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Extensive stulies on the eifectiveness of monoenergetic fast

neutrons in the development of lens opacities in the mouse have been under

M,

way for soma time, znd recent studies have indicated that the relative

biological effectiveness (RBE) of low energy fast neutrons for the blological

-z . . . . 2 .
effect might be quite high at low doses and low cdose rates.( ) The purpose
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se data in summary iorm and
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of the current paper is to present soma ©
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such findings for man,
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then to discuss the possible pertinence o
In the presentation, the Zollowing approach w1Ll‘be used;
process of lens opacification following exposufe to radiation will be
discussed in general, and the experimental technicues and scoring method
employed will be described. Results on lens opacificetion following x-ray
exposure as a function of dose and dose rate or fractionation will be out-
lined,vas well as the effects of hypoxia and hyperbaraic oxygen. The effects
of monoener

ecic fast neutrons on lens opacification as a function of dose
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0 v fractionation will be summarized. The relative biological

R3E) of neutrons will thea be discussed in terms of how it is
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‘deternined, <=nd how it varies as a function of dose, of dose rate and of

oxyzen tension. Finally, the possible pertinence of these data for man will
. ‘ ' ' '
be ;scussud

In the discussions, both RBE and QF (quality factor) will be dealt

with, The RBE indicates the ratio, as determined by experimentation, of the

’.
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recuired to give en equal degree of the same Diological effect. @

i "legislated

the same ratio, but 1is a value established by a properly con-

stituted group such as the International Commission on Radiation Protection,
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ion protection work, The numerical values for RBE

@ clear that these are not in-

o

and GF will be cealt with; however it should
tenced as recommendations for QF values., Nometheless, QF values are ultimately
based on the test data available on R3BZI values, and thus it is pertiment to

's and the reletionship which these

tel

consider radiodiologically cdetermined R3

values mignt nave to (7.

fort between the Medical

Hh

The data summarized represents & jointc e
Depaviment 0 the Zrooknaven Netional Laboratory, and the Radiclogical
Laboratories &t Columbdia University. The biological data were obtained largely

by Dr. Joan 3ateman at Brookhaven, and the dosimetric data were obtained chieily

by Dr. Harald Rossi and his group at Columbia University. The experimental
2)

N

date will be pudlished in detail elsewhere.

LENS OPACIFICATION

The ocular lens is eunclosad. in a capsule, and can be divided into

2n equatorial region, and anterior pole and a posterior pole, The lems con-
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rgely of fiber cells, and is covered with an epithelium anteriorly.

‘Dividing cells are limited largely to the anterior equatorial region,

and the progeny of these dividing cells migrate posteriorly and then centrally

to form the lens fibers. Cell division apparently coantinues throughout life

1

|

!

i
!




> - T e -t - .
&G Taus toée LEens con oe regeige
Aldea o loha -—'::-*:‘q"l wra - -
UlLlLe OCned TeneWal gyslems suca

epithelium of the bowel ia which
placed at a rapid rate, there &p

of cells from the lens, TZhus, 1
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¢ as one of tha "renewal tissues'. However,

zs the granulocytic cell series or tue
meture cells are nowvmally lost and re-

sears to be no clear-cut mechanlsm Zor loss
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die and become resorbad, this abnormal cell will remain within the substance

this results in an accumulation.
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prismatic cell., The prismatic ¢
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tion of the cytoplasm away from

broadening
be relzted not primarily to cell
a

seem to be the basis for the observed progress of opacification,

Although a number of sy

fication have bzen developed, th

l2b0est

xposure to radiztion, damage probably is

n the eanterior ecuatorial region, Opacifica-
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acity, with even very low doses, is

the failure of transition from nucleated fiber cells to the non-nucleated

ells show 2 high degree of orxdering both at

e molecular level as evidenced by a strong

ng fibers fail to achiavé this degrea of
exposure, and undergo cytoplasmic condensation,
abnormal cytoplasmic bodies, Distal retrac-

the cell membrane occurs, and thexe is a

of the central portion of the fiber, Thus the process appears to

death, but to cell injury. The injured cells

r& unadle to meture normally, and the presence of the injured cells would

1

stems for scoring the degree of lens opaci-

e meﬁhod developed by Bateman(l) appears to



0f O to 100 is employed

a single obsexrver,
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neutrons emitted is

end takes on values
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11 deal mainly with ex

Dosimetry was carried out with high precision, using a combinatio
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with 1.80 MeV neutrons,
Dosures

in these studies.

ns are scored separa
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system,

a slit-lamp microscope.-

tely.

sing degrees of

method has been found to yield remarkably reproducable
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nave

erator, principally by

reaction,

Exposures are

h 0,43 MeV neutrons,

-

phantom-dosimeter designed to allow accurate measurement of the dose

actualiy deliverad to the lens,
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RESULTS; X-RAY EX20SURXE OXLY

Some of the results obtained, showing cumulative incidence of
posterior opacifications scored at the 5% or higher level re given in
Fig, 1, XNote that an appreciable percentage of mormal animals develop such
opacifications as they beacome older. With x-ray (or fast neutron) exposure
a2 curve similer to that obtained in the normal is seen, but displaced for
wezd in time. The opacifications noted after radiation exposure are idemnti
cel to those which are observed normelly &t a later date, Radiation could
be thought of as zévencidyg in time, & process that occurs normally. The
oYerall r;;ponse follo@{hg radiation expdsu“e cen be characterized in a
variety ol ways; a co%ve.ieﬂt and edequate representation can De mace in
terms 0of the "latent period" cdeiined as the timé requireﬂ to reach a 50%
incidence of opacification at a given level ol severity(s),

As the dose of radiation.is increased,Atha lens opaéification curve
is splacea successively to the IELt Fractionation studies have been carried

(1) with equal doses of x-radiation delivered 12 hours apart, The

frec ctionated exposure was less effective than a sihgle exposuxe of the same
tozeal dosé; the fractionmated exposure requiraed a total dose apgroximately 1.5
times nigher to yield the same degree of biological effect.

Further exposures to x-ray were carried out in.such a way chat the
animels were vendered hypoxic by being kept in a mixture of 94Z nitrogen and
6% oxygen; e\posu es were also carx 1eé out under hyperbaric conditioﬁs i,e.

) .

tae mice wer

a
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cond
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e exposed while under three atmosphe
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<6}. In

res of pure oxygen

ddition, dose rate studies were carried out under either normal or hyperbaric

ons, and total doses were delivered at the rates of 2 and 100 rads/min,



Thera were no detectable eifects.of hypoxia; the degree oi eififect

™

.from a given cdose was icentical whether the exposure was accomplishad under

hypoxic or normel atmospheric conditions. Hyperbaric oxygen, on the other
t
hand, enhcnced the degrees ol effect. Thus, the same degree of effect was

obtained with appr red under atmospheric
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conditions. This factor of two in incrazased effectiveness may be compared
only epproximately 1.3 for organs such as the
skin, in studies in which human beings have been exposeé to x-radiation under
hyperbaric conditions(7’8>.

fect was noted for exposures in normal atmosphere,

whnether delivered
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Thus 100 rads yiclded approximately the same degree

e
e

n 1 or 30 minutes. A small and possibly significent dose rate eifect was
noted under hyperbaric condisions., TFrom these studies it would appear that

B

il

Zor abpraciable rgéover from the subdblethal injury following x-ray

ot
I
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exposure of the cells of the lens is greater than & hours (dose rate studies),
J : . :

~but less than 12 hours (fractionation studies).

! : RESULTS; NEUTRON EX20SURZES

The effects of neutron exposure are qualitatively indistinguishable

Irom those obtained following x-ray exposure, and eare illustrated in Fig. 1.

1

h neutrons, but

.

s the respomse ohtained with x-reys can be duplicated wit
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t & wuen lower dose level, 3By adjustment o y or neutron dose, re-

. ¥
sponsé curves that essentially superimpose can be obtained,

Fractionation studies were carried out with neutrons, in which equal

doses oI neutrons were givea with a 22 hour interval between exposures, With
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either 0,43 eV or 1.80 ¥eV neutrons, the resulis were identical with those

4
ractionetion didnot affect the cdegree of re-
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for 2 single exposure i.e,
sponse as it did with x-ray exposure, x
No dzata heve been obtained with exposure to neutrons under either

hypoxic or uyperbaric conditions.

used to cetermine RBE, Meny criteria of efiect, such as 30 day lethality,

or-none phenomena which can be easily scored at a definite
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time Zoilowingz exposure. Lens opacification, on the other hand, represents
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& coutinuing process with/%he severity of opaci ior

cinuing to increase with tiwme, and the eifect is seen even in unexposed animals

i
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of sufficient age. It is clear from Fig. 1 that one can nevertheless duplicate

précisely the total response to a given dose of x-rays, by acministering a

3

smaller dose of neutroms, i.e., the same rate of progression of the same bio-
logical effect can be obtained by either means, The ratio of the doses required
to produce this responseé can then be compared and is by definition the RBE of
the neutrons relative to x-rays, The latent period, i.e, the time to 50%

incidence ar a given level of opacification, is a measure of rate of progression

(5)

and nas been found to be a most useful paremeter for purposes of comparison

The R3Z of 0.43 MaV neutrons as a function of dose when each radiation

1s celivered in & singzle exposure over a short period of time, is indicated in
Table 1, 'The values marked with an asterisk ave extrapolated values; the.

lowast dose. of neutrons at which actual data are available is 0,50 rads. Note

]

.
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that the RBZ is highly dependent on cose, and rises Irom a value of

approximately 10 at 50 rads of neutrons, to a value of approximately 60

at 0.50 rads of neutrons. Extrapolating, one would expect the RBZ to

s
4
-

approach a value of 100 at doses of the order of 1/10 of a rad of neutrons,
The R3T is also a function of cdose rate or of fractiomation, This

is epparent since the response to neutrons appears to be essentially independ-

M

ent o dose rate or iractionation pattern, while with low dose rates orxr frac-

tionztion the cdose of x-fays required to give the same degree of biological
effect is higher., With the fractionation pattern studied, i.e., equal doses
Celivereld 12 hours apart, the factor indiceating the decreased eifectiveness
of x-rays is zpproximately 1.5; thus the REZ velues at low dose rates would
inC"gase by & factor of at least 1.5, and perhaps more if the exposures are

delivered in 3 or more sessions, seperated by 12 hours or more.

The degree of oxygenation may also be expected to affect the RBE,

‘to neutroms is expected to be essentially independent of
oxygen tension while that to x-rays is markedly enhanced under hyperbdaric

ran .

oxygenation., The lack of effect of hypoxia with x-ray exposure may indicate

that the lens is normally hypoxic as compared to other tissues. This is also

indicezed by the fact that\hyperbaric oxygen enhances the efiect of x-radiation
L/. L] . B
on the lens/py a factox 7f'2, as opposed to a factor of approximately 1.3 Zor

N '

other tissues such as the skin. The circumstance may well be the principal
reason for the relatively high RBE noted for the lens of the eye exposed under
norzzl atmospheric conditions. The normal hypoxic condition of the lens in-

\
erezses the dose necessary to produce a given effect selectively for x-rays

D)

but not for neutrons., Thus the RBE is higher than might be ‘expected if the

lens were oxygenzted to the same degree as other tissues,
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POSSIZLE ENITRAPOLATION T0 MAXN

It is clear from a number of studies that the lens of the eye

of the mouse is quite sensitive to radiation as cémpared to that of most £l
other spacies, includinz man, The reasons for the observed differences in
sensitivity are not known. It is thus clear that it would not be advisable
to use data obtazined in the mouse to establish absolute doses a:‘whicb a
given cegree oi effect would be expected, There are better grounds, on the
other hand, for accepting the ratio of the doses of x~rays and neutrons re-
cuived to produce & given degree of eifec:i Iin one spacies for extrepolation
to anotner, It appears Lo be worthwhile thereiore to examine the probieums

4 = - - < - S . = — ey o A e -~
involved in attewpting to extrepoléate Irom wouse data to man

x~-rays and neutrons thet are presently used in radiatioa protection, In

e present M2D levels for low LET (x or gamma

5]
H
Q
N
-
%)
»
oy
3
o
o4
4}
()
0
%
[\
£l
™
ch
N
0
m
'_l
’_l
«
ot
i

" radiations) and high LET (fast neutroms in the KeV range). The accumulated

maXimum accumu-
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lation of dose is at the rate of 5 rads per year starting at age 18, so that
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the maximum allowable exposure & zge is 5 (N - 18) rads, whexe N

v

is the age in years, The lower cuxve shows the allowed maximum rate of

-accumulation oi high LET radiation, when zll exposure is assumed to be from

‘high LET radiation only., A QF value of 10 is used in arriving at the slope of

tais curve, The broken line is intenced to indicate that, for briei periods
of time one can accumulate exposure at.the rate of 12 rads per year, prowided

the total exposure remains below the 5 (N-18) value. Note that, in a working

lifetime oi 40 years, a maximum of 200 rads of low LET radiation, or of 20 rads
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of nigh LET rediztion alone, méy b2 accumusated witnin tnese NPD liwmits.

A Ysheeshold! dose for lens opacification for low LET radiation is
showa e& the 600 rad level. A corresponding level for high LET radiation

with a GF of 10 would, of course, be 60 rads (zssumin

(8]

obtzinad on human beings exposad to radiatioms Zoxr therapautic purposes.

Note thet a2 safety factor of 3 exists, I.,e. the maximum allowzble dose of
eizner high or low LEIT racdiation that one cam accuwulate in an eatire WOLKAngG
lifetime is one-third the dose thoughit to be necessary to produce lems opaci-
ficetion,

)

Ia Fig. 3 are shown schematicelly the cata that would meke it
possible to derive a QF for neutron exposures of wman, from cata ootained on
the mouse. On the ordinate is plotted the cegree of radiation-induced lens

<
e, the scale of which has been chosen so as to make the regression of

zouse opacification on dose of neutrons linear. The reasons for this choice

e

£ scale are as follows: although it is relatively easy to establish a scezle

o]

eneral agreement can be reached on which

o]
t

czacification in terms of which

[o]

£ wwo effects is greater, there is no commoaly accepted scale in terms of

. . .

which their ratio may be expressed, A scale must, of course, be chosen if
one s to piot eifect vs, dose, and this choice 'is arbitrary except foxr the
recuirement thet the scale must presefve the accepted order oi degrees o
. . ]
eiffect. The scale employed (Fig. 3) satisfies this requizement and is,
furthermore, convenient for present purposes ia that the regression of effect

.

on dose of neutrons is linear., Using this wmeasure of effect gives the desired

1260968 - .
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line for neutrons ( assuming linear effect eand fose scales), and at the

seme time, fixes the relative position and shape of the x-ray curve.. On

°

2 horizontel lime corresponding to any given level, the R

L4

for that level !

is the ratio of segments cut by the two cuvrves,

The basic curves in Fig., 1 are those depicting neutron and x-irradia-

experimentel findings. The curve for mouse, x-rays, protracted exposure,
was cerived <rom the curve for single exposure, by introducing a factor of

.

2 to indicate cdecreasing effectiveness with protraction.

man., A significant level for man is taken as that which is expected to follow

the corresponding level ia the mouse
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was teken arbitrarily as a doubling of the incidence of 2,5% posterior lems
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s taken to be 702.‘ The horizon-
tal dotted line represents this level of cdamage, .

With these assumptions one can. then attempt to derivela dose of
neutrons thet wiil be expécted to result in the same level of
e in the same time interval, from which the QF value for man can_be‘de-

rived, 1In so doing the question arises as to whether one should compare be-

tween species at the same level of physical dose of low LET radiation to pro-

‘duce the given level of damage in the human being, or whether ome should
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compare at the same level of effect, In other words does one take the RZE

¢00 rzcs of x-rays, or coes one use the comsicerably highex

o the mouse data that corresponds to the effect produced inm the mouse by
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: Lo
bus"2= a cdose level much lower than the

to presumebly the same level of damege,
600 racs used for wan. There appears to be no basis, in the absence of some

although such inclinations are more oan the besis of
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‘catz on lemns opacification following neutron exposure im wman to decide between

t the same level of effect,

.

wtuition than logle. %Yhere

3

-

is soma evidence, although the dose estimates admittedly could be in errox by
2 lerpge fzctor, that opacification may occur in man following exposureés to.

- Z o c 3 b (9> Lan ) ) - T = 4 1 -
neutrons o the orxcer of 50 rads or less ’/, These data, if true, would in-

dicete that :hé ratio at the same lavel of effect wmight be the more appropriate

] b

choice. If comparison is macde at the same level of effect, then one can apply

the R3Z ob

zined for the mouse at that level of eifect, to derive Irom the

rt

600 R taken as the dose of x-rays that will produce opacification in man, the

in

‘corresponding cdose of neutrons that should produce the same degree. of effect

the mouse. & dose thus derived is indicated on the dotted line in Fig. 3,

labeled 0,43 MoV neutroans, MAN,

summarized balow:

1260966 -

The process of exbrapol~*10ﬁ and £ha derived numerical values are

Tose for man to produce significant opacification, x-rays,
protracted exposure ---- : " 600 rads

Dosa to mouse Ior same degree of effect, x-rays, single
exposure-~=-- : . . 70 rads

Dose to mouse to give similar degree of effect, x+rays,-
rotracted exposure---- 140 rads

Dose to mouse to 01ve same degree of effect, neutrons,
single or protracted exposurd-=-=-- . . 2 rads
Ratio of x-ray doses to produce acceptable level of. -
damage, man to mouse; 600
| 7o = 43

-




Dose oI nectrons to produce the comperable level of damage
in men, single or protracted exdosure ----2 rads x 4.3 or 8,6 rads

One mignt also examine what the values would have to be in oxder
to retain the same factor of 3 safety, derived from the ratio of the dose
o X-r2ys celivered in & protracted Zfashion believed to be necessary o pro-
duce significant lens opacification in man (8600 R), to the maximum dose of

.

-radiztion .thaet an individuel is zllowed to accumulate in a working lifetime
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strong fumnctlion of dose; thus, numbers derived from these REE velues will be
a strong funciion of dose level chosen,

The fact that exposure to x-rays under hyperbaric conditions enhances

the eifect of x-radiation does not alter the situation, provided one assumes
the same degree of hypoxia in the lens of the wouse and of the man. The value

of 800 R used as that necessary to produce lens opacification in man was de-

rived Irom cata obtained on the normal, presumebly hypoxic human lens.

As pointed out above, the high RBZ values ob;ained for lens camage
in the mcouse may'be partly on'the basis that the lens is normally hypoxic aud
therelore resistant to the effects of low LET radiation. The,high RBE's at

low cose levels might well be expected from the survival curves obtained with X

low and high LET radiations in othaer biological systems,., In many systems

[aR

studiz

the dose survival curve for high LET radiatioas is characteristically
. . ) 1
exponential, waile the curve for low LET radiations exhibits a "shoulder" be-

fore zpparently becoming exponential., From the nature of these two curves, the

R3Z increases with decreasing dose, Effects can be observed in the lens pre-

sumadly at much lower levels of damage and lowar doses than in other systems in

126097 . -




which ome is cealing usually with cell survivel, In the lens the primary

¥

demage aprears to e cell imjury, and the injured cells are retained and
e e o g L AN KSR NN — - N N ~ 4....11 ——— s A EE' in ‘_v_a
cza be observed, Thus it bacomes PEsSsidDie@ O actually wmeasure o s in the

) s -

e where the values would be expected to be high,

exzrazolazing from wouse to man are intended to be illustrative ornly) no

recomnendations are mace-with respect to QF value for neutrons for use im

e A e ¥4
S U.'»‘;-Au\a.

Extensive cata coliacteé on lens opacification in the mouse exposed
to x-reys have established the following:
1) An increased incidence of lens opacities is seen following even

small doses,

N
o
*1]

ct

“ractionation with a 12 hour interval bétween exposures decreases

‘the degre fect. '

Hh

of e

®

3) The same total doses given at the rates of 2 or 100 rads/min are
equally effective,

&) Hypoxia does not significently alter radiosemnsitivity,.
5) Hyparbéric oxygen appréciably increases radiosensitivity.
. Exposures to monoenergetic neutrons have demonstrated add{;ionally
1) REZ values are relafively‘high
2) The values increase with decreasing ﬁeutron energy
3) <he RBE iﬁcreases appreciably with decreasing dose
4) The values increuse with decreasing 'dose rate", due to a rate

.dependence of effect with x-rays.
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srotection are discussed, and a possible approach to evaluating
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