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M a x i m u m  permissible concentmtions ( M E )  of radionuclides i n  a i r  or 

water as recommended by t h e  National Cornittee on Radiation Protection and 

Measurements (NCRP) and 5y ?he Internat ianal  Commission on Radiological 

Protection (ICRP) are lisCusd i n  the  pu3lications of these organizations 

mostly f o r  the  case of chronic expowz-e a t  a constant l e v e l  and are primarily 

applicable f o r  occclpational exposure. Exposure a t  t he  Mpc f o r  50 years of 

adul t  l i f e  i s  expected t o  ; . e s ~ L t  i n  a body bmden, or  organ burden, of the 

radionuclide which w i l l  2,rJLiice a specifLed dose rate t o  t h e  t i s s u g o f  the  

organ. 

protection in a l l  cases except for expsure  t o  Ra ~ 2 6 ~  

are used for other conditions of exposure (short-term exposure, population 

This l i m i t  on the dJse rate i s  the  primary standard f o r  radiat ion 

The MFC values often 

exposures e t c , ) ,  and with appro2riate modilications t h i s  i s  possible. The 

determination 03 t he  appop..-iate modifications essent ia l ly  amounts t o  ob- 

ta in ing  the  data neeessar j  far di rec t  caiculat ion so that such modifications 

should be regarded as e coxvenient meam of presenting o r  publishing the  

selected values and not as a procedzre for obtaining MFC on t h e  basis of 

new principles .  Because occqa t iona l  MFC have been used and studied over 

a longer period of t i m e  than i n  the  case of MPC for exposure of other 
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population groups, this discussion of uncertaint ies  w i l l  be l imited largely 

t o  occupational M E .  

determine the  relevant fac tors  eStey=irg inco MFC estimation f o r  other 

specif ied groups; and this i s  FeczL-c2ng m c h  a t fen t ion  now, but long-term 

use of such MPG i s  la rge ly  lacking, 

In  L;r;ncj"'@e,, it vo:rld seem possible t o  study and 

It i s  c l ea r  that an ,clPc fo r " s  specif ied type of exposure, e.g., chronic 

exposure a t  a constant leve l ,  involve; two e s sen t i a l ly  d i f f e ren t  considera- 

t i ons :  

t h i s  basic  c r i t e r ion  is  q e c i f i e d  the  metabolic fac tors  which l i n k  the  

presence of the radionucllde i n  the  ervirozune3t 

be applied: 

of t he  exposure., However, at the  ,lose l eve l s  i n  question the  dose-response 

r e l a t i o n  generally i s  not hown with su f f i c i en t  pzecision t o  permit an 

estimate of t h e  effects  with a useful probable e r ror  f o r  t h e  estimate. 

Thus t he  NCRP and ILW have expressed tne Sasic  c r i t e r i o n  i n  terms of 

limits on dose (energy abso=;bed per gram of t i s s u e )  except i n  t h e  case 

when bone i s  the organ of i n t ? re s t ,  i n  vhich case the c r i t e r i o n  i s  expressed 

i n  terms of a comparison ~ J i t h  Ra226 a s  discussed below. 

inherent i n  the  s e k c f i s n  of t he -bas i c  c-.=iterion and t h e  uncertaint ies  

involved i n  arr iving a t  an.ivSC baseO OE thLs c r i tey ion  w i l l  be considered 

separately 

(1) There i s  a basic  Cr i te r ion  vh-ich i s  t o  be selected,  and (2)  When 
4 

the  c r i t e r i o n  must 

Ideal ly ,  t h i s  b a s h  star.dr,=.d should be the  biological  e f f ec t s  

The mcer t a in ty  

Beginning aboiit 1924, cases of'bone tunor associated with a body burden 

of radium began t o  be suspected, but it vas only some f i v e  t o  e ight  years 

l a t e r  t h a t  the  evidence was consfd.ered CcncllEive by most doctors and more 

s t r ingent  protective pract ices  vere la rge ly  adopted i n  industry and medicine. 

P r io r  t o  1930 many perscns, perhags thousands, accumulated body burdens of 
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Ra226 t h a t  we now consider t o  be signiZicant. 

body burdens of 0.5 'Le anC 'iigkcr kave beer. studied. 

t e r i s t i c  of radium deposiklm are  det-z%ble in about 10 per cent of t h e  

bone samples i n  cases wne=.e the  bciy burden was i n  t h e  range 0.5-1 pg of 

Ra2260 

The smallest body burderJ reported t o  have ?rodxed  bone cancer i s  a t  t he  

l e v e l  of 0.5 pg,(2) an? s-lnee t t l s  -Jas a Fad im d i a l  painter,  it i s  possible, 

perhaps l i keP j>  ';hat mes(it'r;orPum a l so  cmtri-ouC,ed t o  the  dose. The NGRP 

recommended the  v a l x  of 0.1 ug of 3~~~~ as a permissible body burden of 

Ra226 .for occupstLDnal expsuze i n  i94l. The same value w a s  recommended 

by the ICRF' s3on afte--, and t h i s  recomcndatior, has been continued by both 

organizations to tke  pesen5 .  

Some hundreds of cases with 

Bone changes charac- 

0 1 
Abo-fe 1 pg the  xa jor i ty  0% tne  specimens seem t o  show such changes. 

It i s  d i f f i . ? d t  t o  assess the  x:l'_ability of t he  value of 0.1 pg as 

the permissible body bui-dcn of Ea2*' on an objective basis .  A s  i s  usual 

i n  the  area of i n t e rna l  dose e s t i m t i c n ,  t he  avai lable  data  do not apgly 

d i r e c t l y  t o  t he  conditions of  P X ~ G S U ; - ~  t ha t  =are under consideration. If 

we may digress  momcntari;y t o  cons'.J+r a m a x i m m  permissible intake f o r  a 

s ingle  exposure o r  for short-terx exposur-2 2uring a few months o r  years, 

w e  need only t o  obtcin the  arr.su?t i n i t t a l l y  taken i n t o  the  body r a the r  than 

t h e  body burden cJome 15-20 years laL,?~, and data f romthe  radium d i a l  

pa in te rs  and medical eqosirre CBSPS vould 5e more s ignif icant  and would 

need o n l y  t o  be ccrrected fa,- the  poesibie presence of mesothorium. For 

such short-term exposure, an intake ;rhich would produce a long-term body 

burden i n  the raage 0.3-10 pg cr more would seem t o  be inadmissible since 

nearly 15 per cent of one group of humas studied i n  t h i s  range (mear, of 

3.4 pg) had bone sarcoms. i n i t f a l l y ,  vhen the  body burden of 0,1 pg w a s  

I I 3 3 8 7 4  
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selected, it w a s  consifiered t h a t  t h i s  would provide a fac tor  of safety Of 

a t  l e a s t  10. Exact'y That i3ciZe:ice r a t e  i s  considered to le rab le  depends 

on many fac tors  ( the  balancing 3: benefi ts  and r i sks ) ,  but i n  the  case of 

such a severe effect  as bone SarcJxrn, an incidence r a t e  of 1.5 per cent, o r  

even 5 per cent, would seem to 5e inadxi,ssibly high f o r  general occupational 

use. Based on studies  of t h e  ",gin czse?, ( 3 )  a body burden of 0.5 pg 20 

years a f t e r  exposure night indlcate an in i+ , i a l  bone burden of  about 2 pgJ 

and the  corresponding Incidence- r a t e  might be of the  order of 1 per cent 

since such a case did occur i n  a few hundred cases t h a t  a re  known. However, 

t h i s  neglects the lnfliiezlce of pesothorium. The medical cases would be less 

open t o '  t h i s  'objection end -mAd indicate an i n i t i a l  burden of some 3 pg 

corresponding t o  0.8 pg found 15-20 years l a t e r .  mat incidence r a t e  of 

sarcoma a value 1/2G or  1/30 of these body burclens would produce, the 

avai lable  evidence does not indicate,  

permissible body burden for  a short-tezn expasure i s  l/5 t o  1/30 of 

l eve l s  that have been t'aought t o  produce cancJer, a d  the  incidence r a t e  

i s  probably below 1 per cext, 5ut  it i s  not  r e a l l y  w e l l  established. 

Returning t o  the case of chronic expDsue, there  a re  several  consid- 

Ex is  a value of 0 .1  pg of Ra226 as 

erat ions that indicate  the  value of 0.1 pg may cause an incidence rate 

somewhat less thar, i n  the  case of the  r a d i m  d i a l  painters .  

(1) For chronic exposx-e, t h i s  value of 0.1 irg would be reached only 

at t h e  end of the exFosure period, i.e., af ter  50 years of 

exposure, vhereas i n  the  case of t h e  s ingle  intake the body 

burden of 0.1 pg c o d d  be the  i n i t i a l  value. The t o t a l  dose 

t o  the bone during an extended perrod, say 50 years, i s  much 

less in t he  case of chronic exposure than f o r  the short-term 

I I 3 3 6 1 5  
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exposure of t he  radlum ciilal ?ainr;ers and rnedical cases where 

the body burden sta,-ts out a t  0.1 pg. 

The radium .dLal: pa in te rs  pn3ab ly  ingested considerable amounts 

of mesothorium ( R a  228) Long w"h the  .Ra226. Since Ra228 has a 

ha l f - l i f e  of only 6.7 yeax, th i s  was not observable at, t he  t i m e  

these people were stzdied, s m e  20 years after intake.  This 

( 2 )  

additional.  solirce of radiat ion exposure ?robably contributed 

substant ia l ly  t o  the  t o t a l  dose and i n  ?@rt icu lar  increased 

the  dose markedly durlng The ear ly  period of t h e  exposure. 

t he  basis of  <one cl-;udy:,(4) the dcse from mesot;horium may have 

been as much as 3 t o  4 times t h e  dose from Ra226. 

noticed that  lumisous d i e l  workers had major skeletal changes 

a t  lower t e m i n d .  l eve l s  of' body burden of Ra226 than i n  the 

case of pa t ien ts  glve2 rauium medically. 

The short-Term deposit:'.ar of l a rze  amounts of Ra226 produces 

areas of high concen+,-z,tiox ic -sone, and the dose i s  correspond- 

On 

It has been 

( 5 )  

(3 )  

ingly h igher . in  these areas s i x e  the range of an alpha pa r t i c l e  

is  quite short .  Conti-ni1ous exposure at a lower l e v e l  of intake 

would'probably produce 2. far pore hamogeneous. d i s t r ibu t ion  and 

bring the  maxinu dosc l eve ls  c loser  to the average dose l eve l  

i n  bone 

All of the  above consideratiens weald seem t o  favor the view tha t  the 

value of 0 .1  pg as body burdeo of Ra226 i s  a zonsePva5ive v d u e ,  especially 

f o r  chronic exposure. 

fea tures  of t he  dose d i s t r i k u t i o r  a r e  d i r ec t ly  linked t o  the malignancy. 

It i s  possible tha t  the .h lgh  dcse In  the  ear ly  period due t o  the presence 

However, w e  must recognize that.we do not know w h a t  
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of mesothorium, or that the areas of high dose (the "hot spots"), are not 

directly associated with the tumol-. 

may kill cells and that a somewhat lower dose may be more effective in 

One can speculate that a high dose 

producing.malignancies. Xmilariy, Itfis.not known whether the long-term 

irradiation of bone'is more effective than.a short-term high dose rate 

which gives the same total dose. There is some evidence to sqgest that 

a more nearly uniform dose distribution in time might be more effective. 

The value of 0.1 pg of Ra226 as permissible body burden has been in 

use for almost 20 years without entailing a risk which is considered uu- 

acceptabTe, ,and.tfie use of rsdium has certainly increased many fold during 

this period. 'However, it is possible that further experience and standards 

of acceptance might enforce a lowering of this value. 

present knowledge, (1) the value seems below the level where deleterious 

effects are readily detectable, (2) hit, net so low that no evidence of any 

effect is seen, and (3) the recommendation does not largely impede the 

usefulness.of the agent In question. 

desirable for any general stxdard for protection, though it may be 

On the basis of 

These three criteria seem most 

necessary to give up one or m x e  of these criteria"in some cases. 

The ICRP and the NCRP have recommaded that$dose limits for other 

bone-seekers should be based on a.comparison with Ra226. 

bases for such a comparison and all involve sone difficulties. 

There are several 

However, 

the effort is warranted since the experience with radium is almost the only 

source of data on long-term exposure of bone to radiation, and further, 

these are data on human exposure which are of much greater value than data 

from animal experiments. The dose from is preponderantly from alpha 

radiation. For @her radionuclides that are primarily alpha emitters, the 

I 1 3 3 8 1 1  



comparison i s  f a i r l y  straightforward and amounts t o  rewb' ing t h a t  the  dose 

l e v e l  due t o  0.1 pg of 

alpha emit ters .  

i n  bone be not exceeded i n  the case of other 

However, it was noticed ea r ly  i n  the  h is tory  of atomic 

energy t h a t  the  heavy metals tended t o  deposit  i n  bone i n  a d i s t r ibu t ion  

which was even l e s s  homogeneous than t h e  d is t r ibu t ion  of radium. For t h i s  

reason a "nonhomogeneity" factor  of 5 w a s  adopted fo r  Pu and then extended 

t o  include a l l  heavy metals. Thus it suff ices  t o  require that the  average 

dose t o  bone from such alpha emit ters  as Pu239 be 1/5 t he  average dose t o  

bone from 0.1 pg of Ra2260 

The estimation of the dose t o  bone from Ra226 is  among the  more com- 

p l i ca t ed  examples of a dose CalcuLation when the  organ burden i s  known. 

The reason i s  t h a t  Rn222 i s  produced by t h e  radioactive decay of a 

atom, and being a noble gas, the Rn222 tends t o  escape from the  bone and 

from t h e  body. Since the decay of Rn222 and i t s  daughter elements con- 

t r i b u t e s  preponderartly t o  the t a t a l  energy absorbed by bone, t he  f rac t ion  

of Rn222 escaping from the bone m t r i x  p r i o r  t o  radioactive decay will 

influence markedly the dose e s t ina t e  i n  bone. 

some 45 per  cent of the Rn222 produced i n  bone escaped before decay(6), but 

Early work indicated t h a t  

l a t e r  work (3r7)  has indicated t h a t  70 per cent of the Rn222 escapes without 

contr ibut ing t o  the  dose. 

of 0.1 pg of Ra226 is  outlined b e l m .  The decay schemes and t he  energy 

absorbed i n  bone per dis integrat ion of an atom of Ra226 and of Sr9' a r e  

given i n  Tables I and 11. It i s  assumed that the  isotope i s  deposited 

The estimate of dose t o  bone from a bone burden 

i n  bone by chronic exposcre over a 50-year exposure period. 

I 1 3 3 8 1 8  



Ra@ t 2 l 4  a RaD210 
164 ps 

Effect ive Er;er.gy (XeV x RBE) Absorjed 
i n  B o ~ e  per Disictegr8tion of Ra226 t 

Pb206 s t ab le  
P- a 

P O 2 l 0  
138.4 de 

Type of Decay 
u 1 Atomic Re-oil 

Ra;B214* 

RaC 21 4* 
0 " 01L 

0.092 0.22 

0 a 060 

t 

R a  226 0 0014 1.71 
I 

RaC I 214* 

Rn2223c 0.60 

23.04 0.88 

RaD2l0* 0 0 0010 0 0 0007 

RaE210" 0.025 

p0210+ 0.48 0.019 
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When t h e  raC!ionuclide Y3de-r cs~aic!era:ion ~ILL%~ beta  rays o r  gamma 

rays, the  questlon i s  m ~ c h .  331-2 conprex. 

t iveness (RZE) of dif'parelzt kir-3s or' rad%zim has beer_ ex%Etnsively explorzd 

without f ind isg  ar,y s 3 p l e  01' i;nzquivL7e@,1 rel&.tionsFip. 

defined w i t h _  reference t o  270 kv X-zaya as t2e  ratio of the dose f'ron 250 kv 

X-rays t o  the  dc~se c,f +,'.E gi\zeii ;.rztE~.=Lm whez both doses produce the same 

*Fae re lazive biological  effec- 

Tke RBE i s  generally 

e f fec ts .  When so dzfinea Z . t  i s  feud tMc t h e  RBE d e p e d s  on many other 

fac tors  such as t h e  species e.nL s t ~ e i c  oT" mima.l used, end point selectee 

t o  determine tne  e f f ec t ,  dose x-k, enviromezt,  e tc .  I n  genersl  it i s  

found thz t  heavy p z n i c i e  mcia5im (profocs, alpha par t ic les ,  neatrons) 

have an RBE greeter  ",~n 1 er:d -;e>xs fa tke  range 10-20 have been found. 

With improvements i n  dosIme;v, %e;.e n ~ s  been a gradual lo-derbg of RBE 

values f o r  heavy p a - t i d e  :.a:< z t i x  based GI; stcute exposue  

such delayed or long-';erm effecys as mxa-act and shor%ening of l i f e  have 

indicated RBE of 3eLtl-ons , ~ f  the  x d e s  of io and more. 

i s  no known m e e n s  of producing %Le same dose distribut;fon of X-radiation 

and alpka r r y s  i n  a single crgas sxch as jone, and thus t h e  dizezt deter-  

Z O V ~ V ~ T ,  

Ugfor-hnately there  
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absence of a direct  determination, the  ICRP and the  HCRP have recommended 

that RBE be based on ion densi ty  along ttte, t rack  of t he  pa r t i c l e ,  and fo r  

alpha pa r t i c l e s  of the energies normally involved, t he  recommendations give 

a value of about 10. 

on experimental r e su l t s  f o r  p a r t i c l e s  giving a high ion ic  densi ty  and thus 

i s  only a convenient summary of t h e i r  judgment of the b io logica l  potency 

of such radiation. 

Actually the  correlat ion with ion densi ty  i s  based 

If an RBE fac tor  is accepted, say f o r  alpha rad ia t ion  and a l so  for  

be ta  rays, than it i s  possible t o  ca lcu la te  what amount of a given beta 

emitter,  say Sr90, w i l l  give the  same average dose t o  bone as 0.1 pg of  

€laz6. 

cases, since the beta rad ia t ion  from a given s i t e  of deposit ion will be 

spread over a greater  volume than i n  t h e  case of alpha rad ia t ion .  

Even then the  d i s t r ibu t ion  of dose will probably d i f f e r  i n  the  two 

There i s  an a l t e rna t ive  way of rnaking the  comparison and t h a t  i s  by 

d i r e c t l y  determining the  e f f ec t s  of t he  two radionuclides when present i n  

t h e  skeleton of some animal. This method has been t r i e d  i n  t h e  case of 

severa l  bone-seekers, in par t i cu la r  f o r  Sr89 and Ra 226 . (8,9) This method 

i s  a t t r a c t i v e  i f  the  relevant experimental r e su l t s  a r e  avai lable .  

for tunately such experimental r e s u l t s  generally are  not d i r e c t l y  applicable 

and require extrapolations f o r  a lower dose level ,  f o r  a longer period of 

exposure, and fo r  t h e  difference i n  species. 

concerned with a high dose l e v e l  administered t o  mice o r  rats, giving a 

Un- 

Most of t h e  data available are  

r a the r  high incidence of bone tumors i n  a period of 1-2 years. Longer 

-term studies  are  now under way using dogs, and when these have reached 

t h e i r  term, it will be possible t o  reappraise the r e l a t i v e  potency of 

bone-seekers. If it i s  assumed the r e l a t i v e  potency will be the  same fo r  

I I 3 3 8 8 1  
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t h e  long-term, low-level e f f ec t s  in man, and i f  corrections a re  made f o r  

t he  metabolic differences of Sr  and K a  i n  mouse and man ( f o r  example, the 

f r a c t i o n  of Rnz2 escaping from the  bone of the  mouse is  considerably higher 

than i n  t h e  case of the  human), then it appears that SrgO is about 5 6imes 

as carcinogenic a s  Ra226. 

damage f ac to r ,  and i t s  precise in t e rp re t a t ion  fo r  t he  production of bone 

cancer is  not known. It i s  possible  that a t  the  rather  high dose leve ls  

This f ac to r  of 5 might be termed a r e l a t i v e  

of these experiments the RBE of t h e  radium alpha pa r t i c l e s  should be taken 

as l e s s  than 10, and the r e l a t i v e  damage factor ,  often termed the  n fac tor ,  

i s  correct ing f o r  t h i s  high RBE. It may represent an increased eff ic iency 

of t h e  rad ia t ion  from strontium which i s  d is t r ibu ted  much more homogeneously 

throughout t he  bone than i n  t h e  case of radium. 

If t h e  r e l a t ive  damage fac tor ,  o r  n factor ,  of 5 is considered as 

appl icable  and i s  included i n  t h e  calculat ion of e f fec t ive  energy, then 

t h e  two methods give e s sen t i a l ly  the  same resu l t ing  body burden as they 

should. The inclusion of t h i s  f ac to r  amounts t o  saying that the  rem dose, 

i . e . ,  dose x RBE, is  held t o  20 per cent of the  average dose delivered t o  

bone from 0.1 pg of Ra226. Thus t h e  body burden q of Srgo which would be 

expected t o  be equipotent with 0.1 pg of 

(qf2)Ra x - 'lo ml.1 

e f fec t ive  energies of Ra226 and SrgO respectively.  

contains nearly a l l  the  Srgo and Ra226 deposited i n  the  body by chronic 

exposure, t he  values of fg  a re  near 1. 

f o r  Ra226 and as 0.95 fo r  Srgo. 

- is determined by (qf2)& - 

where qf, i s  the  organ burden and ll0 and 1.1 are the  

Since t h e  skeleton 

Specif ical ly ,  f 2  i s  taken as 0.99 
0 On this basis, q = 2.1 yc f o r  Srg . 

There is a s t r i c t l y  dosimetric approach which has been suggested by 

some which would r e s t r i c t  t he  bone t o  the  same dose l e v e l  as recommended 

t I 3 3 8 6 2  
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f o r  most other t i s sues ,  i .e . ,  0.3 rem/week. This would give a value of 

5.7 yc a s  permissible body burden if the  0.3 rem/week is  interpreted a s  

an average dose t o  bone. 

Perhaps t h e  best evidence i s  t h a t  given in Reference 10. 

the  d i s t r ibu t ion  of dose i n  bone from Srgo and 

Hindmarsh, e t  a l .  ('O) 

estimated t o  be much more homogeneous than the  dose from RaE6, the  maximum 

found being above the mean by a fac tor  of 3.1. 

1.8 pc a6 the  permissible body burden of' ago w h i c h  would give a maximUm 

dose of 0.3 rem/week i n  the skeleton, and t h i s  value is essent ia l ly  i n  

agreement with tha t  obtained by comparison with R a  

The loca l  dose i s  not very precisely known. 

Figure 1 gives 

a s  est-ted by 

As expected, t he  dose d i s t r ibu t ion  from SrgO i s  

This would give 5.7/3.1 = 

226 . 
The method of basing the value on a recommended dose r a t e  i s  only as 

va l id  as t h e  dose r a t e  selected,  

l i m i t  fo r  dose t o  various body t i s sues  dates  from 1949 and has not been 

based on a spec i f ic  study of bone cancero 

judgment concerning a l eve l  that might be considered as appropriate i n  the  

absence of more spec i f ic  and detai led data concerning the  kinds of e f f ec t s  

and r a t e s  of incidence t o  be expected. 

corresBonds t o  an average bone dose of 0.56 rem/week, and the agreement 

of the above estimates i s  probably not e n t i r e l y  for tu i tous .  

of dose t o  bone from 0.1 pg of RaE6 and the  d i s t r ibu t ion  of such dose in 

bone probably was one basis among many f o r  t he  a d a d i o n  of the value of 

0.3 rem/week. 

t i o n  a r e  probably more accurate than e a r l i e r  estimates, the  differences 

probably would not produce a major change i n  the type of judgments involved 

i n  se lec t ing  a dose l i m i t  f o r  general application. 

The use of 0.3 rem/week as a permissible 

Rather, it r e f l e c t s  a general 

226 Nevertheless, t he  0.1 pg of R a  

The estimates 

While our present estimates of t h i s  dose and dose d is t r ibu-  

The dose d is t r ibu t ions  

I 1  3 3 8 8 3  
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from Sr9' indicated i n  Figures 2 and 3 are  based on a single sample of bone 

from a human whose periad Df exgosure t o  Ha?-26 w a s  of the  order of a year. 

The dose estimates given i n  Figures 2 and 3 a re  Sased on the  assumption t h a t  

&go and dl1 have ",he same distribiction i n  bone. It is  possible tha t  

t he  dose distribut'on f o r  cL-xis e r p x u r e  might be more hOMOgeneOUS than i s  

indicated by these estimates. 

The I C R P  and the  NCRF have in62cated tha t  be used as a standard 

f o r  bone-seekers, thus expressing some preference f o r  a close l i nk  with 

the data  on chronic expasure to i n  nan. After  t h e  rcview of the 

avai lable  data, the Conmnrlttees on Xn-kma1 Dose of these two groups voted 

t h a t  the comparison with radlmn be mde i)c t he  Sash  of average dose t o  the 

skeleton b u t * t h a t  the  n f ac to r  of 3 be applied t o  a l l  pa r t i cu la t e  radiation 

(e, 01, atomic r e c o i l s )  except wnen the pa-ent iso5ope vas radium i n  which 

case n i s  taken a s  1. It was agrze2 t h a t  no spec i f ic  in te rpre ta t ion  be 

given f o r  the n f ac to r  whlch might i n  some cases be more d i r e c t l y  re la ted 

t o  inhomogeneity and i n  other  cases -GO a dizec; experimental demonstration 

of r e l a t i v e  damage. 

fac tor .  

It' was agi-eed t o  d,:signate L t  as t h e  r e l a t i v e  damage 

On t h i s  bas i s  t h e  pemiss ib l e  organ b-wden i n  bone i s  given by 

where6  is  the  e f f ec t ive  energy of t he  isotope considered, i.e.,  energy 

absorbed i n  bone per disii i tegrasion of the parenr; an? with the  energy 

contributions from all par t i cu la t e  energy weighted by 5.  

The range of uncertainty of the bone burden values based on a com- 

parison w%th Ra226 i s  probably large.  That i s  t o  say, it i s  not demonstrated 

on the  basis  of t he  procedures used t h a t  tLe eckLmated amounts a re  equivalent 

I I 3 3 8 8 1 1  
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t o  0.1 pg of RaE6 i n  '=one. 

only t h a t  involved i n  xak:',r;g t h ~  c o n p r l s o n o  

i . e . ,  0.1 pg of Ra226 as  permiss-Lble bone burden, i s  too high or too l o w  i s  

not considered a t  t h i s  point. 

t he  comparison a r i s e s  primarily f x m  the extrapolations t h a t  must be made 

on the  basis of the existing date  and from the  lack of any adequate theo- 

r e t i c a l  basis f o r  -the extrapolations. 

on long-term, low-level ex23sure t o  P;oC,opes other than radium. 

e a r l i e r ,  it is necessa ry to  ~xC,rapoLa+,e r;he data i n  specfes, i n  exposure 

time, and i n  dose levc=l, and there  i s  no avai lable  theo re t i ca l  basis f o r  

these e x t r q o l a t i o n s  at the present t l n e ,  

nor i s  it known how i ts  occuz-rence Ls l 5 s e d  w i t h  radiat ion iz  the  case of 

Ra226 o r  other  bone-seekers. Is 5k the  xo ta l  dose t o  a p r t i e u l a r  s i t e  or  

c e l l  o r  t h e  average dose %he skeie5ou. Luring 6 long period t h a t  correlates  

The range of uncertalaty re fer red  t o  here is  

Vhether the standard i t s e l f ,  

This la=.ge measure of uncertainty i n  making 

'Elere i s  l i t t l e ,  i f  any, human data 

As mentioned 

The cause of cancer i s  not known 

with t h e  occurzence of bone cance;.? Since the  dose-respanse curve i s  not 

es tabl ished,  it i s  no% ev idmt  t';ak ;TI e:nrapoiatIng from a high dose l eve l  

t o  a lower l e v e l  t ha t  'c:ne eqe.cr@lemce of t w o  'cone burdens i s  preserved. 

Similar remarks apply t c  the cthcr  e;nr&polations. 

mental o r  t heo re t i ca l  basis fo r  eozvert-tag r e s d t s  of short-term exposure 

t o  chronic expocpre or  fo r  es;",iaat.lr?g the  incidence of bone cancers i n  man 

from data on mice. It is diZf ' '_aiL$ 50 a?xach m y  nmer i ca l  value t o  these 

uncer ta in t ies  since even tire relevant pa-meters a re  not known. A s  d i s -  

cussed e a r l i e r ,  the  value of 0.1 pg of radium seems on the  whole t o  be a 

conservative one, and oce may hope th=t t h i s  valLze i s  conservative enough 

t o  make some allowance f o r  ",e present range of uncertainty of t he  methods 

There is l i t t l e  experi- 

used f o r  comparison of e f fec ts .  It i s  likely t ha t  the  next few years Will 

1 l 3 3 8 8 b  
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, b r i n g  t o  c o q l e t i o n  or  near complekion several  long-term studies  t h a t  w i l l  

O c c ~ p t i o n a l  exposure t o  presently permitted give addi t ional  infoma',fm. 

leve ls  w i l l  continue t o  provide Some aata. 

is  reasauring. However, it i s  ;"air t o  po ia t  out t h a t  the  average exposure 

of most employees, even of those vorking with radlation, is  generally well 

below the  Mpc l eve l .  Tae group exposed a t  or  above Mpc l eve ls  f o r  con- 

s iderable  periods on a par t icu lar  operation is  generally small, and the  

ac tua l  intake of t he  material  Ls usually very d i f f i c u l t  t o  estimate. 

it i s  not c l ea r  t o  whak e:rtent operat:-ng experience r e a l l y  t e s t s  these 

To date the indus t r i a l  experience 

Thus 

estimates. 

with the  use of atomic eneqgy .  

'Moreover, experience with most of these isotopes i s  coextensive 

It may be we are  only now approaching the  

period when l a t e  e f f e c t s  may -de expected t o  appear. 

burden of 0.1 pg o r  Ea 226 appears to be a weii-established, conservative 

value s o  f a r  as i t s  use for is  concerned. The basic  standards for 

other isotopes involve grPat t r  uncer t s ln t ies  and &-e e s sen t i a l ly  comparisons 

I n  summary, the  body 

on the  basis  of dose ra-:es, since t h e  relevan3 human data on these e f f ec t s  

a r e  extremely s c m t y  and c?iff icui t  t o  i n t e rp re t  

For organs where the  dose l i m i t  i s  spec i f ied  d i r ec t ly  i n  terms of a 

rem dose, e.g., thyroid, C.6 rem/veek, o r  kidney, 0.3 rem/week, t he  

estimation of organ buden is given by 

(2)  
Rm (qf2)  = - PC 

2,2x1010 x 1 . 6 ~ l O - ~ E  

where R i s  the  specif ied R3E dose i n  rem/veek, m i s  the mass of the  organ 

i n  grams, 2.2~10~' i s  the number of d i s in tegra t ions  per week from one 

microcurie, and 1.6xl.o 

i n  the  e f fec t ive  energy € - t o  rem. 

-8 i s  a fac tor  used t o  convert from units of MeV 

f 1 3 3 8 8 1  
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Once the dose r a t e  standard I s  acce?ted, body b u d e n  or organ burden 

values based on the specifLea dose rate aze rather accurate inasmuch as 

they only purport t o  give an m o m - t  trhich 2roduces a given dose. The major 

sources of uncertainty s r e  +,he degree of inhomogezeity of the  deposition of 

t he  isotope within the  orgzn, ar,d indiiridual var ia t ions in s i ze  and weight 

of the  organ. 

averaged over volumes of t i s s u e  of the  order of 1 cm3, and t h i s  goes far 

toward de-emphasizing the impolrt;ance of nonhomogeneity so far as the 

recommended leve ls  a r e  ccnzened. %e-;her smaller voliunes a t  a higher 

concentTation and a correspndingly highe;. RBE dose rate a r e  s ignif icant  

is  not kcovn iz l  general, and t h i s  i;qplies some uncertainty. 

NCRP and ICRP have based t n e i r  recommendations on a ”standard man,” thus 

la rge ly  neglecting indi;rituall. variations.  

maximum dose limiC, f o r  populatioi  F?:CPOS=IZ’~, i n  e f f ec t  allowing the  maximum 

t o  be bigher than the ai-erage by a fac tor  of 3. 

averaging over a cEbic uentimete;- of t i s sue  as w e l l  as t h e  averaging over 

a year suggested f o r  populaticn exposure, t h l s  fac tor  of 3 may prove t o  be 

too  s m a l l .  

The recommendatlox 3f XCRP and ICRP permit t he  dose t o  be 

Likewise, the  

Ir 1.939 t he  ICRP did suggest a 

Taking i n t o  account t he  

The estimatlon of  IGC vslues, c r  equivalenfly, maximum permissible 

da i ly  intakes MPI, involves considerattor: of t he  metabolism of these isotopes 

i n  the body. 

have been studied most, acd get; t h e  cecessary illformation i s  not unequivo- 

cally established. ‘The problea i s  %kat of describing quant i ta t ively the  

growth of t he  organ buzden f o r  a given type of exposure. A s  an example, 

consider the  ingestion of Ea226 01: Sr9’. 

Here again r a d l m  and s-krontlum are among the  isotopes t h a t  
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It i s  necessary t o  es’;%te the rete-atian i n  the  c r i t i c a l  organ 

following ingestton ar i*Cat-m of thE yad5onuclide. 

on chronic exposure a re  avai lable ,  j u t  mas% experimental work is  done on 

t h e  basis of a single dose o r  a n k x ~ - t e ~ ~ ~  egosu re .  In using such data 

it i s  necessar j  t o  i n t e g m t e  the  r e t m t i o n  fornula t o  obtain the  organ 

burden resu l t ing  fron: c-xromLc eeo;zroo 

of ingested material  t h z t  r e m 5 s  i n  the  c z i t i c a l  organ at  time t following 

ingestion, t h e r  follow:ng c ~ ~ o n i c  exyoeuze a t  an in-t&e l e v e l  of I pc/day, 

one might expect t o  f i n %  i n  ?Ae c;-i5i?al organ a t  time T a f t e r  exposure 

A few experiments 

Taus i f  R ( t )  denotes the  f rac t ion  

begin6 an amount 

A(T)  21 R ( t ) d t  LC s 0 

Formula ( 3 )  a s s u e s  con@c%e aCdl$ivity, i .e. ,  that an ea r ly  intake does 

( 3 )  

not affect  the metabolisa . ~ f ’  L&.%.?r .il;t&es. -4t t he  low l e v e l  of intake 

t o  be expected i n  these appl:sn.:ions, it seems a reasonable assumption. 

Experimental cheeks have 3esn car r ied  out and iad ica te  good agreement i n  

t h e  instances checked. (11) 

exposure data a re  avai lable ,  i t  is possible t o  estimate A(t) di rec t ly ,  

In tke  few cases vhere long-term chronic 

but these cases are few, ma Ln m case do they extend over a period 

approaching 50 years. Thus thc. estkna5ioxs made alvays involve extrapo- 

l a t i o n s  i n  exposure time, ,md t k l s  is a n.ajor source of uncertainty. In 

many cases est’3nates of the r e t en t i03  f u c t i o n  m u s t  be based on ra ther  

short-term experiments with snall m a m m a l s ,  and i n  some cases even f o r  a 

chemically s imilar  but d i f f e r e r t  isato2e. I n  many cases da ta  a r e  avai lable  

on several  species ’out f o r  d l f fe ren t  modes of exposure, or  d i f f e r ing  

exposure periods, acd a t  d i f fe ren t  dose l eve l s .  The choice of a retent ion 

I f 3 3 8 8 9  
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function R ( t )  from such data SE!COXXS a mat-r.er of judgment r a the r  than the  

prec ise  appl icat ton of a vzXri~-L.-.C t keozy- .  

w i l l  i l l u s t r a t e  the  si tmt im. 

Specific cases discassed below 

Before taking uc fhes? spse i f lc  Zases, it may be well t o  indicate  t h a t  

t h e  choice of the  r e ~ m $ h c  f E c t i 2 n  F.(t) or  A ( t )  i s  the e s sen t i a l  s t e p  i n  

t h e  passage fron an o r g m  bul-dec. m i l e  t o  an MPC. 

t h e  da i ly  intake I i s  obr,aiiizd f r m  

T 

I f  A ( T )  i s  known, then 

I J X ( t , ) a t .  = qf, (4)  
0 

I n  eqLazion (4) q i s  the  ;)??dssiblEt body jlzclen, f2 i s  the  f r ac t ion  of 

t he  body burden i n  the  crf.ti.cal organ, so  t h a t  qf2 is  the  permissible 

organ burden. 

(air, water, a ?arZ,lcu;La=. -;‘ood), the KFC i s  foucd.  

var ia t lons  i n  the btc2;e of t l e  pE.;”tia-Jar ca r r i e r ,  the  accuracy of t he  

Divid.ir_g J p:/da;r b : ~  t he  average dlaly intake of the  c a r r i e r  

Except for indivldual 

estimate depends only on th,r acciracy of the r e t m t i o n  function. 

Ra226 and Srgo 

A s  a first exanpl? of such a dcri-Tation, consider the  estimation of 

(MM:)w fcx Ha226 an& 9z9@, !..e., t9e  radionuclide i s  asswed t o  be present 

i n  the  water used f a r  &r?rG&kg as >?el?- as i n  the  miter used f o r  t he  prepa- 

r a t i o n  of food. It i s  a2~ran%zgec?us 50 consider these t w o  isotopes together 

s ince t h e l r  cheaical p-ope3,ies z ~ e  s h l l a r  and the  data used f o r  one may 

p ro f i t ab ly  be compared xLth dzta f o r  t he  other.  

d i a l  pa in te rs  and pat ieu ts  given radium f o r  therapy led  t o  an estimate that 

chronic deposits of iiaE6 i n  % m e  sbo:ied a 35-year half-life.(12) That i s  

t o  say, assuming tha t  a constant fractFon of the bone burden i s  eliminated 

Early s tudies  of the  r a d i m  

from the  skeleton per day, the  r a t e  of elimination w a s  such that i n  45 years 

I I 3 3 6 4 0  
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half the  burden of Ra226 would be elimicated. Since the  half-life f o r  

radioact ive decay of Rae2' i s  1622 ;resrs, t h l s  45-year h a l f - l i f e  would 

represent elimination due t o  biologi@sl processes alone, and thus 45 years 

i s  desigqated as the  biological  k a l f - l i f e  0.' i n  bone, This estimate 

of t he  b io logica l  ekXna t , i on  of from bone i s  s t i l l  re ta ined by the  

I c t e r n a l  Dose Committees of KCK? and ICW, although animal experiments 

generally Indicate  a f a s t e r  r a t e  of e l imimzion.  

The e n t i r e  model my be doub",ed an3 indeed vas never advanced except 

for  long-tern deposits of radiivl in 5c;ze. 

Srgo1 a ce r t a in  f r ac t ion  f, of the mo-mx icgested i s  absorbed i n t o  the 

Following ingestion of or  

* 

(13) blood, a d  t h i s  amount i s  taken up by the skeleton within a few hours. 

The r a t e  of elimination fron; bone decreases rather r a p i a y  during t h e  first 

few days, b ~ t  this eliminati-on r a t e  decreases v i t h  time. 

have been suggested and =sed t o  i r ixeqre t  such data.  

t h a t  there  a re  several  "corqartperzs" or categories  of deposition, t h e  

matmerial being elLmiiiated rYom e3ch compartment at  a r a t e  cha rac t e r i s t i c  

of that compmment. 

with a rapid turno-Ter time are l a rgz ly  depleted, E d  only the  compartments 

with a long h a l f - l i f e  contain a s ign i f icant  amount of the m t e r i a l .  One 

may speculate that these eolnpartnents might represent mater ia l  deposited 

i n  d i f f e ren t  t i s sues ,  e,@;., Hcversian systems, endosteal bone, bone mineral, 

e tc . ,  but no such in te rpre ta t ton  has been experinentally ver i f ied ,  

4 gives da ta  on re ten t ion  of SrgO i n  monkeys ( I k )  and has been f i t t e d  by 

four exponentials each of which might be cocsidered t o  represent a com- 

partment * !Fhe half -times f o r  t3e respective compartment s are approximately 

1 day, 10 days, 50 days, and 980 days. In general, t he  turnover time tends 

Several models 

One model assumes 

As the t h e  a f te r  exposure inczeases, the  compartments 

Figure 
. >  

s 
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t o  increase with the  s i ze  of the mimal, ’out there  is no val idated theory 

f o r  extrapolating from zo&ey ar dog t o  man. 

work, pa r t i cu la r ly  by Langhm and Richmond, which m y  lead t o  such an 

adequate theory. Howe-rer, a5 the  present t b e ,  it is  not possible  t o  say 

d e f i n i t e l y  whether t h e  monkey d r t e  and other s imilar  data  on dogs, mice, 

e tc . ,  a r e  inconsistent with the 4S-year ha l f - l i f e  i n  man or  not. 

from Reference 15 shows the  varia5ioa 3f turnover t h e ,  o r  b io logica l  

h a l f - l i f e ,  cf Cs, Rb, m d  ga In  mice, rats, monkeys, dogs, and man. It will 

be noted that the  l i n e s  itze no: 2e=.aLel, and thus the extrapolat ion l a w  

var ies  according t o  t h e  iootopc u r i C . e ~  consideration. We may hope that more 

da ta  will be aval lable  2;; t l e  years ahead and t M  the  u6e of the  whole body 

counter and other techniques may provide data d i r ec t ly  on man  i n  some cases. 

I n  recent years t he re  has been 

Figure 5 

Another model freqtientky used t o  i n t e q r e t  re ten t ion  data  assumes that 

t h e  re ten t ion  var les  as a power of t he  time following intake,  

K ( t )  = At’” ( 5 )  

Such a function yields  a graph wXck Ls a s t r a igh t  l i n e  on a log-log p lo t .  

Figure 6 shows data on r e t ec t ion  of Si-@ in man presented in  this way. ( 16) 

Some of the  most accmate  h.m=1 data  on radium re ten t ion  i s  t h a t  

r e l a t i n g  t o  the  Elgin Hospital p,C,ie&s. 

painters ,  these pa t ien ts  received knovn amounts b - ~  in jec t ion  over a period 

of about a year, the  body burden vas essimatcd on the  Sasis of expired 

radon within a period of abou5 a year, and a careful  estimate of t h e i r  

body burden was again obtained some ‘20 years l a t e r .  These data  a re  shown 

i n  Figure 7. (3)  

t h e  data.  

In  coztrast  t o  t h e  radium d i a l  

It w i l l  be noted t h a t  there  is considerable s c a t t e r  i n  

Unfortunately no data a re  svai lable  during the  intervening years 
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so that the shape of the re ten t ion  curve is  not demonstrated. 

that fur ther  study of these pa t ien ts  will protride an answer. 

roughly consistent with a re ten t ion  law of 

It is possible 

These data a re  

.58 t - -53  

m e  question of vhich model of re ten t ion  t o  use i s  not an academic one. 

If r e l i a b l e  human data were ava i lzb le  over a 7O-year period, t he  data could 

be used d i r ec t ly  t o  estimate the  body burden aad the  model would be unneces- 

sary. 

convenient means of using the  data,  

can be f i t t e d  with e i the r  of t'aese nodels t o  within the  accuracy of the data, 

and thus it i s  unimportant which model I s  adopted over t h e  period of time 

represented by the  data. 

periods of time approaching 50 years, and f o r  t h i s  extrapolat ion the  choice 

of the  model i s  of considerable i q o r t a n c e .  For example, using equtltion 

(6) the  body burden a f t e r  50 years of continuous intake is  approximately 

135 I, i.e. ,  some 135 d a i l y  intakes.  

Any mathemtical formula f i t t e d  t o  t n e  data i s  merely a more or  l e s s  

Actually the  avai lable  biological  data 

However, the avai lable  data do not extend over 

If we attempt t o  f i t  a s ingle  exponential t o  the same two values, i.e., 

3 per cent a t  1 year and 2 / 3  per cent a t  20 years, we obtain: 

0,693 
-OB ~ ( t )  = 0.032 e (7)  

where time t i s  in  years. 

as long as the monkey da ta  indicate ,  but this does not seem inconsistent wfth 

w h a t  might be expected i n  extrapolating from monkey t o  man. The f rac t ion  

absorbed seems small on the  basis of the  monkey data. This formula would 

give a body burden of about 150 dai ly  intakes, i .e. ,  150 I. This result 

i s  i n  l i n e  with the  above est-te but requires a h a l f - l i f e  very much 

Tbe h a l f - l i f e  of 8.8 years is about th ree  times 

I 1 3 3 8 9 1  
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shor te r  than the observed b l o l o g i c d  h a l f - l i f e  of 45 years. 

b io logica l  hall"-life r e s t s  on a f s 2 l . y r  d i rec t  measueaent of a chronic 

body burden of radium i n  hums, Lt s h c d d  not be disregarded l i g h t l y .  

However, i f  the half-11% of 45 jea=.s is as~t.zucd and if the re ten t ion  a t  

one year i s  agaln taken LI be 3 3er  c m t P  Then the body burden a f t e r  50 

years of exposure w i l l  arnomi; t o  ab:m; 220 I. 

burden would be highel. by a f se tu r  of 3 if t h i s  rete-ation tomLiLa i s  used. 

Unfortunately, the  h m n  d&ta m e  Jot precise  enough t o  d e t e d n e  which 

r e t en t ion  fornula i s  r e p e s e n t a t i v e  ot an average na.u. 

here whfzh may amouit t o  a facto;. af 3. 

i n t e r n a l  dose dec2dec2 t o  ase the l o z g e r  ' m l f - l i f e  of h5 years f o r  Ra 

and of 70 years f o r  SrgO as i n  ea r l i e?  recommecdetions. 

term s tudies  &re comFlete-2, it za.3 be possible tt3 resolve this  d i f f i c u l t y .  

A j o h t  subcomitcee of the IL,W and N W  Committees on 1rs;ernal Dose 

Since this 

Ttca t h e  estimated body 

There i s  uncertainty 

The committees coriccned with 

226 

As fu r the r  long- 

corisidered the  power law f o r  t he  la:Ito?es of strontium, radium, uranium, 

and plutooiun. The Mpc v d u e s  c<a+vai_lled i n  this ';ray were submitted f o r  con- 

s idera t ion  of t he  conmittess. 

gave higher values of tLe E, and t h e  committees Cecided t o  r e t a i n  the  

exponential mcldel pendhg fur ther  c la r i f lcak ion  of the  problem and a l so  i n  

order t o  give a uniform basis  f o r  t h e  presen ta t im  of the  recomendations. 

The values abtained by the  power f w x t i o c  a re  glven in a n  appendix of ICRP 

Publication 2. 

I n  general, t he  use of t 3 e  pover function 

(171 

Only a s ingle  exponen+,ial k s  been used i n  the above discussion since 

f o r  chronic exposllre over 5CI years t he  f i r s t  three terms of the  equation 

i n  Figure 4 would contribute a negl igible  amount t o  the body burden. 

t he  coeff ic ient  ,932 befu-5 the  exponentlal i n  e m t i o n  ( 7 )  represents  only 

Thus 
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s t o o i  

Total  BcreTion 

Re5ained 

Urine 

st 001 
Total  Excretioc 

Retained 

the  f r ac t ion  of intake going t o  a single cmpartment. On the  bas i s  of the 

10.4 14.2 

67.6 45.8 
32.4 54.2 

Oral 

14.6 8-4 
79.0 7803 
9308 86.7 

6.2 13.3 

monkey data, t h e  valie of %?"is coeloficient should be about .27, but since 

t h e  monkey data  in Figure L ucre n-ota'laed f r a  an in jec t ion  study, this 

( 13) m u s t  be corrected f o r  orsl f z z c ~ ~ ,  Studies of humans by Spencer e t  a l .  

and animal s tudies  havc 1.~r i : r_~, t~:d  z zonsiderable sgread of values f o r  this 

t b t  its value depends on the  amount (le) f rac t ion .  It haa been &aucns-;r&A,e@ 

of calcium in t he  d i e t ,  a d  :ecent xork ("' has indLcsted that other elements 

in  the  d i e t  a l s o  ccmpete w%t& ,-a.Llun and s t r c n t i u m .  Thus the  value selected 

can only represent an average f c  a c e n n i n  situation. The values selected 

a re  t o  be considered ae representmive f o r  an average 'Lndividccal on a 

t y p i c a l  d i e t .  For my special  $:et or gnnp  o f  individuals,  e.g., children, 

people with ce r t a in  bone dkeases ,  07 paonle on cer ta in  d ie t s ,  this fac tor  

would need t o  be adJusted, and t h e  recalmendations of IGW asd NCRP suggest 

t h a t  this sho!iLd be dons wher? >he acta are zvailable.  

Spencer e t  SI- (13) a r e  given ki Table 111- 

Some results of 

nm3u In- 
Excretion and Rete7t;ion of Sr8? 12 Days 

Following an I.V. and 3rnl Tracer Dose 

I Intravenous 

Urine 

Case 1 Case 3 
31.6 
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0.09 f 1 0.54 w 

As an indication of the  var ia t ion i n  behavior of isotopes that are 

0.03 

chemically similar, Tak;e E gives the  values of %he constants adopted fo r  

Tl;(days) I 1.6 x 10 

Ra226, SrgO, and Ca45 f o r  the  retent ion formula (7 ) .  

4 1.8 x 10' I 1.6 x 10 

TABU3 IT 
Values of fw and a io logica l  X d f - l i f e ,  &, 

f o r  she Retention Fornula 

Iodine-131 

I n  contrast  w i t h  the foregoing, i s  dispersed i n  many t i s sues  of 

The t h e  body, but t he  highest concentra+,ion occurs i n  t h e  thyroid gland. 

biological  ha l f - l i f e  is only  138 day?, and so under a constant l eve l  of 

intake, a s t a t e  of eqd l ib r im i s  Gttaiced withln a f e w  weeks. 

ac t ive  ha l f - l i f e  i s  o~ly 8 dzys, and tlius t h e  t o t a l  elimination due t o  

biological  processes as well as elWnat5.on due t o  radioactive decay gives 

t o t a l  ha l f - l i f e  of 7.6 days. 

iodine i n  the  body will zesul5 i n  a greazly "Lnzreased uptake, but f o r  a 

normal s i tua t ion  the frac5icJn going t o  the  thyroid i s  about 5-35 per cent, 

t he  value varjing with the amount of tke  dose and the s t a t e  of ac t iv i ty  of 

t he  thyroid. (20) 

The radio- 

As with strontium an3 calcium a deficiency of 

The t o t a l  organ burden under equilibrium conditions i s  

then given by 

I x 0.3 x 7.7/.693 = 3.3 I 
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The M€C valzle so  obtatne3 i s  2 x 

much less than i n  the  case of €la226 and SrgoO 

that the radioactive ha l f - l i f e  is  much shorter than the  time f o r  biological 

elimination, Thus an eq;lilibrilim condition i s  at ta ined i n  a f e w  weeks, and 

t h i s  i s  de+,ermined la rge ly  by the  rediological h a l f - l i f e  which is  a well- 

determined physical qumt i ty .  

of uncertainty i s  f 

la rge  spread of -$aiues avai lable  f o r  fw9 depending on the individual 's  

condition ar;d d iz t .  As mectioned previously, the  recommendations of ICFP 

a n d  PER? p o h t  t h i s  out and s t a t e  t h a t  the vaiue of t h i s  parameter W i l l  

require  adjustment for  spec ia l  groups. I n  most s i tua t ions  such corrections 

are not made since the  l eve l s  a r e  generally much below the  MFC, but when 

t h e  question i s  a c r i t i c a l  m e :  e,g., the  Windscale incident,  such cor- 

rec t ions  a re  made. 

essent.ia1 uncertainty bEt only an ad,justment of the  data t h a t  may not 

always be wodh the  meking. 

comfortably below the  ~~ r s t h e r  t b ?  t o  attempt t h e  consideraticn of the 

individual  variations involved. 

The range of uncertainty is  here 

T Y i s  a r i s e s  from the fac t  

The only parameter involving a la rge  measure 

and thfs i s  re las ive ly  easy t o  measureo There i s  a 
W' 

Thus t h i s  range or' variation does Eot represent an 

For day-to-da3 use it may be easier t o  remain 

It may be w e l l  t o  clarify F a t h e r  t he  d ls t ine t ion  re fer red  t o  above 

i n  the  case of iodine. me I E C  values are l i s t e d  i n  the  recommendations 

of the XCRP and the IC€@ f o r  cer ta tn  standard conditions. It i s  assumed 

t h e  exposed person i s  a "stazdarri mar.'' and the  body weight, organ weights, 

and intakes of ai-  md water a r e  careful ly  specified f o r  this individual.  

The chemical form of  the  isotope i s  not  specified, but i t s  s o l u b i l i t y  i n  

body f lu ids ,  e.g, ,  the  extent of absorption in to  the  blood from t h e  gastro- 

i n t e s f i n a l  t r a c t  i s  specif ied.  It i s  assumed the  radionuclide f o r  which 

f I 3 3 9 0 1  
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t h e  MFC i s  l i s t e d  i s  the  on ly  source of relevant exposure and t h a t  t he  

exposure i s  continuous thro-@,ou-i  t h e  exposire period. 

given f o r  occupational exposure during 40 hours/week and a l so  f o r  continuous 

exposure during the  f u l l  168 holxrs,/week. 

m a n y  adjustments which c a  be applied t o  these values. If the radionuclide 

i s  present both i n  a i r  and i n  water, or if other rsdionuclides a r e  present, 

t h e  fu l l  MFC l eve l  must not be used for each type of exposure, 

must be somewhat reduced so t h a t  t he  b t a l  ex7osure t o  individual organs 

is reduced to the  reconmended leTrels. This adjustment can be made i n  a 

var ie ty  of? -mys. 

le-rels of 60 per cent and 70 per  cent of the MPC levels ,  respectively, 

then t h e  l eve l  i s  somewhet too high. 

reduced. Levels of 50 per cent of t he  KPC -7alues of each would be accept- 

able,  but it would a l so  be acceptable t o  merely reduce the  radium t o  a 

l e v e l  of 30 per cent of the Mpc value f o r  Similarly, adjustments 

may be made f o r  exposure t”5ne. 

ICRP are based on t o t a l  expos-are over 13 weeks i n  t h e  case of occupational 

exposure, and f o r  exposure of the  population, the  yearly dose has been 

used. Thus a concentration 10  times the  Mpc l eve l  does not indicate  an 

overexposure unless the  duratim of t h e  exposure i s  s i l f f ic ient ly  long. 

Thus t h e  l eve l  i n  a r i v e r  migiik 5e above the  (E), leve l  f o r  population 

exposure i n  some months of t he  yeer, but i f  t he  average over t h e  year i s  

at or  below t h e  (MFC),, there  has been no infringemen5 of e i t h e r  NCRP or 

ICRP recommendations. Finally,  adjustmeilts may be made f o r  so lub i l i t y  or 

chemical form. The so lub i l i t y  fac tors  are l i s t e d  i n  the  ICRP Resort. of 

Committee 11, 

MPC values a re  

I n  actual operations, there  a re  

The leve ls  

For example, if Ra226 and Srgo are present i n  water at 

One o r  t he  other or both should be 

The recowendations of t he  I!cRp and the  

and the  user i s  advised to adjast  t o  s u i t  par t icu lar  (17 1 
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compounds or charac te r i s t lcs  of the  material .  

i n  the  rezommendations cTrmsp-12. 50 ",he nore insoluble and the  more soluble 

forms t h a t  have been tes ted.  Cwzections f o r  individual differences, o r  

I n  general, the  forms given 

group differences,  could a h a  be made and should be made i n  applying these 

values t o  spec ia l  s i tua t ions  or  groaps of individuals, e.g., children, 

pregnant women, etc.  Tne d i e t  of ",e standard man has not been as care- 

f u l l y  specif ied as m n y  of his other aetabol ic  character is t ics ,  and t h i s  

would be a fac tor  IE adj i s f ing  the  Mpe t-alues fo r  par t icu lar  applications.  

These adjustments t a  correct f o r  specLfie cnaracter int ics  of t he  exposure 

s i t ua t ion  probably should not be conslcered as "uncertainties" i n  the  MFC 

values. They are f a c t o x  vliiek .;an be introduced whenever the  necessary 

data  a re  available,  e& t h t  s i tua t ion  seems t o  w a r a n t  the  e f fo r t .  Thus 

corrections f o r  increased upzalie of iodj-ne o r  strontium by children a re  

usuaily lcade i f  t he  s i t u a x i m  is  c r l t i c a l  enough t o  warrant %he e f f o r t  as 

w a s  done i n  2etemining pemiss ib l e  leve ls  following the  Windscale incident.  

I n  routine operations the concentration l e v e l  may be s o  far  below the  MPC 

l e v e l  t h a t  these corrections nay be neglected. O f t e l l  the  resul t ing leve ls  

a r e  assumed t o  produce the body burdens o r  dose limits specified i n  the  

recommendations, and t h i s  aajr imo lve  considerable inaccuracy. However, 

th is  i s  not d i r e c t p j  az inaccuracy tn t he  ,W as l i s t e d  but ra ther  i n  

applying it t o  other cvndit,ions o€ exr;csure without appropriate corrections. 

Such neglect of corrections may be varranted when the operational l eve l  i s  

so low as t o  e f fec t ive ly  make some allowance f o r  these modifications. 

Cesium-137 

Cs137 i s  an example of  a radiariucllde of long half-l lfe which deposits 

quite generally in the so f t  t i s sues  of t he  Sody. Since the  radiat ion 

i 1 3 3 9 0 3  
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emitted i s  la rge ly  gamma radiation, the  dose i s  not par t icu lar ly  high i n  

any one organ. 

such a case t h e  I C R P  and the  NCXP have recommended t h a t  t he  occupational 

dose should not exceed ?(N-ld) rem where N i s  the individual 's  age i n  

years and 18 years i s  the  age a t  wl-dch employment begins. The recommenda- 

t i ons  do permit exposure above 5 Tea 13 any one year up t o  12 r e m  per year 

provided the  above age proration formala i s  not exceeded. 

l i s t e d  i n  NBS Handbook 69 i s  based on t h i s  l i f e - t ime  average of 5 rem/year. 

Higher yearly doses a re  perIrLtted 5y the  recommendations under cer ta in  

Rather the bociy 2ls;Les as a vhoie a re  i r rad ia ted .  In  

The Mpc value 

conditions, i . e . ,  up t o  12 rem/year if t h e  zge p r o r a t i m  formula i s  not 

exceeded, hut t h i s  amcunts t o  anot;!~er adjustment which the heal th  physicist  

can make i.n applying the  value t o  specif ic  cases. The work of Langham and 

Richmond referred t o  above p-ovides better ?ats than i s  avai lable  f o r  most 

radionuclides, but t h i s  s t u d y  w a s  only p a r t i a l l y  completed a t  the  time of 

preparation of Handbook 69" 

other  t i s sues  i s  about lLC0 days, whlle :he body as a whole was assured t o  

have a h a l f - l i f e  of about 70 day;, A s  w i l l  be seen from Figure 5 ,  t h e i r  

completed study would indicate a value of  s l i g h t l y  more than 100 days. 

Using a value of fw of 1 afid Tb = 70 days, and f2  = 1, the  equilibrium 

body burden i s  found from eqmtion ( 2 )  t o  be abcut 100 I, i . e Q ,  100 da i ly  

intakes.  g, and = 

0.59 MeV, qf2 i s  found t o  be 34 bc, 

2200, the  ( M E ) ,  i s  determined by 2.2 x l o 5  (MPC), = 34 or (Mpc)w = 

1.5 x vc/cc, o r  io  round numbers 2 x pc/cc. It will be seen 

t h a t  t he  estimate would be lower if a Siological  h a l f - l i f e  of 100 days had 

The hielogical  half-l ife i n  muscle and i n  some 

4 From formLla (L) using R = 0.1 rem/week, a = 7 x 10 

Since the da i ly  intake of water i s  

been used. However, the  decision of both tke I C R P  aod NCRP committees t o  

I t 3 3 C 1 0 4  
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round o f f  the  values t o  a s lngle  s ignif icant  d i g i t  r e f l e c t s  t h e  judgment 

that the valiies m y  be -uce;$Eir- bg a fsccor of 2 o r  more, and t h i s  i s  

i l l u s t r a t e d  by t h e  present exm>’_e ., 

Radon 

Radon may serve as an e x a q l e  of t he  special  problems encountered i n  

attempting t o  estimate the  6ose deliv2red t o  a cer ta in  t i s sue .  The high 

incidence of carcinom of t he  *arxx?!nl epithelium and other  respiratory 

diseases among the 3 i n c r s  of Sjckceeborg and Joachimstal a t t r ac t ed  a+,tention 

t o  the  d i f f i c u l t  problem of es t ina t ing  t h e  dose t o  thLs t i s s u e  from inspired 

radon. The cancers folznd %re of sqga~oue c e l l  type and seem def in i te ly  

associated with t h e  epithelium laye- of ‘,he bronchus. (21) 

of t h e  dose t o  lungs zad broncllx have been attempted, but i n  1956 Chamber- 

lair; and Dyson (22) ,u’;lished ai accxmt of zn experimental determination of 

t h i s  dose. They deInonstrz$ed, as had been noticed by Shcpiro, ( 2 3 )  t h a t  the 

dose w a s  dire la rge ly  t o  t h e  ixhc.-e? dmghter products of ra ther  than 

t o  daughter elemelzts produced i n  tke  respiratory t r a c t  and a l so  found that  

Many calculations 

the  dose w a s  primarily due 50 t he  f r ee  ions of RaA, t h e  flrst daughter of 

R32229 i n  the  a i r .  !Pb:ds, v i t h  a f ixe2 concentration of Rn222 i n  a i r ,  the 

dose varied grea%ly, depencing OIL tAe auinber of dust par%icles or  conden- 

sat ion nuclei  i n  t he  air, and tX:; dose correlated w e l l  with the  number o f  

unattached ions. The ions of Rah st tsched t o  %ust p a r t i c l e s  o r  other 

nuclei  fo r  the most par t  z re  re ta ined i n  the  upper resp i ra tory  tract  or  

a r e  exhaled before they d is in tegra te .  Chamberlain and Dyson measured the 

re+;ention of RaA ions on the  bronchus under various conditions and calcu- 

lated t h a t  the  dose t o  t,he smfsce h y e -  of the  epithelium would be 30 

mrads/hr i f  the  co:ncentra$ion of radon i n  unfi l tered atmosgheric a i r  w a s  
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10-9 c / l .  

rem/week f o r  a 443-hour - m ~ k  v2e2 iC the a i r  l eve l  of Rn222 I s  2.5 x 

pc/cc of air .  

The mucus of the  bronchus undouktodly provides some protection, but this 

may not be as grea", as has sorcetbes been supposed. 

t e rs  will be i n  the  mucus t o  sone extent, and thus the  mucus i s  not a mere 

layer  of shielding mater;.al. 

radon and daughter produc';s fron; t h e  l a g s  and a lveol i  upward over the 

Using an RBE of 1-0 f o r  t h e  algha radiation, th is  amounts t o  0.3 

The uncertainty Laherent i n  this estimate i s  r a the r  large.  

The Rn222 and daugh- 

Moreover, t he  mucus i s  i n  motion and t ransports  

surface of the  bronckus, 

both NCRP and I C R P  fo r  ch.ror,ic exposure7 but it has not been demonstrated 

t o  be correct  fo r  carcinma of r,he bronchial epithelium. 

layer of t i s s u e  does seem t o  be the zisilue primarily involved i n  the  

carcinomas that have appeared ,md seems at  least as radiosensi t ive as 

other  t i s sues  of the respiratorJ- tract  

The 2E.3 of 10 used here i s  that recammended by 

However, th is  

U r a n i u m  

Natural uranium i s  a. m i x t u r e  of three isotopes of uranlum. The 

spec i f ic  ac t iv i ty ,  i . e . ,  a i s in tegra t ions  per second per gram, i s  quite 

l o w  so thak  the  p r i m 7  hzzard from/inhaleb uranium is  t h e  tox ic  e f fec t  
sola3le 

on the  kidney. However, f o r  isotopes o r  mixtures of uranium isotopes of 

grea te r  spec i f ic  ac t iv i ty ,  t he  dose -to t he  bone becomes t h e  control l ing 

l i m i t .  Thus the  c r i t i c a l  organ and t he  t~rpe  of e f fec t  considered change 

according t o  t he  specif ic  a c t i v i t y  of the uranium considered. As an 

exanple of the use of t ox ic i ty  as a c r i t e r ion  and i n  order t o  point out 

a major uncertainty, t h e  (MFC), of nasural  uranium K i l l  be estimated. 

The c r i t i c a l  parameters neecZed t o  deternine the  

are thus the  permissible concentration i n  kidney, the  f r ac t ion  f, of 

f o r  na tura l  urar ; ium 
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ingested material  depositing i n  t he  kidney, and the biological  h a l f - l i f e  or  

re ten t ion  function by whFz'r. i t  accuuLat,es there .  

t e e s  on In t e rna l  Dose selected the l e v e l  a t  3 pg of U per gram of kidney 

and a biological  h a l f - l i f e  02 15 days f o r  uranium i n  the kidney. 

f o r  these i s  summarized in  Referexe  24. 

gram of kidney, the  experimental ani.11~1~ did show detectable e f f ec t s ,  but 

these were m i l d ,  and it has been demonstrated tha t  the kidney develops 

some resis tance t o  u--ania v i t h  low-level exposure. 

i s  scanty and inconclusive. 

a re those  obtained from inject ion s tudies  of terminal brain tumor pa t ien ts .  

These s tudies  were a l l  a t  r e l a t ive ly  high leve ls  because of the  therapeutic 

objectives of the  study. 

kidney was higLer than the above-mentloned valae, and a l l  showed some 

evidence of kidacy damage. 

i n  any known cases of kidney damage from exposure a t  the  greseDt Mpc l eve l .  

The biological  h a l f - l i f e  i n  kidney seems t o  vary from about 4-5 days in 

s m a l l  mammals  t o  10-15 days I i n  m a r .  (24) 

important e f f ec t  on the upccalre and rekection of uranium by the kidney. 

The human s tudies  reserred t o  above and l a t e r  animal s tudies  have confirmed 

t h a t  a t  high dose leve ls  the kidney damage r e s u l t s  i n  grea t ly  increased 

burders of uranium i n  the kidney. (26) 

t h e  importance of experimectal stuiiies a t  or near the  MM: leve ls .  

such expe rben t s  may not reveal any b io logica l  e f f ec t s  of the  intake,  they 

a r e  a check on the accuracy of the  metabolic model t h a t  i s  assumed. 

t h i s  model i s  obtained by extrapolation from a study a t  a high dose level ,  

it i s  desirable  that i+, be checked a t  a l e v e l  near the  MPC. 

The NCRP and ICRP Commit- 

The evidence 

A t  t he  l e v e l  of 3 pg of U per 

The evidence i n  man 

The most eccurate and de ta i led  data in man 

( 2 5 )  

Consequently t h e  concentration of uranium in the  

Irdus-crial experience t o  date has not resul ted 

The dose l e v e l  seems t o  have an 

These dose-level e f f ec t s  emphasize 

While 

When 
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The very low value of f w  = 1.1 x as used i n  t h e  In te rna l  Dose 

It rests upon ear ly  short-term studies.  Handbooks is  open t o  some questLon. 

Studies reported since t h e  conipletica of 3CRP Handbook 69 have indicated it 

might be considerably i n  er7or. 

above, the  f rac t ion  abaoz-bed in to  the  b b o d  i s  very small and therefore 

d i f f i c u l t  t o  determine accuratel7. 

contamination of drinking water io mast uranium operations, and ingestion 

has not been a malor pro’clein f3r the industry.  Nevertheless, fur ther  

studies are needed t o  give a more accurate estimate of t he  intake and 

retect ion of uranium. 

I n  addi t ion t o  t h e  dose effect  mentioned (27 )  

It i s  r e l a r ive ly  easy t o  control the  

If the  value of 3 pg of U per gram of kidney i s  accepted as a 

permissible leve l ,  then the  permissible organ burden i s  900 pg of U since 

the  kidney has a mass of 300 g. 

be 2.3 x 

From formula (3)  the organ burden will 

I i f  1 I s  the da i ly  intake by ingestion, and 

Hence, I = 3.9 Q and (Mpc), = 3.9/2200 = 1.8 x 10-3 g .  

i s  a chemical one, it might be preferable t o  express the  amount i n  grams, 

but fo r  t he  sake of u i f o r m i t y  it i s  given i n  ~c i n  NBS Handbook 69 as i n  

t h e  case of a l l  other radionuclides. 

pc of na tura l  uranium as consisting of 1 bc of ~ * 3 ~ ,  1 p c  of ,234, and 

0.046 pc of U235. 

Since $he e f fec t  

It i s  conventional t o  consider one 

Thorium 

The MET of na tura l  thorium i s  one which i s  current ly  very much i n  

doubt. 

i n  a i r  (MPC), i s  of primary in te res t .  

For i ndus t r i a l  applicz+,ions the  m a x i m u m  permissible concentration 

%e grea tes t  uncertainty is 
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probably that involved i n  t h e  re tea t i02  rcodel adopted for inhalat iono 

deposition and re ten t ion  i n  Iunq iz  know^ t o  depend on p a r t i c l e  size, 

chemical form, and perhaps also on ce,-t,ain physical pazameters such a3 the  

shape of t h e  part , icle or  c q 3 t x C e  For retent ion tc 1~ tissw, a biolog- 

i c a l  hrt lf-l ife of E O  days i s  asxmec, but It is  s o t  known what range of 

p a r t i c l e  s i ze  would ?xve t b i s  long a hnlI".-Efe. 

uncertainty a l so  coxce:Ti.ng tize pa t t e -n  of e l h l n a t l n n  from the lung. 

X C X ?  asd I m  recammenr2Fltions if 5s assumed 25 Ter cent of she irdialed 

mater ia l  i s  exhaled and t%t 50 pe? cent of the  inhailed mater ia l  is 

deposited i n  the upper r-3nspirntcr-y passages and subsequently swallowed 

If the compound i s  soluble9 che remiinlag 27 per cent is assmed to pass 

i n t o  solution Fn t he  3ody ?-aids. If t i e  c o q a m d  is very poorly soluble, 

it i s  assumed that, lZ.5 per cen'; v l l l  be swallowed within a day, while zhe 

remainiog 12.5 per eect  remaias In the l i ng  v i t h  R biological U - l i f e  

of 120 days o r  longer,  Iu the  case o r  thortuu, experiments have indicated 

a longer biological h l f - l i f e  02 about 4 years. The d i s t r ibu t ion  of this 

f i n a l  2 . 5  per cent represams the  seeox3 maJor source of x c e r t a i n t y  f o r  

these i n s o h b l e  compounds. 

and some portion must reecil the Uood. 

t he re  i s  some t ranslocat ion of maze-rial IrCo the  blood stream without 

going i n t o  solution, 

swallowed. 

The 

There is considerable 

In 

Perhaps no compound is  completely insoluble, 

%ere is  also t he  possiBUi$y that 

Some f r s c t i c z  may be e a r r k d  up by t h e  m m u s  m d  

Within tLe l a e t  few year;;, increasing evidence ?xis been found 

that the  lymph nodes a re  a major site of deposition of t he  heavy metals. 

It appears that af ter  a fev months of chronic q o s u r e  t he  concentration 

in l p p k  nodes surpasses $he eorcez&ra+,lon i n  lung, and the  r a t e  3f elim- 

ina t ion  fro= the lymph nodes 1s very slow and 'tn many cases could not be 

t I 3 3 9 0 9  
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measured. 

very high concentrations of 2a r t i cu la t e s  have been produced in lymph nodes 

of animals, the  lymph nodes have not shown evidence of ser ious damage. 

The dose calculation i s  d i f f i c u l t ,  Secause the high concentrations make It 

possible  that a considerable pa r t  of t he  energy i s  absorbed i n  t h e  par t ic -  

u l a t e  mater ia l  and does not reach t h e  t i s s u e .  

lymph nodes form a layer  of i n e r t  scar  t i s s u e  about such deposits and 

that the  alpha radiat ion does not penetrate t o  the  mitot ic  layers  of 

t i s s u e s  of the lymph nodes. 

animals seem t o  show astonishfng resis+,ance t o  large doses of radiat ion 

over periods of monthE o r  a few years.  

l a t e  e f f ec t s  following many years of exposure is  not known. 

A sumnary of recent work i s  given i n  Reference 27. Although 

Also, it m y  be t h a t  the  

Certainly t h e  lymph nodes of experimental 

Whether there  might be more serious 

Thus the (M), valaes based on l u g  a re  doubtful, because the  response 

Of one of the t i s sues  where the  concentration is  highest i s  not accurately 

assessed and a lso  becawe the  momt deposited i n  the lung and lymph nodes 

depends on many parameters whose influence has not been adequately deter-  

mined. 

W i l l  provide answers t o  some of these questions. 

l a rge ly  present i n  the  re ten t ion  m d e l  and thus a re  not pecul iar  t o  thorium. 

Therefore, similar uncertaint ies  a r e  inhereDt i n  the  case of a l l  t he  (MPC), 

values f o r  insoluble compounCs of t h e  heavy metals. 

It i s  possible t h a t  s tud ies  now under way or  in t he  planning stage 

These uncertaint ies  a re  

I n  the case of a soluble compound, some f rac t ion  of t he  25 per cent of 

t h e  thorium leaving the lung w i l l  deposit in bone. The present (MFC), 

values f o r  soluble thorium based on bone assume 70 per cent of this 25 

per  cent reaches the bone. i n  bone i s  

of t he  order of 200 years, so  that elimination i s  almost negl igible  over 

The b io logica l  ha l f - l i f e  of 

I 1 3 3 9 1 0  
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a period of 50 years. 

3150 da i ly  intakes. 

i s  found t o  be about 270 effective MeV per  dis integrat ion i n  bone. 

Usilg famu2.3 (3) ,  t he  5one would accumulate about 

The eztergy p e r  a i s k t e g r s t i o n  of an atom of Th232 

The 

calculatfon of  this energj. i s  q L t e  involved since n x h  of the energy 

comes f romthe  daughter atoms, ana af these some appear t o  rec i rcu la te  

t o  the blood upon fornation and dc not a l l  remain i n  bone. 

w h a t  analogous t o  the  behzvLor of t h e   RE^^^ atoms formed by the  decay of 

Ra226 i n  bone. 

(MET), 

This i s  some- 

232 

7 = 6.5 x 10-l3 pc/cc since the  d a i l y  ia take of a i r  i s  2 x 10 cc. 

From formd-a (1), (qf2) = 0.041 )IC, and thus fo r  Th 

In this case the bone burde;: does not reach equilibrium and so  increases 

throughout the exposure FerioZ- W y  at  t h e  end of the period would it 

reach t h e  value of essent ia l ly  0 .Oh1 1.c rnaicated a,bove. 

In the case of Tn228 fhe Fadiological h a l f - l i f e  i n  bone i s  only 700 

days, and thus t h e  bone bi.pden of 1%228 w i l l  Teach essent ia l  equilibrium 

long before 50 ymrs of exposure, 

693 days and fw = 0.18, fornula ( 2 )  gives (qf,,) L = 180 I, i .e. ,  180 da i ly  

intakes. "he ef fec t ive  energy in bene i s  970 effect ive MeV, and thus by 

formula (1) qf2 = 0.011 pc. Sence (?.ET), = 3.1 x pc/cc. 

Vsing t he  t o t a l  ha l f - l i f e  i n  bone as 

natural thorium i s  considered t c  coxsist of a m i x t u r e  of Th232 and 

Th2289 and it i s  customary to cansider 1 pc of natural  t'aorium as con- 

s i s t i n g  of 1 pc of each of these i s o h p e s .  Taus a l eve l  i n  a i r  of 1 pc 

of na tu ra l  thorium would event i idly produce a dose of 0.56/(MPc), 

rem/week from 1 pc of Th232 and a l s o  0.56/(MFC)a Th-228 rem/week from 1 pc 

of Th228. Consequently ( M E ) ,  = 5.7 x lO-l3 pc/cc fo r  natural thorium. 

Th-232 

The 6alue of (MPC)a given above i s  quite l o w  but i s  not; out of l i n e  

with animal experiments on the  r e i a t c r e  hazard of thorium and plutonium 

1 1 3 3 4 1  t 
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which has very similar chemistry and essent ia l ly  t h e  same (MFC).. 

comparative s tudies  cf 

28 indicate  that Th228 i s  indeed as toxic  as Pu239 on t h e  basj-s of the  

in jec t ion  studies reported there. 

a far higher spec i f ic  ac t lv i ty  t h a  natural  thorium so that the  gram 

amounts injected i n  the  case of the  dog s tudies  are m u c h  less than the  

gram amounts of t h e  same number of pc of natural  thorium. 

siderable evidence t h a t  t h i s  influences t h e  amount re ta ined by bone and 

that natL-a1 thorium would 3ct be absorbed t o  the  same extent as  i?h . 
This m a s s  e f f ec t  on retention, althoigh not completely explored a t  the  

present time, was la rge ly  conjectural  several  years ago, and even now it 

is  d i f f i c u l t  t o  estimate t h i s  e f fec t  f o r  man .  Thus t h e  metabolic model is  

again i n  doubt, and f 'wtker research w i l l  be needed t o  c l a r i f y  and quanti- 

t a t e  t h i s  e f f ec t .  

The 

Th228, PU"~, and Srgo reported i n  Reference 

It should be observed that Th228 has 

There is con- 

228 

"he value of (E). = 6 x 10-l3 for n a t u r a l  thorium i s  1/30 of the 

value given i n  the  previous recamendations. This former value had never 

been calculated Gn t h e  basis  of a l imit ing dose rate but w a s  l i s t e d  by 

comparison of i ndus t r i a l  experience with uranium and thorium. It may be 

that the  indus t r i a l  s i tua t ions  usually encountered i n  mills, mines, and 

fac tor ies  would be such thn.t t h i s ,  t he  higher value, i s  appropriate, but 

this has never been demonstrated. Iio r e a l l y  carefu l  and s t a t i s t i c a l l y  

val id  survey or' thorium indus t r ia l  experience has been made, though some 

persons with a f a i r l y  long his tory of exppsure have been located. No 

observable e f f ec t s  have been found, though they are believed t o  have been 

exposed t o  high concentrations of thorium. Wether  the concentration was 

consis tent ly  high throughout t h e i r  period of employment, whether the  
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p a r t i c l e  s ize  or  some other fac tor  prevented the  re ten t ion  of 12 per cent, 

and whether there  may have jeen a mass effect  on re tan t ion  because of the 

presence of "carr ier"  material  i s  not known. The I C R P  and the  NCRP have, 

therefore,  i i s t e d  both the high srud t he  low value of (MFC)a for natural  

thorium. It is recognized tlzat a change of this order involves a period 

of adjustment, and both NCRP and IC€& have recognized that a period of 5 

years might be reasonable. 

hoped more def in i t ive  data will be available.  

Before the  expiration of that time, it i s  

Undoubtedly the  measure of uncer<ainty i n  t h e  Mpc f o r  thorium and 

perhaps fo r  uranium may 5e somewhere between 10 t o  100. 

i s  largely associated with the  metabolic parameters used t o  estimate the 

MFC and emphasizes the  need f o r  research on these aspects of the  problem. 

This uncertainty 

I n  summary, there  a re  three  categories of uncer-kainty: 

The uncertainty of t he  basic  s%andard, vhether expressed i n  terms 

of a l imit ing dose rate or  as a permissible body burden. One 

cannot a t tach  a aimerical  value t o  t h i s  aspect of uncertainty 

u n t i l  the type of biological  effect  t o  be expected and the  r a t e  

of incidence t o  be 2 e d t t e d  a re  specified. The specif ics t ion of 

these t r u l y  basic: stancards involves the  weighing of t h e  benefits  

and r i sks  t o  be expected at  the  given l eve l  of incidence. 

appropriate bo6y burdea 07 dose r a t e  t ha t  would give a selected 

incidence r a t e  i s  not well  established. 

The uncertainty of t he  metabolic model used t o  estimate the  body 

burden varies grea t ly  with t h e  isotope and type of intake i n  

question. 

is  probably correct  within 20-50 per cent and f o r  others, such 

The 

I n  some cases, such as ingested I13l, t he  estimate 

1 1 3 3 9 1 3  
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as inhaled natural  thorium, uncertainty may be by a fac tor  of 10-100. 

The judgment t h a t  t he  value f o r  iodine i s  t h i s  accurate is t o  be 

understood i n  the  sense that t he  estimate applies t o  a "standard 

man," i.e., t h i s  does not allow f o r  individual departures from the  

average. 

The changes i n  t h e  M€C that will be necessary i f  individual 

charac te r i s t ics  and habi t s  a r e  t o  be taken i n t o  acoount will be 

large,  p e r b p s  by a fac tor  between 0.1 and 10. 

differences due t o  age, sex, body s ize ,  d ie t ,  personal habits, e tc .  

As indicated above, these may be consfdered as  adjustments that 

should be made i n  applying the  Mpc t o  a par t icu lar  individual or  

group. They become uncertaint ies  when t h e i r  icfluence is neglected 

or  when the  relevant corrections a re  not known. 

(3) 

T h i s  would Fnclirde 

It i s  c lear  t h a t  t he  margin of mcer t a in ty  i s  ra ther  la rge  In  a l l  

cases. However, it i s  t o  be remarked that only a very few sciences have 

a t ta ined  the  precision o f ,  say, the  astronomy of the  so l a r  system. I n  a 

case where no adequate theo re t i ca l  basis i s  available and where colatrolled 

experiments a re  la rge ly  impossible, the s i tua t ion  is  not surprising. The 

number of cases where some of these estimates caa be checked quantitatively 

i s  not very large, b u t  on the  whole the  r e su l t s  a re  encouraging. In several  

cases where victims of accidents have been studied ',he estimates of body 

burden obtained by the  use of the  metabolic model have been checked by 

use of the whole body counter or  i n  some cases upon autopsy. Agreelaent 

within a factor  of two has been the ru le  ra ther  than the  exception. 

The dose t o  the  gas t ro in tes t inc l  tract  from radioact ivi ty  present i n  the  

contents has been calculated.  (17) 

( 2 9 )  

This has been checked in dogs by 

I t 3 3 9 1 4  
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implantation of dosimeters with very good agreement. (3') m e  same s tudies  

a l s o  indicated that a s t a t e  of constipat'on o r  of diarrhea could change the  

answer great ly ,  thus again emphasizing t h a t  the  dose estimates involved a re  

always f o r  a precisely defined individual and s i tua t ion  and t h a t  category 

(3) mentioned above must be taken i n t o  account i n  assessing the  uncertainty 

of the  estimates a 

It would be misleading t o  leave the  impression tha t  these checks a re  

extensive enough t o  cover the f i e l d  or t ha t  they a re  a l l  favorable. 

changes that occur i n  the MFC values from one revision t o  the  next a r e  

ample evidence that new information often points  up the inadequacy of 

the  former values, and we m y  axpect more changes as b e t t e r  data become 

avai lable .  That changes i n  these estimates should occur i s  not surprising, 

but t o  be expected. The more smpr i s ing  element i n  the  s i t ua t ion  i s  

r a the r  that amid all the  concern expressed f o r  more o r  l e s s  of control 

there  i s  r e l a t i v e l y  so l i t t l e  concern with obtaining the accurate infor-  

mation which i s  e s sen t i a l  f o r  i n t e l l i g e n t  control.  

The 
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(1) Discuss the Radium-226 Standazd f o r  bone-seekers. 
RIB, non-uniform dis t r ibu t ion ,  retention, e t c .  ? 

What i s  assumed about 

This question has been discussed above (paragraphs 3-10). 

(2) To what extent is the  ~adi~rn-226 Stardard (0 .1  microgram) compatible with 
present recommendations of MPD? Does the Radium-226 Standard represent a 
departure i n  concept from a concept of increasing hazard with increasing 
dose? 

226 According t o  our  best estimates, a bone burden of 0 .1  pg of Ra 

results i n  an average dose t o  bone of  0.06 rad/veek. This is nearly a l l  

a radiat ion and, If an RBE of 10 is  assumed, gives an average dose of 

about 0.56 rem/week t o  the  bone. This i s  of the  same order as the dose 

of 0.6 rem/week permitted t o  the thymid  and skin, but  it i s  nearly 

double the  dose permitted t o  mos-, sof; tiss-le. The IC3P i n  i t s  1958 

Recommendations j u s t i f i e d  the  somewhat lower rate of 0.3 rem/week i n  

most s o f t  tissues as fol lows:  (31 

farming organs, the gonads, the lenses of ';he eyes and the skin, the 

objective of protect ion is  %o prevent o r  minimize de f in i t e ly  known 

types of injury,  i n  t h e  case of other 3rgal;s the  type of in jury  is  not 

known. (Bone comki tu tes  the  only exeep+,ion, i n  which case the  rele- 

vant in jury  is  cancer and permissible Limits may be set  on the  basis 

of data furnished by hman scbjec';s who accumulated radium i n  t h e i r  

skeletons.) 

the incidence of cancer i n  one of  these organs (e .go ,  the  thyroid 

gland) o r  it may accelerate  aging of the organ. 

"whereas i n  the  case of the blood- 

Possibly, radiat ion i n  s d f i z i e n t  dosage may increase 

I n  the absence of 



f ac tua l  data, it was deemed ?:nden+, i n  e a r l i e r  recommendations of the 

commission t o  s e t  the maxbm permissible lhit f o r  these organs, when 

i r rad ia ted  by in5enlal  s o - ~ n c z s ~  l o w  as tha t  f o r  the more sens i t ive  

organa such as the gonads, t h a t  is, 0.3 rem/week." 

d i f f e ren t  limits on dose rez lec t  (1) judgment concerning the serious- 

In m y  judgment the 

ness of the e f fec t ,  ( 2 )  some knowlzdgz of r e l a t ive  s e n s i t i v i t y  of 

t i s sues  t o  radiation, and ( 3 )  i n  some cases a considerable lack of 

knowledge of vhat the e f f e c t s  and ra5ees may be. It is not a departure 

from a cgncept of increasing h z a r 2  with increasing dose since the 

l M t G  apply t u  d i f f e ren t  t i s s u s s .  

To w h a t  extent is t h e  Strontium-90 uody hurdeo (1.0 microcurie) 
ccmpatible with present recommendat5oiis of MPD? 

~. 

( 3 )  

According t o  the besi, oscimates avsilable,  a body burden of 1 pc 

of S 9 *  would de l iver  an average Jose t o  bone of 0.056 rem/week. 

According t o  Rincima-sh e t  a12 'lo' the peak dose may be some three 

times this value, or about C.17 rem/veek. The dose i n  marrow would 

range from 0.17 rem/wee$ doan -:o perhaps 0.006 rem/week, depending on 

t h e  s i ze  of marrow deposit  r,hat; is assumed. 

would probably not be more t h m  0.02 rem/week and the  average 30 the  

e n t i r e  blood-producing organs would be even l e s s  according t o  these 

An average i n m a r r o w  

estimates.  

(4)  What a re  the arguments f o r  switching Strontium-90 over t o  831 MPq-based 
standard? 
present Radium-226 comparison method? 

What are the  princi2zZ vnknowrs (o r  uncertainties) i n  the  

The arguments i n  fever of basing .t,h? body burden on a MpIl can 

only have the v a l i d i t y  ascribed t o  the NE9 t h a t  i s  used. As the  
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statement quoted above from ICRP Recommendations of 1958 ( 31) indicates 

I the MPD of 0.3 rem/week is taken somewhat lower than in the case of skin, 

thyroid, etc., because of uncertainty concerning effects and incidence 

rates. The radium standard is indirectly used in arriving at the rate of 

0.3 rem/week, and thus the use of this dose rate indirectly refers to the 

radim standard. 

standard are: 

The principal uncertainties in the use of the radium 

(a) 

(b) 

The effect of nonhomogeneity in the dose distribution. 

The effect of the distribution of dose ,in time. 

The radium dial painters and medical patients had a high 

initial body burden and dose rate which decreased thereafter. 

The occupational worker will experience the reverse of this 

situation. 

( c )  The proper value of the RBE. 

This last uncertainty does not apply to a emitters but does 
apply to 13 emitters and hence to Sr 90 . 

( 5 )  Why was the. Strontium-90 body burden doubled? 
dose doubled? How is this reconciled with the Radium-226 Standard? 

Was the corresponding 

As the above discussion has indicated, there are a number of 

possible ways of using the radium standard to define a body burden 

of some other bone-seeker. The members of NCRP and I C R P  vote as 

individuals and do not always indicate which reasons determined 

their vote. From the discussions and correspondence the following 

1 1 3 3 9 1 8  
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reasons seemed most in f luent ia l :  

( a )  The dose values indicated under (3)  when doubled are s t i l l  

within NCRP and ICRP dose limits from radium i n  bone, o r  f o r  

other  organs, and t h i s  i s  t r u e  whether average dose o r  maxi- 

mum dose i s  considered. 

The comparison with radium by d i r e c t  experiment has only been 

car r ied  out i n  smallmaxmals a t  ra ther  high dose leve ls  and 

f o r  times much shorter than the  l a t e n t  period f o r  bone cancers 

from radium i n  man. Thus  it is not a t  a l l  c lear  t h a t  the  

d i r e c t  application t o  man i s  val id .  

( b )  

( c )  The two methods give e s sen t i a l ly  the same value. The 

difference of 1 pc and 2 ~c can hardly be regarded as s ig-  

n i f ican t  i n  the l i g h t  of present knowledge. 

t he  value of  1 pc would have required a rat ional izat ion of 

why t h i s  bone-seeker w a s  given a d i f fe ren t  treatment than 

that accorded the  others.  The Committees ins i s ted  on giving 

values t o  only one d i g i t  which implies tha t  differences of 

0.5-1.5 or  1.5-2.5 are not regarded as s ignif icant .  

To have adopted 

It is  ev%dent<that the dose t o  bone w i l l  be doubledAf the,body 2 

The previously recommended body burden of burden of Srgo is doubled. 

1 pc of Srgo w a s  not based primarily upon'a dose rate, but was based upon 

a Comparison of carcinogenic e f f ec t s  of Sr89 and Ra 

animals. 

226 as R a  on the  basis of equal dose t o  the  skeletons of these animals. 

What the corresponding equivalent doses would be i n  maa a t  a much lower 

226 i n  experimental 

It appeared t h a t  Sr89 was about 5 times as potent a carcinogen 

1 1 3 3 9 1 9  



- 4 4 -  

222 dose r a t e  i s  d i f f i c u l t  t o  determine, The grea te r  f r ac t ion  of Rn 

escaping from the bones of the mouse is  one example 

that m u s t  be made. 

of a correction 

Whether t h i s  equivalent dose from Srgo i n  man 

averages 0.11 rem/week ( the  average dose from a body burden of 2 pc of 

Sr 90 ) or  is  more nearly half  of t h i s  is not demonstrated on e i the r  basis .  

In  the one case, the comparison i s  based on the r e l a t i v e  biological  

e f fec ts  but requires corrections f o r  differences i n  species, dose rate ,  

exposure period, e t c .  In the other case , , t he  long-term biological  e f fec t  

of is taken a s  the,  s t a r t i n g  point and the comparison i s  made . 

through dose rates and dose effectiveness.  

This does not conf l i c t  with any evidence from the  radium d i a l  painters  

o r  the cases of medical exposure that have been observed t o  produce bone 

Cancer. It should be noted t h a t  i n  man, the  body burden would only 

approach the  value of 2 pc a f t e r  some 50 years of exposure. 

most of t h i s  period h i s  body burden would be expected t o  be l e s s  than 

t h i s .  There i s  no conf l i c t  here with the radium standard since the 

Throughout 

.* 

observed cases of bone cancer due t o  radium had a much higher dose r a t e  

ea r ly  i n  the period of t h e i r  exposure. 

( 6 )  Is Strontium-90 l e v e l  f o r  food as  worked out from NCRF' Handbook 69 
independent of the  water content? O f  the  Calcium content? 

In  adjusting the  ( " P C L  of NCRP Handbook 69 t o  apply t o  food, the 

t o t a l  intake m u s t  be considered, and t h i s  includes the  intake of other 

radionuclides a s  wel l  as  Sr90. The calcium content ne.eds t o  be con- 

sidered a l so  since t h i s  has been shown t o  influence the f rac t ion  taken 

up by the bone. 

indicated as appropriate t o  adjust  the MPC t o  a pa r t i cu la r  individual 

o r  s i tua t ion .  

These a re  adjustments which ICRl? and NCRP have 
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(7) How does the Dhilosophy of l imi t ing  intake l i m i t  Strontium-90 i n  bone for  a 
low Calcium d ie t ?  

For an individual on a low calcium d ie t ,  the  value of fw, the  fract ion 

of intake going t o  bone, would have t o  be increased. Without such 

correction the individual on a low calcium d i e t  would r e t a i n  a greater 

f rac t ion  of h i s  intake. If it i s  assumed he ingests  the  same mount as 

a "standard man" on a normal d ie t ,  he would a t t a i n  a l a rge r  body burden 

than the "standard" individual.  

( 8 )  How is the  MPL applied t o  drinking water of known Strontium-90 content but 
unknown content of other  a c t i v i t i e s ?  

If drinking water contains Srgo and other unknown radionuclides, one 

can, in the  absence of a l l  other information, assume the  worst, i .e.,  tha t  

t he  other radionuclides w e r e  among those w i t h  the  lowest MPC known and 

calculate  accordingly. Frequently it i s  possible t o  make a p a r t i a l  

Climination, e.g., no a emitters present, and then use the  lowest MPC 

f o r  the radionuclides not eliminated. Handbook 69 gives de ta i led  tables 

and examples of such an approach. 

(9)  If chi ld  or  adult drinks m i l k  having 25% MPC of Strontium-90, W i l l  bone 
be 2546 of MPBB? 

If the adul t  drinks the  milk during 30 years, h i s  body burden would 

be expected t o  reach t h i s  leve l .  The ch i ld  would take up a la rger  

f rac t ion  during h is  e a r l y  years and would eventually surpass t h e  25 

percent leve l  of th.e E B B  according t o  the model. 

(10) Can a l l  of the MPL's f o r  bone-seekers be wrong? 

The question can be interpret,ed i n  several  w a y s .  If the  MPL re fers  

t o  the basic standard, then th i s  reflects a value-judgment. Whether 

i 1 3 3 9 2 1  
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0.1 pg of Ra226 is a proper standard f o r  permissible body burden depends 

p a r t l y  on what incidence r a t e  of cancer or  other e f f ec t s  soc ie ty  w i l l  

t o l e r a t e  i n  order t o  have the  aDplications that occasioned these body 

burdens. 

seem of an order that has escaped detect ion 

of t he  use of radium. Thus they seem t o  be not more than the  leve ls  of 

r i s k  commonly accepted. The same can be sa id  of the basic  dose rates. If 

too  high, the higher incidence r a t e  has not manifested i t s e l f  thus far, 

but  $lace experience w i t h  these is not so extensive, more caution is 

indicated.  The basic limits can only be judged as too high o r  too l o w  

when weighed against  the benef i t s  obtained from the appl icat ion.  

A t  present these incidence r a t e s  a re  not known prec ise ly  but 

during a halT-century o r  more 

If the  MPL r e fe r  t o  t h e  MPC values, then it i s  l i k e l y  that a l l  a re  

wrong t u  some degree i n  the sense t h a t  they may not produce the-body 

burdens they a re  now qecrtkx$ t o  produce, even under the standard con- 

d i t ions  assumed i n  deriving them. 

accumulate these values w i l l  be changed from time-to-time. 

W e  may expect that as b e t t e r  data 

I 1 3 3 9 2 2  
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