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ABSTRACT

The hiologlenl effects of zszzf‘nnutrnnn have haen stndied
with cultured celis, and with intact tissues. Measurements
availnble to date, of the relative bioboslcnlfef[ect {RBE)
and of the oxygen enhancement ratio (OER), are summarized

and discussed.,
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NIRODUCTION

2sch neutrons have heen atinlied on

The biological effects of
the chromonomnl level, with single cell culturen, and on intact
tinznes, Careful comnideration of theae daca ix required hefave
embarking on ciinical trinis, nince the reiative lack aof repair
evidenced after 2520[ irradintion producens & hioilogicai effect
greater than that obaerved with X and v ray sources in general
use. Additional problemns are introduced since the composition of
the mixed neutron-y radiation field is a function of aource
tncapsulation, depth in tinsue, and extent of surrounding hydrogenoun
materinl. Alnrn, experiments must be conducted at low dose rates uned
in therapy.

The effect of 2526! neutrona is generally mcasured relative to

the effect produced by nﬁh or 15

Ca v rays. In order to obtain
meaningful comparisons, Rof values muat be obtained for tihe neutron
component alone. For survival curves, the alope of the wmixed radistion

survival curve can be related to the slope for neutron snd vy components

alone:
. F F
Do n+vy) Do {n) + Do {y)

wvhera !‘n and Fv represents tha fraction of total sbesorbed dose delivered



hy neutrous snd ganme vays respectively. in general, DB \wi will
nnk he known. 1If ft s ansumed that qn (v) equals nbyfor the
ricctromspnetic radlation relative co which the R4E {8 being

caiculated, the aquation for ABE reduces to

®_ D
L

Heve, u*., and nh'+ Dy are donen from atsndard electromagnetic
radiation, and the mixed 2sch field, respectively, which produce

the aame end point in the name irradiation time.

RELATIVE P1OLOGICAL EFFECT (RBE)

Tahle 1 presentes the RBE dats available to date (1). Where

necenanry, the dats has been manipulated to produce the RBE for
ncutronn aione, ar Gutlined abova. Unta in Table ] demcnntrate

an incronse in RRE with decreaning dose rates. However, a comparison
of reaults ia complicated by the fact that RBEs can be quite sensitive
to the v standard dose rate used. This is caused by repair, as well
as possible multiplicity changes. An examination of Table 1 sahows
tint RBEs were not alwayn ohtained from the ratio of dores needed for
equnl effects and equal exposure timen. Also, some cultured cell
survival curve data indicete s lower RBE than that obtained with

Ain vivo tissue aystems. While this effect could be explained in the

cane cf Hela cells by their reletively low capacity ior repair , this



wonld not explain the RBE of 3.9% measured with hamater cells at
7" ().

Fvalustion of radistion effectn on tinsuen have given higher
RRE'n.  Withers o 8., (onnd An RBE of 5 for mouse jeirumai crypt

226

celln, vhich he extrapniated to spproximately 7 for Ra at 15 rada/

howr. Atkine gL a}., reparted an RPE of 6.6 for pig akin, reiative

o 137‘:. st S0 vada/hour.

t
Féfectn on the homopnietic ayatem have heeon atudiod hy Garnten,
In a atudy on apleen colony-forming sbility the RAE for californium
neutronn wma 2.44 compared to gamma irradiation. Dose rates were
10.81 radn/hour (n + v) from 252c¢ end 42.9 vads/hour from 1%%7a,
This is consistent vith a somevhat lower RBE for hemopnietic tisasues
compared to other timsues for neutrons as shown by Field.
The higher RBEs such as those obtained with tissues {Fig. i,
ref. 2) or with hamster cells st 22°C have been uned in devining a
dnqn;o rcheme for radiotherapy. Thus it has been auggested that
39(5 rads of 252(2[’ neutrons in clone to 7 days is equivalent to
6000 rads of radium v rays in 7 days, and that the dose rate used to

compute the treatment time necessary to deliver the 890 rads should

he: Cf nentron done rate + 1/10 (CEf v-ray dose rate) (3).

OXYGEN ‘ EMENT RAT1O {OER

Another meanurement of the biological effect of 252

Cf neutrons

in obtained by the ratio of doses whirh give the same effect in the



absonce and preaence nf oxygen (OER). OER meanurements are of
particuiar interest, since the rationnie supporting neutron therapy
pre-suppnses that the efficacy with which neutrons act upon anoxic
cells in greater than that of X or ¥ rays used in conventional
radiotherapy.

Determiontions of OFR with californfum=-252 have heen conaintent

with other determinations performed with various esources of fast
252

neutrons. Stnce OER in not & gensitive function of the CE gamwmn
caomponent, reports have in general bheen made on the basis of total

dose {n + ¥). Measurements with californim-252 have been made using
grovth of Yicia faha seediings, chromonome aberrations in Chinese

hameter cellns and survival of P-388 leukemia cells, Heia cells and

linmeter celin (Fig. 2). OFR meanurements {shown in Table 2) show

quize poml agreoment , with values gencrally ranging from 1.4 to 2.0,

A trend toward higher OERs I8 noted with higher dose raten, due praaumbly

Lo an iacreasing contribution from tie v component. Clinical experi-

ence to date has been at the lowver dome rates, such that the therapeutic

_ - UFER of test radialion P (
galn factor (TGF OFR of ntendard mrndiat:lon) is (with the exception of

the recent work by Nias et a]) significantiy greater than 1.
Thus there is good biological evidence for an enhanced effect of

californium=2%2 on tumors because of a reduced necessity for the

presence of oxygen during the period of irradiation.



SAZARDS

Biologica) conniderations suggest cantion in the une of
cnlifornium-252 in a hospital envirorment. The iack of recovery
from celinlar damage due to neutrons resulta in high values tor
relative hinlogical eoffirctivenens, particularly for low doses and
low dore raton, Thin nituntion cxista ontaide the treatment vniume
in interastitinal implants with californium. Therefore it is not
a simpie matter to extrapoiste from the experience with radium
and other gamma lou;cel insofar as effects on non-tumor tissue ia
roncernnd.

This I8 particuiariy true, nu‘ueli, in anseaning the hazards
to personnel who mway be expomed to iow doses over a long period of
time. The RBE values for cancer induction {(approximately 20), iens
opacification {10-1000) and genetic damage (21)) can be extremely

high and should be kept in mind in the design of fecilities for

handling and storage.
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FIGURE LEGENDS

The relative biological effect of californium-252 neutrons,
as measured by pig skin toierance (compared to 13783 or

226Rn for equal irradiation times).

Chineae hamster cell survival under oxygensted and anoxic

conditiona, after irradiation by 137, ugl' 25206, o =

2.5, and 1.7, rn‘pecti-wlyﬂ)_



B ofrri)zi'lf
T T _ v Dose }
ZSZCf total nlwzf52 ;;;e of - RBE RBE
dose rate for “7°CE Cs or <%2a (tatal (neutzans

Biolozical systz:  Temp. (rads/h) radiations standard dose) only) Author

Hela Cells 37% 16.0 1.7 N 2.89 3.95 Fairchild, Drew +
Atkins 1953

Hela Cells 30% 20 1.95 60 2.15 2.7 Djordjevic, Andersen
+ Kim 1973

Bela Cells 37% 13 1.7 37.3 4.38 Atkins, Fairchild
« Drew 1973

Hanster Cel’s 37°% 1.27-5.21 1.23-1.59 11.7-52.5 10-5 16-7.7 Hall, Rossi +
Roizia 1971

Basster Cells 22% 1.14-21.6  1.23-1.59 11.7-52.5 5.3 6.7 ~ Hall, 1972

(2262a=35.3 rads/h)

Bazister Cells 37% ~13.5 1.33-1.7 37.3 3.9, Atkins, Fairehild
+ Drew, 1973

Hazster Cells 20% 18 2.0 50 3.5 $.9 Hall, Roisin-Tow"e
+ Colvett, 1973

Hamster Cells 22% 1s 1.17-2.0 100 3.3-6.7 Nias, Howard, Gepeenz ~*
Major 1973

Hamster Cells 167 2.09 79 1.72-2.28 Bushong, Prasad, 3rine;

' : + Oliver 1970

Chff)'nosc‘)ﬁ‘.e 606‘522 1695 327 355:‘54‘3!‘ 011Vet 1

Aberration

Frequency

P-38: Leukaa~ia 7

Cell: 31% 200-269 ? 005D

=
1]

erey, Y4



252' ' y Dose ‘ T T
Cf total néfl . rate of 5ok RBE ]SE
dose rate for 252c¢ 137Cs or 2263, (totai  (neutrans
Bioloegical system Temp. (rads/h) radiations standazd de:a) oaly) Author
Vicia Fada 229 16.02 1.32 46.9 6.5-5.3 10 Hall + Fairsaild 1970
Mous2 Jejeunal _ - » ’ '
Cryat Cells 43.5 1.55 160 3.2 5 Withers, Olivar +
Glean 1971
Pig 3Skin 12-53 1.7 35-192 14=5.4 Ackins, Fairchild
11.t b {1) 6.6 + Robertson 1972
Mouse Spleen Coleny 10.81 1.32 42.9 1.8t 246 Capsten, 1972




TABLE 2

OER of _2d%ce
o 252, 137¢s on 2265 cute X i
Cf total (13/Cs or <4%Ra) Acute X-ray
dose rate Ct dose rate v exposure
Biological System  Temo _(eads/h) _ __ OER (rads/ ) ~_OER =~ OER _Author -
Vicia Faba 22% 16.02 1.66 46.9 2.02 2.7 Ball + Fairchild 1970
Hamster Cells 60.4 1.75 Bushong, Prasad,
Briney + Oliver, 1970
Chronosome
Aberration :
Prequency
" 167 1.76 79 2.32
} " 1973
" 406-522 1.81 327 2.29
P-388 o 7
Leukaemia Cells 377°¢C 200-260 2.0 300-420 2.6 Berry, 1971
Hela Cells 37% 19.4 1.55 37.3 2.5 3.0 Drew, Fairchild + dtkins
- 1972
" 30% 20 1.70 60.2 2.53 3.1 Djordjevic, Anderson + Xiz
1973
Hamster Cells 22% 16.5 1.4 Hall, 1972
" 17% 27.0 1.7 37.3 2.5 Atkins, Fairchild,
. + Drew 1973
" 20% 18 1.42 50 2.0 2.4 Hall, Roizin-Towie * Colves:
1973
" 22% 15 2.18 100 1.42 3.2 Nias, Howatd, Greene iad

Major 1973
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