on three types of
transplantable mouse tumours, and concluded that "per unit of ionization" neutrons
are biologically more destructive than X-rays.

In all these observations the X-ray dose was expressed in Rontgen-units, and the
neutron dose in n-units, a unit which later turned out to correspond to a dose of
about 2.5 rad (Aebersold and Anslow, 1946; Sheline et al., 1971).

The values of the relative effectiveness of neutrons compared with X-rays, re-
sulting from these early radiobiological studies, varied up to a factor of 5 (Axelrod
et ..1., 1941). Therefore it was hoped that neutrons could be applied more effectively
in human radiotherapy than X-rays, because of a possibly selective action upon
malignant tissue relative to normal tissue in comparison with X-rays.

In 1938 the first attempt to treat patients with fast neutrons was carried out. The
irradiations were also performed at Berkeley, with cyclotron-produced neutrons
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from the (D, Be)-reaction (Stone et al., 1940; Stone and Larkin, 1942). Although
the results of this first trial initially seemed to permit some optimism, since in all
cases regression of the extremely advanced tumours was observed, only 17 out of 250
patients survived 5 years or longer after the neutron therapy. These 17 patients
suffered from severe late skin reactions, so that Stone concluded in 1948 that "even
though some patients have been kept alive, these results are not encouraging" (Stone,
1948). Moreover, he stated that neutron therapy resulted in such bad late sequelae
in proportion to the few good results that it should not be continued. Because of
these conclusions fast neutron radiotherapy was abandoned and not further applied
for about 20 years.

During this period the study of biological effects of neutron radiation relative to
X- or y-rays has been continued in a variety of systems, in vitro as well as in vivo.
Particularly the observation of a reduced oxygen-effect (see Section 2.3.3) for densely
ionizing radiations compared with X-rays, as described e.g. by Thoday and Read
(1949) for a-particle irradiation of bean roots, and by Gray et al. (1953) for fast
neutron exposure of mouse ascites tumour cells, resulted in a renewed interest in
irradiation of cancer patients with fast neutrons.

Many tumours contain hypoxic cells, which are less sensitive to X-rays than well-
oxygenated tumour cells, and may possibly survive X-ray treatment. This disadvant-
age of treating a partially hypoxic tumour with X-rays is reduced with neutron treat-
ment, because the difference in radiosensitivity between hypoxic and well-oxygenated
cells is smaller for neutron irradiation than for X-rays.

In an extensive review article on the effects of neutrons Field (1976) recently
summarized the results of many radiobiological experiments available at present.
These data suggest that with neutron therapy an increased response of a tumour
relative to the surrounding healthy tissue may be expected in many instances, com-
pared with X- or y-ray treatment. Whether a therapeutic gain by the use of fast
neutrons will actually be present or not depends on the type of tumour and normal
tissues involved, on the dose or dose per fraction, and on the neutron energy spectrum.
Clearly, studying the response of normal tissues is no less important than that of
tumour tissues.

The X-ray induced damage to one special type of normal tissue, the vascular
system, has been studied in our laboratory since about 1960. When a neutron beam
in the "Laboratorium voor Algemene Natuurkunde" (Physical Laboratory) became
available for our work, we started to compare the effects of X-rays and fast neutrons
on the elastic arteries.

The unwanted effects of radiation on large elastic arteries in patients treated with
X-rays for malignant disease have been reported by a number of authors.

In 1959 Thomas and Forbus described a necrotic lesion through all layers of the
aortic wall in a patient who had been irradiated in this region 2\ years before.

Fatal damage to large elastic arteries was reported by Marcial-Rojas and Castro
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(1962), who described rupture of the aortas or carotid arteries in 11 patients treated
for malignant processes with high doses of X-rays, 60Co- or Ra-gamma radiation.

Poon et al. (1968) also described rupture of the aorta wall in a patient, about 6
months after irradiation with 60Co y-radiation for an oesophagus carcinoma.

In 5 patients who had received therapeutic X-ray treatment, de Boer (1963)
observed atherosclerotic changes in the elastic arteries in the irradiated area.

Dollinger et al. (1966) mentioned fibrous occlusion of the coronary artery in a
patient irradiated for Hodgkin's disease two months earlier.

In 1972 Hay ward observed atherosclerotic damage in the right carotid artery
of a patient irradiated in the neck region 28 years before.

In the literature only few experimental studies of the damaging effect of radiation on
large elastic arteries have been reported.

Smith and Loewenthal (1950) exposed young mice to a total body irradiation
of 410 R, which resulted in premature ageing changes in the walls of elastic arteries
such as ragged and frayed areas in normally smooth elastic membranes.

In 1961 Gold induced atherosclerosis in the aortas, coronary arteries and pul-
monary arteries of rats by the combination of a high-lipid diet and 5 weekly thorax
exposures to doses of 500 rad of 180 kV X-rays.

Lindsay et al. (1962) observed atherosclerotic changes in the aortas of dogs 2-48
weeks after irradiation with 50 kVp X-rays.

Lipid deposition and fragmentation of elastic fibres in the media were observed
by Amromin et al. (1964) in the coronary arteries of rabbits who were fed a chole-
sterol diet and were locally X-irradiated with 500 rad at five weekly intervals.

Keijser (1970) studied the effects of fractionated irradiation with 250 and 300 kVp
X-rays, with total exposures varying from 2000 R in 2 weeks up to 6000 R in 6 weeks,
on the hearts and the aortas of rhesusmonkeys and normally and cholesterol-fed
rabbits. Deposition of lipid-containing material in the aorta-wall occurred mainly
after the combination of cholesterol diet and irradiation, although this phenomenon
was also found in the aortas of cholesterol-fed non-irradiated animals. Keijser
observed a thickening of the intimal layer due to an increase of the number of endo-
thelial cells and fibroblasts, swelling of smooth muscle cells in the media, and frag-
mentation and displacement of the elastic fibres as typical radiation-induced lesions
in the aortas of both types of animals.

In our laboratory the study of the damage inflicted on the vascular system by X-
irradiation started with a series of experiments in which Lamberts (1962), de Boer
(1963), and Lamberts and de Boer (1963) observed extensive atheromatous plaques
and Hpid penetration into the walls of the aortas and carotid arteries of hyperchole-
sterolemic rabbits 2-8 weeks after irradiation. These experiments were continued
and extended by Smit Sibinga (1972) who studied the influence of certain drugs
on the atherogenic effect of X-rays in the carotid arteries of cholesterol-fed rabbits.
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According to the authors the observed results are due to the radiation effects on the
ground substance, consisting of mucopolysaccharides filling the space between the
fibrous and cellular components in the walls of elastic arteries.

It. has been shown before in a number of different systems that irradiation of
mucopolysaccharides of different composition results in depolymerization of these
macromolecules. In aqueous solution the reduction of the chain length of the muco-
polysaccharides due to irradiation is inferred from a decrease in viscosity of the fluid.
This effect has been examined by Ragan et al. (1947) by exposing synovial fluid and
solutions of hyaluronic acid (the main polysaccharide component of the synovial
mucopolysaccharides) to X-rays, which results in a decreased viscosity of the fluid.
Schoenberg et al. (1951) and Matsumura et al. (1966) noted similar effects after
irradiating hyaluronic acid with X-rays, where Heinrichs et al. (1956) demonstrated
the depolymerizing effect of Ra- and 60Co-gamma rays. The viscosity decrease of
synovial fluid after X-irradiation was verified a few years later by Lamberts (1958)
and Brinkman et al. (1961b). Furthermore, Lamberts and Alexander (1964) demon-
strated the degradation of hyaluronic acid molecules after X-irradiation. They found
a decrease of the molecular weight of this polysaccharide molecule from 2.7 x 106

to 1.75 x 106.

Irradiation of the skin with X-rays results in depolymerization of the mucopoly-
saccharide matrix of the subcutaneous dense connective tissue, and can be demon-
strated by a decrease in injection pressure. This effect has been described by Certa
and Heite (1956) for the skin of guinea-pigs, and by Brinkman and Lamberts (1958)
and Lamberts (1958) for the skins of rats and man.

Further observations, such as the increase in permeability of subcutaneous con-
nective tissue for Evans Blue and Indian ink, described by Edgerley (1953) and
Prode and Miceli (1955) respectively, the increase of the diffusion rate of certain
dyes into the bovine aorta wall (Brinkman et al., 1960), the decrease of the injection
pressure in the bovine aorta wall (Brinkman et al., 1961a), and the increase of the
permeability of thin connective tissue membranes for saline (Brinkman et al., 1961c),
following irradiation, all of these are indications of the radiation-induced depolymeri-
zation of mucopolysaccharides.

The present study was started on the assumption that the depolymerization of the
mucopolysaccharide ground substance of the vessel wall is the primary reaction
responsible for radiation-induced vascular damage (Lamberts, 1965).

The experimental work comprises a comparison of the effects of 200 kVp X-rays
and 14 or 15 MeV neutrons on the viscosity of synovial fluid, the permeability of
connective tissue membranes of rat skin, and the atheromatous changes in the carotid
arteries of hypercholesterolemic rabbits.

Chapter 2 of this thesis deals with basic radiobiological concepts and definitions.
In chapter 3 the methods used for radiation dosimetry are described. Moreover,
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the results of the intercomparison of dosimetry in a number of European laboratories
are added.

Chapter 4 is concerned with the comparison of the effects of X-rays and fast
neutrons on the viscosity of synovial fluid.

Chapter 5 gives the results of irradiation of connective tissue membranes with
either type of radiation.

Chapter 6 presents the atherogenic effects of both types of radiation in hyperchole-
sterolemic rabbits.

In chapter 7 electron microscopic observations of the initial radiation-induced
events and their development in the course of time are described.

In chapter 8 the experimental results are discussed and general conclusions are
given.
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CHAPTER 2

SOME RELEVANT RADIOBIOLOGICAL CONSIDERATIONS*)

I:.

2.1 LINEAR ENERGY TRANSFER (LET)

Both, electromagnetic radiation, such as X- and y-rays, and neutron radiation, are
types of indirectly ionizing radiation, in contrast with charged particles such as
electrons, protons or a-particles, which are directly ionizing particles.

Absorption of photons in biological material results in the liberation of electrons
which dissipate their energy by collisions with atoms or molecules. These collisions
give rise to secondary electrons which produce large numbers of ionizations and
excitations along their tracks, until they have gradually lost their energy.

Fast neutrons, on the other hand, interact only with atomic nuclei. For neutron
energies from a few keV up to about 10 MeV elastic collision with atomic nuclei is the
predominant process of interaction to be considered. In an elastic collision the mean
energy transfer of a neutron with energy £ to a nucleus with mass number A amounts
to 2EA/(A +1)2. In biological material the energy is therefore mostly transferred
via H-nuclei (recoil protons), while a minor part of the energy is dissipated by the
heavier recoil nuclei of C, N and O. Depending on the energy of the incident neutrons
other reactions can also occur, resulting in a-particles and other products. Further-
more, gamma radiation is produced by inelastic scattering of high energy neutrons
and by the ultimate absorption of slow neutrons. Usually the y-ray contribution has
only little biological importance.

The quantitative differences in biological action between photon-, neutron-, and
other types of radiation arise from their different modes of interaction with tissue,
resulting in differences in the spatial distribution of the energy transfer from the
ionizing particles to the atoms or molecules of the irradiated material situated along
the tracks of these ionizing particles.

The International Commission on Radiation Units and Measurements (ICRU)
characterizes these features of spatial distribution of energy transfer that influence
the effectiveness of an irradiation, by the term "radiation quality" (ICRU, 1970).

*) Copyright material from other sources has been used by permission of the authors and copyright owners.
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In comparing different qualities of radiation, a characterization of a particular
radiation quality by the numerical value of a common index of quality is required.
At present the generally used simple index of radiation quality is the linear energy
transfer (LET).

The linear energy transfer of charged particles in a medium is defined as

L. = \ — 1 , where d/ is the distance traversed by the particle and dE is its mean

energy loss over d/ due to electronic collisions with energy transfers less ihan some
specified value A (ICRU, 1970). The value of the energy cut-off A is expressed in eV.
The symbol Lx is used when all possible energy transfers are included; L3 represents
the total linear energy transfer; it is numerically the same as linear collision stopping
power.

In many experimental situations the biological material cannot be exposed to
radiation of uniform LET. The LET of a charged particle changes along its track:
it increases as the particle slows down, reaches a peak near the end of the track
(Bragg-peak), and then rapidly falls to a low value. The minimum LETX of a fast
electron or proton is equal to about 0.2 keV/jum of water or tissue (ICRP, 1972);
the maximum Z^-value of a slow (200 eV) electron is about 50 keV//*m (Barendsen,
1967). Only in the case of a mono-energetic charged particle beam a more or less
well-defined LETX can be assumed if the irradiated sample is thin enough to avoid
considerable changes in the velocity of the particles, e.g. irradiation of a monolayer
of cells. In most radiobiological experiments there is inevitably a wide distribution of
LET vaiues, because the size of the irradiated object is often much larger than the
entire track length of the charged particles involved. If, moreover, the primary
charged particles are not mono-energetic, a more pronounced non-uniformity of
LET values must be kept in mind. This will always be the case when irradiation of
biological material with indirectly ionizing radiation, such as X- or y-rays or fast
neutrons, is at issue. Even in the case of the interaction of mono-energetic photons or
neutrons with a certain medium, the initial energy of the charged particles does not
have a single value, but may vary between zero and some maximum value. Further-
more, the LET distribution in the irradiation of any object of finite size will be
influenced by the fact that the energy spectrum of the incident radiation changes as
the radiation penetrates into the object.

As mentioned earlier, intercomparison of different irradiation situations requires
one single parameter of radiation quality. Especially for indirectly ionizing radiations
with their wide LET distribution attempts have therefore been made to calculate
some kind of average LET value. Two different types of average LET have commonly
been considered, the track average LET, LT, and the dose average LET, LD.

The track average LET is the mean LET associated with the track length distribu-
tion t{L), LT = $% t(L) • LdL, where t(L)dL represents the fraction of the total
track length having LET values between L and L+dL.

The dose average LET is the mean LET associated with the absorbed dose distribu-
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tion d{L), LD = fj d(L) • L • dL, where d(L)dL represents the fraction of the total
absorbed dose delivered between L and L+dL. The distributions t(L) and d(L) are
normalized to unity. L3 T and L^ D represent the averages when ty{L) and d^{L)
distributions are considered; thus all energy losses are included up to the maximum
possible value.

The two mean LET values may differ considerably, for hard X-rays e.g. L x D ~ 10
keV//<m a n d I a r ~ 1 keV///m of water or tissue (Bruce et al., 1963); for 15 MeV
neutrons L x D = 92 keV/jiim and I I i T = 12 keV//im (Bewley, 1968).

Although in principle the energy deposition of a given type of radiation can
approximately be characterized by these average LET values, the concept has serious
sh*. .omings as was concluded e.g. by Broerse (1966). In a simplified analysis
Fandolph (1964) showed that the dose average LET would be appropriate if the
Relative Biological Effectiveness (RBE) (Section 2.3) were proportional to LET,
whereas the track average LET would be relevant if RBE were inversely proportional
to LET. Because in practice biological effects generally do not vary with LET in
either way, neither of these two methods of averaging will be satisfactory. However, in
a number of mammalian systems RBE rises steadily with LET up to 100 keV//an of
tissue (see fig. 2.1, Section 2.3). Most of the dose from the fast neutron beams generally
used falls within this range; table 2.1 shows dose average and track average
values for a number of neutron sources as calculated by Bewley (1968).

Table 2.1. Mean LET values for fast neutrons (keV//<m of soft tissue).

Fission

75
48

3 MeV E

62
32

= 6 MeV

87
20

14.6 MeV

92
12

It appears that the dose average LET is the most useful parameter to specify radiation
quality for mammalian cells in this range of neutron energies. However, when
comparing the RBE values obtained from a number of fast neutron experiments
(Broerse et al., 1968; ICRU, 1977), it must be concluded that, although the dose
average LETX values for neutron sources commonly used are not very different
from each other, the RBE generally decreases by a factor of about 2 as the neutron
energy increases from 0.5 to 15 MeV; furthermore, RBE values for neutrons are
in general lower than expected from curves as shown in fig. 2.2 (Section 2.3.1),
obtained from irradiation with mono-energetic charged particle beams.

The explanation for the low RBE of 15 MeV neutrons may well be that these
neutrons produce two main groups of ionizing charged particles: recoil protons with
£X i D ~ 16 keV//on, which account for about 70 % of the total dose and heavier
recoil nuclei as well as a-particles with L x D ~ 220 keV/nm, which contribute about
30 % to the total dose. This latter LET is far above the value for maximum biological

8
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effectiveness in most biological systems (about 100 keV//im). Thus, although the
dose average LET of 15 MeV neutrons is quite high (92 keV///m), the effectiveness
of this type of radiation is likely to be less than would be expected for this LET value.
The concept of an average LET value to interpret the effects of neutron radiation
on biological systems is therefore useful in a limited way only.

From the considerations described above it is clear that the concept of LET is an
approximation introduced because of the complicated nature of the mechanism of
energy deposition. On the other hand, it can also be inferred that two different •',
radiation beams may have the same mean LET value, whereas their LET distributions ':
and consequently their biological effect can be different. It must therefore be con-
cluded that the LET may be a useful generalization in some cases, but it is not an
ideal characterization of radiation quality when a complete picture of the spatial
distribution of the energy deposition is required. ~

In order to obtain more insight in the exact nature of the energy distribution,
microdosimetric quantities were defined (Rossi, 1959, 1967) which correspond to
the actual energy deposition in microscopic r~rions. Description and use of these
quantities is beyond the scope of this thesis.

2.2 ABSORBED DOSE; KERMA

de
The ICRU (1971) has defined the absorbed dose as D = — , where de is the mean

dm
energy imparted by ionizing radiation to the matter in a volume element, dm being
the mass of the matter in that volume element.

The unit of absorbed dose is the rad: 1 rad = 10""2 J/kg. The unit in the Inter-
national System of Units (SI) is the gray, symbol Gy; 1 Gy = 1 J/kg = 100 rad. §

For irradiation of a biological object with X- or y-rays the absorbed dose can be ;•!
derived by measuring the exposure with an air-equivalent ionization chamber. |

dg 1|
The exposure is defined as X = — , where dQ is the absolute value of the total -?*

dm 'i
charge of the ions of one sign produced in air, when all the electrons liberated by 5
photons in a volume element of air with mass dm are completely stopped in air "'-
(ICRU, 1971). \

The unit of exposure is the roentgen (R): 1 R = 2.58 x 10~4 C/kg. •* \
To calculate the absorbed dose D in tissue due to electromagnetic radiation with ;'i i

exposure X, under conditions of charged particle equilibrium, the relation D = fX •$ \
has to be used. The conversion factor / i n rad/R is given by the ICRU (1964) for j f | \
bone and soft tissue as a function of the Half Value Layer (HVL) of the radiation yM |
concerned. ^ |.

Charged particle equilibrium at a point in an irradiated medium exists, if on the <£§ \
average for every secondary charged particle leaving a small volume element sur- |$§ |
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rounding the point of interest, another secondary charged particle of the same energy
enters. Thus the energy dissipated within the volume is equal to that which would
have been dissipated if all secondary charged particles originating there had spent
their entire energy within that volume.

To describe the transfer of energy from incident indirectly ionizing particles to the
directly ionizing particles set in motion in the irradiated material the kerma has been
introduced. Kerma is the abbreviation for "kinetic energy released in material" and
can be used for all types of indirectly ionizing particles, although in general the use
of this quantity is restricted to neutron irradiation.

d£
The ICRU (1971) defined kerma as K = —--, where d£ l r is the sum of the initial

kinetic energies of all charged particles liberated by indirectly ionizing particles in a
volume element of the specified material and dm is the mass of the matter in that
volume element. Kerma has the same dimension as the absorbed dose; the unit is
the rad, and the SI unit of kerma is the gray.

To understand the significance of the concept of kerma and absorbed dose, and
their correlation, it has to be realized that the dissipation of energy in material by
indirectly ionizing radiation (electromagnetic radiation or neutrons) is a two-step
process. In the first step the incident radiation interacts with the matter to produce
directly ionizing radiation (charged particles) plus secondary indirectly ionizing
radiation. In the second step these charged particles impart their energy to the
medium by electronic collisions. Because of the finite range of the charged secondaries
the energy transfer from the indirectly to the directly ionizing particles occurs at a
point in the medium different from the point where the charged particles transfer
their energy to the medium; therefore it is necessary to distinguish between these
two steps. The kerma represents the result of the first step, the absorbed dose that of
the second step (ICRU, 1969). The absorbed dose at some point is equal to kerma
only when charged particle equilibrium exists. Equilibrium exists in the interior of a
region with dimensions larger than the range of any of the secondary charged
particles involved, provided that the kerma is constant throughout this region. Be-
cause the charged secondary particles due to fast neutron irradiation have short
ranges the kerma will nearly always be equal to the absorbed dose.

Kerma values or kerma factors found in literature are mainly expressed in rad
per neutron/cm2 (rad cm2) or in J/kg per neutron/cm2 (J cm2/kg). The kerma values
for fast neutron irradiation commonly used at present are those published by Bach
and Caswell (1968); recently some small corrections have been introduced resulting
in a new series of kerma values (ICRU, 1977).

2.3 RELATIVE BIOLOGICAL EFFECTIVENESS (RBE)

The degree of damage inflicted on a biological system by equal absorbed doses of
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two different types of radiation under otherwise identical conditions may differ
considerably.

In order to describe the different effectiveness of different types of radiation
quantitatively, the Relative Biological Effectiveness (RBE) has been introduced,
defined as

RBE =
dose of standard radiation required for specified effect

dose of radiation under consideration required for the same effect

As a standard radiation usually 250 kVp X-rays are chosen, mainly because of its
availability in most laboratories.

Generally it has been observed that many types of damage in biological systems
are produced more effectively by high-LET radiations than by low-LET radiations.
(To define the low-LET and high-LET region of different radiations no simple
criterion is available as yet, but above 50 keV/j«n is generally classified as high-LET,
and below 10 keV/jum as low-LET region (ICRP, 1972).) An interpretation of this
effect is found in the assumption that an interaction between effects of individual
ionizations, produced closely together within some critical biological structure, may
occur, and that this interaction is required for the production of biological damage
or at least promotes it (Barendsen, 1967, 1968). For densely ionizing (high-LET)
radiations the probability of interaction will be increased compared with sparsely
ionizing (low-LET) radiations, and hence the RBE increases with LET. At very high
ionization densities, however, more ionizations may be produced within the sensitive
structures than are required for the induction of the biological effect. Part of the

£ 5

c

B. 3

0.1

_£

10 100 1000
LET in keV/pm

Fig. 2.1 General aspect of the relation between RBE and LET. Curve 1 characterizes various radiation-
induced effects on cells, curve 2 effects on enzymes and viruses. (Barendsen, 1968).

11



energy is wasted, and consequently the RBE decreases with increasing LET in this
LET region. The LET value at which the RBE reaches its maximum may depend on
the biological system concerned, but in general maximum RBE values are observed
at a LETX of about 100-150 keV/^m (Barendsen, 1964).

The increase of RBE with LET is usually not present for many chemical or bic
chemical effects induced by radiation, such as e.g. inactivation of enzymes and
viruses. In these systems the RBE is either constant or decreases slightly as a function
of LET. It may be assumed that the radiation-induced effects in these simple systems
result from energy deposition events in individual atoms or molecules, interactions
between these products being of no importance. Figure 2.1 represents the generally
observed shape of the LET-RBE relation, for cellular effects (curve 1) and for effects
on enzymes (curve 2).

The RBE of a certain type of radiation is not only a function of the LET, the type
of the irradiated biological object and the type of biological effect considered, but
depends on a number of other factors of which a few will be mentioned.

(••:

K -

2.3.1 THE DEGREE OF RADIATION-INDUCED DAMAGE

If mammalian cells are irradiated with different types of ionizing radiation, it is
generally observed that dose-survival curves are differently shaped depending on the
LET of the radiation concerned. Figure 2.2 represents dose-survival curves obtained
by Barendsen (1968) with a-particles and deuterons of different energies (curves 1-7)
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1 r n / _ ) • . < . '2 40 ..
3 51 .. .. ( *
4 8 3 . . . ( ,
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7 1* 9 .. .. ( o
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Fig. 2.2 Dose-survival curves for cultured cells obtained with radiations of different LET . (Barendsen,
1968).
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and 250 kVp X-rays (curve 8) acting on cultured cells of human kidney origin in
equilibrium with air.

The dose-survival curves are obtained by the in vitro clone technique developed by
Puck and Marcus (1955), where the capacity of single isolated cells for unlimited
proliferation (formation of a clone containing a specified number of usually at least
50 cells within a specified time interval) is the criterion for surviving exposure to a
certain dose of radiation. The surviving fraction of cells is generally plotted on a
logarithmic scale, the administered dose on a linear scale. For low-LET radiation the
curve shows a so-called shoulder region at low doses, followed by a more or less
straight part at the higher doses. The shoulder of the survival curve becomes less
pronounced and disappears as the LET increases. For high LET values, in excess
of about 60 keV//mi of tissue the surviving fraction depends in an exponential way
on the applied dose. The exponential survival curves for high-LET radiations indicate
that the passage of a single particle through the sensitive structure of a cell may
produce sufficient damage to prevent clone formation (single-event process).

The survival curve for X-radiation arises in fact from charged particles with a wide
LET distribution, with a minimum of about 0.2 keV/^/m and a maximum of around
50keV/jum (Barendsen, 1967; ICRP, 1972). Thus some high-LET radiation damage
is unavoidably present when radiations of low average LET values are used, and
this results in the initial slope of the survival curve at low doses. The shoulder region
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Fig. 2.3 Hypothetical dose-survival curves for X-rays and neutrons showing the increase in RBE with
decreasing dose.
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Fig. 2.4 Relative biological effectiveness of neutrons as a function of the absorbed dose for various biolo-
gical systems. (Kellerer and Rossi, 1972).

followed by the steeper final part of the curve at higher doses indicates that accumula-
tion of sublethal damage initiated by the co-operative action of a number of particles
of low LET is the main cause of cell death at high doses (multiple-event process).

Because of the difference in shape between high-LET and low-LET dose-survival
curves, different RBE values are calculated for various fractions of surviving cells,
and correspondingly for various dose levels. The RBE of densely ionizing radiation
increases with increasing surviving fractions; this phenomenon is illustrated for a
hypothetical case in fig. 2.3. A more realistic demonstration of the relation between
RBE and dose is given in fig. 2.4, composed by Kellerer and Rossi (1972), based on
the experimental results of a number of authors, for various biological endpoints
and studied at various neutron energies.

2.3.2 FRACTIONATION OF DOSE

Cells that have survived an irradiation but have received sublethal damage are able
to repair this sublethal damage within 6-8 hours after the exposure. Elkind and
Sutton (1960) have demonstrated this effect by experiments with Chinese hamster
cells in vitro. Cells that survive a radiation dose show identical dose-survival curves
with the same size of shoulder following subsequent irradiations given after sufficient
time to complete the repair process. These cells respond as if they had not been
irradiated before.

The capacity of mammalian cells to recover from sublethal damage results in a
decreased effectiveness of a dose administered in a number of fractions in com-
parison with the same dose given in one single exposure. In the case of medium- or
high-LET radiation the shoulder region in the dose-survival curve is less pronounced
or totally absent, so that the effect of dose fractionation is much smaller than for
low-LET radiation. Figure 2.5 illustrates this phenomenon for irradiation with
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Fig. 2.5 Dose survival curves of cultured cells in equilibrium with air, irradiated with single and fractionated
doses.
Curve a: a-particles (1^ = 140 keV/nm). • single exposure; A total doses fractionated in three equal
fractions with 6 hour intervals.
Curve b: 250 kVp X-rays, b ^ single exposure; b2 : different doses after a first dose of 400 rad, with a
6 hour interval; b 3 : different doses after two preceding doses of 400 rad, subsequent doses separated by
6 hour intervals. (Barendsen, 1968).

s

f

a-particles and 250 kVp X-rays. Consequently the RBE of densely ionizing radiation
increases if dose-fractionation is applied; the same tendency is observed for exposure
at low dose rate relative to high dose rate. Figure 2.6 demonstrates the effect of dose
fractionation on the RBE values of fast neutrons produced with the cyclotron at
Hammersmith Hospital, London, for various normal tissues (Field, 1976).

2.3.3 OXYGEN-EFFECT

The presence of oxygen in cells and tissues at the time of irradiation leads to a con-
siderable increase of the radiosensitivity in comparison with anoxic conditions. For a
quantitative description of the oxygen-effect the Oxygen Enhancement Ratio (OER)
has been defined as:

OER =
dose in anoxic conditions required for specified effect

dose in oxygenated conditions required for the same effect

The OER is independent of the degree of damage.
The most important change in radiosensitivity occurs at low cellular oxygen
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Fig. 2.6 Relative biological effectiveness for various normal tissues as a function of the fast neutron dose
per fraction. (Field, 1976).

tensions, mainly between 0 and 20 mm Hg. Above 20 mm Hg almost no further
increase in radiosensitivity is observed. Figure 2.7 illustrates the dependence of the
sensitivity of cultured human kidney cells to 200 kVp X-radiation on the oxygen
pressure as observed by Barendsen (1960).

K> 30 SO 70 90 120 160 200 382 760
mm Hg

Oxygen pressure in gas mixture of oxygen • nitrogen

Fig. 2.7 Radiosensitivity of human cells as a function of oxygen pressure at the time of irradiation. (Ba-
rendsen, 1960).
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Generally a decrease in OER is found with increasing LET. Barendsen et al. (1966)
studied OER values from survival curves of human kidney cells in vitro, irradiated
by mono-energetic charged particles at well-defined LETV values. The relation
between OER and LET observed by these authors is represented in fig. 2.8. From its
value of about 2.5 at low LET the OER tends to 1 at very high LET values (LET £
100 keV/jtm).

o ID-

10
10 100 1OCD

LET ( k e V / i i o f unit density t i s sue)

Fig. 2.8 Oxygen enhancement ratio for survival of human kidney cells as a function of LET (Barendsen
etal., 1966).

The influence of various experimental conditions on the radiation damage as a
function of LET has been discussed by Barendsen (1964, 1967), assuming that an
ionizing particle must produce a minimum total amount of damage within a small
volume to induce the series of successive events resulting in cell death. On the average
this total damage is produced by a number of ionizations which may vary from one
cell to the other, depending on the type of chemical changes produced, and on their
importance in initiating the biological changes. If irradiation is performed under
anoxic conditions, certain chemical changes occur with lower frequency or not at all.
Consequently, on the average a higher local ionization density, i.e. a higher LET
is required in anoxic conditions compared with oxygenated conditions to obtain the
same degree of damage per incident particle. The effect of anoxia may therefore
be compared with a decrease in effective LET. In the region of very high-LET
radiation (LET S 150 keV//an) this reduction of effective LET will have no con-
sequence for the biological effect and hence no oxygen-effect is observed. But for
the lower-LET radiation (LET <, 100 keV/^m) a decrease in effect will be the result.

From the fact that the effectiveness of sparsely ionizing radiation for the pro-
duction of a specified biological effect is influenced more by oxygen (or other dose
modifying substances) than the effectiveness of densely ionizing radiation, it follows
that the RBE of high-LET radiation will vary with oxygen concentration.

More precisely formulated, the RBE is larger under hypoxic or anoxic conditions
than under oxygenated conditions.

I
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2.4 FINAL REMARKS

As explained in Section 2.1 fast neutrons are evidently not well suited for funda-
mental experiments on the mechanism of the action of radiation on a biological
specimen, due to the fact that the biological object is exposed to secondary ionizing
particles of extremely different LET values, where the specification of the radiation
quality by the use of an average LET value is of restricted value only. At present
there is, however, a renewed interest in fast neutrons for applied investigations
with respect to radiotherapy, as has been mentioned in the Introduction. This interest
is partly caused by the increased RBE values of high-LET radiation for hypoxic
tumour cells, and partly by the present-day technical improvements and possibilities
in producing fast neutron beams of sufficient yield. In particular mono-energetic
15 MeV neutron beams, produced by the (D, T)-reaction, and neutrons produced
by the (D, Be)-reaction with 50 MeV deuterons, promise a real possibility to irradiate
relatively large biological objects with high-LET radiation, with favourable depth
dose characteristics and sufficient dose rate.

In connection with the renewed interest in fast neutrons for cancer treatment, an
evaluation of the results of the early trial of neutron therapy at Berkeley has been
carried out by a number of authors (Fowler and Morgan, 1963; Brennan and Philips,
1971; Sheline et al., 1971). It is now believed that Stone and co-workers were certainly
neither aware of the increase of the RBE of their neutron beam with decreasing dose
or dose fraction, nor of a possible skin-sparing effect of fast neutrons. The conclusion
seems therefore justified that Stone underestimated the applied doses, and over-
exposed many of his patients.

1 0 - ,

100

. per fr.

1000

i rod

Fig. 2.9 Relations between the RBE of 15 MeV neutrons and the neutron dose or daily dose per fraction
for mouse intestinal crypt cells (O), rat capillary endothelium (A), rat skin ( • ) , mouse haemopoietic stem
cells after single doses (curve a,), and after 5 daily fractions (curve af), cultured cells of human kidney
origin (curve b), mouse osteosarcoma (curve c) and rat rhabdomyosarcoma (curve d). (Broerse, 1974).
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Fig. 2.10 RBE values for various tumours and normal tissues as studied by different investigators. (Field,
1976).

RBE values for various tumours and normal tissues are represented in fig. 2.9 for
15 MeV neutrons (Broerse, 1974) and in fig. 2.10 for cyclotron-produced neutrons
with E = 8 MeV (Field, 1976). These data indicate that the RBE for damage to
these tumour tissues is in many cases larger than the RBE for damage to the normal
tissues studied. Although much more information is necessary about the responses
of both normal and tumour tissues to radiations of different LET, e.g. with respect
to the influence of repair of sublethal damage and of reoxygenation of hypoxic
tumour cells in between subsequent dose fractions, it is at present generally assumed
that fast neutron radiotherapy should be more reproducible and more effective than
X- or y-ray treatment in all those cases where hypoxic cells limit the response of the
tumour to low-LET radiation, except if the response of the oesophagus (see fig. 2.6)
or small intestine, with their relatively high RBE values, would be the limiting factor.
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CHAPTER 3

RADIATION SOURCES AND DOSIMETRY

I

3.1 X-RAYS

The X-irradiations have been performed with a Philips-Miiller M.G.300 X-ray
apparatus. The operating conditions are 200 kVp high voltage, and a current of
15 mA. Filters of 0.5 mm Cu + 0.5 mm Al are used, which result in a beam with a
HVLof l.OmmCu.

Measurement of the exposure or exposure rate has been carried out with Philips
ionization chambers connected with a Philips Universal Dosemeter. For the con-
version from exposure to dose we used the fac tor /= 0.94 rad/R.

3.2 FAST NEUTRONS

Fast neutrons from the T(d, n) 4He-reaction were used for the irradiation of the
biological material with high-LET radiation. The neutrons have an energy of about
15 MeV, somewhat depending on the angle between the incident deuteron beam and
the emitted neutrons, and on the energy of the deuterons. In a rough approximation
the neutron yield can be considered isotropic. Accurate data about the differential
reaction cross sections in the laboratory system, and neutron energies, have been
published by Liskien and Paulsen (1973). The neutrons are produced by the 700 kV
Cockcroft-Walton accelerator at the "Laboratorium voor Algemene Natuurkunde"
(Physical Laboratory) of the University of Groningen. Although a number of
modifications have been introduced during the last ten years, the principal con-
struction of the machine is as described by Pasma (1958).

Usually the deuterium ions are accelerated to an energy of 300 keV, and an ion-
current of 200-1000 juA is used. The vertical ion beam hits the fixed T-target (pro-
duced by Nukem GmbH at Hanau, W-Germany, type Cu Ti T Al-5). Sikkema and
Steendam (1975) have described the target system in use with this neutron generator,
the cooling system, and the application of a liquid-nitrogen trap to prevent vapour
liberated in the acceleration tube from precipitating on the target. They measured
a target half-life of 21 C/cmz, and an initial neutron yield from a typical T-target of
about 108 neutrons//iC. Because of the relatively low neutron output of the machine
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for radiobiological work all biological objects to be irradiated must be positioned
close to the target, in order to keep the exposure time within reasonable limits.

To determine the absorbed dose resulting from fast neutron irradiation of biological
objects, it has to be kept in mind that neutrons are always accompanied by gamma
rays originating from the target assembly, from the shielding or other materials
surrounding the target, as well as from the irradiated material itself, where thermal-
ization of fast neutrons with subsequent capture by hydrogen leads to the emission of
2.2 MeV y-rays. The generally accepted principal instrument for fast neutron dosi-
metry is the ionization chamber, and in particular the ti. sue-equivalent ionization
chamber, (which has approximately the same sensitivity to nentrons and to photons),
in combination with a second instrument with a very low sensitivity to neutrons
relative to photons.

When the experiments were started, it was assumed that for irradiation of small
objects very close to the target only the primary mono-energetic neutron beam is
important, and that low-energy scattered neutrons and y-rays can be neglected. For
that special case neutron dosimetry has been performed with the combination of the
activation detector method and the scintillation method to measure neutron fluence
or fluence rate from which the absorbed neutron dose is calculated.

j;

The three methods of neutron dosimetry mentioned will be described below.

3.2.1 ACTIVATION DETECTOR METHOD

A widely used reaction to determine the absolute fluence rate of (D, T)-neutrons is
the reaction 63Cu(n, 2n)62Cu. The reaction occurs at neutron energies above 11.5
MeV; the produced 62Cu emits /?+-particles with a maximum energy of 2.9 MeV
and it decays with a half-life of 10 min. Starting from n atoms of 63Cu, irradiated with
a constant fluence rate <p, the number of atoms of 62Cu produced per unit of time is
equal to nq>a, where a is the reaction cross section, defined as the number of reactions
per atom and per sec, divided by the incident neutron fluence rate. The increase in N,
the number of 62Cu-atoms, during the irradiation is described by

dN ,„
—— = tupo—A.N,
at

(3.1)

where k is the decay constant of the 62Cu. After a total exposure time T the number
of 62Cu atoms is equal to

i

!\-V-

rupa
(3.2)

The /^-activity is counted with an end-window G.M. counter. The number of
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particles counted between time t, and t2 after the end of the irradiation is given by

i = p—-(l-e^t)(e~^-e~'li2), (3.3)

where p is the efficiency of the counter arrangement. To know the constant

C = -—-= • zrji—r^ zr^r~ (3-4)

it is necessary either to know p and a, or to calibrate the activation method with a .
known fluence rate. The efficiency p of the G.M. counter depends on a number of
factors which cannot easily be determined, e.g. the geometry of the counter arrange-
ment, the absorption of the emitted /?+-particles in the counter window, self-ab-
sorption in the Cu-foil, and possible scatter effects. Since the reaction cross section a
rises steeply beyond the threshold energy of 11.5 MeV, it is strongly energy-dependent
in the energy range of interest. To avoid large uncertainties in the value of the cali- :
bration constant C it was therefore decided not to use p and a for the calculation
of C, but to calibrate the Cu activation foils with a scintillation detector.

3.2.2 SCINTILLATION DETECTOR METHOD f

Absolute neutron fluences or fluence rates can be derived from the proton recoil
spectrum produced in organic scintillators, and particularly in plastic materials.
Assuming an isotropic cross section for n-p scattering one may expect a rectangular
energy spectrum of recoil protons set in motion by single scattering of mono-snergetic
neutrons with energy Eo. The height of the spectrum is equal to NJE0 for 0 < E < Eo

and 0 for E > Eo, Nt being the total number of recoil protons. N t , and the total ,
number of incident neutrons, No, are connected by the relation: i

Nt = BN0, (3.5) I

where e is the efficiency of the scintillator. For a scintillator consisting entirely of y
hydrogen and carbon, and under the assumption that only single scattering occurs, |
the efficiency is given by: )

fL _ l - e - ° L

= nHffHJ e axdx = nH(THL r , (3.6)

where nH = number of hydrogen atoms per cm3 of the crystal, \
<rH = neutron-proton scattering cross section at energy Eo, f
L = crystal length, 1
a -•= nHaH+ncac, where nc and <rc are the corresponding figures for carbon. |

4
In our detection system a scintillator of the plastic material NE102A is used in |
connection with a RCA6810A photomultiplier. The volume of the scintillator is 1 cm3 %
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and its length is 1 cm. The efficiency e has been calculated on the basis of the com-
position of the scintillation material as given by the manufacturer (Nuclear Enter-
prises Ltd.) and the cross section data of Hughes and Harvey (1955).

The multiplier pulses, taken from the 1 lth dynode, are supplied to a multichannel
pulse-height analyzer via a White cathode-follower. The observed pulse-height

Fig. 3.1 Pulse-height spectrum of recoil protons produced by 14 MeV neutron irradiation of plastic scin-
tillator. Horizontal axis: channel number; full scale 256 channels. Vertical axis: number of pulses per
channel; full scale 2000 pulses per channel.

spectrum does not show the ideal rectangular shape of the energy spectrum. Figure
3.1 shows a typical pulse-height spectrum. The pulse-height spectrum N(P) and the
energy spectrum of the recoil protons N(E) are related by

at
(3.7)

The distortion of the energy spectrum is mainly caused by two effects, the non-linear
response of the scintillator and the loss of protons from the end of the scintillator.

3.2.2.1 NON-LINEAR RESPONSE OF SCINTILLATOR

The light output of the scintillator, and hence the pulse-height, and the energy
dissipated in the scintillator by a charged particle may be represented by the formula
ofBirks(1964):

dP

d£

1
(3.8)

dx

where P = pulse-height, E = charged-particle energy, kB = an empirical constant
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inherent in the scintillation material, .Y = path length of the particle in the crystal.
d£ d£

For electrons — is so small that kB —
d.\- d.\-

d/
1; the formula then reduces to — = 1,

&E
d£

or P = E. For protons with energies of a few MeV kB — cannot be neglected and
d.\"

consequently a non-linear relation of output pulse-height with proton energy exists.
The response of the plastic scintillation material NE102 to electrons and protons has
experimentally been determined by a number of authors. These experiments have
been summarized by Craun and Smith (1970), resulting in a mean value for kB
of 0.011 g/cm2 • MeV. The value used in our work has been taken from experiments
of Evans and Bellamy (1959), who found that the most consistent agreement of
the experimental results with Birks' formula is obtained for kB = 0.010g/cm2 • MeV.

dP
For any proton energy — may be calculated from formula (3.8), with the value of

dE dE
A-/? just mentioned, and with values of— given by Birks (1964).

d.Y

3.2.2.2 LOSS OF PROTONS FROM THE END OF THE SCINTILLATOR

When the crystal dimensions are not large relative to the range of the recoil protons,
the spectrum is distorted by protons which escape from the end of the crystal before
they have completely dissipated their energy. For a calculation of this effect the
approximation given by Swartz and Owen (1960) for stilbene has been used for the
plastic NE102A. The authors also give a correction factor for the fraction of protons
which escapes from the side-walls of the scintillator.

In practice at five pulse-height values of the observed pulse-height spectrum the
corrections for non-linear response of the scintillator, and for side and end-effect
are applied, resulting in approximately the same value for the corrected number of
pulses at these particular pulse-heights. By further application of a calibration
factor, determined from the response curves of the plastic scintillation material
for electrons and protons (Evans and Bellamy, 1959), the observed pulse-height
spectrum is converted into the rectangular proton-energy spectrum. The area of this
spectrum represents the total number of recoil protons.

From a simultaneous irradiation of the scintillator and a Cu-foil with a constant
fluence rate, at the same position in the neutron beam, the calibration constant C
from fr Tiula (3.4) can be derived.

The doses absorbed in biological material are calculated from the neutron fluences
measured by Cu-activation and the kerma values given by Bach and Caswell (1968)
in the material to be irradiated. The doses have been related to the number of pulses
counted by the same scintillator equipment as mentioned above which is used as a
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monitor at a distance of about 1.5 m from the neutron source during biological
irradiation. The neutron generator automatically switches off after a preset number
of monitor pulses has been counted.

In addition to a number of practical advantages of the activation method (e.g. the
detector can be placed nearly everywhere because of its small size), certain dis-
advantages must be pointed out. The method can only be applied for mono-energetic
neutrons for which the calibration is relatively simple. Gamma contamination and
the contribution of low energy scattered neutrons cannot be determined.

As has been mentioned, it was assumed that for small objects, such as we had in
our experiments with synovial fluid and connective tissue membranes, exposed very
close to the target and with shielding material only at large distances from the target,
the Gii-activation method would be satisfactory. In the course of the experiments,
however, when rabbit irradiations were started, more shielding material (concrete
and paraffin) was built around the target, resulting in a relatively small irradiation
cabin. To obtain an indication about the contribution to the dose due to scattered
neutrons and gamma rays it was decided that the method used so fur should be
compared with the ionization method.

3.2.3 IONIZATION METHOD

Dosimetry by means of ionization chamber measurements is based on the cavity-
chamber theory, where the absorbed dose is determined by the relation between the
ionization produced in a gas-filled cavity at the position of interest, and the absorbed
dose in the surrounding medium. If the cavity is sufficiently small, the charged
particles liberated in the medium lose a negligible fraction of their energy in traversing
the cavity, so that the gas will be exposed to the same number and energy distribution
of charged particles as the medium under consideration. In this case the ratio of
the doses absorbed in the medium and in the cavity-gas is that of their average
mass collision stopping powers:

(S/P),
— s

'col.g
ro.g-

(3.9)

In practical ionization chamber work "m" means wall material. A further condition
in the use of equation (3.9) for ionization chambers is the existence of charged particle
equilibrium: the cavity must be surrounded by a wall of sufficient thickness so that
all particles crossing the cavity originate in the wall.
Dg is directly related to Jg, the number of ion pairs per unit mass in the cavity-gas:

0 g = WJj (3.10)

where W is the average energy expended by the ionizing particles crossing the cavity
in the formation of an ion pair.
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Combination of equations (3.9) and (3.10) results in the Bragg-Gray relation:

. m.|- ( 3 - U ^

When, under practical conditions, the wall material and tissue (subscript t) do not
have the same composition, and since furthermore 7g is related to the response R
of the measuring instrument connected with the ionization chamber by Jg = /.iR,
the Bragg-Gray relation transforms into

K.
(3.12)

where KJKm is the ratio of the kerma in tissue and the kerma in the wall material
of the ionization chamber.

The requirement that the gas cavity should not disturb the number and energy
spectrum of the charged particles produced in the wall material by the incident
radiation, as was described above, means in practice that the cavity must be small
compared with the ranges of the secondary particles in the gas. In the case of neutrons
it is practically impossible to dimension th* cavity in such a way that heavy recoils
lose negligible energy in traversing it, and to obtain at the same time reasonable ion
currents from that cavity. In order to solve this difficulty, in neutron dosimetry
homogeneous ionization chambers are used, which literally means that the chambers
have identical atomic composition of wall and gas. According to Fano (1954) in
this case the fluence of charged particles is the same in wall and gas regardless of
cavity size, if the incident radiation is uniform.

For practical neutron dosimetry the condition of homogeneity does not strictly
mean that the wall and the cavity gas must have the same atomic composition; this
condition is met when wall and gas have the same energy transfer coefficient for the
primary radiation, and the same stopping power for the secondary particles (ICRU,
1977). The ideal material for a homogeneous ionization chamber in radiobiological
work should be tissue equivalent.

The tissue-equivalent ionization chamber that we have at our disposal since a few
years has been designed and described by Broerse et al. (1972). The instrument was
produced at the Radiobiological Institute of the Organization for Health Research
TNO at Rijswijk.

The spherical ionization chamber has an outer diameter of 23 mm, and a 3 mm
thick wall of tissue-equivalent plastic A150 with the composition in percentage by

weight of 10.2 % H, 76.8 % C, 3.6 % N, 5.9 % O and 3.5 % other elements. These
values are taken from a draft of a protocol for neutron dosimetry for radiobiological
and medical application, resulting from a workshop on Basic Physical Data for
Neutron Dosimetry (EUR 5629 e, 1976). (More recently the ICRU (1977) published
new data for the elemental composition of several compounds of importance in
neutron dosimetry work. These values differ slightly from those given for the plastic
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A150). The extra percentage of carbon relative to the carbon content of tissue is
necessary to provide adequate conductivity of the material for ionization chamber
work. Since the largest contribution of the fast neutron dose is due to interaction
of the incident neutrons with hydrogen, the hydrogen content of tissue-equivalent
materials is the most important factor for neutron dosimetry. The extra amount of
carbon relative to oxygen has only little effect.

The chamber was mounted on a modified stem of a Philips X-ray ionization
chamber in such a way that a tissue-equivalent gas mixture can be flushed through
the sensitive volume during the measurements. The gas mixture has the composition
in percentage by volume of 3.2 % N2 , 41.4 % Ne, 40 % C2H4 and 15.4 % C,H6

(Kastner et al., 1963). The instrument is connected to a Philips Universal Dosemeter.
The composition of the wall material, the gas mixture and tissue approximation
proposed by the ICRU (1964) are represented in Table 3.1.

Table 3.1 Composition in percentage by weight of tissue-equivalent materials.

H O N Ne others

TE plastic A150
TE gas mixture
Tissue ICRU

10.2
10.2
10.2

76.8
53.3
12.3

5.9

72.9

3.6
3.5
3.5

33
3.5

1.1

In a mixed field of neutrons and gamma rays the total response RT of the instrument
is composed of contributions due to both types of radiation. The quotient of the
response of the dosemeter to the mixed field and its sensitivity to X- or y-rays used
for calibration is given by

R'T = (3.13)

where £>N and DG are the absorbed doses in tissue of neutrons and of photons in the
mixed field respectively, kT is the ratio of the sensitivities to neutrons and to the
radiation used for calibration, and hr is the ratio of the sensitivities to photons in
the mixed field and to the radiation used for calibration (EUR 5629 e, 1976; ICRU,
1977). The sensitivity of the instrument is defined as its response per unit dose.
From equations (3.12) and (3.13) it follows that

(3.14)

and

(3.15)
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the subscript C denotes calibration values. In our case the ionization chamber was
calibrated with 200 kVp X-rays.

The values of the quantities in equation (3.14) are taken from the following data:
Wc and WN are the mean electron- and a-particle energies respectively, expended to
produce one ion pair in the tissue-equivalent gas. The mean values of W given by
Whyte (1963) have been used, resulting in WQ\WH = 0.96. The energy dependence
of W is assumed to be negligible. More recent information published by the ICRU
(1977) assumes WCIIYH = 0.94-0.96 for a gas containing ~ 10 percent hydrogen
by weight. The ICRU recommends to take WcjWH = 0.95 for tissue-equivalent gas.
For homogeneous ionization chambers the mass stopping power ratios (sms)c and
(sm g)N are usually equal to 1 to a very good approximation. In spite of differences
in weight fractions of C and O for most tissue-equivalent gases and wall materials,
it is recommended that a ratio (sm^c/(sm%)N of 1.00 should be used (EUR 5629 e,
1976). (KJKm)c has been calculated from values of the mass energy absorption
coefficients for a photon energy of 0.10 MeV, published by the ICRU (1964), result-
ing in a value of 1.08. The kerma values of Bach and Caswell (1968) further yield
(KJKJx = 0.98. From equation (3.14) we have now kT = 1.06.

Although photon spectra in neutron fields are generally not known, a value hT = 1
is usually taken for the ratio of the sensitivities to the photons in the mixed field
and the calibration radiation.

The second instrument (U) used for the dosimetry of a mixed field of neutrons and
photons generally has a much lower sensitivity to neutrons than to photons. For this
purpose Wagner and Hurst (1961) developed a suitably shielded Geiger-Miiller
counter tube with energy-independent response for a large range of photon energies.
The sensitivity to fast neutrons relative to y-rays is very low, and the response to
thermal neutrons was reduced by a 6Li shield. Our G.M. gamma dosemeter is a
modification of the Wagner and Hurst design, developed by Quaadvliet and Ver-
schuur (1966). The counter tube is a Philips ZP 1100 with a dead time of 20 //s,
provided by the manufacturer with a 2 mm thick Sn screen, resulting in a sensitivity
to y-rays (when irradiated perpendicular to its axis) which is uniform within ± 10
percent for the photon energy range from 50 keV to 3 MeV. The sensitivity to 15 MeV
neutrons relative to the gamma ray sensitivity does not exceed 0.005 (ICRU, 1977).
The 6Li shielding consists of a number of stacked rings of compressed 6LiF powder
(Quaadvliet and Verschuur, 1966); these rings were produced at the Radiobiological
Institute of the Organization for Health Research TNO at Rijswijk.

In analogy to equation (3.13) the quotient of the response of the instrument to
the mixed field and its sensitivity to the y-rays used for calibration is given by

R'v = M > N + V > o - (316)

DN and DG have the same meaning as above, kv is the ratio of the sensitivities to
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neutrons and to the radiation used for calibration, and hv is the ratio of the sensitivi-
ties to the photons in the mixed radiation field and to the calibration radiation. For
this type of gamma-ray dosemeter the approximation kv = 0 and hv = 1 is made.
Equation (3.16) is then simplified to

= Dr (3.17)

The G.M. counter was calibrated with 200 kVp X-rays and with Ra y-rays resulting
in a sensitivity of 5.81 x 106 counts/rad.

3.3 DOSIMETRY INTERCOMPARISON

Recently our laboratory participated in two European intercomparison projects,
one for X-ray and one for neutron dosimetry.

The European Late Effects Project Group (EULEP) started periodical checks of
X-ray dosimetry in 1971, for all laboratories joining in EULEP. We participated for
the first time in 1976, in the third intercomparison of EULEP. This consisted of three
consecutive sessions, in which a perspex mouse phantom had to be irradiated with
a central dose of 200 rad in soft tissue, under the same conditions as actually present
for mouse irradiations at the institute concerned. The mouse phantom was provided
with 3 LiF filled test capsules. Figure 3.2, from Broerse et al. (1978), illustrates the

120-1
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Fig. 3.2 Results for absorbed dose in the central capsule of a mouse phantom relative to the dose obtained
from tne standards laboratory, in the three consecutive sessions of the third EULEP dosimetry inter-
comparison project. • first, \M second, • third session. (Broerse et al., 1978).
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results for the institutes taking part in this project; our laboratory is indicated by
the number 18.

The Commission of the European Communities has undertaken a European
Neutron Dosimetry Intercomparison Project (ENDIP) during 1975. In order to
check their dosimetry systems under well-defined and standardized irradiation con-
ditions, participants took their instruments to either of the two institutes with
suitable irradiation facilities, the Radiobiological Institute TNO, Rijswijk, and the
"Institut fur Strahlenschutz G.S.F., Miinchen-Neuherberg".

The results of all participating institutes have been described by Coppola and
Schraube in a final report, edited by Broerse et al. (EUR 6004 EN, 1978). For the
free-air situation results obtained at TNO for 15 MeV neutrons are demonstrated
in fig. 3.3, where our laboratory is indicated by LRP.
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Fig. 3.3 Kerma values for 15 MeV neutrons, free-in-aif, measured at TNO, in the European Neutron
Dosimetry Intercomparison Project. (Coppola and Schraube, 1978). (Kerma values expressed in rad'per
10s monitor units).

r

Because our G.M. counter equipment for measuring the y-ray component was
not yet ready at the time of ENDIP measurements, this part of the program was
carried out with a similar instrument, kindly made available by Dr. J. J. Broerse
of the Radiobiological Institute TNO.
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CHAPTER 4

VISCOSITY DECREASE OF SYNOVIAL FLUID AFTER
IRRADIATION WITH X-RAYS AND 14 MeV NEUTRONS

4.1 SYNOVIAL FLUID

As in the earlier investigations of Lamberts (1958) and Brinkman et al. (1961b) fresh
synovial fluid was used in our work to study radiation effects on mucopolysaccha-
rides.

The synovial mucopolysaccharides are composed of a tight-bound complex of
hyaluronic acid and protein; according to Ogston and Stanier (1950) the complex
contains approximately 30 % protein and 70 % hyaluronic acid. As has been men-
tioned in the Introduction earlier experimental work has shown that hyaluronic acid
is depolymerized by ionizing radiation.

The bovine synovial fluid used in this study was obtained by puncture of the
tibiotarsal joints of freshly slaughtered animals. The fluid was centrifuged and fil-
tered, and is then completely clear and ready for use.

4.2 X-IRRADIATION

Synovial fluid was irradiated in plastic dishes, at about 16 cm from the focus of the
X-ray tube; the dose rate was about 500 rad/min.

4.3 NEUTRON IRRADIATION

The irradiation of the synovial fluid with neutrons was performed with an earlier
design of target construction, so that only the neutrons emitted perpendicular to the
ion beam were used for the irradiation. According to the data of Liskien and Paulsen
(1973) the corresponding neutron energy is 14.1 MeV.

The limited output of the machine compelled us to irradiate the fluid as close to
the target as possible. For that purpose a special perspex vessel was constructed,
adapted to the dimensions of the neutron source, so that the synovia remained in the
space between two half-spherical surfaces with their centre in the "focus" of the
neutron beam (Fig. 4.1). Although the hydrogen content of perspex is not tissue-
equivalent (weight-fraction of H ~ 8.1 %), the perspex between the neutron source

31

L.'i

P
I

s
3



Fig. 4.1 Perspex vessel for neutron irradiation of synovial fluid.

and the synovial fluid has been assumed to constitute sufficient build-up material to
approach charged particle equilibrium during irradiation.

The radii of the inner and the outer surface of the vessel are 18 mm and 26 mm
respectively, so that a decrease of the dose in the fluid by a factor of 2 is inevitable.

The mean dose in a medium between two concentric spherical surfaces with radii
i?! and R2 irradiated by a point source of neutrons at the centre of the spheres is
given by:

D = —
M R* KN

4nR2dR =
3KN
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where dm indicates the mass in a volume element dv,
M = total mass of medium in total volume considered, V,
N = number of neutrons emitted by the neutron source,
K = kerma value for material and neutron energy concerned.

The correction for absorption is supposed to be negligible. Relative to the dose
at a distance Rx from the centre, Z>Ri = KNI4nR\, we have

3R2,

For our vessel:

(4.1)

(4.2)

The relation between the neutron fluence at 18 mm from the centre of the neutron
source and the number of pulses counted by the monitor was determined from
Cu-foil activation. Neutron fluence was converted into mean dose to the synovia by
application of a kerma value of 7.0 x 10~9 rad/neutron • cm" 2 for water at a neutron
energy of 14.1 MeV (Bach and Caswell, 1968), and of formula (4.2).
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4.4 VISCOSITY MEASUREMENTS

Changes in viscosity were determined with an Ostwald capillary viscometer at a
constant temperature of 27 °C, as described by Lamberts (1958). The laminary flow
of a liquid through a capillary tube obeys Poiseuille's law:

I;

Srjl

where V = volume of liquid that flows through the tube in a time /,
/?, —p, = difference in pressure over the tube,
R = radius of the tube,
r\ — viscosity coefficient,
/ = length of the tube.

In comparative experiments the parameters V, /?, — p2, R and / are constant inherent
factors of the viscometer and all measurements are performed at a constant tem-
perature. The viscosity t\ is then proportional to the time /. In our experiments it is
not necessary to determine absolute values of rj; relative changes in t\ follow from
relative changes in /.

4.5 RESULTS

The relative decrease in viscosity after irradiation with X-rays and fast neutrons has
been compared in samples of synovial fluid, obtained by pooling the yield of joint
punctures of several animals. As described by Lamberts (1958) a rapid fall in viscosity
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occurs during and immediately after the irradiation; a slow continuation of the
effect can be observed for a few hours after irradiation. To avoid possible differences
in the results due to this after-effect, the time between the irradiation and viscosity
measurement has been taken relatively long, about 12 hours or more, for all synovia
samples, so that the viscosity has reached a constant value.

In spite of differences in viscosity of the unirradiated samples a well-determined
relative decrease of the viscosity after irradiation was found for all samples, as a
function of the administered dose of both X-rays and neutrons. Figure 4.2 shows

too

200kVp X-rays
U MeV neutrons

500 1000 1500 2000

Ooselrad lO"2Gyl

Fig. 4.2 Effect of X-rays and fast neutrons on the viscosity of synovial fluid.

dose-effect curves for both types of radiation; the viscosity is expressed in percent
of the viscosity of the unirradiated synovia. The examination of 20 samples irradiated
with doses up to 2000 rad resulted in a mean RBE value of 0.60+0.03 for 14 MeV
neutrons, calculated at the 90 % level of rj. The standard deviation a = 0.03 has been
calculated from

,l

• = i

where x. = RBE value found for sample /,
x = mean RBE value,
n = number of samples.

As explained in Section 2.3 irradiation of simple chemical or biochemical systems
with high-LET radiation results in a decreased effectiveness per unit dose compared
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with low-LET radiation: the RBE decreases with increasing LET. The finding of a
RBE of 0.60 for 14 MeV neutrons for the viscosity decrease of synovial fluid is con-
sistent with this general principle, since synovial fluid is a solution of mucopoly-
saccharides in water, and as such a simple chemical system.

In contrast with cellular systems, where the presence of oxygen during irradiation
enhances the radiation effect, it was found by Lamberts (1958) that for synovial
fluid exposed to X-rays the viscosity decrease is less when synovia is in equilibrium
with air during the irradiation, than when it is under anoxic condition: the OER is
smaller than 1. The oxygen-effect has now been compared for X-rays and fast
neutrons. Samples of synovial fluid were either in equilibrium with air, or equilibrated
with nitrogen by tonometry before irradiation. During irradiation no air could enter
the tightly closed irradiation-vessel. The reverse oxygen-effect was also found for
fast neutrons: fig. 4.3 shows typical dose-effect curves. It appears that the OER for
aji individual sample of synovial fluid is almost constant for the dose range used.

—-it

200 kVp X-roys

MeV neutrons

500 1000 1S00 Dose (rod. IO~'Gy]

Fig. 4.3 Effect of X-rays and fast neutrons on the viscosity of synovial fluid in equilibrium with air and
with nitrogen.

For every sample a mean OER was determined by averaging the OER values at
different values of fj. These individual OER values resulted in mean OER values of
0.69+0.01 for 200 kVp'X-rays and of 0.75 + 0.02 for 14 MeV neutrons, calculated
from the results of 20 experiments.

The explanation of the behaviour of the OER as a function of the LET, as given
by Barendsen (1964), has been mentioned in Section 2.3.3. The general tendency of
all Dose Modifying Factors, including the OER, is expected to approach unity for
increasing LET (Barendsen, 1967). The OER values mentioned above agree with
this generally observed tendency.
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The protection offered by oxygen against the degrading effect of irradiation on
hyaluronic acid was explained by Balasz et al. (1967), who concluded that the action
of radiation was due to reaction of the hyaluronic acid with both major products
of water radiolysis, hydrated electrons (e~q) and OH-radicals. The protective effect
of oxygen was supposed to be the result of the scavenging of e^ by the rapid reaction

-> OJ, assuming OJ to be little or not reactive with hyaluronic acid.
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CHAPTER 5

INCREASE IN PERMEABILITY OF CONNECTIVE TISSUE
MEMBRANES AFTER IRRADIATION WITH X-RAYS AND
14 MeV NEUTRONS

5.1 CONNECTIVE TISSUE MEMBRANES

As has been mentioned in the Introduction, Brinkman et al. (1961c) found that thin
connective tissue membranes, carefully peeled off from the inside of the skin of a
rat, show an increase in permeability for saline after irradiation with small doses of
X-rays. This effect may be consistent with the fact that subepidermal connective
tissue consists of a porous, complex meshwork of collagen and elastin fibres cemented
together by a matrix of mucopolysaccharides.

Relying on the results of Braams (1961, 1963), a possible increase in permeability
caused by a radiation effect on the collagen component of the membranes may be
excluded at the dose levels used in our study (<200 rad). Braams irradiated Achilles
tendon with 1 MeV electrons and studied the decrease in tensile strength after dif-
ferent doses. He found that a dose of about 46 Mrad of electron radiation is necessary
to obtain a reduction in tensile strength to 37 % of the value of the unirradiated
(hydrated) tendon. Consequently, it must be concluded that collagen is a very radio-
resistant substance. The increase in permeability of connective tissue membranes
can therefore be best explained on the basis of radiation-induced depolymerization
of the mucopolysaccharide matrix, thus allowing passage through the pores of the
connective tissue.

A piece of ventral skin of about 4 x 4 cm2 of a freshly killed rat was stretched
inside up. With fine scissors the inside membrane was peeled off, and fixed across
the lower end of a perspex tube of 1 cm diameter. The upper end of the tube was
connected with a second tube with a horizontal part of much smaller diameter. The
tubes were filled with saline by means of a syringe (Fig. 5.1). The lower part of the
membrane holder had been provided with fine wire-gauze as a plane of support for
the membrane to prevent it from sagging. The saline passed through the membrane
from the horizontal capillary side tube at a constant rate. In this position small doses
of radiation were given, after which the flow rate of the salt solution increases.
During the whole experiment the water pressure on the membrane remained constant.

1

37



24

i

Fig. S.I Experimental set-up for the measurement of changes in permeability of thin connective tissue
membranes.

5.2 X-IRRADIATION

X-irradiation of the membranes was carried out at a distance of about 60 cm from
the focus of the tube, with a dose rate of about 30 rad/min. During the irradiations an
ionization chamber was placed at the same position in the X-ray beam; the dosemeter,
measuring the integral dose, automatically switches the X-ray machine off at a preset
dose level.
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5.3 NEUTRON IRRADIATION

Like the synovia, the connective tissue membranes were irradiated at 90° to the ion
beam. Irradiations were performed at a distance of 27.5 mm from the centre of the
T-target; at this position the neutron fluence derived from activation of Cu-foils
was related to the number of pulses counted by the monitor-equipment.

A kerma value of 6.5 x 10~9 rad/neutron • cm"2 for tissue approximation at neu-
tron energy 14.1 MeV has been used.

To approach charged particle equilibrium during neutron irradiation a piece of
absorbent cotton soaked with saline was fixed against the membrane, providing a
layer of approximately tissue-equivalent material of about 2.5 mm thickness, which
is equal to the range of 14 MeV protons in tissue. The material was kept in position
by the wall of the perspex membrane-holder.

However, since the irradiation had to be performed at a very short distance from
the radiation source, a deviation from charged particle equilibrium inevitably arose,
due to the difference in distance from the neutron source to the membrane and to
the layer of build-up material from which the secondary charged particles originate.
For a distance/from neutron source to membrane, the fluence in a layer at distance .Y
nearer to the source is larger by a factor of/2/(/— x)2. The mean value of this factor
forO ^ . Y g RQis:

f2

X

where Ro = maximum range of the charged particles (Glocker, 1960). In our situa-
tion with/ = 27.5 mm and i?0 = 2.5 mm a correction factor of 1.10 must therefore
be applied to the calculated dose.

5.4 MEASUREMENT OF RADIATION EFFECT

The relative increase in permeability of the membrane, initiated by the irradiation,
was found by measuring the time required for a certain volume of the salt-solution
to pass through the membrane. For this purpose the displacement of the fluid-
meniscus along the horizontal capillary side-tube was projected on a scale graded
in mm; the time for the meniscus to move over a fixed distance is a measure for the
permeability of the connective tissue membrane.

5.5 RESULTS

The change in permeability of the connective tissue membranes caused by exposuie
to ionizing radiation was observed immediately after the irradiation. The time re-
quired for the fluid-meniscus to move over a certain distance, expressed in percent
of the time observed for the unirradiated membrane, was measured as a function

39



26

of the radiation dose. Due to large differences in thickness and consistency, the dose-
effect relations for the individual membranes showed rather large variations. For
X-rays as well as for neutrons a total number of 20 membranes was examined for
doses up to 200 rad. A mean dose-effect curve for either type of radiation was ob-
tained by averaging the effects of the individual membranes at the dose levels used.
A RBE value of 0.6 for 14 MeV neutrons was derived from these two mean curves,
which are represented in fig. 5.2. The vertical bars show the standard deviation from
the average value.

200kVp X-rays
K MeV neutrons

20 40 60 80 100 120 K0 160 !B0 200

Dose(rad;W2Gy)

Fig. 5.2 Effect of X-rays and fast neutrons on the permeability of connective tissue membranes.

The agreement of the RBE values of 14 MeV neutrons obtained for the increase
in permeability of subcutaneous connective tissue membranes and for the decrease
in viscosity of synovial fluid confirms the idea mentioned earlier, that the radiation-
induced permeability increase of connective tissue membranes is due to the simple
mechanism of depolymerization of the mucopolysaccharide matrix.
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CHAPTER 6

ATHEROGENIC EFFECT OF X-RAYS AND 15 MeV NEUTRONS

6.1 THE ARTERIAL WALL

To examine the atherogenic effects of X-rays and fast neutrons the carotid arteries of
hypercholesterolemic rabbits were used. The choice of these arteries is based on their
relative insensitivity to atheromatous changes induced by hypercholesterolemia
alone, and their relatively easy surgical accessibility. A section of a normal carotid
artery is shown in fig. 6.1.

The carotid artery belongs to the arteries of the elastic type. As in all arteries, three
layers can be distinguished in the wall: the tunica intima, the tunica media and the

Fig. 6.1 Normal rabbit carotid artery. Verhoeff-staining. (62 x).
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tunica adventitia. The tunica intima of the artery of the rabbit consists mainly of
the endothelial lining cells. Contrary to human arteries, no connective tissue is found
between the endothelium and the lamina elastica interna, which separates the intimal
and medial layer. The lamina elastica interna is a fenestrated membrane. The tunica
media consists &f several concentric elastin membranes, between which a number of
smooth muscle cells and some collagenous fibres are present. The space between the
cellular and fibrous components is Filled with mucopolysaccharides, which are par-
ticularly abundant in the subintimal part of the media. The outer tunica adyentitia
consists of loose connective tissue.

As has been mentioned in the introduction, radiation-induced vascular damage
was supposed to be initiated by the depolymerization of the mucopolysaccharide
ground substance of the vessel wall (de Boer, 1963; Lamberts and de Boer, 1963;
Lamberts, 1965). The development of the observed lesions after irradiation of the
arterial wall (the penetration of fat into the vessel wall, the destruction and fragmen-
tation of the elastin fibres, and the deposition of plaques consisting of fat-containing
foam cells upon the intima) was explained by the hypothesis that changes in the
mucopolysaccharide groundsubstance of the vessel wall (depolymerization) result in
a reduction of the filter-barrier function of the arterial wall. According to this
hypothesis hypercholesterolemia leads to the penetration of fat into the wall, and the
deposition of fat-ch rged macrophages (lipophages) on the intimal surface, plaque-
formation being the ultimate result.

Chinchilla rabbits of either sex were put on a 0.5 percent cholesterol diet (Hope
Farms, Woerden, Netherlands) at the age of 5 months. Four weeks of this food raises
the cholesterol level in the blood serum from its normal value of about 1.3 mmol/1
(50 mg/100 ml) to values varying from 7.8 to 52 mmol/1 (300-2000 mg/100 ml); for
most rabbits a value of about 26 mmol/1 (1000 mg/100 ml) is reached. The serum
cholesterol levels were determined according to the method of Watson (1960). The
animals were divided into groups which were comparable with regard to the serum-
cholestercl level.The rabbits were 6 months old at the time of irradiation. The ir-
radiation was performed on the ventral side of the neck, when the animal was under
general Nembutal® anaesthesia. The cholesterol diet was continued up to two months
after the irradiation. The animals were then killed, the carotid arteries removed and
put in a 5 percent formol solution for fixation.

6.2 X-IRRADIATION

The rabbits were irradiated with the use of a tube with a focus-skin distance (FSD)
of 40 cm and a radiation field of 6 x 8 cm2. For dosimetry a small intracavitary ioniza-
tion chamber was gently pushed into the oesophagus of one test rabbit. The position
of the carotid arteries relative to the ionization chamber in the oesophagus with
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Fig. 6.2 Lateral X-ray photograph of the neck of a rabbit. Two pieces of metal wire indicate the position of the carotid arteries. A small ionization chamber
marks the position of the oesophagus. . - , . . ' •
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respect to the focus of the X-ray tube is visible in a lateral X-ray photograph (Fig. 6.2).
For this purpose the neck of the test rabbit was opened, and a small piece of metal
wire was bound laterally along each carotid artery, after which the neck of the animal
was closed. The picture shows that the ionization chamber and the carotid arteries
are in the same plane, so that the dose administered to the carotid arteries and to the
oesophagus will approximately be the same. The exposure rate measured in this way
was 70 R/min. The dose rate to the carotid arteries was related to the exposure rate
of a second ionization chamber at the lower end of the irradiation tube, free in air,
for control measurement before each irradiation series.

6.3 NEUTRON IRRADIATION

From the magnification factor of the X-ray photograph fig. 6.2 a depth of the carotid
arteries beneath the ventral surface of the neck of 14 mm was derived. During irradia-
tion the distance between the carotid arteries and the neutron source was 5 cm.

A disadvantage of irradiation at 90° to the ion beam is the uncertainty in the actual
position of the centre of the neutron source, due to possible deflection of the ion beam
over the surface of the target which has a diameter of about 1 cm. Different distances
between source and object, where "object" indicates either Cu-foil or rabbit's
carotid artery, will result in considerable uncertainties in the applied doses at the
short distance at which we were compelled to work. To avoid this difficulty we
decided to irradiate the rabbits at an angle of 0° to the ion beam, so that the distance
between the target and the arteries is defined in a better way.

However, because of a large deflection magnet located inside the irradiation cabin
at a rather short distance beneath the target construction, it was not possible to bring
the scintillation counter in such a position as to calibrate the Cu-activation foils for
the 0° neutron beam. Therefore the activation of the Cu-foils had to be performed
in the 90° direction. In order to eliminate the possible variations of the exact centre
of the neutron source, two Cu-foils were irradiated at opposite positions at a distance
of 5 cm from the centre of the target. The mean neutron fluence thus obtained was
related to the reading of the scintillation monitor.

The dose to the carotid arteries was derived by the application of data published
by Liskien and Paulsen (1973):

dff
- the differential cross section — in the laboratory system for the (D, T)-reaction,

dto
and thus the neutron fluence rate is larger by a factor of 1.08 for the 0° direction,
relative to the 90° direction;

- the energy of the neutrons emitted at the 0° direction is 15.4 MeV for a deuteron
energy of 300 keV.

Further data for the dose determination:
- a kerma value of 6.64x 10"9 rad/neutron cm"2;
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- a build-up factor of 1.05 as mentioned in Section 5.3;
- the absorption of the neutron beam in the overlying tissue with an estimated thick-

ness of 0.5-1 cm has been omitted.
In general the dose rate was about 50 rad/min.

Fig. 6.3 shows the actual situation for the irradiation of the rabbits with fast
neutrons.

Fig. 6.3 Irradiation of a rabbit with (D, T)-neutrons.

During the investigation the tissue-equivalent ionization chamber described in
Section 3.2.3 became available. When positioned with its centre at 5 cm below the
target its response had to be corrected by a factor of 0.93 due to the geometrical
conditions. The total dose to the carotid arteries determined with the ionization
method was on the average equal to the dose derived from the activation method.
Therefore we concluded that the y-contamination and the contribution of low
energy scattered neutrons could be neglected. Usually the mean value of the ratio of
the dose to the carotid arteries and the number of monitor pulses determined by both
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methods was used for the experimental irradiations. The small differences between
the doses measured either with the ionization method or with the activation method
agree with a rough estimate of the dose contribution due to neutrons scattered by
the walls of the irradiation cabin, using data published by other investigators, and
with measurement of the y-ray component of the radiation field. Assuming that four
walls at a distance of 60 cm and two walls at a distance of 150 cm from the neutron
source are involved in the production of scattered neutrons, and that the data given
by Cook and Strayhorn (1960) for an isotropic 3 MeV neutron source are also valid
for a neutron energy of 14 MeV, the scattered neutron fluence at a few cm from the
neutron source is about 3 x 10"3 n/cm2 per primary neutron. At 5 cm from the source
the ratio of the scattered and the primary neutron fluence is about 10 ~2. This estimate
is in accordance with the approximation given by Langsdorf (1960), who idealizes
the irradiation room to a sphere, the neutron source being in its centre. At a distance
of 5 cm from the centre the data of Langsdorf applied to a sphere with a radius of
50 cm also result in a ratio of scattered fluence to direct flence of about 10"2.
Moreover, since the scattered neutrons have lower energies than the primary neu-
trons, and the tissue-kerma decreases with decreasing neutron energy in the energy
range of interest, we concluded that the dose contribution due to scattered neutrons
could be neglected.

The y-ray contamination of the radiation field was determined with the neutron-
insensitive G.M. counter described in Section 3.2.3. Because of the short irradiation
distance of 5 cm to the neutron source we also expected a small y-ray contribution
relative to the primary neutron dose. Moreover, we assumed that only a relatively
small portion of a rabbit at the irradiation position (in practice only his neck) causes
an increase of the y-ray and scattered-neutron contribution, relative to the free-air
situation. The response of the G.M. counter was measured at 5 cm from the neutron
target, in free air, and with a test rabbit positioned in approximately the same manner
as for actual neutron exposure, with its neck in close contact with the outside of the
G.M.-counter container. For both situations we found only a slight difference in the
measured y-dose: 0.88 x 10"5 rad/monitor pulse for the free air situation, and
0.93 x 10"5 rad/monitor pulse for the "rabbit" situation.

Measurement of the total dose in the mixed field with the tissue-equivalent
ionization chamber was only possible in free air because of the limited space below the
target construction.

With a y-dose Z ) G ~ 0 . 9 x l 0 " 5 rad/monitor pulse and a neutron-dose
DN ~ 17.6 x 10"5 rad/monitor pulse these measurements resulted in DG ~ 0.05Z)N.
On the basis of the above-mentioned considerations, this low value of the
y-contamination seems reliable.

Finally we must state that in our situation, where we had to work at a short distance
from the neutron source, the relatively large dimensions of the ionization chamber
hampered accurate dosimetry. V/ith the use of the available instrumentation, func-
tioning in a satisfactory way as shown.by the ENDIP results (Section 3.3), but with
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the inevitably low output of the neutron generator, we did dosimetry to our best
Tcnowledge and possibilities; but we are aware o{ the conditions being far from op-
timal. In addition to the difficulties in dose determination just mentioned, individual
variations in depth of the arteries below the ventral surface of the neck result in an
uncertainty in the applied radiation dose, which increases at short distances.

Also owing to the short irradiation distance, only a small central part of the total
length of the irradiated arteries received the intended dose. Only this part of the blood
vessels was used for the histological examination.

6.4 HISTOLOGICAL TECHNIQUES

After fixation of the carotid arteries in 5 % formol solution frozen sections of 7 /.im
thickness were made, and were stained with three staining techniques:
- the hematoxilin-eosin method, to examine general phenomena;
- the slightly pre-stained Verhoeff, oil red O method, to examine the presence of

lipid;
- the Verhoeff method, to examine the aspect of the elastin fibres.
Although with the Verhoeff staining technique certain radiation effects on the elastin
fibres can be demonstrated, these observations did not yield more data for the com-
parison of the effects of neutrons and X-rays, than had already been collected from
the hematoxilin-eosin and oil red O stained sections. Therefore the Verhoeff method
is not further mentioned in the description of the observed vessel wall changes.

6.5 RESULTS

6.5.1 RBE OF 15 MeV NEUTRONS FOR THE ATHEROGENIC EFFECT

The extent of the induced plaques upon the vessel wall and the penetration of lipid
into the wall of the carotid arteries two months after the irradiation were examined
in the oil red O stained sections of the vessels. The size of the plaques was also de-
termined in the hematoxilin-eosin stained sections, and when both estimates differed
appreciably the most extended one was chosen. Figure 6.4 shows an example of a
carotid artery irradiated with 1000 rad of X-rays.

The plaques and the lipid penetration into the vessel wall were both classified in two
ways: the extension along and the extension perpendicular to the vessel wall circum-
ference. Table 6.1 shows the classification of the observed phenomena. The division
of the observed damage into groups has been made in such a manner as to bring out
clearly the distinction between the results of the various applied radiation doses. The
observations for both the plaques and the lipid penetration are represented in a dia-
gram. The horizontal axis shows the extension along the vessel wall circumference
and the vertical axis represents the plaque thickness or depth of lipid penetration into
the vessel wall. Each point in a graph represents one carotid artery.
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Fig. 6.4 Carotid artery of hypercholesterolemic rabbit irradiated with 1000 rad of X-rays. Thick plaque
consisting of lipid-laden foam cells as observed two months after the irradiation. Hematoxilin-eosin, 60 x .

The experiments were started with the irradiation of two groups of 10 hyper-
cholesterolemic rabbits with a dose of respectively 500 rad of X-rays and 500 rad of
neutrons on their carotid arteries. Unfortunately three out of these 20 animals died
prematurely of pneumonia. Figure 6.5a shows the result of the irradiations in the
surviving animals.

For comparison with the irradiated animals 5 rabbits were put on the 0.5 %
cholesterol diet for three months, but were not irradiated. In only two of the carotid
arteries of these control rabbits extremely small atheromatous changes were observed.

As has been described in Section 6.1 these experiments were started on the assump-
tion that radiation-induced depolymerization of the mucopolysaccharide ground
substance in the vessel wall is the primary effect responsible for the atheromatous
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Table 6.1 Classification of plaques and lipid penetration

Type of damage Extension of damage along
vessel wall circumference

Classification

+

+ +

+ + +

Plaque

Thickness
(cell-

layers)

land 2

3-6

6 and more

Lipid penetration

Depth into
medial layer

Just below lamina
elastica interna

Up to half-way

More than half-
way

Classification

1

•i

4

Part of
circumference
where damage

is present

<i

changes observed at a given time after the irradiation. On account of the RBE values
of about 0.6 obtained for the synovial fluid and the connective tissue membranes we
therefore expected that the vessel wall damage caused by neutron irradiation should
be less than the damage due to the same dose of X-rays. To our surprise the expected
difference in the effects of X-rays and neutrons was not found, neither for the plaque
formation, nor for the lipid penetration. On the contrary, the effect of 500 rad of
neutrons was even more pronounced than that of 500 rad of X-rays. Because espe-
cially in the X-ray group a relatively large number of the exposed arteries had devel-
oped either no atheromatous changes at all, or only to a very small extent, we decided
to irradiate another two groups of rabbits with 1000 rad of either type of radiation.
In contrast with the 500 rad experiment fig. 6.6a shows that for a dose of 1000 rad
the X-rays were more effective than the neutrons.

The apparent reversal of the relative effects of X-rays and neutrons at the two
applied dose levels was not understood, and had to be examined further.

In these first experiments the use of animals of standard age mentioned in Section
6.1 had not yet been introduced. The animals were 3 to 10 months old at the time of
irradiation, but a systematic dependence of the vessel wall changes on age could not
be observed. However, since the use of very young animals often leads to problems
with anaesthesia, and since moreover some of the younger animals died of pneu-
monia, we decided to work only with rabbits of 6 months old at the time of irradiation.

For both types of radiation and both dose values the experiments were repeated
twice, with animals of this standard age. The results in all groups of rabbits were fully
reproducible, and are presented in fig. 6.5a-c and fig. 6.6a-c.

The diagrams show furthermore that the results at the 1000 rad level are not only
characterized by an increased plaque formation in the X-irradiated animals com-
pared with the 500 rad dose, but also by a decrease in plaque thickness in the animals
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plaques

lipid penetration

1

Fig. 6.5a •;200 kVp X-rays (8 animals)
o 15 MeV neutrons (9 animals)

Lipid penstration

0 1

1

Fig. 6.5b • 200 kYp X-rays (6 animals)
o 15 MeV neutrons (6 animals)

lipid penetration

F I • • V «

Fig. 6.5c • 200 kVp X-rays (11 animals)
o 15 MeV neutrons (10 animals)

Fig. 6.5 Atherogenic effect of 500 rad of X-rays and fast neutrons on the carotid arteries of hyperchole-
sterolemic rabbits, observed two months after irradiation. Quantities represented along the horizontal and
vertical axes are explained in the text and in Table 6.1.
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Fig. 6.6a • 200 kVp X-rays (10 animals)
" o 15 MeV neutrons (7 animals) r
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Fig. 6.6b • 200 kVp X-rays (7 animals)
o 15 MeV neutrons (6 animals)
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Fig. 6.6c • 200 kVp X-rays (10 animals)
o 15 MeV neutrons (10 animals)

Fig. 6.6 The same as fig. 6.5, for a dose of 1000 rad.
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exposed to 1000 rad of neutron irradiation relative to the plaques due to 500 rad of
neutrons. These observations cannot be explained by the assumption that radiation-
induced depolymerization of the mucopolysaccharides in the vessel wall is exclusively
responsible for the atheromatosis. A second mechanism has to be considered as
well, very probably acting at the cellular level. If the Finding that neutron irradiation
with 1000 rad causes less plaque formation than irradiation with 500 rad, were a
consequence of a cellular radiation effect, this phenomenon should also be found
after high doses of X-irradiation. Therefore the next step in the experiments was the
exposure of the carotid arteries of a group of rabbits to 2000 rad of X-rays.

The observed plaques are represented in fig. 6.7a, together with the previous results
of the last series of 500 and 1000 rad of X-rays (Figs. 6.5c and 6.6c). The same ten-
dency is observed as in the case of the exposure to a high dose of fast neutrons: a
decreased plaque thickness after 2000 rad of X-rays compared with the plaque thick-
ness after 1000 rad.

Finally a group of rabbits was irradiated with 250 rad of fast neutrons, in order to
compare the effects with those caused by 500 rad of X-rays. Figure 6.7b illustrates the

m

X-rays: o 500 rad
• idOOrad
A2000rad

neutrons: o 250 rad
• 5O0rad
alOOOrad

Fig. 6.7a and b. Induction of atheromatous plaques by different doses of X-rays and fast neutrons, observed
two months after irradiation.

X-rays: o500rad
•lOOOrad
O2000rad

88- V

neutrons: o 250 rad
• 500 rad
alOOOrad

Fig. 6.8a and b. Lipid penetration into the arterial wall by X-rays and fast neutrons, observed two months
after irradiation.
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plaques resulting from this radiation dose, again together with the neutron data from
figs. 6.5c and 6.6c. Figures 6.7a and b clearly show the relation in the plaque-forming
effects of the two types of radiation: the effects of 500, 1000 and 2000 rad of X-rays
are similar to the effects of 250, 500 arid 1000 rad of fast neutrons respectively. In the
same way figs. 6.8a and b summarize the extent of lipid penetration into the vessel
wall for X-rays and neutrons. For both types of radiation the lipid penetration in-
creases with increasing dose up to the maximal score, already reached after 1000 rad
of X-rays or 500 rad of neutrons. With this restriction figs. 6.8a and b show the same
relation between the effects of the two types of radiation at the dose levels used, as
found for the plaque formation.

Although our method of scoring and representing the radiation effects on the arterial
wall does not pretend to be very exact, and consequently does not allow an exact
determination of a RBE value, from the results of these series of irradiations, sum-
marized in fig. 6.7 and fig. 6.8, a RBE of about 2 for the induction of atheromatosis
can be concluded for 15 MeV neutrons, at the dose levels used in this study.

The method of grading the depth of lipid penetration into the vessel wall, repre-
sented in the diagrams, does not distinguish between intra- and extracellular lipid.
Consequently these graphs do not illustrate the observation of the appearance of
foam cells in the media. On the average this phenomenon seems to increase with

Fig. 6.9 Carotid artery of hypercholesterolemic rabbit irradiated with 1000 rad of neutrons, illustrating
the occurrence of foam cells in the media. Hematoxilin-eosin, 90 x .
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increasing dose, although it is poorly reproducible. Very striking was the abundant
number of foam cells locally present through the whole tunica media in a relatively
large number of arteries in the third series of 1000 rad of neutron irradiation. Figure
6.9 shows a typical example of this aspect. Evidently it must be assumed that sm&oth
muscle cells are able to transform into lipid-containing foam cells.

On the basis of the considerations presented in Section 2.3 the RBE value of about
2 of 15 MeV neutrons for the atherogenic effect indicates that a cellular mechanism is
involved in the pathogenesis of the disease. Moreover, the decreased plaque forma-
tion after high radiation doses led to the assumption that a cell proliferation process
could be the most important cause of the development of the atheromatous plaques,
and that this process should be interpreted as a repair mechanism, which shows a
certain overshoot. At large radiation doses the damage to the vessel wall was thought
to be so severe that the possibility for repair is diminished, resulting in thinner
plaques. Support for this hypothesis is found in the observations by Lindsay et al.
(1962), who consider cell proliferation as the main process of plaque formation;
furthermore in the fact that hyperlipemic serum is known to stimulate growth of
vascular cells in tissue culture (Ross and Glomset, 1973; Konings, 1974; Fischer-
Dzoga and Wissler, 1976) and in the observation of increased proliferation of smooth
muscle cells of the aortic wall in hyperlipemic swine by Imai et al. (1970).

6.5.2 EXTENSION TO A HIGHER DOSE LEVEL

The assumption that cell proliferation plays an important role in the formation of
radiation-induced atheromatous plaques was further verified by the application of
a still higher dose of radiation. Four groups of 6 hypercholesterolemic rabbits were
exposed to doses of 500, 1000, 2000 and 5000 rad of 200 kVp X-rays respectively.
In order to protect the skin, the oesophagus and trachea of the animals from over-
exposure at the 5000 rad dose level, all animals were irradiated with a surgically
opened ventral side of the neck. From earlier experiments we know that careful
surgical manipulation of the carotid arteries does not cause atheromatous lesions,

plaques lipid penetration

• * • "I"

o 500
• 1OO0
a 2000
X5000

rad

„

0 1 2 3 1 0 1 2 3 1

Fig. 6.10 Atherogenic effect of X-rays on the carotid artery of hypercholesterolemic rabbits.
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even in hypercholesterolemic animals. The animals were positioned in such a way
that the left carotid artery was inside the radiation field; with the edge of the irradia-
tion tube the oesophagus and trachea were pushed somewhat aside, so that they
were outside the tadiation beam. Figure 6.10 demonstrates the plaque formation
and lipid penetration into the wall as observed two months after the irradiation. The
absolute extent of the induced damage is not fully comparable with that of the ex-
periments described in Section 6.5.1, because of different conditions during irradia-
tion. However, fig. 6.10 confirms the finding of decreasing plaque thickness at high
dose levels.

I
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CHAPTER 7

DEVELOPMENT OF THE ARTERIAL LESIONS
Si

t
tl

It

7.1 GENERAL CONSIDERATIONS

The observation of the atheromatous plaques consisting of enormous quantities of
lipid-laden foam cells, present two months after the irradiation, together with the
assumption that a cell proliferation process may be the most important mechanism
for their formation, as has been described in Section 6.5.1, logically brought forward
the question which cells play a role in this reaction to the inflicted damage.

Are they really lipophages, as we have always accepted upon the authority of
de Boer's (1963) interpretation? If the plaques were not only due to the deposition
of circulating lipophages, but also to proliferation of these cells, the observed de-
creased plaque thickness after high arterial radiation doses cannot be explained,
because of the small dose received by these cells circulating in the blood stream during
the local irradiation. The proliferation capacity of the lipophages can hardly be
decreased by the low radiation dose absorbed by these cells. In addition one might
expect to find mitotic activity in the plaques. However, in the plaques observed two
months after the irradiation we did never see any mitotic configuration. Although
a mitosis was shown by Konings et al. (1978) in a thin plaque examined one week
after irradiation, such a phenomenon must be considered rare.

In atherosclerotic research a variety of possible hypotheses is found, in which
investigators in this field present their interpretation on the initiation and develop-
ment of atherosclerosis, based upon light- and electron microscopic observations.
These theories will be elaborated in some detail in Chapter 8; here we only mention
that according to these hypotheses the cell types possibly involved in the process of
plaque formation are, besides monocytes (lipophages), the two cell types that are
already locally present in the vessel wall at the time of irradiation: smooth muscle
cells and endothelial cells. The assumption of the endothelial origin of the foam cell
plaques does not meet much support. The role of the endothelial cells in the whole
process is not yet clear, but seems to be restricted to changes in permeability. Some
investigators (Ross and Glomset, 1973; Ross, 1976; Ross and Harker, 1976) propose
the migration of smooth muscle cells from the media into the intima, their prolifera-
tion and transition into foam cells as the mechanism responsible for plaque formation.
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Our observation of the occasional presence of foam cells in the medial layer of the
vessel wall in a number of animals, presumably of smooth muscle cell origin (Fig.
6.9), also leads to the conclusion that evidently these cells indeed are able to transform
into foam cells under certain suitable circumstances.

Furthermore, we can only conclude that the foam cells composing the athero-
sclerotic plaques are so much different from whatever cell they originated from, that
their appearance does not allow a speculation which initial cell type is underlying
the disease.

In order to obtain information about the development of the lesions from the
initial damage to the thick foam cell plaques, we decided to follow theatheromatous
process from shortly after the irradiation, up to several weeks later.

For this purpose groups of hypercholesterolemic rabbits were sacrificed respec-
tively 2,4, 8 and 16 hours (1 animal), 1, 2, 3,4,5, 7, 10,15, 20 and 30 days (5 animals)
after 1000 rad of X-rays.

7.2 LIGHT MICROSCOPIC OBSERVATIONS

The first change that we noticed is present 8 hours after the irradiation: some cells
were seen between the lamina elastica interna and the endothelial layer; this phenom-

Fig. 7.1 X-irradiated (500 rad), hypercholesterolemic rabbit, 8 h after irradiation. Cells with a dark-staining
nucleus (arrows) different from endothelial cells and smooth muscle cells are located between the endo-
thelial cell layer (ECL) and the lamina elastica interna (LEI); 1,700 x.
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enon was also observed in a section of the 1-day group, and could be demonstrated
both in the 7 /mi thick frozen sections as used in routine histological preparations
(Section 6.4) and in thin (0.5-1 /mi) Epon-sections as examined prior to electron
microscopic observations (Section 7.3.1), The appearance of these sub-endothelial
cells was much more obvious in the thinner sections; figure 7.1 illustrates their
presence in a thin toluidine-blue stained section. Which cell type they were, and
where they came from, were questions that could not definitely be answered.

On day 2, and very distinctly on day 3 and subsequent days, the first foam cells
appeared. Thin plaques covered with endothelium became visible on day 4; the
plaques remained 1 or 2 cell layers thick until between day 10 and 15; on day 15
some of the plaques had 3-6 cell layers, and 30 days after the irradiation thick plaques
were present on the vessel wall (6-12 cell layers thick, or more).

Lipid penetration into the wall turned out to be a process beginning very early
after the irradiation as well. As soon as 16 hours after the irradiation considerably
more lipid was seen in the vessel wall than in unirradiated control vessels. The in-
filtration of lipid into the wall appeared to be a rather fast process; in the sections
of the animals killed one day after irradiation lipid had penetrated the tunica media
more than halfway; it was mainly found as tiny droplets along the elastin Fibres. The
absolute quantities were still small. At increasing time intervals after irradiation, the
amounts of lipid increased. Furthermore, the lipid accumulation appeared to be less
restricted to a lining along the elastin fibres, but had penetrated more evenly into the
vessel wall.

Although the changes in the vessel wall could be observed by light microscopy
already 8 hours after exposure to 1000 rad of X-rays, and although the development
of these changes could be followed in a more or less quantitatively descriptive way,
the method is inadequate to identify the cells that were seen in the subendothelial
space in the early stage of the lesion and their possible participation in plaque forma-
tion.

If
¥

7.3 ELECTRON MICROSCOPIC OBSERVATIONS

In order to obtain more precise information about the onset of plaque formation,
the nature of the original cells involved and the morphologic changes taking place
during the earliest stages, experiments were started in which electron microscopic
techniques were used.

The carotid arteries from the following groups of rabbits were examined:
a) Non-irradiated, normocholesterolemic (2 rabbits),
b) Non-irradiated, hypercholesterolemic (2 rabbits),
c) Irradiated (1000 rad of X-rays), normocholesterolemic, killed 8h, 2d and lOd

after irradiation (2 rabbits for each time interval),
d) Irradiated (500 and 1000 rad of X-rays), hypercholesterolemic, killed at the same

time intervals from 2h up to 30d after irradiation, as described in Section 7.1
(2 rabbits for each time interval).
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7.3.1 PREPARATION OF CAROTID ARTERIES

Under general Nembutal® anaesthesia the arteries were carefully made accessible,
and were submitted to initial fixation in either of two ways:
a) hand-controlled perfusion Fixation of the relevant part of the artery with 2 %

glutaraldehyde, pH 7.4, buffered in 0.1 M phosphate buffer, or
p) pressure-controlled perfusion against the pressure of 80 cm H2O with 0.1 M

phosphate buffer. pH 7.4, containing 6.8 % sucrose, immediately followed by
the glutaraldehyde fixative for 10 minutes.

As will be described in Section 7.3.2 the pressure-controlled fixation was highly pref-
erable and has been applied unless otherwise stated. The part of the artery to be
examined was then dissected and cut into small cylinders of approximately 2 mm
height keeping the tissue immersed in glutaraldehyde fixative at 4 °C; these cylinders
were kept under fixative at 4 °C for 2 h, then rinsed in phosphate buffer containing
6.8 % sucrose and postfixed in 1 % OsO4, 1.5 % K4Fe(CN)6, pH 7.4, buffered in
phosphate at 4 °C for 2h. K4Fe(CN)6 was added to the OsO4 fixative in order to
obtain optimal quality of most ultrastructural details, in particular of membranes.

After dehydration through an alcohol series and propylene oxide the cylinders
were embedded in Epon in upright position by the application of beam capsules.
Sections of 0.5-1 jun thickness were cut with a glas knife in a LKB ultrotome III,
and were toluidine-blue stained. After light-microscopic screening of these semithin
sections and mapping of the endothelial layer of the cross-sectioned artery the final
area of interest was selected and prepared on the block. Ultrathin sections (about
50 nm) were then produced with a diamond knife, doubly stained with uranyl acetate
and lead citrate, and were examined with a Philips EM 300 or EM 201 electron
microscope operated at 60 kV. Initial magnifications ranged from 5,000 to 32,500 x .

7.3.2 RESULTS

a) Non-irradiated, normocholesterolemic rabbits

The tunica intima of the normal rabbit carotid artery consist of three distinct sub-
layers: the endothelial cell layer, the subendothelial space and the fenestrated lamina
elastica interna.

If fixed under optimal conditions (see Section 7.3.1) the endothelium exists of a
perfect monolayer of cells covering the lamina elastica interna. Due to a rather loose
contact between these two sublayers a narrow subendothelial space is left in between
them (Fig. 7.2). In this space an occasional cell is found, which can be identified as
a smooth muscle cell when the following set of ultrastructural identification criteria
is used: numerous myofilaments, peripheral pinocytotic vesicles, electron-dense
regions that occur at intervals just beneath the plasma membrane, the presence of
a cell coat and surrounding extracellular components like elastin and collagen.

Some of these smooth muscle cells are located half-way through the fenestrations
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ECL

Figs. 7.2 and 7.3. Non-irradiated, normocholesterolemic rabbit. Ultrastructure of the inner part of a
normal rabbit carotid artery (tunica intima and tunica media): L, Lumen; ECL, endothelial cell layer;
LEI, lamina elastica interna; SES, subendothelial space; SMC, smooth muscle cell; SMC (double arrow),
smooth muscle cell located half-way through a fenestration of the LEI; E, elastin; 4,400 x.
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of the lamina elastica interna, possibly derived from the tunica media and apparently
free to migrate towards the subendothelial space (Fig. 7.3).

When the pressure inside the vessel was insufficient during the fixation (see Sec-
tion 7.3.1), the lamina elastica interna became wavy, due to contraction of the artery,
the subendothelial space became broadened and the endothelial cell layer more or
less irregular, touching the lamina elastica interna in a few places only (Fig. 7.1).

The tunica media of the artery consists of alternating but discontinuous layers of
smooth muscle cells and elastin, if fixed under favourable pressure conditions (Fig.
7.2).

b) Non-irradiated, hypercholesterolemic rabbits

Within the experimental period hypercholesterolemia did not change the main
characteristics of the artery described above. Lipid vacuoles could hardly be found
in any cell type.

c) Irradiated, normocholesterolemic rabbits

Light-microscopi? screening of the 8h samples indicated the appearance of a number
of cells with a dark-staining nucleus in the subendothelial space as the only striking
change compared with the normal artery (Fig. 7.1). These cells were different from
endothelial cells and smooth muscle cells. Ultrastructurally they resembled mono-
cytes and sometimes lymphocytes (Fig. 7.4). Morphologic identification of mono-
cytes cannot be defined as unambiguously as that of e.g. smooth muscle cells; it is
mainly based on cell size, shape of the nucleus and the arrangement of cytoplasmic
organelles. To distinguish between monocytes and large lymphocytes the histo-
chemical peroxidase-reaction can be used. However, the phagocytic behaviour of
these cells, to be described in the next subsection (d), was considered sufficient in-
dication for their identification as monocytes. The same cells were found at the
lumen side of the endothelium, attached to the endothelial cells for a smaller or
greater part of their surface (Fig. 7.5). This attachment of monocytic cells was nearly
absent in samples of 2d after irradiation and no cells could be found in the subendo-
thelial space lOd after the irradiation.

No other changes could be observed.

d) Irradiated, hypercholesterolemic rabbits

No change in the arteries was observed until 8h after the irradiation. At this time
interval a similar picture was observed as described for the normocholesterolemic
animals. For both radiation doses, 500 or 1000 rad of X-rays, monocytic cells were
present in the subendothelial space; these cells contained a few lipid vacuoles, as
demonstrated in fig. 7.6. Figure 7.7 beautifully shows a cell located partly in the
subendothelial space, partly in the lumen, and also containing a lipid vacuole. This
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Irradiated (1000 rad), normocholesterolemic rabbit, 8 h after irradiation.
Fig. 7.4 Monocytic cell (double arrows) enclosed in subendothelial space between endothelial cell layer
(ECL) and lamina elastica interna (LEI); 10,500 x .
Fig. 7.5 Monocytic cell loosely or tightly (arrow) adhering to broad surface area of endothelial cell layer
(ECL); LEI, lamina elastica interna; 14,800 x .
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Irradiated (1000 rad), hypercholesterolemic rabbit, 8 h after irradiation.
Fig. 7.6 Monocytic cell, containing few lipid vacuoles (~k), enclosed in subendothelial space; LEI, lamina
elastica interna; 14,800 x ; (compare with Fig. 7.4).
Fig. 7.7 Monocytic cell, containing a single lipid vacuole (-jAr), located partly in the lumen partly in the sub-
endothelial space; ECL, endothelial cell layer; SMC, smooth muscle cell; LEI, lamina elastica interna;
10,500 x.
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particular situation represents the most convincing indication for the assumption
that these cells are indeed blood monocytes migrating towards the subendothelial
space. The same figure demonstrates a smooth muscle cell presumably entering the
subendothelial space through the lamina elastica interna, as was described earlier
(Fig. 7.3). With increasing time the monocytic cells in the subendothelial space
rapidly accumulated lipid in numerous vacuoles, and gradually transformed into
foam cells. This phenomenon is represented in fig. 7.8 in a sample of 2d after irradia-
tion, corresponding to the interval at which foam cells were observed by light micro-
scopy for the first time. The lipophage behaviour once more confirms the monocytic
origin of these invading cells. With increasing time they progressively enlarged, their
number increased and lOd after irradiation small plaques were present consisting of
a single layer of 5-10 cells. In the same period few lipid vacuoles could be noticed in

ECL

Fig. 7.8 X-irradiated (1000 rad), hypercholesterolemic rabbit, 2 d after irradiation. Macrophage or foam
cell containing numerous lipid vacuoles {if) in subendothelial space; ECL, endothelial cell layer; LEI,
lamina elastica interna; F, fenestration; 9,000 x.
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some endothelial cells. Smooth muscle cells in the subendothelial space and in the
media did not contain lipid vacuoles in samples of lOd after irradiation.
~ The development of the small plaques described above, was studied further in the
samples of 20d and 30d following irradiation. In 20d samples various stages of devel-
opment could be observed: the plaques generally consisted of 5-10 layers of foam
cells; the endothelial cell layer did not simply cover these foam cells but clearly
showed deep invaginations into the plaque (Fig. 7.9); these endothelial cells became
completely enclosed as a result of fusion of adjacent enlarging plaques. The foam
cells on the edge of the plaques showed signs of cell necrosis or had already become
amorphous in some cases. The organization of the plaque was still very regular,

LV

Fig. 7.9 X-irradiated (1000 rad), hypercholesterolemic rabbit, 20 d after irradiation. Plaque with multiple
layers of foam cells (FC) in subendothelial space. Deep invaginatjons (I) of endotheiial cell layer. Lipid
vacuoles (LV) in endothelial cells and medial smooth muscle cells. LEI, lamina elastica interna; 1,050 x.
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Fig. 7.10 X-irradiated (1000 rad), hypercholesterolemic rabbit, 20d after irradiation. Dark-staining elong-
ated smooth muscle cells (SMC) throughout plaque with multiple layers of foam cells (FC). Endothelial
cell layer (ECL) and smooth muscle cells contain lipid vacuoles (LV). LEI, lamina elastica interna; 1,800 x .
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though dark-staining elongated cells, very much different from lipophages, appeared
mainly in the basis of the plaques; some of them could also be observed much nearer
to the endothelial cell layer (Fig. 7.10). Ultrastructural identification of these cells as
smooth muscle cells was performed in 30d samples, where they made up a substantial
percentage of the plaque cell population. These smooth muscle cells and smooth
muscle cells of the medial layer contained several lipid vacuoles, as demonstrated in
figs. 7.9 and 7.10.

Thirty days after irradiation the plaques consisted of a population of mainly two
cell types: in typical examples there was necrosis of lipophages throughout the
plaque, leaving small groups or even single lipophages surrounded by elongated
cells. These cells were observed throughout the plaque and were ultrastructurally
identified as smooth muscle cells containing several lipid vacuoles per cell (Figs. 7.11
and 7.12). Many cells, also considered to be smooth muscle cells, were located half-
way through the fenestrations of the lamina elastica interna, suggesting an increased
migration of these cells from the tunica media into the subendothelial space.

Figure 7.11 further demonstrates that the smooth muscle cells formed layers in
areas where lipophages had almost completely disappeared, a phenomenon which

ECL
X

Fig. 7.11 X-irradiated (1000 rad), hypercholesterolemic rabbit, 30 d after irradiation. Bulb-shaped plaque
consisting of smooth muscle cells (SMC) especially in the upper part parallel to endothelial cell layer
(ECL). E, elastin; FC. foam cell: 975 x.
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Fig. 7.12 X-irradiated (1000 rad), hypercholesterolemic rabbit, 30 d after irradiation. Ultrastructural
details of plaque similar to that as shown in Fig. 7.11. L, lumen; SMC, smooth muscle cell; LV, lipid
vacuole; FC, foam cell or ltpophage; A, amorphous material resulting from necrosis oflipophages; 3,675 x .
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was mainly observed in the upper part of the plaque; collagen- and elastin-like
material was present in the plaque associated with smooth muscle cells; some plaques
became bulb-shaped and generally changed into a more irregular organization be-
cause of the various orientations of the numerous smooth muscle cells.

SUMMARIZING REMARKS

The electron-miscroscopic part of the study has given evidence for a population of
different cells composing the radiation-induced atheromatous plaque: lipid-filled
macrophages most probably originating from blood monocytes, and smooth muscle
cells from the tunica media, both cell types having entered the subendothelial space;
endothelial cells have been enclosed by the fusion of enlarging plaques leaving the
original endothelial lining of the invaginations trapped within the plaque.
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

In experimental atherosclerosis research the rabbit is a frequently used test-animal.
In general its arteries readily develop extensive atheromatous changes when a high-
lipid diet is given to the animal. In the aorta macroscopic lesions become visible after
3-4 weeks of hypercholesterolemia, whereas the carotid arteries remain relatively
unaffected during several months. These data are summarized e.g. by Mitchell and
Schwartz (1965) and Anitschkow (1967), and have been confirmed by our own
observations (Lamberts, 1970).

In many experimental situations it has been found that the combination of a high
serum cholesterol level and arterial injury, induced by physical factors of various
nature, including ionizing radiation, results in local lipid deposition at the sites of
injury. Moreover, the atherosclerotic changes will develop much sooner than by
hypercholesterolemia alone (Constantinides, 1965). The experimental data available,
obtained from studying a variety of laboratory animals (Hartroft and Thomas,
1963; Constantinides, 1965; Armstrong, 1976), show that the lesions demonstrate
a number of aspects similar to those seen in human atheromata. Both the early human
lesions and the experimentally induced lesions in animals show intra- and extra-
cellular lipid accumulation in the vessel wall and foam cell plaques. The advanced
lesions are characterized by an increased number of foam cells, necrosis of foam cells
in the centre of the lesion releasing their lipid content either in pools of cholesterol
crystals or as an amorphous lipid mixture, formation of a barrier between blood-
stream and amorphous mass: the fibrous cap, and damage to medial elastin fibres.

. As has been described in the Introduction, severe, often fatal damage in large
elastic arteries, as well as less catastrophic foam cell lesions can be found in the ir-
radiated areas in patients subjected to radiotherapy (Sheehan, 1944; Zuelzer et al.,
1950; Martin et al., 1954; de Boer, 1963).

The similarity of atheromatous vessel wall changes observed in experimental
animals, and of human atheromata, developed either "spontaneously" or by some
Other cause e.g. irradiation, indicates that it is unlikely that the pathogenesis of
atherosclerosis in man differs significantly from that in other species (Lindsay and
Chaikoff, 1963; Constantinides, 1965). However, the successive pathological phe-
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nomena develop at considerably different rates, depending on the specific factors
underlying atherosclerosis induction.

Studying the mechanism of the development of atheromatous plaques the com-
bination of hypercholesterolemia and ionizing radiation may serve as an excellent
model. In contrast to diet-induced arterial lesions the successive symptoms can be
examined with exact knowledge of their localization and of the time of initiating the
series of arterial changes, well-defined by the site and the time of the irradiation.

More evidence about the similarity of experimental atheromata developed by
hypercholesterolemia or by ionizing radiation was described by Konings et al. (1979),
who compared the lipid composition of radiation-induced atheromatous plaques in
the carotid arteries of hypercholesterolemic rabbits, with that of diet-induced athero-
mata in the carotid artery obtained after a prolonged cholesterol diet and also with
that of diet-induced atheromata in the aorta of the same rabbit. The lipid composition
of the different plaques showed great similarity. Some of the lipids found in the foam
cells are derived from the plasma and some are synthesized in situ. Because of the
approximate similarity in lipid composition the authors conclude that the same
mechanism may be responsible for the formation of the radiation-induced and the
diet-induced foam cell plaques.

In atherosclerosis research a number of hypotheses on the pathogenesis of the
vessel wall changes, as well as on the origin of the foam cells in the atherosclerotic
plaques, has been proposed. These theories are based either on the exposure of
laboratory animals to hypercholesterolemia alone, or to hypercholesterolemia in
combination with some kind of vascular injury, or on the examination of human
autopsy material. The main theories are summarized by Constantinides (1965),
Mitchell and Schwartz (1965) and Geer and Haust (1972), and will briefly be described
below.

One of the earliest theories, proposed by Virchow in the middle of the past century,
as cited e.g. by Kunz (1975), states that the early atherosclerotic lesions result from
an imbibition of the vessel wall from the blood, and subsequent loosening of intimal
ground substance in which invading lipids become deposited. Virchow later con-
siders the process as an inflammatory change in the arterial intima.

The lipid filtration theory (Page, 1954) describes the atherosclerotic lesion as a
reaction of the arterial wall against penetrating plasma lipids, filtered by lateral
arterial pressure from the blood, and deposited in the intima as insoluble "foreign"
Hpid. The lipids in the plasma occur as soluble lipoprotein complexes. Under normal
conditions certain groups of lipoproteins pass straight through the v/all without any
harmful action, to be carried away by the adventitial capillaries, except for a small
fraction that enters the cells in the vessel wall and is metabolized. From the classes
of lipoproteins that can cross the endothelial lining of the vascular wall only the low-
density lipoproteins (LDL) with dimensions of 200-800 A seem to play a marked
role in atherogenesis (Gofman and Young, 1963). The deposition of LDL in the
subendothelial space of the arterial wall may well be due to structural surface proper-
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ties of the complexes; any LDL passing the endothelium is supposed to be trapped
in the surrounding net-work of intimal charged macromolecules by electrostatic en-
meshment, whereas the smaller high-density lipoproteins (HDL) will be unhindered
because of their different surface charges (Levy and Day, 1970; Camejo et al., 1978).
Lipid deposition in the arterial wall is to be expected when an increased lipid supply
to the wall exists (hyperlipemia). When the permeability of the endothelium and the
subendothelial ground substance is increased, the filter-barrier function of the vessel
wall is disturbed, possibly resulting in piling up of lipids in the vessel wall. Moreover,
the degree of lipid accumulation is expected to depend on hemodynamic forces in the
vascular system that push the lipid-rich blood against the wall.

The lipid synthesis theory postulates that the lipids in atheromatous plaques do
not originate from the blood but are produced in excess locally in the arterial wall,
by endothelial or smooth muscle cells, or by both, as a result of a derangement of
lipid metabolism. From the examination of human aortas and coronary arteries
Geer et al. (1961) proposed the synthesis and accumulation of lipid by smooth muscle
cells and the observed apparent transition of some of these cells into foam cells as the
mechanism responsible for the atherosclerotic disease.

The thrombogenic theory, proposed by Rokitansky over a hundred years ago, later
reactivated by Duguid (1946), as quoted by Mitchell and Schwartz (1965), suggests
that a thrombus becomes part of the arterial wall by an overgrowth of endothelial
cells from the edges, and by the infiltration of vascular cells from underneath, which
gradually replace the thrombic mass by fibrous tissue. Lipid appears in the resulting
plaque either by infiltration from the lumen or derived from material initially present
in the thrombus. Haust et al. (1959) saw in the organization of human aortic thrombi
the participation of cells that they identified as smooth muscle cells.

The lipophage migration theory, suggested by Leary (1941), is based on the hypo-
thesis that atheromatous plaques arise from lipid-laden macrophages circulating in

. the blood and adhering to the intima. They become incorporated in the wall either
by overgrowth of endothelial cells (Rannie and Duguid, 1953) in a fashion similar to
thrombus incorporation, or by penetrating the endothelium, as observed by Poole
and Florey (1958) in the aortas of hypercholesterolemic rabbits. The latter authors
furthermore describe that macrophages situated in atherosclerotic lesions below the
endothelium, may undergo mitoses, and may thus be the source of the enormous
quantities of foam cells as seen in advanced plaques. In rats, given a high-fat diet for
8 weeks or longer, Still and O'Neal (1962) also report the presence of lipid-filled
macrophages in the circulating blood, based on the examination of blood smears.
They also saw these macrophages penetrating the aortic endothelium of the animals
into the subendothelial space.

The importance of monocytes as the cell type transforming into foam cells has been
described in an historical review by Anitschkow (1967). The author states that the
arterial lesions in cholesterol-fed rabbits are always initiated by the infiltration of the
intimal ground substance with lipids. Simultaneously with the accumulation of lipids
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in the wall mononuclear wandering cells, probably originating from the blood, ap-
pear, in which lipids are stored in situ. These mononuclear cells are then transformed
into large lipid-laden macrophages (foam cells). With enzyme-histochemical methods
Barbolini et al. (1969) also suggest the monocytic origin of the foam cells in the
atherosclerotic lesions, observed in the aortas of hypercholesterolemic rabbits.

Another tendency in atherosclerotic research supports the idea that the intimal
foam cells are of endothelial origin. In human autopsy material Altschul (1944) ob-
serves a gradual transition of endothelial cells into typical foam cells. Furthermore,
he mentions nuclear changes pointing to mitotic activity of the endothelial cells.
Kuntz and Sulkin (1949) confirm Altschul's idea, but they did not observe any mitotic
division of endothelial cells in arterial lesions, induced in rabbits by a cholesterol-rich
diet. Hopewell (1974) describes occlusions in irradiated arterioles of the brain of a
rat, due to clonal growth of endothelial cells.

Several investigators support the theory that the atherosclerotic plaques consist
primarily of arterial smooth muscle cells. Two possible hypotheses are distinguished
(Tudge, 1973; Kolata, 1976).

The first one states that smooth muscle cells from the medial layer migrate through
the fenestrae of the lamina elastica interna into the intima, and start to proliferate
there. These smooth muscle cells, having lost their characteristic structure by accu-
mulating large quantities of lipids, form the foam cells in the more advanced lesions.
The migration and proliferation of smooth muscle cells is thought to be the response
of these, cells to the exposure, either to certain components from the blood plasma
(Ross and Glomset, 1973), or to certain substances released by platelets adhered to
a damaged vessel wall (Ross, 1976; Ross and Harker, 1976).

The second hypothesis holds that the smooth muscle cells in an atheromatous
plaque all derive from one single mutated cell, so that the plaque must be interpreted
as a kind of benign smooth muscle tumour (Benditt, 1977).

During the last two decades many investigators believe (based on electron-
microscopic observations) that the foam cells in the atheromatous plaques are not of
one single origin, but are of a twofold character. (Noteworthy in this respect is the
description of Altschul (1944) who already saw two cell types in his examination of
atherosclerotic lesions. He believed, however, that both types of intimal foam cells
were derived from endothelial cells.) According to descriptions of Balis et al. (1964),
Geer (1965), Haust (1971) and Feigl (1976) concerning human aortas and other large
arteries, of Imai et al. (1966) and Lee et al. (1970) concerning aortas of hyperlipemic
rabbits and swine respectively, and of Kirkpatrick (1967) about the influence of
X-irradiation with doses up to 4000 rad on the ear artery of hyperlipemic rabbits,
monocytes from the blood and smooth muscle cells from the tunica media are the
two cell types involved in the formation of foam cells in atheromatous plaques.

The light-microscopic comparison of the atherogenic effects of X-rays and fast
neutrons in hypercholesterolemic rabbits, described in this study, was started on the
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hypothesis that mucopolysaccharide depolymerization is the primary and most im-
portant effect underlying radiation-induced vascular damage.

On account of the results obtained in the first part of this study, a RBE value of
fast neutrons of about 0.6 for depolymerization of mucopolysaccharides in two simple
systems, and a RBE value of about 2 for the induction of atheroma ->sis, we concluded
that our hypothesis about the pathogenic mechanism of radiation-induced atheroma-
tosis had to be revised. Although a certain contribution of radiation-induced depoly-
merization of mucopolysaccharides in the vessel wall cannot be excluded, since an
increase of the permeability of the ground substance may promote the penetration
of lipids into the vessel wall, the RBE values mentioned above indicate that a different
effect, presumably at the cellular level, is the most prominent mechanism in the devel-
opment of the observed atheromatosis. An indication for the involvement of cellular
reactions in the process of radiation-induced atheromatosis was given by Konings
et al. (1975), who found activation of lysosomal enzymes in cells of intima and media
in the carotid arteries of hypercholesterolemic rabbits, starting about 3 to 4 days after
local irradiation with 2000 rad of X-rays.

Our observation of the dose dependence of the plaque thickness appears to be an
indication that possibly a cell proliferation process is involved. However, this assump-
tion cannot be confirmed by the observation of mitotic activity. A similar finding has
been described by Lindsay et al. (1962). These investigators irradiated the aortas of
dogs with different X-ray doses from 1500 to 5500 rad, and also found a decrease of
plaque formation at the higher radiation doses. They concluded that a cell prolifera-
tion process must be considered. From their light-microscopic observations only,
they believed that the plaques were characterized by proliferation of fibroblasts ap-
parently originating from the endothelium.

Our electron-microscopic observations of the development of the lesions at dif-
ferent time intervals after the irradiation are in accordance with the theory of a
combined monocytic and smooth muscle cell origin of the atheromatous foam cell
plaques, mentioned earlier. The finding of monocytes adhered to the endothelial cell
lining, their subsequent penetration into the subendothelial space of the carotid
artery as soon as 8h after the irradiation, and of the absence of these cells in normally
fed animals lOd after the irradiation, caused us to suggest that this phenomenon may
be interpreted as the response to the injury applied, possibly an initial cellular reaction
to the primary radiation damage inflicted on the endothelial cells. This reaction is
thought to be completed in 10 days. In this respect it is noteworthy that the period
of adherence of monocytes and their entrance into the subendothelial space is more or
less in accordance with the period of activation of the plasma membrane-bound
enzyme alkaline phosphatase in endothelial cells of irradiated rabbit carotid arteries
(2000 rad), observed by Konings et al. (1978) from 5h up to 3d after irradiation, inter-
preted as an indication for radiation-induced membrane damage of the endothelial
cells.

In the description of Kirkpatrick (1967) of the changes in irradiated ear arteries of
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both normo- and hypercholesteroteriuc rabbits this early appearance of monocytes
is tjot mentioned. On the contrary, the author reports the earliest changes in the vessel
wall consisting of lipid droplets accumulating in the subendothelial space only 16
days after the irradiation, the presence oflipid-laden macrophages in the plaques is
observed no sooner than 9 wrecks after the irradiation. Even the entrance of these cells
seems to continue^lhat time.
. V Experiments; offglonjjhgg et al. (1975) demonstrate that atheromatous lesions in
rafebjt carotid arterfe iTfS^il to develop when the cholesterol diet of the animals is
started ug to about thtterlle&eks aftef irradiation with 2000 rad of X-rays. They
conclird!^|!Jhat approximateifUhis period is necessary for the repair of the radiation-
inducedHncfeased permeability of the endothelium for lipids. This period roughly
corresponds to the time intervaHn which we found monocytes present in the sub-
endothelial space of the irradiated (1000 rad) arteries under normo-cholesterolemic
condition. Evidently the simultaneous presence in the subendothelial space of mono-
cytes and cholesterol-containing lipoproteins from about 8h up to about lOd after
irradiation is a necessary requirement for the development of radiation-induced
atheromatous lesions.

The recognition of the importance of the blood monocyte in the development of the
atheromatous foam cell plaque corresponds to the point of view of Anitschkow,
mentioned earlier. The investigator explains the appearance of monocytes as the
manifestation of a series of reactive processes starting in the arterial wall, against and
simultaneously • vith the deposition of lipids in the wall.

Asfr* our own observations, the monocytes in the subendothelial space accumulate
lipid, provided that the serum-cholesterol level is high. They enlarge, and in about
2d after the irradiation the first foam cells have formed. Small plaques gradually
enlarge and fuse, enclosing endothelial cells of their original lining within the resulting
plaque, as was observed 20d after the irradiation.

Increased migration of smooth muscle cells from the tunica media into the sub-
endothelial space is observed from 20d after the irradiation. The lack of any indication
of appreciable cell proliferation in the plaque leaves the migration phenomenon of
smooth muscle cells as the mechanism to explain the increase in cell number in the
plaque, after the invasion of monocytes from the lumen has stopped. As indicated in
Section 6.5.1 a high lipid supply to the smooth muscle cells in the tunica media might
promote proliferation of these cells, and in this way great numbers of smooth muscle
cells might become available to migrate from the media into the subendothelial space.
Konings et al. (1975) suggested proliferation of smooth muscle cells as the mechanism
to provide cells for the radiation-induced atheromatous plaque. The authors related
this suggestion to the observation of the enhanced activities of lysosomal enzymes
both in the intima (acid phosphatase) and in the media (/J-glucuronidase), beginning
on the third or fourth day after the irradiation. This enhanced lysosomal activity may
possibly result in triggering DNA-synthesis, and in the onset of smooth muscle cell
proliferation.
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On the basis of the electron microscopic observations, described in Section 7.3.2,
a different explanation may be suggested for the enhanced acid phosphatase activity
mentioned above, in cells at the intimal side of the artery. The occurrence of this
enzyme activity corresponds to the time at which we observed lipophages within the
subendothelial space. From the literature (Pearsall and Weiser, 1970) it is known
that macrophages are rich in acid phosphatase, the enzyme being in particular
characteristic of actively phagocytic macrophages. It is therefore suggested that the
increased acid phosphatase activity confirms the observations of subendothelial cells
of monocytic origin accumulating lipid vacuoles.

In spite of the indirect indications for cell proliferation as mentioned, direct proof
such as the observation of true mitoses was not obtained. However, as the majority
of the cells that compose the atheromatous plaques originate from the tunica media,
cell proliferation in the media must be considered obvious. The contribution of
smooth muscle cells in plaque formation following irradiation may then be explained
as the result of two competing effects: an increase in number of smooth muscle cells
in the tunica media (cell proliferation), to become available to migrate into the sub-
endothelial space, versus a decrease in number of vital smooth muscle cells capable
of proliferation due to the irradiation. The first effect, the stimulation of smooth
muscle cell proliferation, might possibly be interpreted by one of the two, or both,
following suggestions:

- the phenomenon is the manifestation of a repair mechanism (Haust, 1971), a
response of the organism to necrosis and disintegration of cells (macrophages),
observed about 20d after the irradiation;

- the high lipid influx facilitates smooth muscle cell proliferation in the tunica media
as mentioned in Section 6.5.1; the excess number of cells migrates into the plaque.

In this way the thinner plaques at high radiation doses can be explained by assuming
that a large fraction of cells has been lost for proliferation, resulting in a decrease in
the number of smooth muscle cells available to migrate into the subendothelial space.
The RBE value of about 2 of 15 MeV neutrons for the atherogenic effect is about the
same as RBE values generally found for cell proliferation inhibition and can be ex-
plained by proposing that the proliferation of the medial smooth muscle cells followed
by their migration is the predominant mechanism underlying the increase in cell
number in the radiation-induced atheromatous plaque.

The purpose of the experiments described in this study was to make a comparison of
the atherogenic effects of X-rays and fast neutrons in rabbits, in view of the late
vascular damage induced by either type of radiation in man, particularly with respect
to a possibly more extensive future application of neutrons in radiotherapy.

In considering whether extrapolation of these experimental results to man is al-
lowed, various different circumstances in the experimental and the human clinical
situation have to be faced, which impose certain restrictions on the evaluation of
predictions or statements.
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endothelial space; ECL, endothefial cell layer; SMC, smooth muscle cell; LEI, lamina elastica interna;
10,500 x.

First, the rabbit is by nature a herbivorous animal, with a normal serum cholesterol
level far lower than that of man, whereas the experimental levels are increased
artificially, and greatly exceed those usually seen in man.

Secondly, in spite of many similar aspects of atherosclerotic changes in human
autopsy material and in experimental animals as mentioned above, a different athero-
genic mechanism in the human arteries compared with the animal arteries may not
absolutely be ruled out.

A further difference is the time schedule in which the radiation is administered.
In our experimental set-up single doses have been given; in radiotherapy fractionated
irradiation is applied almost exclusively.

Further points could be: the comparison of radiation effects in healthy rabbits
with those in people mostly suffering from malignant disease, and the impossibility
to study early vascular radiation effects in man.

Due to these factors, a comparison of the absolute extent of vascular damage in the
experimental and the clinical situation is difficult. However, the experiments of de
Boer (1963) and others mentioned earlier, and the observations in autopsy material,
all indicate that radiation-induced vascular damage in man and in experimental
animals is comparable to a large extent.

We must therefore emphasize that, while appreciating a number of restrictions
inherent in the experimental animal conditions relative to man, the atheromatous
phenomena described in this study, will also be relevant in the human clinical situa-
tion. The experimental comparison of the vascular damage caused by X-rays and by
fast neutrons in hypercholesterolemic rabbits, justifies the conclusion that for both
types of radiation severe damage to the part of the vascular system in the irradiated
area must be taken into account in human radiotherapy, particularly in patients with
a high serum cholesterol level. This vascular damage is expected to occur to an
approximately equal degree with neutron irradiation as compared with conventional
photon therapy.

Neutron therapy is not intended to replace X- or y-ray treatment, but it has to be
considered as an additional possibility, among other treatment methods, to destroy
malignant tumour tissue. The essential consideration in chosing neutron irradiation
in specific cases must always be based on the relation between the clinical response of
the typical tumour cells involved and the injury to the normal tissue structures un-
avoidably exposed to the radiation beam.

Although the occurrence of mucopolysaccharides of various chemical composi-
tions in the body is manifold, only few experimental data are available on radiation-
induced mucopolysaccharide depolymerization= Most radiobiological experiments
only deal with the response of either tumour- or normal cells. So far little attention
has been paid to the changes induced by the irradiation in the bed surrounding the
cells and tissues. Yet, the changes of the tumour-bed may be of importance in radio-
therapy. It cannot be excluded that irradiation may promote the formation of
metastases owing to changes in cementing substances in between tumour cells, re-
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suiting in a decrease of their mutual adhesiveness. Some older experimental observa-
tions do indicate this possibility, but clinical evidence is scarce or absent (Kaplan
and Murphy, 1948-49; von Essen and Kaplan, 1952; Gasic et al., 1960). On account
of the RBE value of 14 MeV neutrons found for mucopolysaccharide depolymeriza-
tion, differences in this respect are likely to occur in neutron- and photon treatment.

The clinical experience with fast neutron therapy in a number of hospitals all over
the world was recently reviewed at the Third Meeting on fundamental and practical
aspects of fast neutrons and other high-LET particles in clinical radiotherapy (1978)
at The Hague. The meeting demonstrated that unquestionably many good results have
been obtained. Although unexpectedly bad or fatal results may possibly and even
very likely be explained by a bad selection of tumours, such results must urge to
exercise caution in selecting patients for neutron treatment, and emphasize the
necessity of intensive continuation of experiments that contribute to a more funda-
mental knowledge of all parameters involved in fast neutron radiotherapy.
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SUMMARY

During the last two decades there has been a great interest in the application of fast
neutrons and other types of densely ionizing radiation in radiotherapy and radio-
biology.

This thesis describes the results of a comparative experimental study on the
atheromatous changes of elastic arteries due to irradiation with 200 kVp X-rays and
15 MeV neutrons.

The investigation is the continuation of a series of earlier experiments, in which
examination of the effect of X-irradiation on several mucopolysaccharide systems,
including the arterial wall, resulted in the hypothesis that the radiation-induced
atheromatous changes of the vessel wall are primarily caused by depolymerization of
the mucopolysaccharide ground substance.

These experiments, as well as vessel wall damage described in the literature, either
found in the autopsy material of irradiated patients, or induced by experimental
irradiation of laboratory animals, are briefly summarized.

A number of radiobiological concepts, such as Linear Energy Transfer (LET),
absorbed radiation dose, Relative Biological Effectiveness (RBE) and Oxygen
Enhancement Ratio (OER) are discussed.

One chapter deals with the methods applied for neutron dosimetry: the activation
method, the scintillation method and the ionization method.

In two simple mucopolysaccharide systems, synovial fluid and subcutaneous con-
nective tissue membranes, the degrading effect of X-rays and neutrons is compared.
Due to the depolymerization of the mucopolysaccharides the viscosity of synovial
fluid decreases and the permeability of the connective tissue membranes for saline
increases after irradiation. In both systems a RBE of 0.6 has been found for fast
neutrons.

The atheromatous changes in the wall of elastic arteries (lipid penetration into the
vessel wall and the formation of plaques consisting of large, lipid-filled foam cells)
are studied in the carotid arteries of hypercholesterolemic rabbits, two months after
irradiating the arteries with different doses of X-rays or neutrons. On account of the
RBE of 0.6, mentioned earlier, and the hypothesis for radiation-induced atheroma-
tosis, the RBE of fast neutrons for the atherogenic effect was expected to be smaller
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than 1. However, the plaque formation and lipid penetration due to 500, 1000 and
2000 rad of X-rays correspond to the effects of 250, 500 and 1000 rad of neutrons
respectively, resulting in a RBE of about 2 of 15 MeV neutrons for the atherogenic
effect. This result is not in accordance with the hypothesis mentioned above, but gives
strong evidence that mainly a cellular mechanism participates in the pathogenesis of
radiation-induced atheromatosis.

With electron-microscopic observations the development of the atheromatous
lesions has been studied from a few hours after irradiation up to several weeks later.
As early as 8h following irradiation mononuclear cells appear in the subendothelial
space of the vessel wall, presumably monocytes from the blood. In hypercholesterol-
emic animals more and more lipid-containing vacuoles appear in these monocytes,
until they have gradually transformed into foam cells, visible from the second day
following irradiation.

Smooth muscle cells migrating from the medial layer through the fenestrae of the
lamina elastica interna into the subendothelial space, also showing an increasing
number of lipid-vacuoles, constitute a second cell type participating in the process of
plaque formation. Smooth muscle cells in the media sometimes show lipid-containing
vacuoles as well.

The discussion of the obtained results contains a short description of theories
known from the literature about the pathogenesis of the atheromatous plaque. Due
to differences between the human clinical situation and the laboratory-animal situa-
tion extrapolation of the results to man is difficult. With this restriction the conclusion
of the investigation is that in therapeutic irradiation with X-rays as well as with fast
neutrons severe damage to blood vessels in the irradiated area has to be taken into
account as an unwanted side-effect, particularly in patients with a high serum
cholesterol level. Comparable damage must be expected for neutron and for X-ray
irradiation.
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Gedurende de laatste twintig jaar bestaat er veel belangstelling voor toepassing van
snelle neutronen en andere stralingssoorten met hoge ionisatiedichtheid in de radio-
therapie en de radiobiologie.

Dit proefschrift beschrijft de resultaten van een vergelijkend experimenteel onder-
zoek naar de atheromateuze veranderingen in elastische arteriën tengevolge van be-
straling met 200 kV Röntgenstraling en 15 MeV neutronen.

Het onderzoek is een voortzetting van eerder experimenteel werk, waarbij de be-
studering van het effect van Röntgenbestraling op een aantal mucopolysaccharide
systemen, waaronder de arteriewarid, tot de hypothese leidde, dat de door straling
geïnduceerde atheromateuze veranderingen van de vaatwand primair worden ver-
oorzaakt door depolymerisatie van de mucopolysaccharide grondsubstantie.

Van deze experimenten, alsmede de in de literatuur beschreven vaatwandbescha-
digingen, hetzij aangetroffen in het obductiemateriaal van bestraalde patiënten, hetzij
veroorzaakt door experimentele bestraling van proefdieren, wordt een kort overzicht
gegeven.

Enige radiobiologische begrippen zoals Linear Energy Transfer (LET), geabsor-
beerde stralingsdosis, Relative Biological Effectiveness (RBE) en Oxygen Enhance-
ment Ratio (OER) worden besproken.

Een hoofdstuk is gewijd aan de methoden die zijn toegepast voor neutronen-
dosimetrie: de activeringsmethode, de scintillatiemethode en de ionisatiemethode.

In twee eenvoudige mucopolysaccharide systemen, resp. synoviaal vloeistof en
subcutane bindweefsel-membraantjes, wordt het depolymeriserend effect van
Röntgenstraling en neutronen vergeleken. Tengevolge van de depolymerisatie der
mucopolysacchariden daalt de viscositeit van synovia en stijgt de permeabiliteit van
de bindweefsel-membraantjes na bestraling. In beide systemen wordt voor snelle
neutronen een RBE van 0,6 gevonden.

De atheromateuze veranderingen in de wand van elastische arteriën (vetinfiltratie
in de vaatwand en de vorming van plaques bestaande uit grote, met vet gevulde
schuimcellen) worden bestudeerd in de arteriae carotides van hypercholesterolaemi-
sche konijnen, 2 maanden na bestraling van de arteriën met verschillende doses
Röntgenstraling of neutronen. Op grond van de eerder genoemde RBE van 0,6 en
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de hypothese voor atheromatose-inductie door straling, was de verwachting ontstaan
dat de RBE van snelle neutronen voor dit effect kleiner dan 1 zou zijn. Echter, de
plaque-vorming en vetinfiltratie, veroorzaakt door 500, 1000 en 2000 rad Röntgen-
straling, stemmen overeen met het effect van resp. 250, 500 en 1000 rad neutronen,
zodat de RBE van 15 MeV neutronen voor het doen ontstaan van stralingsathero-
matose ongeveer 2 is. Dit resultaat is niet in overeenstemming met de bovengenoemde
hypothese, maar wijst er op dat een cellulair mechanisme in hoofdzaak verantwoor-
delijk is voor de pathogenese van door straling veroorzaakte atheromatose.

Met behulp van electronen-microscopische waarnemingen is de ontwikkeling van
de atheromateuze lesies bestudeerd vanaf enige uren tot enkele weken na de bestraling.
Reeds vanaf 8 uur na de bestraling verschijnen in de subendotheliale ruimte van de
vaatwand mononucléaire cellen, zeer waarschijnlijk monocyten uit het bloed. In
hypercholesterolaemische dieren ontstaan in deze monocyten steeds meer lipide-
vacuolen, tot ze geleidelijk zijn overgegaan in schuimcellen, zichtbaar vanaf de tweede
dag na de bestraling.

Gladde spiercellen die vanuit de media via de fenestrae in de lamina elastica interna
migreren naar de subendotheliale ruimte, daar met vetvacuolen gevuld raken, vormen
een tweede celtype dat deelneemt aan het proces van de plaque-vorming. Ook gladde
spiercellen die in de media liggen bevatten soms vet-vacuolen.

De discussie van de gevonden resultaten omvat een korte beschrijving van uit de
literatuur bekende theorieën omtrent de pathogenese van de atheromateuze plaque.
Tengevolge van verschillen tussen de klinische situatie voor de mens en de proefdier-
situatie is extrapolatie van de waarnemingen naar de mens moeilijk. Met inacht-
neming van deze beperking luidt de conclusie van het onderzoek dat bij therapeutische
bestraling met Röntgenstraling zowel als met snelle neutronen rekening moet worden
gehouden met ernstige beschadiging van bloedvaten in het bestraalde gebied als on-
gewenst neven-effect, in het bijzonder wanneer het patiënten met een verhoogde
serum-cholesterol spiegel betreft. Bij toepassing van neutronenbestraling kan worden
verwacht dat dit effect in vergelijkbare mate zal optreden als bij het toedienen van
Röntgenbestraling.
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STELLINGEN

Toepassing van functionele afbeeldingstechnieken van de opname van radioactief
gemerkt colloid in de lever zou mogelijk aanvullende informatie kunnen verschaffen
op de bestaande statische leverscintigrafie.

Bij gebruik van fluorescerende kleurstoffen in medisch-biologisch onderzoek dient
men zich ervan te overtuigen dat de waarnemingen en interpretaties niet beïnvloed
worden door foto-dynamische effecten.

De mogelijkheden voor het gebruik van stabiele isotopen in de medische diagnostiek
zouden nader kunnen "'orden onderzocht.

Alhoewel er in het laboratorium aanwijzingen gevonden zijn voor het bestaan van
een oorzakelijk verband tussen in vitro verlaagd 2,3-DPG gehalte van transfusiebloed
en in vivo weefselhypoxie, is dit verband in de klinische praktijk van bloedtransfusie
nimmer aangetoond.

De inwassnelheid van een mono-exponentiële inwascurve kan door middel van
lineaire regressie met een kleine rekenmachine berekend worden, als de plateau-
waarde bekend is. Wordt echter het plateau niet bereikt, dan is er toch een methode
te vinden om met behulp van lineaire regressie deze parameter te bepalen.

Eur. J. Nucl. Med. 4, 1.(1979)

Ten onrechte concluderen Matsui et al. uit hun metingen dat de bloedstroom naar het
been hoger is na maximale inspanning op een tredmolen dan na maximale inspanning
op een fiets.

Eur. J. Appl. Physiol. 40, 57, (1978)

Ï-H-

Bij therapeutische bestraling van patiënten met een verhoogde serum-cholesterol
spiegel moet rekening worden gehouden met het optreden van ernstige vasculaire
complicaties.
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8
Hoewel de bestraling van maligne tumoren met negatieve pi-mesonen een veel-
belovende therapie lijkt, valt te betwijfelen of deze zich op zodanige schaal zal
kunnen ontwikkelen dat behandeling van patiënten als routine-therapie beschikbaar
komt.

Het is wenselijk om het gebruik van leestekens ter aanduiding van decimalen of
duizendtallen internationaal te normaliseren.

10
Uit het feit dat programma's voor wetenschappelijke congressen in het algemeen
behalve "Scientific program" een "Ladies program" vermelden, moge blijken dat
wetenschappelijk onderzoek veelal nog als een typisch mannelijke bezigheid wordt
beschouwd.

11
De verkeerscirculatie van de stad Groningen vertoont vele kenmerken van de
bloedcirculatie door atheromateuze arteriën.
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