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ABSTRACT 

A t interfaces of tissues of dif ferent composition in intact organisms 

local perturbations of charged part ic le equi l ibr ium occur , which may be 

dif ferent for irradiations w i th fast neutrons and electromagnetic radiation. 

The variations in absorbed dose at the interface of bone and soft tissue 

have been investigated wi th a ce l l culture system. For X- i r radlat ions and 

15 MeV neutron irradiations survival curves have been determined for cells 

irradiated on muscle equivalent plastic and on bone equivalent p las t ic . 

These results have been related to the occurrence of the bone-marrow 

syndrome and the intestinal syndrome in mice after neutron- and X - i r r a d i o -

t l o n . 

Due to the various types of interactions of fast neutrons w i th the com­

ponents of t issue, the distr ibut ion of the dose in LET is complex. It is 

therefore d i f f i cu l t to assess an average LET for the dif ferent types of fast 

neutrons. An exact knowledge of the relevant distributions of dose in LET 

is requ i red. For a f irst approximation a dist inct ion has been made between 

a "high-LET component" and a "proton component". In order to separate 

these components exper imenta l ly , irradiations where carried out in which 

perturbations of charged part ic le equi l ibr ium were induced a r t i f i c i a l l y . 

Survival curves hove been determined for neutron irradiations w i th either 

layers of tissue equivalent plastic or layers of pure carbon mounted in front 

of the ce l l s . These results w i l l be discussed in relat ion to the OER and RBE 

values measured for fast neutrons of dif ferent energies. 
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I . INTRODUCTION 

Over the past years we have studied the effects of fast neutrons of 

dif ferent energies for various b io logical systems ( 1 , 2 ) . For an adequate 

evaluation of these bio logical effects the energy deposition in the i r ra ­

diated material has to be considered at dif ferent leve ls . In this respect 

three different areas of dosimetry con be dist inguished. Measurements of 

the mean absorbed dose and of the inhomogeneity of the dose due to bui ld 

up and absorption in the irradiated body can be designated as macro-

dosimetry. In irradiations of mammals discontinuit ies of the structure of 

the body , which are associated w i th the skeleton and the a i r - f i l l e d lung 

tissues, may produce serious inhomogeneities in the dose distr ibution on 

a smaller scale. Interface dosimetry is concerned wi th studies on the 

variations of the absorbed dose due to local perturbations of secondary 

charged part ic le equ i l ib r ium. 

Furthermore, the energy dissipation by ioniz ing radiation in tissue 

is not a random phenomenon but occurs mainly along the tracks of charged 

par t ic les. Investigations concerning the spatial distr ibution of the energy 

deposition on a cel lu lar and subcellular scale ore referred to as micro-

dosimetry. For a first specif icat ion of the radiation qual i ty the concept 

LET is generally used. Since neutrons dissipate their energy in tissue 

through different interactions wi th the various contituents of the mater ia l , 

a complex LET spectrum is obta ined. It is now generally a.ccepted that the 

concept of an average LET has l imited signif icance for neutron rad ia t ion . 

Interpretation of the b io logical effects w i l l require a spectral analysis of 

the distr ibution of the dose per LET interval (3) or exact knowledge on the 

spectra of event sizes and local energy densities in the irradiated material 

(4) . 

*Thi5 work was performed under contract nr. 065-66-10 BION wi th the 
European Atomic Energy Community (Euratom), Brussels, Belgium. 
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In this paper our experimental results on interface dosimetry w i l l 

be reported and the importance of secondary charged part ic le equi l ibr ium 

for death of mice due to the bone-morrow and intestinal syndromes w i l l 

be discussed. The survival of cultured cells after i rradiat ion wi th various 

beams of fast neutrons was studied for dif ferent i rradiat ion condit ions. The 

resulting RBE values are higher than those of charged particles wi th a com­

parable track average LET, whi le the OER values for various neutron 

energies ore fa i r l y constant over a wide energy range. Fora quant i tat ive 

interpretation of these phenomena a dist inct ion was mode between the 

" low-LET component" of the neutron radiation due to recoi l protons and 

the "high-LET component" due to interactions wi th carbon, oxygen and 

nitrogen n u c l e i . These components were separated by irradiat ing cultured 

cells in conditions w i th and without proton equ i l ib r ium. Survival curves 

w i l l be reported for neutron irradiations wi th either layers of tissue equ i ­

valent plastic or layers of pure carbon mounted in front of the ce l l s . From 

these results survival curves for the "high-LET component" and the "proton 

component" w i l l be der ived . 

The survival curves for irradiations of cells on carbon and on tissue 

equivalent plastic present the maximum variat ion of absorbed dose,which 

con be found at on in ter face. In the irradiations of an intact animal the 

differences in absorbed dose due to local perturbations of secondary 

radiat ion equi l ibr ium w i l l be smaller. Survival curves for cells irradiated 

on muscle equivalent plastic and bone equivalent plastic w i l l be presented 

and these results w i l l be discussed in relat ion to the occurrence of the 

bone-morrow syndrome and the intestinal syndrome in mice after neutron­

and X- i r rad ia t ions . 

I I . RBE A N D OER VALUES FOR NEUTRON IRRADIATIONS OF CULTURED 

CELLS A N D . M I C E . 

The experimental data on ce l l survival hove been obtained wi th on 
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established l ine of cultured cells derived from human k idney. The ce l l 

culture technique has been described in detai l elsewhere ( 1 , 5 ) . In a l l 

experiments culture dishes were used consisting of gloss rings wi th jo 6p 

th ick Mel inex bot tom. The cells were plated on the dishes; after several 

hours incubation at 37<>C the cells adhered to the bottom of the dishes. 

For the investigations on the OER the medium was removed from the 

dishes after this incubation period and the dishes were flushed wi th air 

or pure n i t rogen. For the irradiations of the cultured cells f ive dif ferent 

types of fast neutrons hove been employed. A van de Graoff electrostatic 

accelerator was used for the production of mono-energetic neutrons of 3 

MeV and 15 MeV energy,through the D-D and the D-T reaction,respec-

t i v e l y . Fission spectrum fast neutronjt w i th a maximum intensity at about 

1 .5 MeV were produced by exposure of a converter plate to thermal 

neutrons from the Low Flux Reactor of the Reactor Centre Netherlands 

at Petten. Fast neutrons wi th a maximum intensity at about 6 MeV were 

obtained by bombarding o th ick beryl l ium target wi th 16 MeV deuterons 

from the MRC 45 inch cyclotron at the Hammersmith Hosp i ta l , London, 

England. The lost type of fast neutrons was obtained by bombarding a 

th ick beryl l ium target wi th 20 MeV hel ium-3 ions from the Philips AVF 

51 inch cyclotron at Ge ld rop , the Nether lands. There isonlyscanty i n ­

formation on the energy spectrum of these neutrons; The mean energy is 

assumed to be about 10 M e V . A detai led description of the experimental 

conditions w i l l be published in the near future (6). The macroscopic 

dosimetry for a l l experiments was carried out w i th tissue equivalent 

ionizat ion chambers and sulphur act ivat ion detectors ( 7 , 8 ) . 

The pattern of mortal i ty of mice was only investigated for 15 MeV 

neutron i rradiat ions. The (CBA/Rij x C57BL/Ri i)Fi hybrid mole mice 

were irradiated at ages ranging from 10 to 12 weeks. The 30 day mortal i ty 

and 5 day mortal i ty were token as cr i ter ia for the hematopoietic and i n ­

testinal syndrome respect ively. The mice were irradiated in perforated 

Lusteroid centri fuge tubes. In order to compensate for the inhomogeneities 
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in the f lux density distr ibution and to obtain mul i - lo tero l exposure, the 

tubes wi th the mice were mounted on o Styrofoom irradiat ion cy l inder , 

which was rotated around the target during the irradiations (1) . A max i ­

mum dose rate of 7 rads/min was obtained for the centre- l ine absorbed 

dose in the an ima l . Consequently total i rradiat ion times of about 2 hours 

were required to produce lethal i ty of the animals. 

The survival curves of the cultured cells obtained for standard i r rad ia­

t ion condi t ions, i . e . secondary charged part ic le equi l ibr ium and medium 

equi l ibrated w i th a i r , hove been presented in f igure 1 . It con be seen 

from this f igure that for a l l neutron beams the survival curves show less 

curvature than the curve obtained wi th 250 kVp X-roys which has been 

included for comparison. The RBE values, derived from these curves, 

decrease wi th the percentage surv iva l , i . e . wi th increasing dose, which 

phenomenon is due to the dif ferent shapes of the survival curves. In further 

experiments survival curves were determined for cells equi l ibrated wi th air 

and nitrogen respectively (9) . The OER values derived from these data 

vary only sl ight ly w i th mean neutron energy. For neutrons w i th the highest 

and lowest energies OER values of 1 .6 -f- 0 .2 and 1 .5 + 0.1 were found 

respect ively. 

Due to the l imited output of the neutron generator a minimum i r rad ia­

t ion time of 2 hours had to be accepted for the 15 MeV neutron i r rad ia­

tions of the mice . For these 2-hour irradiations i t was found that doses of 

735 rods of 250 kVp X-rays and 660 rods of 15 MeV neutrons produce 50 

per cent mortal i ty w i th in 30 days. For the same irradiat ion conditions 

doses of 1350 rods of 250 kVp X-rays and 950 rods of 15 MeV neutrons 

were required to produce 50 per cent mortal i ty w i th in 5 days. O n the 

basis of these LD50 values the RBE values for the bone-morrow syndrome 

and the intestinal syndrome were calculated at 1 .1 and 1 .4 respect ively. 

In contrast w i th the results of other investigators (1) we hove in our exper i ­

ments not observed that 15 MeV neutrons exclusively produce the early 

intestinal dea th . It can be conc luded, however, that the relat ive dose 
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interval between the LD50 for the intestinal syndrome and the LD50 for 

the bone-morrow syndrome is smaller for 15 MeV neutron irradiations 

than for X- i r rad ia t ions. The ratio of the RBE values for the two rad ia­

t ion syndromes i . e . 1 .4 /1 .1 = 1 .27 is a measure for the variations of 

the relat ive intervals between the bone-marrow and intestinal syndromes 

occurring after X - or neutron-irradiations (1). 

I I I . EXPERIMENTAL VARIATIONS OF SECONDARY PARTICLE 

EQUILIBRIUM IN IRRADIATIONS OF CULTURED CELLS. 

An explanation for the observed independence of the OER from the 

neutron energy in the range invest igated, con be given by considering the 

distr ibution of the dose over the LET range. Fast neutrons dissipate energy 

in tissue mainly by elastic coll isions w i th hydrogen nuclei w h i l e , at 

energies in excess of about 10 M e V , interactions w i th other nuclei such 

OS C and O contribute s igni f icant ly to the absorbed energy (10). For the 

distr ibution in LET of the dose of fast neutrons, two important regions can 

be distinguished corresponding respectively to the energy dissipated through 

protons and to the energy dissipated through interactions wi th C , O and N . 

Protons set in motion by neutrons through elastic coll isions dissipate energy 

wi th a distr ibution of the dose in LET which extends from low values of a 

few keV/p to a maximum value of about 96 keV/p at the Bragg peak. 

Energy dissipated by fast neutrons through interactions wi th C , O and N 

nuclei is deposited mainly in the LET^^ region between 100 and 1000 

keV/p ( 3 , 10). The LET spectra for fission neutrons and neutrons of 3 

MeV and 15 MeV energy, as calculated by Bewley (3) , are presented 

in f igure 2 . 

In order to distinguish experimental ly between the b io logical damage 

produced by the protons and the heavier nuclei respect ive ly , survival 

curves were determined in which secondary part ic le equi l ibr ium was p ro ­

vided or del iberately avo ided . This was accomplished by mounting under 

the 6p th ick Mel inex bottoms of the culture dishes, 3 mm th ick discs of 
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either tissue equivalent plastic or pure carbon. For 15 MeV neutrons 

the recoi l protons hove ranges, which for the greater port ore large 

compared to the diameters of the ce l l s . A proton of 1 MeV energy has 

a range in tissue of about 25p , which is approximately equal to the 

diameter of the cultured ce l l s . However, a proton of 10 MeV energy 

has o range in tissue of about 1200p. Wi th tissue equivalent plastic 

adjacent to the bottom of the dishes, the number and energy of protons 

set in motion outside the cel l and entering i t , is equal to the number 

and energy of protons produced inside the cel l which emerge from i t . 

For this cose of secondary part ic le equi l ibr ium Randolph (10) has c a l ­

culated that w i th 15 MeV neutrons 70 per cent of energy is dissipated 

through interactions wi th hydrogen nuclei and 30 per cent of the energy 

through interactions wi th heavier n u c l e i . Wi th pure carbon in front of 

the ce l l s , the energy deposited in the cells only results from interactions 

of neutrons wi th nuclei of H , C , O and N present inside the c e l l . Further­

more the protons wi th energies in excess of about 1 M e V , produced inside 

the cel l , w i l l dissipate most of their energy outside the c e l l . Thus for 

15 MeV neutrons the contribution of protons to the energy dissipation 

w i l l -be greatly reduced wi th a consequent reduction in the contr ibut ion 

of the component of dose corresponding to LET values below about 100 

k e V / p . Most of the energy deposited in the ce l l s , irradiated in these 

condi t ions, w i l l result from interactions of neutrons wi th C , O and N 

n u c l e i , which produce particJes wi th ranges which are short in comparison 

to the dimensions of the ce l l s . 

In f igure 3 survival curves hove been presented for 15 MeV neutrons 

wi th cells irradiated wi th and without proton equi l ibr ium for oxygenated 

condi t ions. From these survival curves an approximate dist inct ion con be 

made between the effects of interactions of 15 MeV neutrons wi th hydrogen 

and otber nuclei respect ively. From a comparison of the curves 1 and 2 of 

f igure 3 i t con be deduced for instance that w i th a dose of 200 rads of 15 

MeV neutrons, a fract ion of 0.18 surviving cells is obtained in the case 
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Figure 3 . Survival curves obtained for cultured cells irradiated wi th 15 

MeV neutrons whereby discs of tissue equivalent plastic or 

carbon were mounted under the bottoms of the dishes (curves 

1 and 2 respect ively) . Curves 3 and 4 represent survival curves 

calculated for the "h igh LET component" and the "proton com­

ponent" of the energy dissipation respect ively. The dose scale 

is given in kerma units (kinetic energy released in matter). In 

conditions of secondary part ic le equ i l i b r ium, as present for curve 

1 , a kerma of 100 ergs per gram is equal to a dose of 1 r od . For 

curve 2 the dose in rads cannot be given because i t is unknown 

which f ract ion of the secondary protons is el iminated by mounting 

carbon discs under the thin bottoms of the dishes. For a given 

kerma the exposure is the some, however, the absorbed doses 

for curves 1 and 2 ore d i f fe rent . 
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of proton equi l ibr ium whereas a f ract ion of 0 .45 surviving cel ls is o b ­

tained if the same fluence is used but the contr ibution of protons is 

e l im inated. This implies that the surviving fract ion resulting from the 

protons alone is 0 .18 /0 .45 = 0 . 4 0 . It is clear from this calculat ion 

that at a dose of 200 rads the contr ibut ion to the k i l l i ng of cells of 

the two components of the LET distr ibution is about equa l . If we 

assume Randolph's calculat ion to be correct i . e . that 70 per cent 

of the total dose is dissipated through protons, i t con be concluded 

that at a total dose of 200 rads, the part ia l dose of 140 rods of fast 

protons would cause a reduction of the f ract ion of surviving cells to 

0 . 4 0 . A t 400 rods total dose the sojne type of calculations show that 

the proton component equivalent to 280 rods would produce a surviving 

f ract ion of 0 .021 /0 .19 = 0.11 . In this way survival curves for the two 

components can be der i ved . Curve 3 represents the survival curve 

derived for the "high-LET component" and curve 4 represents the sur­

v i va l curve for the "proton component" . The RBE values for these two 

components con be calculated at 4 . 9 and 2 .2 respectively for 50 per 

cent survival which values hove to be compared wi th the RBE of 2 .7 

found for 15 MeV neutrons. 

In addit ion to these dif ferent RBE values found for the two components, 

di f ferent OER values can be expected for the damage produced by recoi l 

protons and heavy n u c l e i , respect ively. In subsequent experiments the 

oxygen effect was investigated for irradiations wi th and without proton 

equ i l i b r ium. The results of the experiments wi th 15 MeV neutrons ore 

presented in f igure 4 . It con be derived that the OER for cells irradiated 

in conditions where proton equi l ibr ium is provided is equal to 1 . 4 , where­

as if a large port of the protons is el iminated an OER of about 1 .1 is o b ­

ta i ned . The value of 1 .4 does not di f fer s igni f icant ly from the value of 

1 .6 mentioned earl ier (9) . An analysis of the effectiveness of the proton 

component in anoxic conditions compared w i th oxygenated conditions by 

a similar calculat ion as described earl ier shows that the OER for this proton 
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Figure 4 . Survival curves obtained for cultured cells in equi l ibr ium with 

oir or nitrogen exposed to 15 MeV neutrons under conditions in 

which either secondary part ic le equi l ibr ium was provided or 

part of the proton component was e l im inated. For irradiations 

on tissue equivalent plastic curves 1 and 2 were obto inedfor 

cells equi l ibrated wi th a i r and nitrogen respect ively. The OER 

in this experimental arrangement wi th secondary part ic le 

equi l ibr ium is about 1 . 4 . For irradiations on carbon curves 3 

and 4 were found for oxygenated and anoxic conditions 

respect ively. The OER in this experimental arrangement 

is equal to about 1 . 1 . 
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component is equal to about 2.1 . The high OE1^ for the proton component 

and the low OER for the heavy recoils result in the OER of 1 .6 for the 15 

MeV neutrons. It con be concluded that the increasing contr ibut ion to the 

energy deposition of the heavy recoils w i th a high LET as a funct ion of the 

increasing neutron energy, is compensated by the phenomenon that the 

protons exhibi t a decreasing LET wi th increasing energy. In this way the 

independence of the OER of fast neutrons from the mean neutron energy 

of the various beams used might be exp la ined. 

For o confirmation of this interpretation the OER values for the "proton 

component" and the "high-LET component" should also be obtained for 

lower neutron energies . Therefore the oxygen effect was also investigated 

for irradiations wi th fission neutrons under conditions w i th and without 

proton equ i l ib r ium. In f igure 5 the resulting survival curves are presented. 

It con be seen that the survival curves for irradiations on carbon for anoxic 

and oxygenated conditions show only a small shift to higher kerma values. 

No change in OER is found . This is in agreement wi th the fact that for 

fission spectrum fast neutrons only a small port of the energy is dissipated 

through protons wi th high energies. Furthermore i t has to be real ized that 

a proton of 1 MeV energy has a range which is comparable to the diameter 

of the cultured ce l l s . Consequently for the irradiations wi th fission neutrons 

the contr ibut ion of the proton component to the b io logical damage can only 

be el iminated for a small par t . 

I V . PERTURBATIONS I N SECONDARY PARTICLE EQUILIBRIUM IN IRRA­

DIATIONS OF MICE. 

Studies on the intestinal and hematopoietic syndromes of mice after 

neutron- and X- i r radiat ions resulted in different RBE values, which ore 

d i rect ly related to the difference in sequence of the two syndromes for 

neutron- and X- i r radiat ions respect ively. Differences in the absorbed 

doses at interfaces, notably at those of bone and soft t issue, might be 
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fission spectrum neutrons 

A t.e. plastic, oxygenated 
O t.e. plastic, anoxie 
• carbon, oxygenated 
• carbon, onoxic 

kerma in 10 ergs/gram 

Figure 5 . Survival curves obtained for cultured cells equi l ibrated 

wi th a i r or nitrogen irradiated wi th fission spectrum fast 

neutrons w i th discs of carbon and tissue equivalent plastic 

mounted under the dishes. For irradiations on tissue 

equivalent plastic curves 1 and 3 were obtained for cells 

equi l ibrated w i th a i r or nitrogen respect ive ly. For i r rad ia ­

tions on carbon curves 3 and 4 were found for oxygenated 

and anoxic conditions respect ively. For both experimental 

arrangements the OER was found to be equal to 1 . 5 . 
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responsible for the differences in the pattern of mortal i ty of mice after 

neutron- and X- i r rad ia t ions . Owing to the lower hydrogen content of 

the bone, the absorbed dose in the bone-marrow cells w i l l be smaller 

than that in the intestinal cells for exposures to fast neutrons. O n the 

other hand, in exposures of animals to250kVp X-rays the bone-morrow 

may receive a re la t ive ly high absorbed dose owing to the excess of 

secondary electrons produced by photo-electr ic absorption in the minerals 

of the bone. 

For electromagnetic irradiations the inhomogeneities in the dose d is­

t r ibut ion at a bone- soft tissue interface were extensively investigated 

by both theoret ical and experimental physical methods (11-14). However, 

for 15 MeV neutron irradiations this problem was only studied theore t ica l ­

ly by Yomamoto (15, 16). A l l calculations ore conf inedtoplone paral lel 

geometry of bone and soft tissue layers and therefore represent only a 

first crude approximation to the actual geometry of the bone-morrow 

cavit ies in the mouse. The average energy absorbed by the bone-morrow 

of the mouse can be estimated on basis of the distr ibution of the total 

marrow over a 11.the different bone cavit ies of various shapes and sizes 

and the average absorbed dose in the bone-marrow in these di f ferent 

geometries (12). 

The above mentioned theoretical data ore subject to some l imi ta t ions. 

As fa ros the neutron irradiations are concerned, Yomamoto (15) considered 

in his f irst calculations only the production of protons in the soft tissue or 

the bone and further assumed the energy of the protons to be independent 

on the scattering ang le . On ly recently calculations hove been mode for 

which the appropriate corrections were appl ied (16). In order to veri fy 

the theoret ical da ta , the tissue culture system was employed as a b io logical 

dosimeter. Firstly the cultured cells were irradiated in monolayer wi th 

circular discs of bone-equivalent and muscle-equivalent plastic mounted 

under the bottoms of the dishes. Secondly ce l l suspensions were irradiated 

in either muscle- or bone-equivalent small tubes respectively simulating 
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the irradiat ion of the intestinal tract and the bone-morrow in the limb 

bones. 

The experimental technique for the irradiations of the cells in mono­

layer has already been described in the sections II and I I I of this paper. 

The survival curves for cel ls adjacent to the various materials ore shown 

in f igure 6 for 15 MeV neutron i r radiat ions. Wi th respect to the curve 

for muscle-equivalent plastic the other curves show a shift to higher 

kerma va lues, which indicates that for the same exposure a smaller 

amount of energy was absorbed in the c e l l s , adjacent to carbon and 

bone-equivalent p las t ic . A difference of 12 per cent was found between 

the kerma values required to produce equal effects in cells adjacent to 

bone-equivalent plastic and in cells adjacent to muscle-equivalent p las t i c . 

In f igure 7 survival curves ore presented for cells adjacent to bone-equivalent 

and muscle-equivalent plastic after i r radiat ion wi th 250 kVp X - rays . The 

curve for bone-equivalent plastic shows a shift to lower kerma values w i th 

respect to the curve for muscle-equivalent p las t i c , corresponding to a 

difference of 17 per cent between the kerma values required to produce 

equal ef fects. 

The factors 0.88 and 1.17 represent maximum variations in relat ive 

effectiveness which w i l l be found in layers of ceils d i rect ly adjacent to 

bone. In order to obtain data wi th respect to differences between mean 

absorbed doses in the tota l bone-morrow after neutron- and X- i r rad ia t ions , 

the responses of cells should also be studied in other geometries. As demonstrated 

earl ier (1) , tissue culture cells contained in small tubes may be used as 

small-size b io log ica l dosimeters. In the experiments tubes were employed 

which were mode of muscle-equivalent plastic and bone-equivalent plastic 

and which could be closed wi th small s i l icon rubber stoppers. Ce l l suspensions 

were brought into the tubes (with a length of 20 mm, on inside diameter of 

1 .5 mm and a wa l l thickness of 0.25 mm), which were placed in dif ferent 

positions in a mouse phantom. A f te r i r radiat ion the ce l l suspensions were 

removed from the tubes and plated after appropriate d i lu t ions . The surviving 
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• bone-equivalent plastic 
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Figure 6 . Survival curves for 15 MeV neutron irradiations of cells 

adjacent to muscle equivalent plastic (curve 1 ) ,bone 

equivalent plastic (carve 2) and carbon (curve 3 ) . 
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Figure 7 . Survival curves for 250 kVp X- i r radiat ions of cells adjacent 

to bone equivalent plastic (curve 1) and muscle equivalent 

plastic (curve 2 ) . 
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fract ion of cells was determined after 250 rads and 350 rads 15 MeV neutron 

irradiations and after 500rads and 700rads 250 kVp X- i r rad ia t ions.The results 

are presented in f igure 8 for neutron and X - i r r ad i o t i on . These experimental 

results show clear ly a shift of the curves in thé same direct ion «is observed for 

cel ls in monolayer, but the absolute differences ore much smaller. 

In table I the results concerning the survival of the cultured cells ore 

compared w i th the calculat ions of Epp et a l . (12) and Yomamoto (16) , 

carried out for the irradiat ion of o soft tissue layer adjacent to a quasi-

in f in i te bone layer and the irradiat ion of the bone-morrow cells present 

in the femora. The human kidney c e l l s , which themselves have a diameter 

between- 10 and 3 0 p , are attached to the bottom of the culture dishes. The 

variations in absorbed doses found in the irradiat ion of the dishes ore there­

fore comparable to the difference between the calculated average energy 

absorption in a 30p th ick bone-morrow layer adjacent to bone and the 

energy absorption in a bone-morrow layer remote from bone. The results 

obtained w i th irradiations of the ce l l suspensions in the tubes may be com­

pared w i th the calculat ions concerning the irradiat ion of bone-marrow in 

the femora. From table I i t con be seen that for the irradiations of the 30p 

th ick soft tissue layer the deviations ore smaller than those calculated by 

Yomamoto (16) and Epp et o l . (12). However, for the irradiations of the 

cells in the tubes a good agreement is found wi th the calculations for the 

cyl inder of bone-marrow surrounded by bone. 

From the data on two special geometries, on extrapolation can be mode 

to the more complicated situation of the actual distr ibution of the bone-

marrow stem cel ls over the various bone cavit ies according to o physical 

model proposed by Epp et o l . (12). Since for the two extreme situations 

( i«e . cells in monolayer and cells in small tubes) a good agreement was 

found between calculations and experiments, i t may be concluded that 

for 250 kVp X- i r radiat ions the average effect ive dose in the tota l marrow 

of the mouse re lat ive to the ef fect ive dose in soft tissue w i l l not deviate 

more than 2% from the factor 1.09 calculated by Epp et a l . (12). On the 
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F igure 8 . The su rv i v i ng f r a c t i o n of ce l l s i r r ad ia ted in muscle e q u i v a l e n t 

tubes (curves 1 and 3) and in bone e q u i v a l e n t tubes (curves 2 

and 4) fo r 250 kVp X - i r r a d i a t i o n (curves 1 and 2) and 15 M e V 

neut ron i r r a d i a t i o n (curves 3 and 4 ) . The expe r imen ta l po ints 

g i ven ore the overage values of three d i f f e r e n t e x p e r i m e n t s . 

The dashed l ines 5 and 6 represent the su rv i va l curves f o r ce l l s 

a d j a c e n t to muscle e q u i v a l e n t p las t i c fo r 250 kVp X - i r r a d i a t i o n 

and 15 M e V neut ron i r r a d i a t i o n r e s p e c t i v e l y . 
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basis of our experimental data i t was calculated that for 15 MeV neutron 

irradiations the average effect ive dose in the total marrow of the mouse 

re lat ive to the effect ive dose in soft tissue is equal to 0 . 9 3 . This value 

is in good agreement w i th the factor 0.92 derived by Yomamoto (16) from 

modif ied ca lcu la t ions. 

As stated earl ier the ratio of the RBE values 1 .4 /1 .1 = 1 .27 is a 

measure for the variations of the relat ive intervals between the bone-

morrow and intestinal syndromes occurring after X - or neutron- i r radia­

tions . If only dosimetric factors would be responsible for this d i f fe rence , 

this factor of 1 .27 would imply o difference of 27 per cent between the 

ef fect ive dose absorbed in intestinal cells and that absorbed in bone-

morrow cells for exposures to X-rays and fast neutrons. The factors 1 .09 

and 0.93 are the best estimates for the differences in ef fect ive dose be­

tween bone-morrow and soft tissue remote from bone for 250 kVp X-rays 

and 15 MeV neutrons, respect ive ly. The ratio between these factors 1 . 09 /0 ,93 

1 .17 is smaller than the ratio of the RBE values for intestinal syndrome and 

bone-morrow syndrome. Al though the presence of dosimetric factors has 

been demonstrated c l e a r l y , the variations in the absorbed dose at the in ter ­

face of bone and soft tissue are too small to account for the differences in 

RBE values for fast neutrons wi th regard to the bone-morrow syndrome and 

the intestinal syndrome. From our experiments on the protracted irradiat ion 

of mice wi th 15 MeV neutrons and gamma radiation it might be concluded 

that intrinsic differences between the radiosensitivit ies of bone-marrow cells 

and intestinal cells contribute to the differences in the patterns of mortal i ty 

of mice after neutron- and X- i r rad ia t ion (1) , 

V . C O N C L U S I O N 

An analysis is given of the importance of interface dosimetry for on 

interpretation of the effects of fast neutrons on cultured cells and m ice . 

Perturbations of secondary part ic le equi l ibr ium w i l l always be present in 

the irradiations of intact organisms. The variations of the absorbed dose at 
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the interface of bone and soft tissue were investigated by employing a 

tissue culture system as a b io logical dosimeter. From the quanti tat ive 

results i t can be inferred that dosimetric factors ore only part ly responsible 

for the differences in the pattern of mortal i ty of mice after neutron- and 

X- i r rad ia t ions . 

Investigations on the survival of cultured cells after irradiations wi th 

various beams of fast neutrons under dif ferent i rradiat ion conditions hove 

shown that the OER values ore fa i r l y constant over a wide range of neutron 

energies. For on interpretation of this phenomenon irradiations were carried 

out in which perturbations of charged part ic le equi l ibr ium were induced 

a r t i f i c i a l l y . Survival curves were determined for neutron irradiations wi th 

either layers of tissue equivalent plastic or layers of pure carbon mounted 

in front of the ce l l s . From these results, survival curves for the "high-LET 

component" and the "proton component" of the neutron radiation could be 

der i ved . An explanation for the independence of the oxygen effect of fast 

neutrons from the mean neutron energy is suggested. 



376 

REFERENCES 

(1) BROERSE , J .J . , "Effects of Energy Dissipation by Mono-energet ic 

Neutrons in Mammalian Cells and Tissues", Thesis, University of 

Amsterdam (1966). 

(2) BARENDSEN, G . W . , "Responses of Cultured Ce l l s , Tumours and 

Normal Tissues to Radiations of Different Linear Energy Transfer" , 

Current Topics in Radiation Research, I V , 199 (1968). 

(3) BEWLEY, D .K . , "Calculated LET Distributions of Fast Neutrons" , 

Biophysical Aspects of Radiation Q u a l i t y , IAEA Vienna (1967), in 

press. 

(4) ROSSI, H .H . , "Spat ia l Distr ibut ion of Energy Deposition by 

Ionizing Radiat ion" , Radiation Research , Suppl . 2 , 290 (1960). 

(5) BARENDSEN, G . W . , BEUSKER , T .L . J . , VERGROESEN , A .J . 

and BUDKE, L . , "Effects of Different Ionizing Radiations on Human 

Cells in Tissue Cu l tu re . I I . Biological Experiments" , Radiation 

Research, 13 , 841 (1960). 

(6) BROERSE, J . J . , BARENDSEN, G . W . and KERSEN, G . R . v a n , 

"Survival of Cultured Human Cells after Irradiation with Fast Neutrons 

of Different Energies" , to be published in In t .J .Rod ia t .B io l . 

(7) BROERSE, J . J . and AMMERS, H . v o n , "Dosimetry for Fast Neutron 

Irradiations of Cultured Cells and Intact Animals . I . Characteristics 

of Tissue-Equivalent Ionization Chambers" , In t .J .Rod ia t .B io l . , 10 , 

417 (1966 ) . 

(8) BROERSE , J .J . , "Dosimetry for Fast Neutron Irradiations of Cultured 

Cells and Intact An imals . I I . Comparison between Ac t i va t ion and 

Ionizat ion Methods" , Int .J .Radiât . B i o l . , 10 , 429 (1966). 

(9) BARENDSEN, G . W . and BROERSE , J .J . , "Dependence of the 

Oxygen Effect on the Energy of Fast Neutrons" , N o r u r e , 2 1 2 , 722 

(1966). 



377 

(10) RANDOLPH, M . L . , "Genet ic Damage as o Function of LET", 

A n n . N . Y . A c a d . S c i . , 114, 85 (1964). 

(11) SPIERS, F . W . , "The Influence of Energy Absorption and Electron 

Range on Dosage in Irradiated Bone" , Br i t .J .Rad io l . , 2 2 , 521 

(1949). 

(12) EPP, E .R . , W O O D A R D , H .Q . and WEISS, H . , "Energy Absorption 

by the Bone Marrow of the Mouse Receiving Whole-Body Irradiation 

wi th 250-Kv X-Roys or Cobal t -60 Gamma Roys" Radiation Research, 

11 , 184 (1959). 

(13) ASPIN , N . and JOHNS , H .E . , "The Absorbed Dose in Cyl indr ica l 

Cavit ies w i th in Irradiated Bone" , Br i t .J .Rad io l . , 36., 350 (1963). 

(14) W I N G A T E , C . L . , GROSS, W . and FAILLA, G . , "Experimental 

Determination of Absorbed Dose from X-Roys Near the Interface 

of Soft Tissue and Other Mate r ia l " , Radiology, 7 9 , 984 (1962). 

(15) Y A M A M O T O , O . , "Bone Marrow Dose in Fast Neutron Irradiation 

Calculated From Geometrical Bone Structures (Port 1)" , Nippon 

Acta Rodiologico , 2 3 , 146 (1963). 

(16) Y A M A M O T O , O . , "Bone Morrow Dose in Fast Neutron Irradiation 

Calculated From Geometrical Bone Structure (Port 2)" , Nippon 

Acta Rddiologico , 2 6 , 446 (1966). 



378 

D I S C U S S I O N 

Mr. POHLIT 

Thank you. Dr. Broerse, for your very interesting paper. We have 

heard about two important facts of neutron irradiation. One is a 

clarification of the question of RBE of different effects in mice. 

The other is related to the concept of secondary particle equilibrium. 

From conventional X-rays we are used to having a secondary electron 

equilibrium. In this case the energy transported into a volume by 

electrons should equal the energy transported out of this volume. 

In the case of neutrons for secondary particle equilibrium it is not 

sufficient to achieve an equality of the total energy transported into 

and out of the volume. It is necessary here to have an equilibrium 

of each type of secondary particles due to their different reaction, 

as can be seen from your experiments. 

Mr. SPIERS 

I noticed that the same words tissue equivalent material have been 

used for both X-ray irradiations and the neutron radiations. Was one 

material tissue equivcLLent for X-rays and the other for neutrons? Or 

was it the same materiell used for both? Because I don't think you 

can have equivalence except by chemical identity for both neutrons 

and X-rays. 

Mr. BROERSE 

Tissue equivalence is a much more stringent requirement for neutron 

irradiations than for X-irradiations. To simulate the bone and soft 

tissue layers, we employed muscle-equivalent plastic and bone-equivalent 

plastic which were supplied by Dr. Shonka. As far as the muscle-

equivalent plastic is concerned the hydrogen and nitrogen contents 

are identical to the corresponding contents in muscle. With respect 

to the composition of soft tissue, the majority of the oxygen was 
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replaced by carbon in the muscle-equivalent plastic. As far as the 

bone-equivalent plastic is concerned the hydrogen, nitrogen and 

calcium contents are fairly comparable to the corresponding contents 

in bone. Therefore we accepted the muscle- and bone-equivalence for 

both neutron- and X-irradiations. 

Mr. ZAMgi.Ll 

I would like to know what size your tubes were. 

Mr. BROERSE 

The tubes had a length of 20 mm, an inside diameter of 1,^ mm and 

a wall-thickness of 0.25 nm. These dimensions correspond with the 

sizes of the femora of the mouse. 

Mr. ZANELLI 

Yes, that is the width of the shaft of the femora. 

Mr. BROERSE 

Yes, of course. In the femora a variable geometry of the bone-

marrow cavities is found, especially in the metaphyses. The irra­

diation of the cultured cells in the tubes simulated the irradiation 

of the bone-marrow in the largest bone shafts in the mouse. The 

tissue culture system was used as a biological dosimeter for the two 

extreme situations, i.e. cells in mono-layer and cells present in 

cylinders. 

Mr. BOOZ 

I have two questions; first, could you apply your mammalian cell 

system to much smaller diameters and second, could they perhaps 

also be used to measure the distribution in those cylinders? 
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Mr. BROERSE 

In the experiments on the irradiation of cells in the cylinders, 

cell suspensions were brought into the tubes, irradiated, removed 

from the tubes and plated after appropriate dilution. Due to the 

homogeneity of the cell suspension, the energy distribution over 

the cylinder could not be measured. The experimental technique 

of handling the small tubes is rather complicated. Tubes of much 

smaller diameters cannot be applied. For the determination of the 

energy dissipation in these smaller cylinders experimental physical 

methods have to be employed. 

Mr. FOWLER 

May I ask whether you took accounts of the overall time of the ex­

posure in this work? For example Dr. Hornsey has found a very rapid 

recovery in 4-day death of mice (intestinal death). She finds a 

measurable amount of recovery in 10 minutes. Now this probably does 

not apply in the same way to your cell survival experiments, but it 

surely does to the interpretation of any intestinal-death RBE values. 

You have to take exposure time into account both for your cell ex­

periments and for the killing of animals. 

Mr. BROERSE 

The irradiations of the cells on bone-equivalent plastic and muscle-

equivalent plastic were carried out for completely identical exposure 

periods. From these experiments the difference in effective .dose at 

the interface can be deduced directly. The RBE values found for the 

two syndromes, namely l.'f for the intestinal syndrome and 1.1 for the 

bone-marrow syndrome, pertain to 2-hour-irradiations. This is the 

minimum irradiation time which could be obtained in our experiments, 

due to the limited output of our neutron generator. As soon as our 
12 new machine will be operative, with an expected yield of 10 

neutrons/sec, the dose mortality studies will be repeated for 

smaller irradiation periods and fractionated exposures. 
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Mr. FOWLER 

Were the total X-ray exposure times the same as those for neutrons? 

Mr. BROERSE 

For the determination of the RBE values for the mortality of the 

mice the irradiations with 13 MeV neutrons, gamma-rays and 230 kVp 

X-rays were protracted over a period of two hours. The ratio of 

the RBE values ^ A / ^ ^ ^ = 1.2? is indeed only valid for these 2-hour-

irradiations. For the 8-hour-irradiations a deviating value was 

found for this ratio. This discrepancy is another indication that 

dosimetric factors alone are not responsible for the differences 

in the pattern of mortality of mice after neutron- and X-irradiations. 

Mr. WAMBERSIE 

Nous avons déterminé les valeurs de l'EBR des électrons de 20 MeV 

par rapport aux photons de 20 MV, en étudiant la mort médullaire 

à 30 jours et la mort intestinale à 4 et 3 jours chez la souris. 

A notre grande surprise, nous avons observé une différence d'EBR 

en fonction du test considéré, alors que nous avions trouvé des 

valeurs voisines de l'unité pour d'autres tests biologiques comme 

la survie bactérienne ou la survie des levures diploldes. 

L'EBR des électrons de 20 MeV comparés aux photons de 20 MV était de 

1,03 pour le syndrSme intestinal et de 0,96 pour le syndrome médullaire, 

soit une différence en fonction du critère étudié de l'ordre de 7% 

nettement supérieure à la précision de chacune de ces expériences qui 

est de l'ordre de 3^* 

Il ne pouvait s'agir d'une question d'étalonnage des dosimêtres, 

puisque les mêmes dosimètres ont été utilisés pour l'étude du syndrome 

intestinal et du syndrome médullaire, et de plus, ces expériences ont 

été alternées. 

D'autre part, pour des rayonnements aussi peu différents que les 

faisceaux de photons ou d électrons de 20 MeV, l'existence d'une 

différence d'EBR en fonction du critère biologique étudié, c'est-à-
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dire en réalité "un effet différentiel" paraît peu vraisemblable. 

Dans ces conditions, notre interprétation est la suivante. Les souris 

sont irradiées dans des "boîtes" en Plexiglas, dans lesquelles les 

cavités destinées à recevoir les animaux sont les plus petites possibles 

de manière à réduire les interstices d'air entre le Plexiglas et les 

animaux. Ces interstices d'air pourraient dans le cas des électrons, 

perturber le flux électronique et la distribution de la dose à cause 

des phénomènes de diffusion. 

Compte tenu des dimensions de la cavité creusée dans les boîtes de 

Plexiglas, on pouvait admettre que l'abdomen de la souris est 

appliqué intimement contre les parois en Plexiglas. La dose au 

niveau de l'abdomen, qui conditionne l'apparition du syndrome intestinal, 

est donc très voisine de celle qui aurait été calculée en milieu 

homogène pour les faisceaux d'électrons. Par contre, toujours pour les 

électrons, les interstices d'air sont plus importants au niveau de la 

tête et des membres de l'animal et il est vraisemblablement deuagereux 

d'assimiler la dose à leur niveau à la dose calculée en milieu homogène. 
c) 

Il est possible qu'en raison des phénomènes de diffusion, la dose au 

niveau des extrémités soit légèrement réduite. Or, on connaît 

l'importeuice de la protection, ou d'un sous-dosage, d'une partie de la 

moelle osseuse dans l'apparition du syndrSme médullaire. 

Cette hypothèse nous a été suggérée par des radiographies de souris 

effectuées au moyen d'électrons de haute énergie analysées au densi-

tomètre. 

D'autre part, dans le cas des photons de 20 MV, on peut admettre que 

la dose est homogène dans la totalité de l'animal irradié ou,en d'autres 

mots,que la dose absorbée au niveau des différents organes de la souris 

est semblable à celle ceJ.culée en milieu homogène. 

Ceci expliquerait pourquoi nous avohs observé une différence d'EBR 

en fonction du critère biologique étudié: syndrome intestinal, 

conditionné par l'irradiation de l'abdomen, syndrome médullaire, 

conditionné par l'irradiation de la totalité de la moelle osseuse 

et dont une partie peut-être a été légèrement sous-dosée dans le 

cas des électrons. 
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Pouvez-vous exclure une interprétation de ce type pour expliquer vos 

résultats obtenus au moyen de neutrons? 

Mr. BROERSE 

As far as dose variations at an interface are concerned the differences 

between neutrons and X-rays are much more important than the differen­

ces between the 20 MeV photons and the electron beams you are in­

terested in. 

I would agree that for 20 MeV electrons and photons differences be­

tween RBE values for the syndromes are unlikely, but this does not 

exclude this possibility for the neutrons. 

137 
For our dose mortality studies after 230 kVp X-irradiations and Cs 

gamma-irradiations RBE values of 0.8 for the bone-marrow syndrome and 

0.8 for the intestinal syndrome were derived. 


