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BIOLOGICAL BASES FOR MAXIMUM FPERMISSIBLE EXPOSURES

by
Simeon T. Centril, M. D,

| 1. Introdu;tion
1.1 Definition of Terms. |

' In the development of the science of radiotherapy, & special
nomenclature has grown up, which, for the most part, is clear and :-
unambiguous to the dociors and ph&sicists engaéed in the field. For
special reasons, some of the quantities involved werebdefined ina
marner different from that in which analogoué quéntities in pure physics
would have been handled. The p:esent project mekes it a matter of

general interest to correlates these two aspects. Some account of the

terms used will therefcre be given before proceeding to the mein diécussion,
Doses | |
Webster defines dose &8s - ‘
(2) The measured quantity of & medicine to be»takeh'at one_time
| | or in a giveﬁ period. ‘»_ f | & | o |
- (b) A definite quantity of anything regérde& &s heving & benefiéiql
| ~ influence. . | '
‘(¢) ‘Anything nsuseous that one is obliged to take. _
The radlotherapist presumably accepts definition (b) 1n considering the
rediation effect on his patients, and definition (c) in considering the
effect upor himgelf., | o
Websterts definitions are besed on the simple picture of thef

swalloning or injection of & measured quantity of material. Tith rare

exceptions stch a quantity is reteined by the hody for a period long

§§?£! 2 '-—r'-' - ”““




ir comparison with the giving of the dose. The radiation case is quite
different. When the body is subjected to x-radistion or gemma rédiation.'
acmé part of the incident -energy is sbsorbed, but in geneial the me jor
part is transmitted without interaction. It is assumed thet the piseue
is effected only by the energy abgorbed. che, in the sense used in
radiotherapy, refers then to the energy absorbed in the tissue. In
prihbiﬁie. dose could be measured directly in terms of energy absorptlon
per unit volume, but the practical difficulties are great, and it is
better to determine dose indirectly by ionization messurements under
certaln prescribed conditiona7 '
The Roentgen:

The ionization per unit volume of air in a sufficiently small cavity

r)
o
2

f
e

in an sbsorbing medium subjected to x- or gamma-irradiation is apprOx-
imstely proportional to the energy ebsorbed per unit volume in the
medium at the seme point, Although this relation would in itself provide
a feasitle method of dosimetry it wes avolded in the setting up of
‘ intgrnational standards beceuse it requires the use of an ionizati§h
chamber with Rtissue uallé.' No general sgreement about such & tissue
o | , well could be roached. It was, therefore. decided to use the ionization
e | inside an sir-wall or sireequivalent wall cavity as the standsrd of V
refefence. On this system the unit of dose. called the oentgen is the
7 quantity of x- or gammaaradiation that produced 1 esu of quantity of -
electricity of either sign per 0,001293 gm of air (2 1 cu.cm. of dry
atmospherzc air at 0% C and 760 mm of mercury pressure) in such a hypo-
»theticel air-walled ionization chamber,

The merit of the system was thst over tke renge of wave lengths

- used in fadiotherapy, the energy absorbed per gram of soft tissue was
AR
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sufficiently accurately the same-aé thet absorbed per gram'of air,

The correlation broke down when the bioldgic§1 ﬁaterial concerned was

either skin, which contains enough sulphur to give &n important rhoto=-

electric contribution, or bone, in which the sir-xalled cavity gives

an éntirely errcneous plcture of the energy sbsorption. With these’

exceptions it became commoh practice to state that the réentgen corresponds
+ to an energy absorption of 83 ergs per gram of tissue or to thé production

of 1.6l x 1022 ion pairs per grem of tissue. |

When neutron therapy began to be used it wés found thst thé abscrption

of energy from neutrons in eir wes not propo:tional to thet in tigsue,

Moreover while it had been relativély essy to mske an air-equivelent

material with respeét to x- or gsmme~reyss since this depended 6nly on -

the electron density and the artificial matching of the photoelsctrie

effect ovcr s wide snough renge, for measuring fest neutrons the hydrogen
content of the chamber wull bécame the prime factor. So far the tentative
methods of‘neutrdn measurement have used the fcllbwing devices:
{a) A pure cerbon wall; cheseé beceuse of its reproducibility.
(L;\H. Gray)'A - |
{(b) The bakelite wall, coatéd with aguadsg, of the cﬁst&mary
100 r Victoreen condenser r-meter. (The n unit of P. Aebersold)
(¢) Fure weter (presumébly as ice?) Another'generally‘available
substance, but this time with epproximstely the corréét'
a&ount of hydrogen. (L. H. Gray)
‘(d)>Basic Doéimetry with differént walls and chember gases to i “

deduce the tissue-equivelent dose. L. B. Gray)

EZ0T90



(e) Paraffin wall with éthylene gas. (E. 0. Wollan)
(£) The balanced double ionization chambers filled respectively
with argon and a gas rich in E. (Wollan, Gsmertsfelder, Parker).

In the meantime, many writers have used the term roantgen as
synonomous with the absorption of 83 ergs per gram of fiasue or the
production of 1.61 x 1012 ion peirs per gram regerdless of whether the
primary radiation was erays, gamma-rays, beta-rays, alpha-rsys, neutronc,
or eny radiation that produces ionization in tissue. This unit has been
variously specified as the "tissue roentgen®, the ®"roentgen-equivalent"®
or the "equivalent-roentgen®. The latter two terms are misleeding
beceuse the biological effect is certainly not equivalent, and as the
"e" was used in Europe for a unit similar to, but not identical with

the "r®, We have preferred to use the expression "roentgen equivalent

. Ethical" (_I'_EB) °

Another concept enters into the discussion when tolérance dose is
considered in relation to verying radiaiiohs. The effect produced up§n
similer tissues 5& an equivalent amount of energy esbsorption from different
types of incidenﬁ radiatio; varies greatly. It is possible to produce
the seme biological effect with different radistions Eut_ 1t requires
varying emounts of ebsorbed energy as measured physicelly. Using the
roentgen as a standard unit, when a messured amount éf fadiation
produces an effect similar to an x-ray effect from a known number of
roentgens, that amount can be‘said to be bioiogically equivalent td thet
number of roentgéns; The logical term to express this concept is
firoentgen equivalent biological®, abbreviaied "rebt, This; in speech,

can be £o easily confused with "rep", that we have adopted the abbreviaticn



*rem® which can be undeéstood to imply "roentgen equivalent man, mouse,
meammal, or medium'} depending upon the biological effect underkdiscussion.
Doéage—ratez

By convention, dose per unit time is called dossge-rate. There is
an alternative expression using exposure instead of dose, and ¢ xpostre
rete instead of dosasge-rate. The essentisl pdint is to distinguiah
between dosage-rate snd intensity. The former is essentislly a measure
of energy absorption per unit time; the latter is the energy flux. The
relation between dosage-rate and intensity is therefore a function of the
absorbebility of the radiation in question. The more recent radioclogical
literature has carefully observed this distinction, but the older papers
frequently expressed intensity in terms of r per unit time, |
Tolerance Doses '

For the present purposes, tolerance dose will be assumed to be that

dose_to which the body can be subjected without the production of harmful

‘effects., It is not self-evident whether dose as used here refers to a

total dose or tétthg elements of dose in & given period of time. This will
be discussed 1até§§, Ve have taken the latter view and further specify ’
that the given périod of time shall be one day.
. Tolerance dosage-ratet |

Tolerance dosage-fate has to-be interpreted aé.the dosage;ratq
that is continuously tolerable. We-say that the daily tolgrance dose
is 0.1 r (in general). If one writes "The tolerance dose is 0.1 r per da&',
it is argued thet this expression is dimensionally a dossge-rate, end |

that one should write 5the tolerance dosage-rate is 0,1 r per dsy.® There

is here a difference in sttitude which can be resolved only by a resums of

the manner in which tclerance dose has come ints tﬁe literaturéo



Tolerance dose versus tolerance dosege-rete:

The question of interpretation between dose and dosage~rate
ultimetely leads to far reaching differences of opinion coﬁcerning the
permissible exposure of the body. The origin of the dii'fidulty is
closely related to the development of radiotherapy since 1928. The
current Internations] Recommendations for x-fay and Badium Protection
read &8 follows; |

"The‘evidéncé at éresent available appéars to suggest that under
setisfactory working conditions, a person in normel heaelth cen tolerate
exposure to x-rays or radium gemme-rays to sn extent of‘about 0.2
internationsl roentgen per dey or l r per week. On the basis of continuous
irradiation during a working day of seven houra this figure corresponda
to s tolerance dosage rate of 10"’5 r per second.® )

It is clear thet the persons responsible for these recommendstions

hed in mind that it wes immaterial whether the exposure was taken in equal

dally amounts 6r vhether it was averaged out over & 'eei. The earlier
'writers frequently quoted the pernussible exposure per menth, 1In all this
there was no reatriction on the dasage-rate other than the implication -
that the exposures received were such as would normally arise in x-ray

or radium work. The crux of the problem is then the normal mode of ,
receiving unwented radistion. This occurred in four principal ways:

(1) Fluoroscopists: | ; |

" he fluoroscopist was exposed tu short bursts of quite intense
radiation (of the order of 101 r/sec. on the hands, and

‘ 10-3 r/sec. on the body).



(2) Xeray therapy technicianss

(3)

)

In this case the technician was expoéed to radiation for periods
of about 5 to 30 minutes with intervals of the ssme order between
treatments. Before the advent of self-protected tubes and specisl
shielding, & typlcal dosageerate for these exposures would be
104 r/sec. At the present time the expos;fe of xeray technicisens
is so little thst in genersl it adds nothing to our knouiedga of

tcleranceo
I-rey therapy patients:

It is debasteble whether patients should be included because their
exposure is received over a period of u§eks rether than yesrs.
However, in therapy, & large portion of the body receiﬁes a dose

of the order of one per cent of that delivered to the trested part.
Since it would not be uncoﬁmon to deliver 4000 r to each of two |
or three fields, the body cen receive £0 to 120 r in & few ieeka. at
8 dosage-rate of sbout 102 r/sec. Such an irradistion is not
without demonstrable effects, but it is beiievsd to*céﬁsekno
permanent damage. A dose of this magnitude is & three yeer quota

of daily tolerance doses. A study of pestiente subjected to repeated
courséa of x-ray treatment would be instructive except thai most of
the patients so treated would die too quickly of other causes, -

Redium therspists and techniciens:

These men were exposed for periods up to one hour at irregui;r 1
intervals, with & background of perheps 2 x 10-6 r/sec. th:ough 
ﬁhé workiné day. The highest dosage-rate normslly encountered{ -
wpuld be about 10<3 r/sec.



[
-
.
kS
e

-10- '

In all cases it appears that the exposurés f%om which the'present
knowledge of tolerance was derived were given in relztively short bursts
at dosage rates’mainlf in the range of 10=% to 10-3 r/seg. This should
be sufficient evidence thst no special significance shouid be attacﬁed o
to & tolerance dosage-rate of 10=5 r/sec. The inqlusion of this figure
in the International Recommendations was, we believe, nothing more than
a8 recognition of ite convenience as & guide when pfoteﬁtion measurements
are made with a survey meter, calibrated in r/scc. A4ll points st which
the dosage rate is permanently less then 105 r/sec. can be considered
sefe. ’ | '

On the whole, the exposure of personnel regularly émployad in a
radistion hazardous cccupation will be more or less evgnly distributed

except for week-ends.® In addition a large body of informstion on B

repested daily exposures of pstients has been built up. For these

ressons we restrict the meaning of tolefance dose to daily toierance

dose, This procedure is secuwhat srbitrary. There is nothing magicsl
about & péfiod of cne day, end it would manifestly be sbsurd to claim

that 0.1 r cen be delivered daily with any time distribution in the dey,
and that 0.2 r cannot be given every altern#te déy'or 0.5 or 0,6 r every |
working week. Nevertheless there has to be some limit to the dose~time .
relation, and the daily limit is conveﬁient; No‘restriction need_ﬁe .
placed on the dosage rate at which daily geﬁeral body radiztion is‘feceived;
Conditions should not exist in which the body c~n received the deily quoté »
of 0,1 r in less thsn 10 secs., and this sutomaticslly limits the maximum

#However, radium techrnlcians in the lesrger instituticnes sre frequently
fon radivm® and "off{ redium® in alternate months. It is felrly well
established thet freedx: from radiatiion for four rveeks gives the blood
a chance to recover frcm potentlisl damege.

1120157
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dosage-rate to about 102 r/sec. which differs by only a fhctor of 10
from the dosage-rates giving rise to our genersl knowledge of tolerance.

_ | Of interest in the dosape-rete problem are the experiments reported
by Curtis, Zirkle and co-workers(2). Two different gamma ray sources
‘were used, end sll verient factors were eliminested except the dosage;rate.
which was 30 r/min. in one case &nd Y r/min. in the other. The longest
duration of exposure to produce lethal effbcta in mice was Y hours. It
was found thet with this discrepancy in dosage-rate, there was nearly av
50¢ difference in lethel effect, in favor of grecter effect for the higher
dosage-rate,

In the above experiments both the dossge-rate and the totel duration

of the single exposure to produce déath were nccessarily veriants, and
it is of interest that so wide a variation in effect waéashnwn. For
other effects, as for example the production of erythema in the human skin,
it haa been shown that(3) when the expcsure rote of gemms radistion
veried from 12 to 1273 r/hour identical skin erythemss were proauced in
the seme individual when the totel dose remainad conatant, the duration
of treatment constant (one week) and the inte:mittent exposuies in s11
cases given at 24 hour intervals. The seme was true when x-ray exposure-~

rates varied from 3.3 to 225 r/min,

1.2 The History of the Tolerance Dose.

A severe case of x-ray dermatitis was described in Jsmuery 1896,
only &z month efter the discovery of xe-rays, IL w83 not until 1902 ihat

Rollins(4) attempted to formulate some idea of a tolerance dose. He

suggested thst "if a photogrephic plate is not‘fcgged in peven minmutes, -

the radiation is not of harmful intensity.® In present day terminology



this would amount to perhaps 10 - 20 roentgens per dasy delivered by

soft x-reys. The early injuries from radiation were largely those of
the skln, but the demonstration of the marked redio-sensitivity of the
blood forming organs (1904-1905) and of the reprcductive organs of
animals (1903-1904) cerried some warning that more serious demsge than
dermstitls could be anticipsted. The first organized step to insure |
protection from x-rays was made in 1915 by Russ(5) who read s paper on
protective devices before the British Roentgen Society. Definite action,
however, uas’delayed. To quote from Henshaw(6) "Beceuse of the war
activity which existed then, this plan feiled to bring forth importent
advancement, A8 & result of war demends, caution gave way to action and
protective measures were agein forgotteﬁ. The teking of incressed riéks

at this time probably was s factor which contributed.to an unfortunate

development in 1919 to 1921, both in this country end in Eurobe, when
a number of prominent radiation\workers died of apparéntlirradiation
injuries, particulerly asplastic anemia. Unfatjrable publicity developed;
:and definite action resulted.® | |
The American Roentgen Ray Soclety formed a Committee in 1920 to
reccmmend protection messures, which were formulated end published in
Seétembei‘ 1922. The British X-ray and Redium Protection Coumittes
presented its first recommendation in July of 1921, The two sets of
reccunendations were quite similsr and deslt largely with proteétive
ﬁaterials reccamended for use in building xersy and ra'd‘ium Iabofatorie: .
and_appgratus. -
4t the Pirst Internetionsl Congreas of Radiology held in London

_4n 1925 the question of x-ray and radium protection was considered but

no definite action was taken. At the sscond Iuternutionsl Congress

112010



T
)

e

A,
5
i

H

)

¢9140

held in Stockhoah in 1928 definite proposals were adopted and subsee
quently an Internstional Committee on X-ray and Radium Protectlon was
formed. The recommendations adopted by the Internationsl X~ray and
Radium Protection Committee contained no reference, however, to &
tolerance dose, merely stating that ﬁhe known effects to be guarded
sgainst were: injuries to the superficisl tissues, dersngement of the
internsl orgens and chenges in the blood. The report of this Committee
in 1931 likewise contained no ststement of a tolerance dose but in two
subsequent reports (1934 end 1937) the tolerance dose is stated as
0.2 roentgen per day(7), |
It 18 of intereét to search for the basis on which the above
tolerance dose wés established. From 1925 to 1932 various individuals
publiahed'their own opinion on the tolerance dose. A somewhet detailed
appraisal of the basis of these opinions is werrented here.
Mutscheller, in 1925(8) published & tolerance dose figure of
;Ol of an erytheme dose* per month, and to quote his publicstion,

nSeveral typicsel good ingtellations snd feir everages were token as &
J (24 : g°8 ¥

basis for calculating the dose to which the opersicrs sre now expased

during the time of one month. Thus it seens t@atkunqer present
conditions_and standards accepted at present, it is entirely safe if

an operator does not_receive every thirty days & dose exceeding .01 of
an efythema doses &nd from the preéent status of our knowlédge this
seens to be the tolerance dose for all conditions of Operatiﬁg roentgen
rey tubes for roentgenography, roentgenoscopy and therapy. This dose,
however, is derived from the .versge of & 1imited number oniy of typiéal

examples, and is perheps not yet sufficiently checked bicloglically

# An eryihema dose is one which produces & percepiibie reddening of the

P, o 4
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and go it may happen that in the future this dose will have to be
changedvéither to a larger br & smaller practical tolerance dose.®
In 1928(9) wutscheller egain published the same tolerance dose figure,
and in 1934(10) the same figure of .01 of en erythems dose was published
for nrays of higher penetration " used for therspsutic application.
The erythema dose for this quality of redietion wss given ss 3UC rocntgens.
Hence his tolerance dose was then 3.4} r per month or C.1 r per day.
Glocker and Kaupp(ll)‘in 1925, and scting for the Germsn Committes
on X-ray and Radium Protection, published the same figure as .01 of sn
erythema dose which they took directly from Mutscheller. '
Sievert (12) published in 1925 ons-tenth of &n erythéma dose per
year as & safe dose, based again'upan the laboratory and hospitel
measurementa. o , _ : i | - 4 ;
~ Barclay and Cox(13) in 1928 publishked a flgura of .000228 of &n
erythema dose as & daily exposure ‘which could be tolerated without

effect. They arrived st this figure in the falloglng menner. Twed

examplcs of exposure were taken &5 & besils. (e was antaﬂuﬁ - techniclen

who had worked for six years snd it xas juaged that the dazl sxposure
which she received was 007 of an e“ytagmf dose. The s cc;na daS'a
radiologist whose daily exposure wes appréise.’ t GOg? c* 5n zrythoms
dose. Barélay and Cox t&sn'arbitrarily tabk 1/25th of the G:ily exmosuve
to whicﬁ the x-ray technicien wés judged to have been §£§oéaﬂ over the N
alx year period, naﬁely .007 of an er&thema doss, and arrived at their
toleranée figufe of °60038 of an erjthema dose pef da&. It should be

) noted'that in both examples exposure was to scft x-rsys end thet the

safety factor of twenty-five was purely erbitrary. ‘
Feilla(14)in 1922 publishod & repoxi on the *tolersace in tensityt

tn vhish kis tackniciens hed beer subjectzd in ﬂ'@vat rz & 4 pgram rodius
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A - installation. This was of the order of .00l of & threshold erythems
 dose per month (threshold erythema dose taken as 600 roentgens). The

measurement of this intensity was done with photographic film by
Dr. Edith Quimby; The longest term of employment had been four end
a half years. No ill effects from this level of radiation had been
noted in the technicians. He accordingly adopted .00l of an erythems
dose per month (.6 r per month or .02 r per day) aa the "{olerance
intensity" for gemma rays. In referring to the previously published
tolerance dose levels, Failla pointed out that they were besed upon
sofe x-ray radlation, heving a lesser penetrstion than gamms rays and
hencé less potentiality for desmage to internsl organs. .SiAce protection
fron soft x-rays is readily §btained, Faills suggested then thst the

figure of .00l of an erythema dose per month be accepted as tolerance

for both x-rays and ganms-rays. _

Ksye(l5) brought together in 1928 the combined opinions on fhc )
tolersnce dose and converted the figures to .00l of an erythems doée
in five deys &8s an average‘vaiue. “

The dependence of erythema on quality of radiation is illustrated
1by the following approximate valuesx 7

Quality To Produce Erythems

Grenz reys 100 r
100 kv . : 350 r
200 kv - : A 600 r
1000 kv 1000 »
Gemza rays (radium) o 2000 r

kThns.it m8y be seen that for soft séattered x-rays (which were th&se
considered by Mutscheller), the erythema dose mey be only 1/5 of thet

~ for gemua rays of radium which formed the basis of Failla's figure,
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The Internationsl X-rey and Raedium Commission, acting for the

AT}
s

Internationsl Congress of Rediology, set the tolerance dose at 0.2
roentgen per day in both 1934 and 1937 recoomendation(7), As en
outgrowth of this International Commission there was formed in the
Unitéd States en Advisory Committee on X-ray and Redium Protection
which published its first proposals(16) in 1931 in the Buresu of
Standards Handbook No. 15. Here the tolersnce dose was set at 0.2
roentgen per day. In a lﬁter report of this American Advisory Ccmgittee
(Bureau of Standards Handbook No. 20) the’tolerance dose is stated as
0.1 roéntgen per day, no explanation being given for this reduction in
tolerance dose. In a subsequent publication in 1941 on the subject of
Radiation Protection, Taylnr(17) who 1s Cheirmen of the American Committee,

referred to the safety velue of 0.02 roentgen per day. This latter

figure, however, is mot the combined opinion of the American Advisory
Committee but was published.independently by Teylor.
Wintg ard Rump in a League of Natlons Publication in 1931(18)

reviewed the various statements of tolerance dose and came to their

1 own conclusion that the admissible dose is 10-9 f/second assuming an :
eight hour working day and 300 warking éays per year. This amdunta‘to
-+ .25 r per day. They qualify this dosage-rate for persons remsining
in proximity to sources~of radiation giving off rays without intermission
(radioactive preparations) by reducing it by a factor of 3 (i o. .l r
per day). Both Feilla and Wintz snd Rump have thus specifically
referred to:gamma rays in defining their tolerandé doses. Thy American
recammendations(19) of 0.1 r per day refer to both x- and gemme rays.

The difficulties of establishing & tolerance exposure level can =

be ascertained from the history of its development. A clear cut experiment

11201060
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on & large scale is virtualiy impossible to conduct becsuse there
would slways erise various degrees of abnormality (in blood levels)
which would have no relstion to radistion exposure. In this respect
Tayloi concludes: "Obviously, the determihation of this ﬁolerance dose
is difficult snd at best uncertsin., The bioclogic factors differ too
greatly among individusls to permit the use of & sharply defined
tolerance. To be well beyond the danger limit, one wust apply a

generous factor of safety to the result of any physical messurements.?®

Ihe Legal Status of the Tolerance Dose.

The legal ststus of radiation safety recommendstions is discussed
by Lauriston Taylor in his chaptei on Roentgen Ray Protection in the
nScience of Radiology"(20), He stetes that the 'legal status of roentgan
ray safety recommendations was brought up &t the outset and it is
1mportant to note that in no country do such recommendations have a
strictly legal recognition. The complicaticns of this were eerly
recognized end the Britiah Committee, for exsmples felt that publie
opinicn could be just as effective as word of 1&&. Eoreovorkby not

having 8 legsl atatus, the recommendations could remain flexible and

be readily changed to suit changing conditions. Laus, once formed,
chenge slowly and, in the metter of roentgen ray protection, such
inflexibility msy leed to complicstions.

"The method found by the British Commitiee to be most effective,

~in bringing about accéptance of the reccmmendation, was to put the

power of inspection and approval in the hands of the Nstionsl Ehyaical

Labcratory esessvecasssnss O
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"In this country, the same conditions# did not exist, end,
while recommendetions have been sccepted#* there is neither legel
status nor the suthorization for s central laboratory to put weight
behind an enforcement. The charter of the Natipnal Buresu of Standards
doea not foster any general outside inspection of activities, nor
have funds ever been authorized fozj the purposs., This Bureau does,
however, test snd certify protective materials and concurs in the
recomnendations of the Ssfaty Committes.® |

The National Buresu of Stsndards Fandbook No. 20 on X-rey
Protection{19) explicitly states in the first paragreph, "throughout
these recammendations the Iard- 'shall® is used to indicate nécéssary
requirements, while the word 'should! indicates advisory reguirements

toc be spplied when possible;" This is included under *Generel

Reccnzendations® and is in line with Taylar's sbove statement thet
4t.he Buresu of Standards does concur in the recommendatione of the
Safety Conmit.tae. N | ; ‘

Again in 1932(21) in discussing the work of the American Adviso?y
Comittee on X-rey and Badium Protectiom Taylor states ‘thats "the
question of the legal status of these recommendations has been -
frequently raised, They have none. The Committee feels that none is
needed; that 1egiaLative enactment .‘vtends tb stunt developtnant and -
prevent healthy changes, We are free to admit that our preaent proposals
may require changes in ths future as they are aaveloped. Ve wish - =
nothing to interfere with the freedam for modification. I should be

% 4 National hboratory ¥ith powers of ingpection and spproval.

## The recommendations of the American Advisory Ccmmittee have bewn acceoted
and published by the Bureau of Stardarda. 4
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pointed out, however, that lack of legal standing will probably
not in any way detract from their legal value. They aré a recognized
set of recommendations, drawn up by qualified’representatiﬁea of the
art and freely distributed to those interested. A court decision
invoiving x-r8y protection would in &ll probability, for lack of enother
sourcey be guided by these recommendations, ahd persons ignoring them
may be héld liable for negligence.”
Certain states have set up, through their Departments of Heslth
" and Industry, rules to cover tha safety of workers engaged in liminous
dial peinting. New York has comprumised on an allowable concentration
of‘le'lo curies of radon per liter in the working alr. Hessachusetts
hag prescribed thet the whols body exposure to gamma rays shsll be
mainteined st less than 0.1 r per 8 hour day. _But in so fer a8 we

can determine, in no stete are thess Department rulings or reconmendations
actuslly law on the statute books, It would seem that the time is
apprﬁpriéte for some govermment agency to esteblish and enroice adeguate
rules for protection egainst radistions and radio#etivé elements used

in industry. The edvent of the etamic emergy progran fufther emphagizes
this nsed. The enormous increase in the use of 1ndustr1a1 radiograﬁhy

f end luminous dlal painting hrought on by the war will continup in

- postuer years on a reduced scale but one that is st111 larger than
before the mer, Artificialvradioactive substances will be ;n ‘wide use
in meny phases of ihdustry, chenistry snd hiology. |

Conbidering the fact thet radietlion damcge continuea.to be produced:

by industrial use of redisticne, we sre inclined to believe that laws

are needed ever though we may be in agreement with Lauriston Taylor

thaﬁ "legislative ensciment tends to stunt development end prevent



healthy changes." Legislation has protected the public from over-
exposure to lead, benzol, carbon monoxide and s host of other toxins
®

without interfering too seriously with progress.

1.4 Project Raedistion Problems.

In the hasty development of the Plutonium Project the possibility
of exposure to all kinds of radistions was‘magnified meny fold over any
which had existed heretofore in industry or the laboratory., The hazerds
due to roentgen and gamna rays were fairly well known from previous
unfortunate experiences. The effects of exposure to bets and peutron
rays arising outside the body were less well known. Enough wss known
of the biologic action to permit an estimation of tolerance doses and
utilizing these shielding was constructed with a sufficient margin of
safety. fhe hazards due to the fission products were largely unknown.
There had'been previous experience with limited quantities of radium angd
radony snd an extremely small amount of such radioective elements ae
iodines phosphorus and strontium. From the little that was known{rom
these experiences the magnitude of tﬁe hazards tovﬁe encountered in
dealing with tremendous quant;ties of radiosctive fission products had
to be deduced, The toxicity of uranium snd its varioué canpoim& was
not lmown with &ny degree of certalnty and the dangers of plutoniun were
entirely unknown.

The traditionsl permissible dosea upon which the safety of any
radiation exposure hed to be bssec were: the Internationsl tolerance
dosey of 0.2 r per dey of x- or gamme radistion; the American tolerance
dose, 0.1~ pei dey; the tolerance concentration of redon in air,

1 x 10-2% curies per cc.; the recommendetion of the Buresu of Standards
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that 0.1 microgram of redium deposited in the body be considered
as the meximum safe limit. No tolerance dose had been established
for fast neutrons but as compared to x-rays they were known to be
about 2.5 times as effective in producing skin chenges in humans
for equal energy absorption. Other effects on mammals showed the
neutrons from 215 to 10 times as effective as X=-rays.

The sbove seemed rather meager informetion. F¥ithout it however
the protecticon program would have had no Sase levels on which to
build. The probiem then was to investigste the soundness of certain
of these tradition;l levels, while proceeding to ascertain radiation
tolerance for both radicactive substences end radistiocns yel une
available in sufficient quantity for sny considersble biologic assay.
As these radioactive substances became aveilable the experimentsl work
was begun. As sources of externsl radistion were made evailable
(1.e. slow &nd fast neutrons, intense bets ray beams) they in turn
were used for biologic research to determine their effects and to
check the validity of those factors of safety which had alresdy been

utilized in design and construction without weiting for biologic

confirmation. Fortunately this necessary reversal of procedure did

not result in major alterations, largely due to the factors of safety
which were incorporated. But there were unexpected results from

the biologic work which strongly emphasize the wisdom of.knawing

the degree of hazard beforehand., These will be discussed in &

later section.
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%%3 | 2. The Biologic Aspects of the Tolerance Dose
Experience thus far hss taught that certein fundamental biologic trends

will influence the allowsble exposure to radistion. This informstion has
been gained through both therespeutic and experimental work with rediation,
The problem of radiation tolerance is largely ccncerned with the

radiosensitivity of tissues, and for thst reason & discussion of radio-

seﬁsitivity is briefly included here.

2.1 ERadiosensitivity of Tissues,
1. Radiosensitivity. By radiosensitivity is meant the relative
vulnersebility to radiation of a tissue living in its normal physiologicel
enviromment. Advences in the applicaiion of radistion to medical uses
have come &bout largely by learning to adept the technigues of exposure

to teke advantage of the verying sensitivities of different tissues.

G

“Not only do different tissues heve different radiosensitivities
but also similar tissues in different enviromments respond differently.
¥hen enimsls are expdsed to irradistion of ihe entire body there are
not only murked differences in redicsensitivity of different species
but there are slso varistions within strains of the same Species. This
is one of ihe obstacles in carryiﬁg over to man conclusions based onl
‘the biologicsl effects of radistion found in the lower animals.

The problem is further complicested by various biological events
»which can alter the radiosensitivity of & givén tissuve. 4 few examples
will serve to bring cut certain of these factors which'éfe known,

2. Rate_of Growth. In genersl, the more rapidly growing and

active cells tend to be the more radicsensitive ones in a given tissue,

FH261 T
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3. Cellulsr Envirorment. The composition of the medium or the
enviromment of the cells comprising & tissue strongly affects the
radiosensitivity. This is closely sssociated with the complai
physiochemical alteretions which muét ensue within the cell when
it is subjected to unnstural jonization. Whether the effect of
the ionization is a direct one, teking place within the cell, or
an indirect one resulting from alterstions in the enviromment,
is still laergely & matter of conjecture, although evidence is
accumulsting to show that both mechanisms may be active. A4As an
example of the effect of enviromment upon rediosensitivity one may
cite the diminished effect of radistion upon otherwise extremely
radiosensitive tissues when they are subjected to a reduced oxygen
supply during the iime of exposure. Likewise there is expsrimental
evidence to show that & change in the acid<bsse relationsﬁip,
affecting the permeability of cell membrénes, can for certesin tissues

incresse their radioeensitivityo Physicel factors such as heat, cold

i

or previcus radieticn may elter either te of growth or the
enviromment of the cells, and thus produce & change in their
vulnersbility to ionizetion in them or in the medium in which they
live. | |

4, Threshold and Non-threshold Effects, If one plots a dose-

effect graph for verious tissues subjected tc radiation, there are

in general two forms which the greph may take:
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Dose

(A) Curve A illustrates the non-threshold case. The
effect is directly proportionel to the dose no matter
how small or large. There is no initial threshold of
dose which must be exceeded before an ¢ffect is obtained.
To recognize a non-threshold effect, it must be resdily
observable or measurable., An example is the influence
of redistion upon the germ plasm of Drosophlla,

(B) Curve B illustrastes s threshold effect. Here the effect
is not measursble by present methods until e certain
threshold of dose 18 exceeded. Threshold effects are not
linear with dose. The effects of redistion upon the skin
and the blood forming orgens &re examples. Until the dose
reasches or surpssses the threshold, the first sign of skin
effect (erythema) or of effect upon the blcod forwing organs
(as reflected in the circulating blood) sre not seen.

The majority of radiation @ffects sre thought to be of the
threshold type. It may be that:-ss more‘éelicate indicatérs ars fbund
to measure effects, more of them ¥1ll be seen to be of tye nonethreshald
type. - | : | | :

56 gevegéibilitg of Effects. The reversibility of radiation
effects is iﬁportant, perticulesrly in occupationsl exposure. By
reversibllity is meant the.return of 8 tissue to its previbusly normal
state after exposure is discontimued. The reversibility of eny specific
effect is dependent upon the repsrative or regenerative properties of

the tissue., Some tissues, such 28 skin, the blood fdfming elements, .

membranous linings of the body cavities or glands, and peripheral
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nerves are encowed with s specisl type of repair mechanism. Other
tiésues, such ss brain, kidney and lens of the eye have no repair
mechanism. In them, repeir is by the formation of e scar, which does
not take over the fuhcticn of the original tissue which it replaces.
The effects in such casés are seid toc be irreversible. ’

In order for an effect to be reversible, it must not produce
injury beyond the limits of the normal capecity for regeneration.
Otherwise the effect is permanent and may leed to complete destruction
or exhaustion of the tissue.

Both the totsl dose and the totel time over which 1t is given
may affect the ebility of the regenerstive processes to function, If
the total dose is excessive regenerstlion and repair.may be impossible
1rre§pective cf the time over which it is administered. On the other
hand, & total dose which will producevreversible effects, if given
at & sufficiently slow rete to permit regensration may fesult in
irreversible damage to the tissues if given &t & faster rste over a
shorter pericd.

A tissue which has been irradisted mey regenerste to & ﬁegree
thet it can cerry on its normal function. Any latent damsge may be
undetectabla'by present methods. The tissue will howevef be more
vulnerable to subseguent irradiation; and slower to regeqerate.

Bone marrou, for example, deSpité its remerkeble powers of recovety

will eventuslly be exhausted following repseted irrsdistion,

General Rodv Effects.

For the purpcses of simplificaticn, the geumeral body effects

will be considered frem the stendpoint of (1) externsl rediation



26

and (2) internal radistion. Although the effects are similar in m@ny
respects the source and route of edminlstration of radiation has some
bearing on the tolerance dose.
Regular blood counts have been done on the workers of the Plutonium
~ Project to establish the indivicual blood count level and to be able
to follow eny trends in blood count which might result from over-exposure
to radiation. Dr. Jacﬁbson's anglysis of these studies,reported else=-
where, indicete however that for the degree of exposure encountered on
the Projects the blood count is not a significantly early index. The
anslysis of blood studiés made in irradiasted animsls elso supports this
conclusion. At best the leukocyte count serves &s & means of detecting
injury to the bone merrow when it has been suiject to prolonged

irradiation ir excess of the permissible level. It may in some

HL0Y
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individuals reflect injury fram s single exposure of penetratiﬁg
radiation of the order of 25 - 50 r. -

There has not as yet been developed & specific'biologic test
which is relisble in détecting the initial signs of injury resulting
from general body radiation from an externsl penetreting source.

By internal radistion is meant radiatlon orlglnatlng rlthiﬁ the
body. It comes from rasdicactive elements which get into the body by
any means, such 8s ingestion, inhalation etec. Experience with internsl
radiatioq was obtained through studies of inhsled radon both in snimsls

"~ and man, Studies of the blood of workers concerned wiéh separstion
of radium show en eventusl effect upon the blood producing‘or‘gana° The
magnitude of the exposurs can Be cerrelated with the level of radio-

activity of the expired eir{24). Similar studies have been made upon
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the workers concerned with the preparstion of mesothorium(23)a The
late effects of continued inhalation of excessive amounts of‘radon are
unfortunately known for man. The'high incidence of lung cancer in the
Schneeberg, Sazony, and Jachymov mines of Bohemis has been directly
attributed by some workers to'breathing air containing radon, which
gives an elpha bombardment to the lung tissues. The reportéd incidence
is high, In one report(24%) sut of & total of 89 deaths occurring in
a period of ten years among 400 miners, 60 eutopsies were obtained and
42 of the deaths were shown to be due to priuary lung cancer. This
wes an incidence of 9.7% 1.5 pér year per 1000, or about 30 times the
normal expectancy. Of 48 mice kept for & yeaxr in the Schneeberg mine,
28 died, seven having developed tumors of the respiratory organs (25),

The average radon content of the air in these mines is of the order

of 3 x 1012 curies of radon per ce.

Lorenz questions the validity of these observations snd does not
ascribe the high incidence of lung cancer either in the woriers or
mice to the high radon content, |

The radioaétive gases which in the past‘haVA been an occupstional
hazard were the eménationsvfrom redium and mesothorium. The Plutonium
Project brought us in contact with other rasdicactive gazses (Xenon, Argon,
Krypton), and the radiosctive vapor (Iodine). The Xenon end Iodine
problen willbe more fully discussed in & later sectlon. « |

Internal radistion from ingestion zxd deposit of radiosctive mate:iél
in the bodies of rediwm disl painters wes flist described by Esrtland (26),

The history of this occupationel diseese is well known. About 98 to 99

.

percent of the rédium which wes ingested through the hebit of pointing
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o the brushes in the mouth was excreted, but the remeinder was deposited

in the body, lsrgely in the bones. 4s little as 1 to 2 mlicrograms

fixed in the body has proven lethsl. Here sgain the continued bombardment

of bone merrow results either in a fatel anemia, atrophy of the bone or

in the production of malignsnt bone tumors. The late signs of damage,

apemia or malignant bone tumors, may be evident some years after exposure

has resulted in the deposit of redium. It is possible, bowever, to

detect radiosctivity in the expired sir as an eerly check on over-

exposure, snd this is done routinely by the more cautious plants producing

luminous diels. There is apparently an initial compensatory activity

of the bone merrow which atteﬁpts to keep pace with the tissue destruction

protuced by the continued alpha bombzrdment but eventually leads to

bons marrow exhaustion and fatal anemis, Experience with radium

poisoning in the luminous disl inCustry has led the Buresu of Stendards
to establish 0.1 microgram of rsdium as the limit which can be deposited
in the body without resulting in later damaga(27),
The hagards of internsl radiation from ingestions inhalation or

trans-cuteneous ﬁassage and eventuzl deposit of radiosctive materials

. in ths body could not be overlooked ss & mejor hazerd for the Project.
Studies on the absorption, deposition and excretion of the various
fission products were doné snd sre repcried elsewhere by Dr. Joseph
G. Hemilton and his asgscciates., The tolerance vslue or maximum
permissible emount of anmy fission preduct which could be séfely taken
into the body could not be set until & couplete study had been made of
the way the bedy bandled thsl element &nd of the effecﬁa of the

é?% radiatibn from it., This had to be done separately and cellectively

3

for each fission product.

20100



29

The problem of the hazard due to plutonium did not receive early
consideration., Until the fall of 1943 there was pot s sufficient quantity
of plutonium recovered to allocate the amount necessary for even tracer
biologlic work. A4As soon as the first micrngams could be spared for
biologic agsey, this was done, and the resulis of these early, as well
ag later experiments by Dr, Hamilton snd his sssocistes, as well as by
Dr., Kemneth S. Cole and his associstes, are reported in Volumes XXII and
XXIII. They have formed the basis of our permissible levels thus far

esteblished for exposure %o plutonium,

2.3 Skin Effects.

The effects of radistion on thz human skin gave the first indiestion

of eny biologic effect of x-rays and gemme-rays. Becquerel, who carried
\gy ' & tube of radium in his vest pocket for demonsiration purposes, developed
a8 reaction of the underlylng skin., JXerey dermatitis was in evidence within
& few months after the discovery of x-rays.,

The greatest number of radistion injuries has been to the skin

both in x-ray end radium workers, Following the early wave of damage to
the skin which came in the first fifteen yesrs of x-ray and redium use
there were more precsutions teken to prevent skin damasge, With speclsl
attention given to local protection, the number of>injuries'to the
bleood forming organs incressed due to lack of complete protection. As
emphasis was then pleced on whole body protection, the skin injuries -
agein sssumed first place and at the present time they are still sppearing

in unpecessary mmbers. The majority of these are physiclens or dentists;

RINRIFAN

& fewer mumber &ppeers ir radium workers.

A5

The charscteristic effect of large doses of x-ray end radium

upon the skir is the preduction of a skin erythema. In this respect
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'they are compsrable to ultraeviclet radiation except thet the latent

period between exposure and erythema is much more delayed, depending
upon the doses up to sbout four ﬁeeks with a ¢ingle x-ray‘or gaﬁma-ray
exposure. A4s was previously noted, in general it requires & larger
dose of shorter wave length radiation then of longer to produce the
same effect.’ As the length of time over which the redistion is
administered is increased, the dose required to produce an erythema
becomes larger.

The erytheme is the result of & dilation of the fine ceplllaries,
venules, and arterioles supplying the skin. The mechanism is thought
to be identicsl with the erythems produced by ultra=violet irredistion(28)
having & wave length of about 300 micro-microns, which is the component
of sunlight effective for this purpose. The stimulus which produces
the blood vessel dilation is thought to be cdue to s locel felease of
e *histemine-like® substance from the living superficisl leyers of the
akin, |

.The skin is composed of essentislly two lzyers of tissue - the
epidermis which consists of the epithelisl cells foiéing the protisctive
covering of the body, and the dermis lying bencath the epldermis, which
consiste of the supporting connective tissﬁe for the epidefmis and
carries the nutrient vesselé. ecesaory orgens and nerve supply. The
thickness of the epldermis, or cuter cellular lasyer, varies over the
body but in general ranges from 0,07 to 0,12 mn, On the pelmar surface
of the hends sﬁd fingers; it eversges 0,8 mmj cn the soles of the fest
1.4 mm. In men accusiomsd to‘heavy lzbar’y which produces a thickening

of the skin of the hands, the epidermis may be considerably thicker,

The cutermost leyer of the epidermis (strstum corneum) consists of dead,



hornified, fiatisnsd cells. The thickness of thir ocuiter horney layer
varies over the booy, being thickest on the soles (.€ ms) and palms

b

(44 mm),  Or the brcks of the hands end over the remsinder of the

v

i eonsidershbly thimner., As cella sre lost from this outer

ro

bedy
leyer oy nermel wear znd Lewy. the underiying growing leyer of the
epiaermis continues to Surnish & new supply. Thwre are no blood
vessels within the epidermis = the fine cepillaries nearest the surfsce
lying directly beneath the epidermis. Thus erythema is produced below
the epidermis.

Superficial injury of the skin is evidernced either by erythema
or & desquametion 6f the epidermis, which, if the exposure has not
been too severes will eventuelly heal by growth of epithelium from
the basal layer of the epidermis. More severs demsge will iﬁjure
the vessels in the dermis, resulting in prolonged ulcerstion, which
may or may not eventually heal, Gepending upcn the degree of injufy
sustained.

The thicknegs of the outer horr, la2yer cf the skin is of
mmmwwinmhﬁmto&emmnwnnydwmm5m1wemmy
beta-radietion. Siuce the slphe particles of uranium hsve s range in
tisaue of about ,05 mm one would not expect skin injury from them,
When the energy of alphs particles is grester {as those from &
cyclotron) penstration in tissus becomes‘sufficiently great to produce
skin injury(29),

The betaofay penetration of tissue is éiscusaed at some length
in 8 report by H. ¥. Parker, which is fto be féund in Volume XXI.

It is sufficient here to enphasize that bela=psrticles of the averasge



energy associsted with the long lived fission products will penetrate
well below the skin, and hence there is real potentiality for injury
if due caution is not exercised to svoid over-exposure.‘ :

The cbove discussion of erythema applies to radiatlon injury of
a relstively acute typs. The dose required to produce erythems is
relstively high. As the time over which the dose is administered
is lengthened (ss in chronic occupati;nal exposure) & considersbly
higher total exposure will be tolerated. Erythems mey be en esrly aign
’only when the dose has been acute, but it may not eppesr at all when
‘the exposure is spread over & period of yesrs. Hence one cannot rely
upon the sppearance of an erythems to judge wheiher or not over-exposure
is producing damage when the exposurs is prolonged over 2 period of
™, years. Other signs which should prove a warning ere a loss of the
| normal skin ridges of the fingér tips, 1085 of hair on the‘back of
fingers and hand, cracking; brittleness or ridging of the fingernails,
& loss of the normal sensitivity &nd an abuormel arynéss of the skin.:

The late evidence efrinjury appears es telangiectasis (a’
permanent cepillary dilation), pigﬁentation, atrophy of the skin and
its appendéges (hair follicles, swesat en& sebaceous glands) and skin
thickening with the eppeeréhce of sart-liﬁe growihs, Thé most serious
late sign of damezge is ulceration,vwhich usually resulis from minor .
abrasions which feil to hesl. Ulcerstion in many cases'eventéally ~
progresses to cencer of the‘skin; which in éome 25 pgrcent(zo) spresds -
beyond the handsvand pfaves lethal. In scme instences the wart-like

growtha (keratosis) become malignént, ang hence when they.have appeared
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they must be cerefully observed. The time between onset of exposure
to the recognition of skin cencer in one series wes an average of nine
years. The ages of these vi?tims renged from 28 to 60 years.
Stone and Larkin found that 110 "n* of neutrons produced by
16 mev deuterons produced a threshold plgmentation of the human skin
appeering between the Yth sné 19th day, which effect is elso produeed
by 650 to 700 r of 200 kv rays¥, Thus for the fasi neutron exposure
there is e ratio of effect varyiﬁg by & factor of 6 for the humen skin,
For x-rays this.is teken intc account in thé tclersnce dose iavel
for fast neutron exposure of G;Ol wnt (0,025 rep) per day.
Unfortunstely, the workers who have in the pest received skin

injury have no record of the exposures received over & period of years.

Theré is no genersl agreement on skih tolerance Emcng'radiologists or
Fhysicists who have mediéal sxperience. On inguiry f:cn two professors
of rediclogy of wide experience; the enswers §aried from 0.5 te 5.0 ¢
per dey of x-ray as tolersble to the hands. The Handbook {le. 18)‘pn
"radistion Protection for Amzounts up to 300 iilligrams® published by
the Buresu of Ctanderds in 193y St&tes that: "the safe génerel:radiatioﬁ
to ﬁhe whole body is taken as 1/10 r per dey for ﬁard i-rays, énd may

‘ .be used as & guide in redium protection, & r per dey hes beon taken -
as the taolerance for the fiﬁgerse It must be emphasi;ed thst the
calculation of radium dosege is not easy, &nd too greet reliance is

not to be put on ths above figures,®

* The ™" is arbitrarily defined as & quantity of fast nsutron
exposure giving the same reading as one roenbgen of x=-rays
when the meesuring instrument is.a 10C r Vi:ztoreen condenser
ChaZEbero :
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This statement published in 1934 wes fortunstely overlooked

when we were faced with the problem of setting & permissible exposure
for skin - more particularly the hands. Althbpgh_it is admitted thst
nthe calculstion of radium dosage is not eesys" it cun be done, and
with relisble sccuracy. We would elso agree that "too greast relisnce’
is not to be put on the above figures,” mcré particularly the 5 r per
day allowed to the skin of fingers. In ihe cpinion of those responsible
for redistion protection on the Project 5 r per day was excessive.

We wére willing to admit thet 1 r per dsy to the skin of hands would

not be injufious if réceived occasionelly when Speéial work mede this
necessary, Butlin view of the unéertainties»in the vhole skin exposure.

robler, and the large mmber of workers who would Se hancling radio=
P g g

active sﬁbstances’(uranium and fission products),vit was thought edvisable
to place the skin exposure ievel on & par with generel body éxposura -
0.1 r per dey. In retrospect after somevfour years of experien;e, this .
is adnittedly conSGEVHtive - but the error, if it does exist, is on thé .

side of safety.

[

2.4 Effects on Regroductive Organs.

The reproductive orgens may sustein da..sge eiﬁﬁer tovthe‘germ
plasn or to the cells which cerry the germ plasm»{ova or‘apefm);" To
obtain & permanent sterilization of the femsle ovary fe@uirea e dose
of some Y00 = €00 r uithin the ovary. Sterilizetién in maﬁ is produced
by 800 - 1000 r in the testes. There is s threchold dose which must be

exceeded before any effect ﬁpon fertility becomes nanifest,

)
o’

Experiments reported elsewhere by Heston &nd Lorenz heveAalready '

i
£

shown that continued‘exposure of female mice to 1 T per & hours daily
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| produces overien follicular atrophy after approximetely 540 r.

The effect of near tolerance levels of irradiatlon on the
sperm count of dogs was undertaken by the Rochester krea of the
Menhstten Project. The final results of this work, when puolished,
. may be of considersble intergst.

The possibility of damage to the reprcductive orgens is the most
discussed &nd feared hazard in the minds of most of those who work
with radiation. The reasons for this keen interest in the subject
can best be learned from Freud. The 1néidence of reducedvsterility
fcllowihg occupationsl expcsure is not known with eny accuracy for work
in the past. 4 study of biréhrate for employees of the Hanferd Engineer
Viorks, mads by Dr. J. A. Quigléy, doe# not however show any evidence
over & two year period. For the nation as & whole the bi;thrétes.for
1943, 1944 and 1945 were 21.5, 20.2 and 21.6‘pcr 1000 papuletiona For
Eichland, FWashington the birthrate f&r ¢ period lete 1944 through 1945
averaged 37.3 per iOOO populetion. A relatively young population
accounts for the factor in favor of the Richlend eres. No stimulsting |

effect 1s implied,

Eggiogehetic Effects, ‘ ﬂ

| In01927 Muller(jl) demonstrated that t&e nutetion® rate of the
fruit fly could be accelerafed by expocure to n-reys. In’the fruit
{ly radistion increases the rate of éppearance of common mutations
wiich occur spoﬁtanecusly; it preduces the uncommon ones only férely.
Single exposures of 30 « uo.r will coudble thé rutstion fate in tﬁe

fruit f1y; doses of 500 r sre reouvired to produce ﬁutatiéns in mice,

A

¥ A mutation is £x bereditsvily trsromiscsiltie avrvpt elteration
in germovless,
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and these eppear in far lower incidence than in the fruit fly.

Work done at the Natiomal Cancer Institute on the genetlce
effects of radiation (reported elsewhere) hss not elicited mutetions
or evidence of genetic change with exposures up to 8.8 r ﬁer day over
meny generstions in mice. The only effect noted has been a decrease
in litter size, which may bs atiributable to reduced sperm or ova.
Radistion-induced mutstions heve been found to have cheracteristics
which bear on the practical consideration of radiogénetic changes pogsibly
agsocisted with occupatiohal exposure, The most iﬁportant of these is
that there is & linesr relutionship between dose and increase in mutation
rete. There is no threshold effect - the cumuletion of exposure is thus
édditive. Furthermore, the ﬁagnitude of the effect is independent of

the wave length and dosage rate of exposnre(32). These genetic studies

(lergely in the fruit fiy) have lesd to considerable discussion concern= |
ing their spplicability to ﬁén in relaﬂion to tolersnce dose. There

are workers inm the field who edvocate & furtisr reauction in the

tolersnce dose for x- and gomma-rays because of the non-threshold effect'
af x;rays‘uPon the germ plasm of the fruit fly. Further concern is

added to these fears by the possibility of even greétér radiégenetic
desmage from heevy psrticle radiation (neutrens, protons, etc;) than from
the more femiliar x- &nd gammaerays, -

Mutations, whether spontaneous or produced by radiation, are
about 90 per cent lethsl or sublethal. This means thet the offspring
does not survive the gestation cr hatching periods or dies shorily
thereafter. The lethal mutations are either dominant or recessive.

By dominant is meant thast, for the exposed parent organism, the lethsl”
effect appeers in some of its direct offspring. By recessive is meant
that the effect might sppear only in some succeeding gemeretion of

the radiated subject. In men it would appear in near descendants only
should cousins or neer relatives intermsrry. It has been celculated
from the lasws of genetics that some 5000 years would be required for

et
.



a mutated gene to meet another muteted gene descended from the
original mutetion. This would indicate thst we need not be too
concerned about the recessive deleterlous effects of mutetions.

Our present knowledge of radiogenetics has been gsined entirely
from experimental studies in the fruit fly or other lower orgenisms,
and t0 a lesaer extent from mice. Actually very iittle ie known about
genetics in men, &nd still less about the effects which might be

produced by exposure to radistion., A4s yet there is no convincing

evidence to indicate that the present generations of radiation workers

have produced offspring which differ from thene of the generel population,

It can be argued, however, thet succeeding generztlions or intermerrying
may bring ebnormalities to light. If experimertsl findings in the .
non-mamuelien organisms ere accepted 28 valid for man, then one csn
only escape some degree of radiogenetic effect by avoidance of all
radiation exposure, including the natursl rediation {cosmic, etc.).
This concept hsa lead Henahaw(®) to suggeat that perhapa.for
the non-threshcld resctions such &3 the radiogenetic ones, we éhould
define rather a "tolerance injury” than & "tolerance dosa.ﬁ‘

3. The Deheﬁgggce of Tolarance‘pose
on the fature of the Redistion

Specific lonization,

Experimental &s well s clinical studiss have shown.that the
biologic effsct producédfby the absorpﬁion of & given égantity of
énérgy is dependent in part upon the neture of the incident radistion.

The effects are produced in some manner by ti= ionizetion resulting

from the impinging radistion, Lut the 2istribution of ionization is

not the same for &1l guslitles of rsdistion. A grester ion density

o
wld
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along the path of an ionizing particle is sssocloted with @ more
pronounced cellulasr or biological effect. The density of ionizetion
per unit length of path ic referred to =& the specific lonizstion
of & particuler quality or type of radiation. One can then compare
biologicel effects produced by equivelent energy ebsorption from
X=rays,; gamma-rays, neutréns, ete, A detsiled end eritical znelysis
of this phenomenon is reviewed by Zir?le. We refer to it here
because it is convenient to consider tolersnce dose from the peint
of view of the type of radistion involved rether then in terms of
the specific effect on the various parts of the body as in the
foregoing section. The évigencé ccmes from the same sources and
sone repetition is inevitsable.

1. X-rers. A4s our knovledge of pemirsible exposure has been
derived almost e#élusively from experience in Losrlisls, it is best
founded for xeradiation. In particulsr the originsi cholce of
tolerance dese was founded on two casesy both involving the exposﬁr&

of operators. to scattered radiaticn only. The wave lsngth of this

radiation cen bs taker as 0,38, Hence its penctration in tissuc is -

ebout 26 percent at 1 cm. deep and 25 parcent at 10 cm deep. (These
figures ere derived from a consicdereztion of the scattefing coniribution
in & body subjected tc wide beam irradiaiion. The’corfesponding
figures ffam the absorption‘coefficient alone would bé €0 percext
and 8 percent reSpectivély.) |

The tolerancs éose suppesedly hed a selely fsctor ofkthe.order
of 20 - 4C for radietion of this typs. Kedern practicé‘invol;és ~
shielding the cperstor by lead screens, but it is pernitied that

¢lrectly trarsminted radiation f2lls on *hz

e

LErahors up ou the
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limiting tolerance amount. Under these coniitions the net effect

on the deeper seasted organs may be different. This is especially
the case with the modern high voltage machines. Y00 kv. radistion
i1s as common now &s 150 kv. was when tolerance was first‘established.
Penetration of this radiation is sbout 100 percent &t 1 cm., end

50 percent at 10 cm., (90 gercent end 30 percent respectively from
the sbsorption coefficient) and we might consider its effect on the
haemapoetic system as approximately twice a8 demaging.

Little has been written about the demaging effects o: x-radistion
genereted in the range between 400 kv. end 1200 kv. Such hospitel
installstions have in gsnersal been well protected énd have not
been operated meny hours pér day excepl in recent years. In this
renge of voltege there is little increase in ths ®percertage depfh
dose" for cepths up to about 10 cm., for wide besn irraﬂiétioﬁ.

The increaséd penetration of the primsry beam is offset by the
reduced contribution from scattering. It is also known_that the

effect of these radistions in therapeutlc dosaze is quite clogely

'the same in deep tissue &s that of the well siudied 200 kv, redis-

tions. 4s fér as skin effects are concernsd there gre two familiar

effects both of which indicate that for equel dose s&s ﬁsually‘<

measured, the damage bj high voltege radiation should be less severe,

It is reasonsble to suppose that a tolerance dose estahlished for

200 kv, radiation with & margin of séfety of 10 or more will still
be safe for x-radietion up to 1200 kv. The widespread industrisl

use of‘lOOO‘kve raﬁiaticn in the present mzr would give a fruitful
s;urce of study in a few years if the exposurss were adequately

r2e0ordad.
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2. Gamme Fayg. Adequste experience with germa rediation hee
beeg restricted to tha§ from raedium and its procuctss and agéin it
is derived from hendling in hospitals. It has long been eccepted
thet the danger of exposure to gemms radietion exceeds thet from

x-radiation for two reasoms: (1) x-rays can be "turned off® when not

required, (2) the gamms ray penetrztion is ﬁigher. Tintz and Hnmp(la)

who gave the first consideration to gamms ray exposure select a

dosage rate of 1/3 10=9 r/second as sgainst 10~5 r/second for
x-radistion. The latter figure is based on an & hour day end the
former apparently implies possible exposure to gemma-rediztion for

24 hours pe¥ dey. In the élternative expression of telersnce dose

as & dally smount, Wintz end Rurp would mske no distinction. Cn the
bagis of penétration (94 percent & 1 cm.; 58& percent &t 10 ci. without
beckseetier) ope might have & factor of 2 or 3 to represént the
additional.total body ionizetion,

It ié commonly supposad thst the effect of gomme-rzdistion on
the body is greater than that of x-reys for equil surface dess colely
on account of the greater penetratior. It is assﬁmed that the eclion
of the radiation is entirely due to the sscondary electrons liberated
and that change of specific ionizaticn cver this renge is not important.
Hence thé method of expressing‘tolerence doge in terms of the total
ionization has recently gainedyfav&r, especislly abroad, The unit
employed for this purpose ié the “gramme-roeﬁtgenaﬁ l-gremme-rocntgen

corresponds to 1.6 » 1012 ion.pairs.*®

#* Dose in roentgens is & measure of the iouization per ccy &and is
independent of the size of field or velume of tissue radiszted

(incressed scattering, etc. is included in the reasurement of ‘rt),
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Simple computations will show that there is more change in
total ionization &s & result of geometry than results from the change

from soft x-rays to gemma-rays. For equal surface dose we have

Relzative totsl body

ionization
Soft xe-rays fram large distance 1
Gamme rays " " " 2.5
Gamma reys from point source et 100 cm. 1.9
Gamma rays " " " ® 10 cm. 0.6

Exposure to gammeeradietion from internel sources can be treated
in terms of the lonizetion produced in tissus., In generzl the elfect
would be exceeded by that of the sccompanying beta-radiation,

3. Beta Rays. Thers is no sound evidencc on the permissible
exposure of the body to bete radistion. The héndlinngf gtrong sources
‘was not common until the development of eritificisl radioectivity,
especially by the cyclouron. (This is not stirictly correct inesmuch
as cathode ray tubes, e. g. Lenard tubes, have been widely used, and
these are potent enoﬁgh'souréeso %ith such :n installation it is
relatively essy to maintain adequete shiclding at all‘times. Conse=
quently there seems to be no record of damsge by prolonged cxpcsure
to these radiations. ‘The numerous cases of exposure, scoidentel
or otherwise to stray beamws for short lnterva ls is nct discussed here).

It is generally conceded that the effect of x-rays and gomma-
rays on tissue arises ffom the electrons which are energized in
tissue by these radiations. Hernce, for equal ionization, Lata-
radiatlon should procuce the sare effectw, apart from & possible

correction dus to specific icrdzetion differencess, This has been

For g nore deitailed consideration cncope of the thysizel bS““CtQ of .
effeects of D“bp”rﬁa¢at¢uﬂ an Lissuey ths zoeeder is refarend tao

H
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sufficiently well confirmed by experiments ;;Atherapeutic levels.
One can therefore confidently state that an exposure to beta- '
radiation of 0.1 r/dey will be safe. Since the external beta-rey
efféct is confined to the skin or to tissue within perhape 1 em.
of the skin it is evident that bete-radistion will add little or
no contribution to the generel body effect. The experiments of
Raper and Barnes (33) ghich ere reported in Volume XXII or XXIII,
show thet for exposures to bets-radiztion in the range cf 1500 -
59,000 rep*, there was no effect upon the blood forming orgsns of
rabbits when the peripheral blood was sempled.

Lethsl effects, reported by Rsper znd Bernes, were produced
by extensive burns. The LD50 for their beta-rediation veried from
2200 rep or baby rats to 17,500 rep for rebbits. The gemms-ray
LD50 lethal effect.varied from 310 r to 1270 r, &nd w2s nol corrslsted
with the size of the animal,

Demage sarising from the ihgestion 6r irhalation of bete aﬁtivev
material is however another problem; since hére the effect ks to
be assessed in terms of lonizetion with zsro sbsorbers in contrast
to external beta radicztion where the factor of sbsorption is.

4, Neutrons. The effects of prolongsd exp&éure to loy intensity
beams of neutlrons wes unknown et the stert of the project. Yany effects
o: highef intenslity neutron irrsdéisticn of Bioloéiéal msteriels have
béen compared with xerey or gemms-ray irradiation. In this work

the neutren dose has frequently been quoted in ®a" units as the

e
o)

* Half walue penetratior in tissve 0.95 mz.
IR | '
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reading of & pasrticular Victoreen condenser chember. The ionizing
effect in the body of 1 "n" of fast‘neuﬁrons cen be considered
equivalent to 2.5 rep., The biological effectiveness of neutrons
relative to x-reys varies widely for different msterisls or for
different conditions in the seme materiazl. According to Zirkle(Bu)
the effects on msmmalian tissues show effedtiveness retios ranging
from 5 to 9 (in terms of r to "n"), From these figures it‘haa
become common piactice to consider 0,01 n (0.025 rep) as & tolersnce
dose of comparable safety to 0.1 r for x-rays. |
Experimental work reported by Zirkle, Raper, Riley and
Stapleton on the biclogic effectiveness of fast neutrons(35) indicated
thet for mice the LD50 exposure for fest neutrons, directly determined,

was 91 n, The LD50 exposure of pure gemms-rays, indirectly determined

from egpefimental data, was 812 r.
The effect of slow neutron radiation was originally considered
to be duse to gammaQray emission from hydrbgen capture, and the
| talerance level for slow neutrons was origlnally based on the
gemma-radietion internally emitted, Work repcrted by Zirkle(36)
- has however considersvly asltered this conception, He has found

eiperimentelly that when mice &are subjected to combined siow and
Ve fast neutron exposure, the gemma-rays enitted from the mouse, both

calculated and measurcd, smounted to only some 12 perceni of the

total lethal effect of his radiation components, Some 38 percent

wes found tc be due to proton end csrbon recoils from the reaction

Kk (nsp) ¢4, Ina pure slow neutron exposure, about 75 percent
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of the lethel action would be due to this effect. In a larger animal
(men) the gamma redistion from hydfogen caﬁture would have & relstively
larger effect.

On the basis of these experiments, the permissible exposure to
slow neutrons has been placed at 0.025 ref per day (conversion gamma
reys). In general however, the body would not be subjected to slow
neutron irrasdistiocn without the admixture of gamme or fast neutron
irragietion. The proton effect is however cohsiderably lafger than
was originelly envisaged, and is an excellent sample of the applicability
of experimgntalibiologic work carefully done.

5. Alpha Fays. for external radiation the penetrastion of
netural elpha particles is well below the thickness of the "absorbing
layef'o -The damaging effect is assumed gero unless the intensity is
such &8s to physicelly burn the part. There is now some clinical
evidence to substentiete this point &s & disc of ureniun metsl has
been worn in contact with the skin for several months. The obéerved
demége wss nil for this exposure corresponding'to 250 rep/day.

Internélly,_the dose is computed in terms of the iéniz;tion o
produced. Since the increassd biological effectlveness of neutron
produced ionizatioﬁ 1s believed due mainly to the high specifi;
ionization along the proton tracks, it is to be expected thst alphe "
perticles would be even more effective. A tolerance dose-of 0.01 rep/day
thus seems reasonable, |

Since the effects are limited to the ingestion or inhslation
of zlpha rej emitters théy are considered more fully in rélation to .

plutonium hazards,
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6. Combined Radistions. The body will be exposed tc more

than one type of radistion simultsnecusly et vsrious times during
a career associated with radiation work. Theoreticelly the summation
of the daily tissue ionization, properly weighted for the specific
ionization fectors of the components of the radiation exposure,
should not exceed 0,1 rep/day. As & workiﬁg policy the exsct compo-
sition of the incident radiation will not be known at all timés.
Frow a protection stendpoint however, & real effort should be made
to analyze radistion exposure whenever possivle, &nd to determine
the gamma, betz, neutron (fast and slow) exposure in & particuler
opération. There is sufficient evidence to indicste the additivitly
of éxposure to tuake these factors into consideration.

Zirkle snd co-warkers{(35) hsve shown the additivity effact,
of 2 component beam of gemma-rays and fast nsutrons. Their‘work'ias

done on the acute lethel effect, &nd could thus not prove that these

radi&tions were additive in producing &ll types of damage. To quote

from their report: "It doss, however, indicete a‘strong p;éhabtlity
that this (the additivity effect) may be true, and this probabllity
must be recognized in setting conaérvetive standards Qf permissiblev
exposuré of personnel under conditions where both ﬁypes_of rédiation
ére present,”® |
Experimental werk reported by Raper &nd Barnes on the additivity

of gsmma and bets-radistion, tended to show that for lethal effect
there was some,s but Uy no means complete, additivity of the lethal

effects of the two‘radiations. It would sezm that in this case the

damsge which produced death differed considerably for beta and gemme
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radiation, and that slthough death may be in & sense hastered by an
additivity factor; the specific contribution of each which resulted
in death was by & different mechanism,

Mention should be made of the importance of additivity in
exposure of the skin of hands, when work requires close handling
of sources which emit both bete and gsmma radiation ; Here the
composite radiations will have additive effect for skin damage.
In most instances one of the components is large in respect to the
other, but in some instences where esch contributes & significant
degree of exposure, the exsct amount of each radiation is of practicel

significance,

4. Specific Tolerancs of Radioasctive Meteriszls
When handled in large quantities either in the laboratory or industrial

plants radioactive materiale are hazardous by reason of:

(1) Radistions from the outside’- external radiation,

(2) Inhaslstion and deposition in the body with consequeht
radiations from within the body.

\3) Ingestion and deposition in the body with consequent
radiations from within cf radioactive poison$ through
carelessness, or conteminstion of sources of water supply.:

(4) Contamination of skin-or clothing, contributing to
externsl rsdiastion or wound conteminstion in case of
an cecldent producing an open wound,

No description will be given of the protective measures teken to

£

L
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circumvent these hazards, as these ere described elsewhere,



4.1

edium and Radon -
Radium deposition in the body: C.l microgram

Radon concentretion of stmospheres 1 x 104 curie/ce.

4.2 The Regioactive Gases srnd Vapors.

The radiocaciive isotope of the noble gas Xeron wes considered
& hazard of possibiy some magnitude, with disposal problema-wﬁich
would Ee difficult to surmount. Xenon is produced &s a fission
products and as.suéh has to be put into the atmosphere under the
present operati&nal prograh. The quantities of Xenorl33 ere large,
and considereble early work was done by Cole in attempting to:
determine its blologic effect. The radioactive isotope of Argon

is made when Argon in the alr is bombarded wlth neutrons. It

‘appesred as & potentisl hazard only after operation of an sir cooled -

plle reached a large sczle, &nd &ir in quantity was irradiated.v

Radicactive Iodine (I121) is a fission product, and es @ fapor o

comes into the general prOulem oi the radioactivc gasas. of all

one from the standpoint of heslth and protsction.

A radicactive ges or vapor can be hazardous bscause: (1) it is

* inheled and deposited in the body emitting radistions, (2) it

contaminates the stmosphere and emits radistions that affectvthe

body from without, (2) it commonly dces both of these. Xenon ahd o

Argon (the two significant gases) have been found to be potentially

hazardous from the atandpoint of contributing to @ radioactive

atmosphere in which the subject is immersed. Todine on the other“f
hand, is, 85 a vepor, more hazsrdous becsuse of -inhalstion and repid

deposition in the thy“old gland,
94

this group thus far considersed, it has proven ta the most 1mportaut_b



() Xenon is ebsorbed preferentially in fatty tissue when
* inhaled., Earlier work done by Hamilton showed that when animsls
were exposed to & mixtufe of Xenon and oxygen,‘the Xe concentiration
in tissue was 0.1 to 2 times the Xe concentration in the inhaled
gas mixture. The highest values were in fat and the lowest 1h
blood. When the animel wes released from thé Xenon etmosphere:, the
- Xenon was excreted via the lung, |
Calculstions made originelly by rollan(37) were based upon
the radiation to thé body from the cutside when & subject was immersed
in en infinite cloud of X¥et33. The half-life is 5.4 days; the avef&gé
totsl energy of bete rays plus soft gamma rays is sbout 2 x 105 ev
per disintegration, in which the beta component-is zbout 2.5 times

larger then the gamma. Penetration of the radistion into the body

is not then significant, Considefing'the bets'and gemma camponents

as aaditive, end for immersion for a 24 hour period; an stmosphere

with & concentration of sbout 2 x 10=M curie/cc would give s deily

exposure of 0.1 rep. Over & compareble period the lungs réce;ve, by

ifhslation, an ionigation equivslent to 0.1.r when the atﬁbsbherié |
. éoncentration is ab§ut 3.2 i 109 curie/cc. The limiting factor

is thus the externai radiation, and the level of 2 x,16'11 curie/ce

has been used as a permissible level, 1In actusl practice thiérk

concentration has not been approached, and Xenonl33 hés not been a

hazard to personnel or the public, )

(b) Iodine+3l, Radioactive icdine had aiready been %hevéubject

of considerstle resesrch pricr to the inception of the Plutonium

Project(38). This had lergely been done by Hamilton and associates

£
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at the University of California. Experimentsl data had sccumulated
referable to humen absorption aﬁd excretion to a point where its
use &8 an experimentel cliniesl tool had been tried in-certain.
disorders of the thyroid gland.

Iodinel3l ig a fission product liberated as a vapor in the
extraction of plutonium from the mixed fission products. It is
present in considerable qusntity, and its half-life of about & days
further adds to the difficulties of dispoeing of it. Under operating
conditions the vepor was suitably discharged under regulated
gonditions into the upper etmosphere, but there was slways the
possibility of its descent to ground, and its eventuel dspositlon
over the surrounding countryside. Because of this it was necessery

to fix upon a level of 1131 concentration in the atmosphere such

that people bresthing the atmosphere would deposit in their thyroid
glands no more thsn a tolerance quantity of 1131, |

The originsl éalﬁulations made on the pernissible atmospheric
concentration of 113) ere made by . Cohn(39) in May 1943, Sub-
saquent‘physical measurements and celculstions have sltered this
original value (i.e. energy). The factors uponbwhich the lefel is

besed are(40);

Aversge energy for 1131 0.21 mev
. Respiretory rate 1l cubic meter per hour
Disintegration constant o 0,087 dsy=l.
Thyroid radiation tolerance 1 r per daye
Thyroid msss 25 graus
Percent inhaled I131 deposited _
in thyroid glsnd 20 percent

# This value has been empiricelly judged from experience in rsdistion
y therspy when the normal thyrcid gland has been included with the field
@%y of radiation in treating other organs (i.e. larynx). Myxedema (resulting
from thyroid deflciency) Is not seen cliilcally when the normal glend is
irradieted, using doses up te 5000 to 2000 r in four to eight weeks.

120201
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g3 caléulanicn,'utili:i:g thé gbove detu, Lhe permissible
squilibtrium amount of 331 in the thyreid is aﬁout 2 ﬁicrogramz;
the dally lncrement is 0.17 microgram; the pefmiséible daily irlske
is 0.85 microgram. The pérmissible atmospheric conceniration of
1131 for & 24 hour btresthing period is thus calculsted as
3.5 % 10° curie per cc. | | A

4s 8 further extension of this problem, e pirmissible
concentration of 1131 4p drinking water (assuming this to be 2 sole
soures of I131) is: | K

Permissible dally irta « 0.85 ‘ -
Water consumption 3 microcurie/liter

0,28 microcurie/liter.

Since the monitoring of personnel for 113; depositibn was

done on & large scale st Henford Engineer Horks, it became necessary

-

to estetlish 2 counting rate which would ccrreSpond to s aeposition
‘of 2 mierocuries (the permissible accumulated total), This wes done
by Healy‘uo) and for the particular thyroid counters in use this

was approximstely 750 counts per minute, when the counter was held
againatkthe most favorable poéition over the neck. Thus in sctuel
practice not conly the stmospheric concentration but eglso any possible
thyrold deposition was monitored. .

ived Fission ucts in Prinkine Water
The basic biolOgic regearch undevlying the fission product
tolerances from the standpolnt of internsl deposition wss done by

Hemilton (Univeraity of Celifornia) and Cole (University‘of Chicago)

L
el
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and their co-workers. These studies are reported elsewhere and
their particulars will not be summarized here. Studies in absorption
(gastro-intestinal, pulmonary, parenteral), excretion and deposition
were many, and were necessitated Ey the unknowns which would
potentially arise as hazards to personnel.

The toxic effect of internally deposited fission products is
due practically exciusively to their betea radiafion. Since the
ranges of beta rays in tissue are émall, it was assumed (as a working
basis) that all the beta radistion emitted in the tissue was sbsorbed
in situ. The extent to which an ingested, inhaled or injected |
figsion product deposited in a specific'tissue depended upon its
chemical properties and physicel form, which elso regulated ihe degree
of absorption into the blocd streaﬁ, and eventual deposition in tissue.
The rgte of radiocactive decays reiatiya to rate of exnretion; wes
important as well.

From a practical standpoint under wofking and operating-
conditions, snd excluding 1131, the hazard of internal deposition
kof any one or a nixture of fission products was not great other than .
by gross carelessness or accident. In view of the problems relative
‘to waste byeproduct disposél. 1t was of interest to fix upon a |
permissible level for mixed fission producte in drinking water. As
a public health problem this aspect of wsste dispdsal was carefullya
coﬁsidered and handled. ¥onitoring for poasible unexpected sventualities
was established, and & tolerance value of 1.2 x 107 curie per cc 'as‘ :
calgulated to be 8 permissible'level for consumptioh of 3 liters of
water daily(ul). In actual practice no water usad for drinking has -

beea found to epproach this level,

E
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4.4 Plutonium Tolerance Levels.
The entry of plutonium into the body can, under laboratory

or industrial conditions, result from ingestion, inhalstion, or
direct entry into the tissues by lacerstions or abrasions resulting
from sccident. The permissible smount of plutonium thet could be
fixed in the body was originally established by calculations using
the allouablé radium deposition of 0.1 micrograms as the base.
The plutonium deposition level wes thus initislly established as
5 micrograms, and was based upon compariséns of half—life, the Quﬁber
of rays emitted in & complete chain and ihe energy of the slpha rays
from pluténium and radium. o

1. Alr Concentretion, The first working level was that

originslly proposed by B. M. Parker(42) gor concentration of

plutonium in the stmosphere. The original permissible level of ‘
5 x 1010 microgram per cc. wes derived from the following assumptionss:
(a) thst plutonium as fine dust particles or droplets was
deposited uniformly over the lung surface (8 x 105 cm?),
(b) 50 percent of the inhaled‘plutonium is reteined in the
lung. ' |
(c) the_démage from the retalned plutoniﬁm would be to’thé
 finest passages (slveoli, bronchioles) by alphe |
irredietion. - |
(d) for slpha ray radistion the Lolerance-dose %3s takeﬁ
as 0.01 rep per day.
From the above Parker celculated that 0,64 microgzrem bf

plutonium depositsd evenly throughout the lung tlssue would give a

dose to the lung of 0.01 rep per day. Assuming thet there was no

Przueot
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elimineticn of the retained plutonium, en sir concentrstion of

~5 x 10-10 nicroéran toﬁld. at the end of two yesrs, have built

up to an esmount which would give a dose of 0,02 rep per dsy to the
lung at the end of the second year. For the firet year the toleranco‘
amount (0,64 microgrsm) would not have been reached. - It was thought
that 0,01 rep increassing to 0.02 rep per day during the second year
would not be harmful.

The above provisional level of 5 x 10-10 microgram/bc of air
was thus accepted as a working bagis until blolczie regearch could
give more precise datal Asctuslly this was not obtainsble until
almost one yearvlater. when experiments had been anelyzed. It was

found by Hamilton that sbout 20 per cent of the plutonium originmally

inhsled wes eventually deposited in the skeleton; the largest

fraction (~50 percent) was trapped in the upper air passages and
eliminsted. About 25 percent remained in the lung some of_which was
more slowly elimineted by ciliary action. The absorption of plutonium

from the lung was quite dependent e auls .. The

oxide is not sbsorbed at &ll and the nitrate is quite readi_z;_jﬁnrbed.
v

It should be noted that the originsl sir concentration level

| of 5 x 10-10 microgrém/bc was ons based upon pulmonary injury from

radiation and did not consider absorption through the lung and
deposition in the body. Based then upon the lster dats of abscrption :
end excretion, the prev1ously established level would result in about

0.1 micrcgram per year being deposited in the skzleton if the plutoniun

inhsled was in compounds similar to those used experimentally. Ir

industriel practice i1t was found that sulteble protective measures
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could keep the working atmosphere below 5 x 10-10 microgrem/cc by a
fact.oz: of 10 or more. Hence the originel tolersnce value for |
atmospheric concentration was reteined in use. |
2. Depogition in Body. More detalled account is given elsswhere

of the biclogic work, both in animalavand man, which formed the basis
for appraising the bszard of plutonium depoéition in the body. |

A8 was previcusly ctated, based on & comparison with radium,
5 microgrems wes calculsted to be the maximum sllosable amount of
plutoni@ that could be fixed in the body. Since scute experiments, )
procucing resdily recognizablé and measureble injury sesmed the quickest
way of ’anguering the .pressing question, these were underteken by the
biologists, using radium again as & %control®, |

The rather surprising results of these experiments n;:;e timt,

rether than boing less toxic by a factor of 50, plutonium end radium,

when given parenterally, produced death in about 30 days, using

| equivalent weights of the two elements, The ratio for lethal sction

mh—h——-‘—\—\

‘was then (for 30 days) not X1 =" 50, but rather 1. As these sxperinsnta

wers’ extended in time the ratio g became largor, yet even for 150 days
it was sbout 5. | ‘

In July 1945, the Menhattan District, scting througﬁ Colonel Warroi,'
based upon data briefly summarized above, set & yrovisional allo#ai:lo :

deposition in the body of 1 micrograin sccumulated total(u-?‘).,' It was

stated thai this level vould be reviened in December 1945, relative.to
gubsequent experimental da’oe. The level of 1 microgz-an was tho naximn
allowable émount for deposition. The level adopted at Hanford Engineer -
Works was 0.5 microgram, since operating conditicns and protection

-y
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made this lower level schievable without added facilities, Sub=
sequent revision of the 1 microgram level has not as yet been made.

Nickson has desc-ibed elsewhere the present methods now in use
to detect plutonium deposition. These wers based upon urinary
excretion, the excreted emcunt serving as s basis for calculating
the smount present in the body at the time. The smourt excreted is
a measure of (1) the amount deposited end being excreted from the
deposition and (2) thst which is passing through the body, being
excroted without deposition, Comservetism adds to safety by assuming
rather that plutonium excreted vis the urine stems fiom that de?osited.

3. Concentration in Prinking Wster., The absorptibn ol plutoniuIA
by the gastro-intestinal tract wes not known in the earlier period
when it was being handled in relstively small quantities and beforo
biclogic data was aveilable. Redium selts were known to be absorbed
rather easily 0.5 - 2 percent. Experiments (described elsewhere) in
both animals and man have resulted in finding & fairly uniform |
absorption by ingestion of about 0.05 percent.

The problem of & possible ingestiion hazgrd from drihking water,
elthough remote, arose from waste éisposal operetions and the necessity
to monitor weter sources in the vicinity of the p}utoniun p?oducing
planxa.l A celculation of permissible plutohium concentration in
drinking weter at Hanford Engineer Works was made by Pérkar(u“). !his;
was based upon the Renford deposition level alloweble in thevboiy |
of 0.5 microgram, and a long range conservative view asaumed{that\
the recipient would work in the plent for thirty yeais of his séva;ty.

year spsn. Utilizing the 0,05 percent absorption figure, the
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tolerance concentrstion for drinking wster in the warking areas
was calculated to be about 2 x 105 microgram per cc if at the
same time the drinking iater in the residence district was contaminsted
to the sxtent of ebout 10-5 microgram per cc. Under actusl monitoring
conditions an amount less by & factor of sbout 100 is reedily detectable,
snd would give ample warning should any sigﬁificant contamination arise.
4. Summsry. From the sbove discussion it can be ssen thst
plutonium is a highly toxic elemsnt, and is a haz;rd which greatxy'
canpliceted the design, cost and speed of plutonimm production.
Substances of equal or grester toxicity have been encountered here-
tofore. Hadium, beceuse of its redon gas prcblem,lisva mere toxle
substance. Yet the guentity of plutonium to be produced hes megnified

the hazard beyond that of the radium industry, Portunately we had

the previous misfortunes of the radium industry as a warning'aﬁd ag
& guide to allowsble limits of exposure. It must be assumed however
~ that there ig much to be lserned which is 28 yet unknown of the
“ biologic and toxicologic préperﬂies of plutoﬁium. Further research
is essential to establish beyond qusstién the safe limits of éprsure.
It would seem &t this writing that thesze heve not been excesded in
the present project. Time will furnish the answer,:

5. The gpplicability of Animel Experimentation
, I0 Radiation Tolerances in ¥an

In reviewing the subject of rudiation tolerances from the historical
viewpoint, it is striking thst evidence from enimal cxperimentetion played

8o little part in those levels cstablished up to 1S42. These weres




I and gamms rediation 0.1 r/day
Radon concentration in stmosphers. 1 x 10-14 curie/cc.
Radium deposition in the body 0.1 microgram

Each of these sbove levels had been established_py sdding s safety fector
to sn amount which had been observed to produce injury when exceeded by

& factor in each cese less thsn 10, Kuman misfortune rather then animsl
experimentation formed the basis for these values. |

The past literature ie surprisingly lecking in animsl exposure carried
on with radiation at tolerance or nesr tclerence levels. This might be
explained és:

1. Radiologists had not given muéh attenticn to the subjact as

8 whole. The problem had bezen relegsted i> 8 few cammittees
of the warious socieﬁies.

2. For the radiobiologist experiments within the tolerance range
require long periods of time snd largé mmbers of animsls to
complete. They &re therefore coetlyVand‘time consuaihg. There
may have been the féeling too that reseerch into other fislds
offered more fruitfuljpaths, since ﬂtoleraﬁce" fer ﬁice, rats,
rebbits or fruit flies still was not "tolersnce® for man, and
could never be provan to be 80,

With awakaned interest in radiatlon tolerances occasionad by the 4
Plutonium Projects the radiobiclogists were &sked to investigats many
phases of redistion tolerances, and to 'atudy the problem from the standpoint

'of applicability to personnel protection. |

In judging that a certain level of radisztion cannot be tolersted, ons

must look for the earliest signs of en injury which is lasting and danaging
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to the econamy of the organism. This implies thet we can establish normal
standerds within fairly well defined limits snd can also control other
noxtous agents or mechanisms which might either directly or indlrectly
produce injury confused with those resulting from radi&tion. Thsso‘res-
,trictions interfere with observations on large groups of people; &nd sre
not so readily controlled. Within limits, thon, we might conclude that
animal experimentation could epproach the problem from the standpoint of
radiation injury with more likellhood of controlling the extraneous fectors
which produce alterationb in leukocytic levels, weight, fertility, longevity,
or whatever index we may wish to follow,

Animz] research also hes the advantage of being sble to semple the
body elements ard functions mbre completely ly selective autopéy. It cen

also follow the animal to his desth, either natura1(b£ radiation-induced;i

The most importent advantage of animal resesrch howsver lies in the
possibility of exposing the organiem to known quastities and qimutiea of
radiation. We have seen the contributions made in the study of slow reutron ‘
irradietion by Zirkle and co-workers. Their findings had not been anticipatad.
and considerably alteréd the conceptiong of szfe levels of exposure to radiation .
of this type. A similar ccntribution was mede in helplng to fix a level of
plutonium deposition below the threshold to prodace 1njury. :

Histopathologic, ‘metabolic or other studles may uncover, through animal
experimentetion, indices of earlier radiatioﬁ‘damage unsusﬁécted froa our
present clinical or laborstory methods,

These in the main are the contributions which we might hope to gsin
— from animal experimentation relative to radiaiion tolerances, -

The importsnt guestion érises, however, as to how far we can trﬁat

animel experiments when the iaformation must b2 cerried over to men and .

y
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his protectidn. Several instances in which this transposition hss broken
down have already come to light. Evans has found that rats will tolerste
quantities of deposited redium which would be lethal to a men, Studies
on the tolerence of skin in animals cennot be applicsble to men beceuse .of
‘the very great difference between the skin of men and various laboratory
enimels. Nor is it expected that a group of men- could sutmit to & daily
exposure of 8 r per day of gamma radiation up to & tgtal dose of 1350 r
without serious impairment of hemopoletic function as evidenced in the
circulating blood; as has been done with a group of inbred mice (ca-zan).
These observations, though st varisnce with an;mal research, do not
: invslidate &ll results obtained in snimals. They indieaﬁe rather that
we must look to animel research for as precise information as it can give

on qualitative end quantitative efects in t§E~animal§',ﬂFrom there on it

is & matter for cbservetion, experience axnd judgment to use the information
in evalusting human resctions. The more precise the animal research, ths
more valuable will be the information to those interested in radistion

" protection,
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6. Tolersnce Levels Loy Rediations znd Rediocactive Muterinls

Hagard » Permissible Tolerance

External gemms and x-radietioN....ccecescccesne....0.1 r per day

Externsl bete radistioNe.cececescsceseccsessssess.0.1 rep per day

Fast neutron radietion ..eeecevevevececosscrerseees0.02 rep per day

Slow neutron rédistion ceeeece.vcssecccnrsacceess (0,025 rep per day)
(conversion gamme rays)

Internal &lphe radistion.......eccecveevcnsesesess.0.01 rep per day

Radium deposition in the boGYeesccevecscvscssesass 0ol micrograme

Radon concentration in atmospher€........ecevce....l x 10=24 curie per ce.

Radioactive XYenonl33 in atmospher€e...eccecescecs.s.2 x 10=11 curie per cec.

Radiosctive Iodinel3l in stmcEphere......eceee.....3.5 x 10-14 curie per cc.

Mixed fission products in drinking water...........l.2 x 10=9 curie per cc.

Plutonium concentration in stmospher€....ceceess...’ x 1010 microgram per cc.

Pli.tonium deposition in the body...cecevecccessre..1.0 microgrames

# Accumulsted total. .
## Accumulated total. Hanford Engineer Works level 0.5 microgrem.
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