
I Ob831 b 

7 x rS248 
CONF-661018 

Biolosy and Medicine 
T I  D-4500 

C73TI ? % , i s  

F2GCEESINGS OF THE 12th ANNUAL BIO-ASSAY AND 
AN A i Y  T IC A L C H E M 1  STR Y h'\E ET 1 N G 

Held at  Gat!inburg, Tennessee 
Octcber 13-1 4, 1966 

Compiled By 
C .  M. West 

Oak Ridce Y-12 Plont 

Sponsored 2y 

7er.nessee Chapter o i  the Hecirh Physics Sccie:y 
r\ 
UC:: R;cce Associcted Universiries 
Cslc liicce Naticnal Laboratory 
Go;< ?icce Gcseou; Diifusicn ?!ant 
Ccic Ridge Y-12 Plant 

C N I C S  CARBIDE CGfiPGRATiCN 
Nuclecr Division 

Y- i  2 '  PLANT 



I 

- I  - 
ine 
huf f  hoase, Idountsir, Vie\.., t iare), Gctl inburF, Tennessee. 

welirn Annuai Mes;ir,_c CT. Bio-Assay cna' Rnaiy t ica l  Chernis r ry  wcs hela' a t  the 

The proceedincs ~i previous meetings have been issued as AEC Reports hLCO-595 
(l?55), WASH-73j (1$5Q), LYRjh-1023 (1958), TID-7591 (1959j, TID-7616 (1963), 
ANL-6637 (1961), DP-e31 ( 1  952), T13-7695 (1 963), CONF-727 (1 904), CONF-  
~551338 (1965j. N o  proceedinsj were published for the 1957 meeting. 

Tne conferences cre he16 ir, order tho: XEC and AEC contractor personnel w i l l  hove 
an  opp3rtunity tc, discuss procedures and problems associated with the col lect ion, 
i n te rp re tc f i on ,  and cp?lic=:ion C C  bio-ossoy and otner perrinent health dotc. 
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L. 8. Farabee 
Health Physics Division 

Cak Ridge, Tennessee 
Oak Ridge National Laboratory 

A BSTR AC T 

The procedure used routinely for rcdiostrontium anaiysis at  Oak Ridge National 
Lcborotory hcs been revised for greater efficiency,and also for m o r e  extensive examination 
of c n  individcci scnpie. 
to cc-precIpi:cte boih :he alpho emitting actinide elemenrs ana rcdiostrontium. 
efficiency for rccbstronrium is attoined b y  the addition of calcium, H3PO4, excess NH40H, 
and the exclusicn cf atmospheric C 0 2  af ter  precipitation. 
cation exchanse c3lumn secarcticn of radiostrontium from calcium and magnesium using 
Na4EDTA and ci:ric ccid. 
recuired for strontium snciysjs by cbout 50 per cent. 

An aikcline-earth-phosphcte precipitation procedure is applied 
improved 

Revisions were r : d e  also in the 

Use of these chelating and complexing agents reduces the time 

INTRODUCTION 

- I  rne iwo metnccs rnc,:: czmmonly used ior estimciing the body burden of 90Sr are 
(i) mecsurernenr ci the 5rems;trahlunc from internclly deposited ''5~. - 90Y i n  a whole body 
cwnter  w i t h  the U S E  s i  c !dcI{,Ti) crysfal a d  a gamma spectrum analyzer, and (2) analysis 
o f  grine b r  s ; c S r ,  The ! i n i t  c f  detec:ion by whole body ccuniing is less than IO per cent of 
t he  mcximum perTis:;b/e cccy  burden, while the estinaticn cf ;he body burden by urinalysis 
is iimited b y  c pricr YnawleSCe o f  the reiationshi;, between the totcl body burden and the 
excretion rate cs a functicr: o i  time after ex'oosure. In general, i t  is usually necessary to 
rely hewi iy  on u r i n c i y s i s  in  monitoring for 90Sr for several reasons: (I) in some cases there 
is  a need for surveiiicnce of  perscnnel or levels $elow the detection l i m i t  c f  whole body 
counting; (2) the brernss;rckr!ung from 'OY gives c ccntinuous spectrum only with no dis- 
tinguishabie peak relcting to 9oY per se, therefore, urinalysis m a y  be necessary to ident i fy  
the beta emirrer Fresect in the body; and (3) where  a large number o f  persons or frequent 
sampl ing  is required u r inc lys i s  is more prcctical and econcmical. 

A;thougn ecc+ nuclecr instcllation m c y  have problems of special interest in monitor- 
ing for internai rcaiation hazards, the alpha emitting ccrinide elements and 905r ore certainly 
of  widescread interest, cnc at ORNL about 85 fo 90 per cent of :he ur inalysis  l ab ra to r  
work Iccd involves the cnalyses for these rcdionuciides. [ n e  analyticcl procedure for JOSr 
analysis, which was deve!oped cr ORNL and yhich hcs Seen in use  since 1956, involves two 

- 
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* -  xeresrzh SDCnSOrec by  :>e L'qired Srcrec / , : ~ x i ~  ETergy Commission under conrroct with the 
U n i c r .  Carcice C3rccrzricn. 



:Isr s;ez:: ( i )  tne ~:ec i? i i . c : i~ -  o i   he cklciitm and mocnesium of the urine os phosphates 
v;ith Na,S?,, cnc' (2'; trle SeDarc'isr, 0: rcjiosirontium from the cslcium c n d  magnesium on a 
ccticn excbcnze resin c~. lurry wit!-, c sDiLiTisn  of tetrasodium ethylenediorninetetmcetic 
acid (NcLEDTA) cnc ciiri: ccic  cz cheio:inS and/or comFIexing agents. (I) 
bec=lme necessary tc make szme chcnges in the procedure in order to expedire the urinalysis 
program by asin9 one pre:ipiTC.+ior, ste? to concentrate both radiostrontium and alpha emitting 
actinide elements, thereby providins c method of analyses for several radionuclides in an 
individitai u r i n e  sornpie. In CdciTiGcl, some changes were mode in the resin column separation 
o f  radiDstrontium from co/;  ium c n d  mcgnesiurr. to provide c more efficient procedure. 

Recently i t  

ALK AL I t\l E E A: T Y P H 3 S  PHATE PREC I P IT AT IO N 

Experimentc I 

In the procedure presenvi\, usei ct  ORNL for analysis of actinide elements in urine, 
the initial step is tne pre:ipitc;ic-, c: urincry calcium and magnesium as phosphates with 
NH40H.(2)  In order to co-precipi:c:E merpbolized plutonium from urine, 50 m l  of concen- 
trcted HNO3 is added per lite: cT urine cnd :he sample is heated to 83' C and stirred for 
I to 2 hours.  H3PO4 is added, :ne- :he clkoline earth phosphates are precipitated with 
N h 4 0 H .  (3) In order tho: :nis Fre::a!TZ:JOZ mcy be used'also os the initial step in concen- 
t rc t ing  radiostrontium, i t  W Q S  n e c e : s 6 - ~  :,e prove that quantitctive recovery of radiostrontium 
-on be achieved. In the Beveisz7:e-.rc: work 85Sr (0.51 Mev gamma) was used to facilitate 

NcI(T1) crystal and a muitichsnne I c3z i )* ier .  During the exploratory tests on precipitation 
of alkaline-earth phospi7c:e: w i y -  t h i  use 0 ;  NH4OH i t  was found that ra ther  large solubility 
losses o f  8'Sr occurrecl, es?ecici ;I: - -  w ~ E - ,  cilute urine wcs  used. When the precipitation was  
done w i t h  Nook!, however, :T,E d - ~ v  recovery was consistently a b o u t  98 per cent. 
larger loss wi th  NHdOti m c i  SE 3 - . i  :: +,e buffering action in urine a t  pH 7 to 8, thereby 
prohibitins the optimum p% i c y  3e : -  re:svery. 
loss may be insufficient caiciun cnc sbs?hc tes  in dilute urine samples. 

. .  . 

.. 7e study of  SoIubiIity loszec, sir.:e CiTe:: csvntins of  liquid samples con be done with o 

I .-.- The 

Other factors affecting the larger solubility 

In on attemp: to minimize se isb i1 i ty  loss of B5$r in alkaline earth phosphate precipi- 
( I )  the addition of  colcium; (2) added 

(2) the pH a t  w h i c h  the precipitction is mode; and (4) the exclusion of atmospheric 
tation, studies were mode to derermine rhe effect of: 
H 3 P 0 4  
CO2 after Precipitation U n T i l  the x;mpie is processed. 
urine was used (sp. gr. I.C37). 

For these studies, composite dilute 

Resv I t s  

The exclusion of the otmozphere by wrapping the beaker containing the somple with 
a plastic wrap increased ine recovery of 85Sr by a n  average of 3.6 per cent, therefore, this 
practice was followed i n  a ! l  subseqyent studies. 
thct the o3tirnum canditicns for precipitation of alkaline earth phosphates from urine w i t h  
N H i O H  to Give c iinai p t i  of >?. 
?recipiiction on recovery o i  8 j S r ,  two canditions were held constant for maximum recovery 
while the third was studied. 

By explorotory experiments, it was found 

Tc show the effect  of each of the three conditions for 

l o b 8 3 2 1  2 DOEIHQ 



- I   ne ccdiricn 0 ;  c3lcivm, when the ?H is 9.2 and HzP04 is 0.1 rnoiar,improves the 
recsverv f r c n  5$ De: = e - *  E absv: 95 per cen: (Fig. I). The addirion o i  t i3P04,  when the 
sb is  $.2  and ccicium ;s 12: ng lirer, clso improves recovery (Fig. 2). With optimum con- 
cii ions of ccdec ccIciv7 c n d  H~PCL, i t  was shown that c lcrge excess of NH4OH must be 
added for oo:imcm recsvery !Fig. 3). 
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: 4c K 2: c .  ?I 
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3::j C : 6 ?  01:; 5133 0167 

*,m, -in 

Fig 2 .  Eifec: o f  excess H3PO4 on 
85Sr recovery. 
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I5 order ro cchieve mcxi.nyr, use of :he cIkoIine earth phosphcte precipitation for 
tne anz ip i s  c l  urine for severs! radionuc;ides, the onolyticol scheme m u s t  provide for 
remov31 0 ;  some c! the  rocionvc'ides v:i:nout loss of  others. 
used for the anoi;fsis c f  Ps, N?/ lJ cns' Pa, c strong HCI solution of the precipitate i s  pcssed 
throvg$ cn onior: exzhsnge resip column, thereby .;emoving these 
efiiuer,? w i !  I contcin mciy radionuclides 0 :  interest  in o urinalysis program, chiei  n f  which 
are T ~ E  t:ivalen: cciinioe:, radi=s:ron+ic;-,, radiobarium on2 radium. 
onclyzt for the :rivalen: octin;cles cs c ~ ; s u ~ ,  ?he conventiono! BiPO4 - LoF3 precipitation 

nc:e cr i rDrr ,  the coI~(cf'i eifiuect by  use si ine resin column technique described below. 

Thus, in the procedure presently 

T h e  colvinn . .  
If there is o need to 

'prcceicre  car, be usec. Tne rodioc:rDnticTn can be recovered directly from the k i p 0 4  super-  

Y C - 8 J b * 6 3 2  

7 ULtiW IS 120m9 /LITER URINE 

H,PC, IS 01 MO-IP 
I 

I 

I 

5 0- 
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I 
I 
/ 

, 4c 
c 22 4c 63 

mi OF EXCESS Np4,3H /LITER URINE 

- * -  e5 
Fig. 3 : : ; e :?  c f  excess NHLOH c n  S r  recovery. 
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In desisninc :he resin csiumn ?rocedure, i t  wcs helpful to know the relative adsorp- 
tion of r c d i c s t r c n r i u n ,  tcIc(um cnd rna,-nesium on Dowex res in  in  ecch ste? of the column 
seoaroiion. T h i s  car, hest be ccne by bctchwise equilibrium distribution studies. in systems 
contoinins c solution o f  radics:rcntiurn, calcium, and magnesium, and Dowex 50-XI2 a t  
pH.5.CO w i t h  ( I )  Nczt i2  EDTA only, (2) w i t h  citric acid only, 'and (3) a combination o f  both- 

The resuits o f  bctchwise ecuilibrium distribution coefficient studies w.i.th EDTA 
sclutions c t  p t i  5.20 ccntcinin; Dowex 50-XI2 (IC0 - 200 mesh), 85Sr tracer, calcium (12 mg) 
and mcsnesiun (12 ~ 5 ' 1  os c function of EDTA m c l a r i t y  are shcwr, in Fig. 4. 
is adsorbed on the resin b y  z fcctor c f  100 over Ca(l1) ar,d 6.3 over Mz( 1 1 ) .  

Strontium-85 

I .  Cirric cc ic  :s uses in t he  feed solution to complex iron and i s  also a compnent  of 
the wcsh  scluiion to :e-c)'Je ccIcium and masnesiurn from the resin coiumn. 
coefficient studie: !irk ssibticns sC ci;ric acid of pH 5.03 containing Dowex 50-X12 
(IC0 - 200 ness!, '"5; frcce:, c3icium (12 m_a) and magnesium (I2 mg)  as a function of citric 
ccid mcicrify cre  s,hcwq i r  Fis. 5 .  
Caill)  and & c v e r  !L~,S: ) I ( . .  

Distribution 

, I  

S t r s n t i u m - 3 5  is cdsorbed on the resin by a factor of 4 over 

: m y  . \  

c 

i- 

L I 
I 

0 C 6  c c a  2 io c cz t $4 

! 
! .  
I 
I 
I 
I .  
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F i g ,  5 Distribution coefficients o f  @Sr, Ca(ll), Mg(II), 
i n  citric acid a n i  Dowex 50 resin at  pH 5.00. 

Since tne feed solution is  mcae up c f  both EDTA and citric acid, distribution co- 
efficient studies i n  which both are used in the same ratio os recommended for preparation 
of the feed solution show that 85Sr is adsorbed on the resin by a factor of 45 over Ca( I \ )  
and 9.5 over Ms(I I). In practice i t  has been found that  when a xrmple is put through a 
cation exchange r.esin column, about 90 per cent of the calcium and 60 per cent o f  the 
mognesiun w i l l  pass through the resin as the chelate. All of the radiostrontium is retained 
c n  tne resin. Since on1.y 20 per cenr of the alkaline earths i n  the sample are retained on the 

?s in ,  c much smcller coIuTnn con be used, thereby decreasing the volumes of wash and elut-  

I O b 8 3 2 5  6 
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The chcnges reczmnended i n  t h i s  revised procedure wi l l  reduce the time required 
The changes fcr c n  anclysis by aD0ui 59 per cen! over the procedure previously used.(') 

include: ( I )  l@O - 2GG mesh Cowex 5O-Xl2 is used instead of  50 - 100 mesh; (2) the resin 
column is 1.6 c n  1 .D. instecd of  1.8 cm; (3) the volume o f  resin has been reduced from 25 ml 
to 13 ml; f4) the pH of the feed solution is 5.00 instead of 5.50; cnd (5) citric acid is'added tc 
give a concen,troiion c f  0.25 per cent. 

(c) The Res ln  Cciurnr. 

A cylindricsi 9;css or plastic tubing 8 inches Ions and 1.6 crn I.D., fitted at 
the top w i t h  a ivn.~.! tc serve cs c :ese:vci: fcr feed and wash solutions and a stopcock a t  *e 
bottorr te csntrcl :he f iov .  := :e  is fill€:: w i t -  13 m1 (wef :#c!urne) -. o f  Dowex 50-XI2 (IO@ - 200 
mesh) whic5 hos bee,? canvertej  to the Nc+ cycle wh'It:: Nofl. 
w i t h  siass WOGI  c: bcrn cc:t,-rn and top. 
exchcnce rc:er end, qcr: imFcrt=rn:, crecter ecSe of removing rac!iostrontium wi th  o un.aller 
volume of EN03 elurricni. 

$ne resin bec is supported 
The U S E  of smgIjer size resin pariic\es provides faster 

Ai:er remcvcl 2; the actinide elervenfs from the  urine sample by either the anion 
exchcnae tec.+niaue,' :he 5:PG; zve=joitotI2n, or c c3mbination of  both, the radiostrontium 
ccn be iecoverec frc? :he efiiuen: or superncte us h i iows:  
resin column e'fiuen: 7 3 : :  Le reroved by evoporcrlon, 
and the voiurne brouc.+* :? s k u :  >SO rnl, 
:rndas nf c p i ;  meter cre i3nnersec cnd i\icC,H i s  added to b r i n c  the pH to about IO, 
c sclution o f  tec5r.icci C X C E  NGLEDTA u n t i l  all of the clkcline ecrfhs are chelated as i n a i  - 
ca:ed by c c 3 i C r  c h c n ~ e  f x " n  wine-red :o blue o f  E;iochrome %lock T ,  
Nc,EDTA, 
(7;  adjzst the p% to 5.23 w i f h  HCI anc,/'or NaOH. 
shoulc not exceed I mc m l .  
column c! c mcxinurn flow rste of  abcut 8 ml,;rnin (4 m l  cm-2 min-1) w h e n  the liquid heisht ' 
in the reservoir is about one i oc t  above the resin. 
about 90 per cent oi :he cclciurn and 60 per cent of :he magnesium, can be discarded. 

(I! the  excess HCI in the onion 
(2) the residue is solubilized in H 2 0  

(3) as the  solution is stirred constantly, the e lec -  
(4) add 

(5)  add 10% excess 
( 6 )  scc sui'icient cirric acid to'make the soluti3n 0.012 molcr (0.2%), and 

The concentraiion of the alkaline earths 
-, l n i s  soluticn i s  then passed through the cation exchange resin 

She :olurnn effluent, which w i l l  contain 

(c) Remcvcl a! C=. cnc Ma trom 2esin Column 

- 
I he residua; czlcium and mcgnesium are  removed from the resin by-?assing 

250 m l  of wash solurion made u 3  of 0.75 O/o No, EDTA and 1.00% citric acid, which is 
adjusted io a FH ci 5.30, ri.,rcuon the column C: maximum fiow rate. 
wczh. 

Discard the ef f luent  

! 'PI Re-,cvci c :  Nc i r c i  Resiq Column 
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- I  

I ne above procedure pr3 .I ices 
emitters commonly presen: i c  urine. 

.poiassium wcs fcund t 3  be 7.2 x I C ~ .  
of  1.7 x IOL. 

from 40K and '37Cs, ~ W C  beta 
the separation factor from 
1 3 7 ~ s  gave a separation factor 

I 

I 
I 
I 

1 

1 
I 

I 

j 

70- 

i 
I 
I 

m i  OF 6 N HNO) 

I O b 8 3 2 1  8 
DOEIHQ 



SUMMARY 

T I  
a ine procedure aeicri'ced cifers a wcy  to u t i l i ze  an 

for rcdiosrrcntiuE cirer reT:3vcI o f  the actinide elements. 
obcut 100 per cent  eff icient, on ly  losses i n  a ikc l ine  earth 

individual urine sample for analysis 
Since the column operation i s  

precipitarion need be considered. 
In rcutine ogerctions, one person c3n tend 12 or more columns a t  one time. When o n l y  FoSr 
i s  present CT low levels, i t  i s  possible to count the sample after growth of 90Y to equi l ibr ium 
therebv permitting srecter cccuracy w i th  a longer counting time. 
and 137Cs i s  excellent. 
o f  the a lkc l ine  ecrth SrouD w i f h  strontium, are l ikewise qucnt i ta t ive ly  recovered. 

The separation from 4oK 
The ch ie f  discdvantcge i s  that bcth radiobarium and radium, member: 
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D. L .  Bokowskl 

L A3sTE!RC? 

A. s e n s i t i v e  en5 s p e c i f i c  a x a l y t i c a l  methoe f o r  berylliurr. i n  zir, 
t:i?e, b i o l o g i c e l ,  zn5 p e 2 l : i ~ g  n a t e r i a l  s m p l e s  was developed. 
A s ing le-  bea:. etorr,Le absorp t ion  spectrophotometer and high- 
texpe2s ture  n i t r o u s  Dxide - aze ty lene  flame i s  used. Tne chemical 
tezhnicue  f ~r sens i t i v i t3 -  echEncenent ana decontaninat ion from 
zae ionucl ides  i s  descriSec', .  
a n a l y s i s  i s  l e s s  than 30 r A x t e s .  
t he  same time 2e r l c5 .  
q.04 payts  ?er m i l l 4 o R  of ber:-,-llium w i t h  a r e p e a t a b i l i t y  of 

Decontamination L'actors f o r  uranii;;;: 2r.t t ranscranicl?? elements were g r e a t e r  than 

G~xirnurr. time expendi ture  f o r  an 
Pvlultiple samples may be run i n  

Sensitivity of t he  method i s  l e s s  thar. 

?sroxlir,ztely 2 ~ P ~ C P T . ~  of t h e  amount p re sen t .  
. 

5000 

I I iTRODUCTIOf;  

A s  a r e s u l t  of i z s  u n i q c e  c h e z i c a l  and phys ica l  p r o p e r t i e s  t h e  
use of b e r y l l i m  i n  i n d L s s r g ,  e s p e c i a l l y  i n  t h e  nuc lear  and space 
i n a u s t r i e s ,  hzs  Seen expanc?ing r e z i d l y  i n  r ecen t  y e a r s .  The 
f a b r i c a t i o n  and assezz ly  of corr.ponents rriade from beryll ium produces 
a p o t e n t i a l  f o r  ex;osc,-e of workers t o  d u s t  and fume of t h i s  t o x i c  
metal .  
e t  chin&, g r ine ing ,  hee t ing ,  po l i sh ing ,  e t c . ,  may lead  t o  exposures.  

. -  

Operations s u c h  a s  c a s t i n g ,  machining, d r i l l i n g ,  sawing, 

Since t h e  r ecogn i t ion  of beryll ium a s  a s e r i o u s  occupat ional  
d i s e a s e  i n  t h e  19401s,  engineer ing measures aimed a t  t h e  r eauc t ion  
of personnel contac t  w i t h  beryll ium m a t e r i a l s  have been e f f e c t i v e  
3-p reducing t h e  incidence of  exposure.  I n  1949 t h e  U.S. Atomic 
Energy Comiss ion  s e t  t h e  threshold  l i m i t  value f o r  beryl l ium 
a t  2 iig/M" average a i r  concent ra t ion  per  40-hour workweek, w i th  
25 ugh'? peak concent ra t ion  f o r  a s i n g l e  exposure,  and 0.01 u g h 3  
f o r  neighborhood concen t r a t ions .  
g u i d e l i n e s  i n d i c a t e s  t h e  need f o r  s e n s i t i v e ,  accu ra t e ,  and 
s p e c i f i c  anci lyt ical  methods f o r  eva lua t ing  occupat ional  exposure 
an5 as an  e i d  i n  a iagnosing beryll ium poisoning. )J,i&;h e f f i c i e n c y  
,ethods fcr sam7ling beryl l ium E 

but q L a n t i t a t i v e  metho5S 

The low magnitude of t h e s e  

d u s t  2nd fume a r e  r e a d i l y  a v a i l a b l e ,  
a e t e r z i n i n g  low concent ra t ions  of 
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b e r y l l i E z ,  e s c e c i e l l y  i n  b i o l o z l c  m a t e r i a l s ,  have tended t G  be 
corr.;iex and d i f r i c ~ l ~ .  Substances p re sec t  i n  a tnospher ic  samples 
an2 b io logic  m g t e r i a l s  which i n t e r f e r e  with co lo r ime t r i c  and 
fluorimetric rne'uhods n e c e s s i t a t e  seza,-ation and concen t r a t ion  
procedures t o  e l i c i n a t e  t h e i r  e f f e c t s ,  and t h u s  o p p o r t u n i t i e s  f o r  
l o s s e s  a r e  inc rease< .  The spec t rogra7hic  method, while  l ess  
d is turbed  by inLerferences,  requires a t r a i n e d  ope ra to r  of some 
experience.  The use of an instrument which has  s u f f i c i e n t  
d i s p e r s l c n  t o  e l imina te  t h e  impos i t ion  of l i n e s  f r o m  p o t e n t i a l  
in5er ferences  involves  cons iderable  expense. 

Hiser e t  a 1  (I) 
spectrophotnreb?ic netkod using p n i t r o b e n z e n e  azovrc inol  as 
co lo r ime t r t c  agent .  v. 

per, a l l l i i i t e r .  nowever, t he  metnod i s  a p p l i c a b l e  only t o  those  
samples conzaining a prezonderance of b e r y l l i u  i s  subdect 
t o  i n t e r f e r e c c e  frcrr, many meta ls .  
f l u o r i m e t r i c  F x c e d u r e  f o r  beryl l ium i n  a i r  samples and b io log ic  
m a t e r i a l s  i n  which the  f l u o r e s c e n t  complex of morin wi th  beryllium 
I s  measured, 
0.0002 micrcgram of b e r y l l i u x  per m i l l i l i t e r .  A g r e a t  number 
Of s t e?s  2nd a h i g h l y  developed technique i s  requized t o  reduce 
t h e  ef 'f7ijs  of a hos t  of i n t e r f e r i n g  substances.  Keecan a n d - -  
H o i s t ,  u: i l i z  i r . ~  the  "su  s t a i x i n g "  a . c ,  a r c ,  have repor ted  
t h e i r  developnezt of a s p ? c t ~ c g r a p n i c  technique with a s e n s i t i v i t y  
Of d e t e c t i o s  cf O.OC1 Licrcgrarr, of beryl l ium per analyzed a l i q u o t  
O f  b i o l c g i c z l  t i s s x e ,  f l c i d ,  o r  a tnospher ic  p a r t i c u l a t e  sarcple. 

have analyzed a i ?  samples f o r  beryl l ium by a 

S e n s i t i v i t y  I s  0.5 micrograms o f  beryl l ium 

Sill e t  a 1  

They r e p o r t  t h e  a s ton i sh ing  s e n s i t i v i t y  of 

'dhile n o t  attz'lnin;; t h e  l e v e l  of s e n s i t l i t i t y  achieved by f l u o r l m e t r j  
and sFectrog-a;k.ic r ~ e t h c d s ,  t he . t e shn ique  cf atomic absorp t ion  
s p e c t r o m e t 7  prcvides  a v e r y  a t t r a c t i v e  and adequa2e nethod f o r  
i! sin;iale , r a p i d ,  ser.sitive and s p e c i f i c  q c a n t l t a t i v e  measuremect 
of beryll iu7.  i n  a t zosphe r i c  a i r  samples and u r i n e  Giith t h e  
n i t r o u s  oxide - ace ty lene  flame the  s e n s i t i v i t y ,  ( 5 )  defined as 
concent ra t ion  f c r  1 percer,t absorp t ion ,  is 0.03 microgram of 
beryl l ium pe r  x i l l i l i z e r *  wi th  a d e t e c t i c n  limit of aFFrOXimately 
0.003 microgyzc of beryl l ium per m i l l l l i t e r "  i n  aqueous s o l u t i o n .  
T h i s  s e n s i t i - J i t y  ci?n be &Feat ly  increased w i t h  ckemical concentra- 
t i o n  by so lvent  e x t r a c t i o n .  

~ 

Atomic absorpt ion,  i n  c o n t r a s t  t o  emission a?ectroscc?y, . i s  
F r a c t i c a l l g  f r e e  0:' s F e c t r a l  o r  r a d i a t i o n  I n t e r f e r e n c e s .  Fc r  
atomic absorp t ion  a n a l y s i s  t h e  sample i s  reduced t o  t h e  afomic 
s t a t e  i n  a flame. 
group of elernents for?rAing r e f r a c t o r y  oxides  (e .g . ,  aluminum, 
s i l i c o n ,  t i taniurr.)  which couid no: be deterrnined i n  t h e  a i r  - 
ace ty lene  flame ordir ,aFily used i n  t h i s  technique. I n  t h i s  f lame 
2 i s soc la t ed  b e r y l l i u n  as0r.s were i r i i e d i e t e l y  oxidized t c  a com?our.d 

U ~ t i l  r e c e z t l y  beryl l ium was a memSer of the 
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z i r - ace ty l ene  , 

IXSTRUZNTATI 01: 

A ?)eIkin-Elmer I~;ode1 2:s 2 . t o r . I ~  absorp t ion  spectrophotometer was 
used  f o r  t h i s  s t u d y .  
single-beam InstruneKt.  The p r i n c i p l e s  of i t s  design have been 
descr ibed .  (7 ,C)  
needed s i n c e  readou: is l i n e a r  i n  absorbence u n i t s .  A b i l i t y  t o  ex?znd o r  c o n t x c t  t h e  .ztso:-Sence s c a l e  makes it poss ib l e  t o  
c a l i b r a t e  t n e  s c a l e  t o  t h e  concent ra t ion  of metal  i n  2 standard 
s o l u t i o n  and tk,en r eae  arialyte c m c e n t r a t i o n  d i r e c t l y .  The d o c .  
vo l t age  l e v e l  of t h e  abs3,ra9er,ce s c a l e  meter was monitored w i t h  a 
Xewlett-Packard i4odel 4 5 - 3 ,  a u t o n z t i c  d.c. d i g i t a l  vol tmeter  with 
a d d i t i o n a l  aanping providec by 300-rZd capaci tance ac ross  t h e  
lnpuv t e rmina l s  of t h e  v c l t r , e t e r .  
d e f l e c t i o n  on t h e  !;lode: 2$5 correspond t o  zero  and 559 m i l l ~ v o l t s ,  
*espec t ive ly ,  on the vDlt;r.eter clisplay. 

The I.;odel 290 i s  a d i r ec t - r ead ing  E.c., 

Wc-king cwves  f o r  this instrumen: a r e  no t  

ZeFo and f u l l s c a l e  meter 

Power t o  t h e  i n s t r u F e n t s  ~ 2 . s  TeguIzteC by a So la  cons tan t  vo l tage  
t r ans fo rmer ,  Since t h e  zce';>-lene flow r a t e  t o  t h e  Hodel 290 i s  
p r e s e t  and not  adjustESle J t h e  f u e l  and oxidant  f lows  are routed 
through a F.erkin-";lrr:er 1t:zee 1 393 b ' m e r  r e g ~ l a t o r .  The Ferkin- Elmer n i t r o u s  oxide bGr?-:e? head ( 9 )  was used w i t h  > inch  slot 
l eng th  and O.Ol5-inck. v:iZck. The hollow cathode lamp was manu- 
f a c t u r e d  by Atonic S y e c t r z l  L m q s  P t g .  Limited; Melbourne, A u s t r a l i a .  

REAGEhTS 

All r e a g e n t s  a r e  a n z l g t i c a l  reagent  grade.  
prepared from d i s t i l l e d ,  deionized w a t e r .  

Stock B e q r l i i w .  So lu t ion  
of beryl l ium per m i l l i l i t e r  is prepared by d i s so lg lnq  t h e  
appropr i a t e  weight of h igh  p u r i t y  beryll ium metal  i n  a minimum 
amount of hydrochlor ic  ac id  and d i l u t i n g  t o  volume. To prevent 
hydro lys i s  t he  pH of t h e  s o l u t i o n  should be 1 o r  less.  

A l l  s o l u t i o n s  were 

A s o l u t i o n  con ta in ing  1000 micrograms 
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- z z r y l l i ~ ~  S;z?dzA S c l u t i a c s  Tkese so l i l t i ons  a r e  prepared j u s t  
CeTcre use  c y  c l l u f i o n  xTrcrr, szocK. Standard d i l u t i o n s  f o r  mea-" 
a : .a lysis  a r e  preI;zreriY i n  s y n t h e t i c  smear paper s o l u t i o n  which 1s 
5 perceEt ir, hyercch lo r i c  ac id .  

Syn tne t i c  Sne2.r Fa?er So lu t io r ,  This s o l c t i o n  con ta ins  aluminum, 
cz l c iun ,  n i c k e l .  mzgnesiur, chromium, i r o n ,  and z i n c  In  5 pe rcen t  
hydrochlor ic  a c i d  i n  the  average amounts t h a t  were found by atomic 
abso rp t i cn  on 20 smear szziples taken a t  v a r i o u s  I c c a t i o n s  I n  a 
be,yl l iur ,  working a r e a .  

Swi?e and A i r  k i l t e r  Fapers 
30cn a i ?  s z n ? ~ i n s  a x  ezvironmental  swi7es a t  ?,ock;r F l a t s .  Swipes 
a r e  1--- inches  ir. 5,ime:er ar.d a i r  f i l t e r s  47 m. i n  d iameter .  

Srzear DiEestia?? ~ . i x z c r e  
mea?  caters cczzzicing b e r y l l i W  I s  made ug of 30 percent  
c c n c e r t r a t e e  nitric ac id ,  53 percent  27 N hydro f luo r i c  ac id ,  and 
LO ?e?cer.t cmcer . t?ated ?ercklor:c a c i d  by vclume. This mixture 
i s  s t o r e d  i n  a polye:hylene b o t t l e .  

A i r  F i l z e r  GiTes t io r :  Y.:Lx;c?e 4 s o l u t i o n  composed, by volume, 
CI' 2 C  snnJ cci ;e-cer.2, ~ z s ; e c t i v e l y ,  of concencrsced perck1oA.c 
a r ~ d  n i z 5 c  a c i d s ,  i s  use-$  zo d t s s o l v e  a i ?  f i l + y e r  papers .  

khatman ill f i l t e r  paI;er is used f o r  

.. A mixture  used t o  e f f e c t  solution of 

L n 
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2 ?il :ers I 

3 e  f i l ; e ?  p > e ?  IC p l s c e c  ir. a 20- o r  32-ml. ?j:rex beaker and 
the  pzzer wet d0;s-r. xi:?. 2 r,l. of d i g e s t i o n  m i x t c e .  Tke beaker 
i s  ther. c lzced or. s Fi3c;Iete a t  sp7roxirnately 250' C. and t h e  
c I , .  iX' u r * r e  I ,  * 
evolved. Ti;e beaker i s  tker. removed azd cooled.. The conten ts  
a r e  q u a n t i t a t i v e l y  r i n s e t  in:o a 1 0 - m l .  volumetric f l a s k  and 
nede u p  t o  volune wLeY?. d i s t i l l e d  water .  

evagoracsa uncyi1 dense fumes of pe rch lo r i c  ac id  a r e  

Urine 

The methods used f o r  u r ine  e r e  
- 

o d i f i c a t i o c  of t h e  procedure described. by Keenan ~ n c  - _. r.cls:. T 4 7  

Xrl e n t i r e  u r i n e  saz:,i;le i s  t r m s f e r r e d  t o  a graduated cy l inde r  
and t h e  volume recor5eC. (To prevent beryll ium absorp t ion  on 
con ta ine r  wa l l s ,  10 nl. of concentrated n i t r i c  ac id  was added 
t o  t h e  503-rr.1. polyethylene sem7le b o t t l e s  at. t h e  time of 
c o n t r i b u t i o n . )  
concentrated n i t ~ l c  t i c i d  ~!-.:ch i s  about 10 percent  of t h e  sample 
volume and t h e  r i n s e  acdeZ t o  t h e  sample. The tctal volume of t he  
mixture is recordeC. 
and then e i t h e r  c rea t e6  ci?ec:=ly o r  wet-asheo. 

The s a r p l e  con ta ine r  i s  r in sed  w i t h  a volume of 

TT~E ~ y i n e  i s  then f i l t e r e d ,  i f  necessary,  

Wet-Ashed U r l r . ~  

k voluxe of u r i n e  n i x % x  e3c iva len t  t o  50 m l .  of t he  o r i g i n a l  
sanpie  i s  t r a n s f e r z e t  to 2 25Gml.  Erlenmeyer f l a s k .  Ten m i l l l -  
l i t e r s  of n i t r i c  a c i d  E X  acderj and t h e  mixtare  i s  heated on a 
medium t e n p e r a t a r e  not;;lete (approximately 400" C .) . A few drops 
of o c t y l  a l coho l  a r e  addei  i f  excessive f o m i n g  O C C U I " ~ .  
of the  f l a s k  is covered w l ~ h  B r ibbed watchglass and the sample 
evaporated j c l s t  t o  dryness .  Af te r  cool ing ,  t h e  eveporat ion i s  
repea ted  w i t h  snail q u a n t i t i e s  of n i t r i c  ac id ;  t h e  r e s idue  is 
baked b r i e f l y  and then cooled between a d d i t i o n s  of a c i d  u n t i l  a 
l i gh t - co lo red  o r  white ash remains.  The ash i s  evaporated j u s t  
t o  dryness t h r e e  t i n e s  with lO-nl. po r t ions  of 6 N hydrochlor ic  
ac id  t o  hydrolyze Fyrophosphate fo4med dur in fa sh ing .  The 
ash is then  dlssolveC by warning w i t h  10 m l .  of 5 percent  hydro- 
c h l o r i c  a c i d ,  The s o l u t i o n  i s  q u a n t i t a t i v e l y  t r a n s f e r r e d  t o  a , 

100-ml. beaker by r i n s i n g  down t h e  w a l l s  of t h e  f l a s k  with 25 ml. 
of d i s t i l l e d  w s t e r .  

The mouth 
. 

Raw Urine 

A vclume of u r i n e  mixture  equiva len t  t o  50 nl. of o r i g i n a l  sanpie  

,o t h e  pFocedxre o u t l i n e 5  below under -ace ty lace tone  e x t r a c t i o n .  . 
s t r a n s f e r r e d  t o  a 100-n.1. beaker and t h e  sample t r e a t e d  according 
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P F o r  a:crr,i=: acsc-y:=ion L szectroKe2rJ i t  i s  mnecessa ry  t o  i s o l a t e  
S~,mj11F*.ir. ~ T X  ,he o t h e r  substances preser.t i n  a tnospher ic  and 
b io logiz  sx . ; les  wki:?. would. i n t e r f e r e  wi th  i t s  de teAminat ion  by 
cher;lizal 0," f l u c r i n e t r i c  rnethclds. However, f o r  t h e  s e n s i t i v i t y  
needee t o  d e t e c t  the presence of submicrogran q u a n t i t i e s ,  some type 
of conce - t r a5 ion  procedure is r e q u i r e d .  The n e u t r a l  c h e l a t e  ' 
resultir.;:  f r c n  Teect ion between beryl l ium ions  and ace ty lace tone  
has been u s  ci Pxtezs ive ly  f o r  q u a n t i t a t i v e  so lvent  e x t r a c t i o n  Of 
b e r y l l i x ,  7107 

The electr 'odes  of a ;E mete? a r e  i m e r s e d  i n  t h e  beaker con ta in ing  
t h e  s o l u t i o n  of u,-ine ash o r  a c i d i f i e d  raw u r i n e ,  i!hile s t i r r i n g  
mgnet icel l ; : ,  ar~i.ozic;n hydroxide i s  added dropwise t o  adjust; t h e  

e t h y l e n e d i ~ l t ~ ~ ~ o t ~ ~ r ~ a c e t a t e  (ZIYTA) 2nd 0.5 nl. of ace ty l ace tone  
a r e  the: adCeS ts t k e  mixture and t h e  pl-r r a i s e d  t o  7 btj f u r t h e r  
a d d i t i o n  os x z z r L z ,  
and She beaker c x t e x : s  t 7 a r s f e r r e d  q u a n t i t e t i v e l y  t o  a l25-ml.  

. 

10 nl. of 10 percent  disodium c. I='E of t h e  s o l u t i s ? .  t o  l . 4 ,  

?-..e e l e c t r o d e s  a r e  tker, r i n sed  i n t o  t h e  beake 

:cur x i l l : l l : e r s  ci x e t k y l  i s o b u t y l  ketoce (M15i) a r e  added ar.d 
t h e  f~zze: :?o~xg:.ly skakez f o ~  5 mir.u:es. Af t e r  stasding 5 
t o  10 z : izc '~zs ,  tk:E kc12 cf t h e  lower l a y e r  is discarded,  t h e  
l a s z  1C t~ 15 x.1. .ceLzg passed, a lcng  w i t h  u;pe? l a y e r  and in t e r -  
f a c e  ezulsLoL, r r .  i n t c  a 3G-a:. ? isher -Tor te?  U1:razax c e n t r i f u g e  
f - x r i e l .  ,ne Z x x e l  i s  cec t r i fuged  a t  2,030 723 f o r  5 minutes;  
t k e  lower l s y o r  I s  c a x r ' u l l y  drzwn o f f  an5 d iscarded .  Tke 
o r g a n i c  l a y e r  :: the5 s ~ r z y e d  di,nectltJ i n t o  t h e  burner f o r  measure- 
nent  of 2:s 5 e ~ y - - - ~ , . .  conter.5. 
o rganic  laye:: 2 s  xc: cecessa2y s ince  one i s  conce-ed only wi th  
tke  cor.cer;:z;icy. 2: b e y l l 1 i s r  i n  i:. 

* .,- - -  C-xentitati-Je r e c o v e v  of t h e  
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Crgenic So1ut:or. 

r 3 e . 6  

120.6 

7 h  

15 
E 

absorption m i l e  
aspirating stanoarc 

. Adjust  tO lUaX*m 

2 . 5  

. 3c 
e 

F i n a l  c a l c u l e t l o n  of c c t i l  beryll ium i n  t h e  sample is d e t e m l n e d  
by t ak ing  i n t o  ~ C C O C T . ~  d i l u t i o n  f a c t o r s  and the  s i z e  of t h e  
analyzed e l i q u o z .  

Be ry l l i u r? .  i n  R a w  and Ashe5 Urine 

To one of t w o  d u p l i c a t e  ~ C - I L ~ .  w i n e  speclmens is added 
0.5 m i l l i l i t e r  of a standarci s o l u t i o n  conta in ing  10 milligrams 
of  b e r y l l i u r  per  liter. 

The samples a r e  then c a r r i e d  through t h e  procedure f o r  wet-ashing 
and e x t r a c t I a n  o r  t he  procedure for d i r e c t  e x t r a c t l o n ' o f  urine. . 

The concent ra t ion  of beryll ium In t he  u r ine ,  X mg / l i t e r ,  I s  
ca lcu la t ed  from the  measured n i l l i v o l t  read ings  MV 
by t h e  r e l a t i o n  (I) and Y 2 )  

/ O b 8 3 3 5  i 6  
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7 zifty-nillil5:e~ 5 i s r ; l l l l d  wafer s tandards  ccntain1r.g 0.0 and 
0.1 x i l 1 I ~ z ~ r . z  c r '  key;ll1crn per l i t e :  were e x t m c t e d  I n  t h e  same 
faskior ,  a s  t h e  u,-ir;e s a r p l e s  and aeasured t o  deteimine the  
reccvery effic'zr.::; f,-s;n u r ine .  These r e c c v e r l e s  a r e  skown In  
Teble  3. 

I O b 8 3 3 b  
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I_- 

5.1 j . k  

2 . f  
a.0 
1.2 
2.1 
C.l 
1.2 
C.l 
3.0 
1.3 

2. j 

2'. 1 
.. 3 . "  

1.0 
1.5 
0.1 
1.0 
1.3 
4 . C  

:.e - 
Mea?. f.C 

An ex7eriment was c a r r i e d  ou t  i n  which an at tempt  wa 
a s c e r t a i n  t h e  e x t e n t  of agreement between t h e  niethod 
spectroscopy and ato;r.ic absorp t ion  f o r  a n a l y s i s  of b 
swi?e SaKples'. Approximately "dup l i ca t e"  swipe S m F  
contarAnetei  c e ~ .  were o b t a i n e d  by sir.gle swipes of 
 re^.. Each swipe . fomed one l e g  of an X a c r o s s  t h e  

' g:-eerr.ens apsezrs  s z t i s f a c t o r y  when the  l i n i t a t i o n s  
poceCcye E X  cons'aered. (See Table 5 . )  

'lOb8337 

s made t o  
s of emission 
teryllium In 
. l e s  of a 
a l i m i t e d  
are2.  
of t h e  sazpl lng 
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Atamlc Absorption 
Spec t r o m e t r j  

7 . 7  
5 . 0  

1sc. 0 
1oc. c 
1c.o 
57.0  
4.2 
1.9 
6.0 
7 .? 

smnlss i cn 
Spec t rosco PY 

< 10 
< 1c 
100 
90 
2c 
8C 

c 10 
< 10 
< 10 
< 1s 

nent was ocs;i ize<. 

TELE 6 

. - - -  
a- -L - 

3e 7:: 1 1 i UT c m t er. t (ni c r 3  c r  m. s ? 
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F?y .I - 4 -  - .  ?e bxx.e? h ' s * ~ i c  csr.taz,rc > e  t5.e l K s z ? m e n t  enC i t s  enviro,  
2"' ..: ;2se ar. ex;asc:--e l-,2~2ri t h e  o p r a t o r ,  E d i f i c a t i o n  
sf :?..e ace:;,-lacezone ex';yzct:or. ;raceacre provide6 &cod rencval  
of bey - l l i f i z  frm acz'_r. iees.  
varLous r z t e r i e l s  w a s  ceveL-;r,ir?e5 by ashing of t h e  organic  l a y e r  
w i t h  ri lrrF2 2 c i d  an5 n-.e&scremenz of t h e  r a d i o a c t i v i t y  of t he  nuc l ide  
preser,? r e l a t i v e  t o  zl-,e to;zl a c t i v i t y  added t o  t h e  sample. 

?>e exten t  of decontaxinet ion from 

Twc, d r o p s  of phenol  red I n 5 i c ~ t o r  e r e  added t o  t h e  5 percent  
h F d r o c h l o r i c  aciti so lc t ior .  cf z i r  o r  swipe sample ash contained 
ir! a 3O-xl. Ul t razzx  c e z t r i f u g e  runnel .  The pH I s  ad jus t ed  t o  the  
endpoint w i t k  am.or.ta 235 :her. 2 c i l l l l l t e r s  of 2 percent  disodium 
EDTA en? 2 r i l l i l i t e r s  of 6.1 - T? s o d i m  carbonate a r e  added. 
Two r , i l l l l i f e r s  of arr.gl zcetz'ue and 0.2 r r A l l i l i t e r s  of ace ty l -  
acetone a r e  addee an5 :.he r . i x t c r e  shaker, thoroughly f o r  5 minutes.  
(I t  was deterz lned  thE: :I;15: w o c l d  e x t r a c t  U235 even with holdback 
c h e n i c a l s  present  .) 

The funnel  was ther. c e s t ~ i f i g e 5  f o r  5 minutes a t  2,000 rp. 
The aqueous l a y e r  i s  thsr. c ~ . - - e f c l l y  discarded as r a d i o z c t i v e  waste.  
The organic  l e y e r  i s  t?.er. x z s k e d  ~ 5 t h  10 k i l l i l i t e r s  of 0.1 K 
sod2um carbonate  and. 1s r .L : lL lLcers cf d i s t i l l e d  water,  t h e  zqueous 
7.ayers being d i s c w d e e  _.. '- - ... The average sepa ra t ion  f a c t o r s  

t h e  mean of f o w  s m ~ l e : ,  

. %l" 

o r  s e v e r a l  a c t i z i c e s ,  E Y ~  z:- .c~Y- i n  T a b l e  7.  Each value r e p r e s e n t s  

Separation Factor  
(Average)  

5 1 8 6  
5 I 423 
51733 

I o n i z a t i o n  

The temperature reached s i t h  t h e  n i t r o u s  oxide - ace ty l ene  flame 
i s  high enough t o  Ioriize a cons iderable  po r t ion  of t h e  atoms 
of rzany e lemer ts .  Loss of ground s t a t e  atoms t o  t h i s  e f f e c t , .  
t h e r e f z r e  , anounts t c  a fo ,x  of i n t e r f e r e n c e  s ince  s e n s i t i v i t y  
woulcj be a i E l n i  by t h i s  rhenomenon. For tuna te ly ,  b e r y l l i u n  
1s exce? t iona l \  .arcng r e f r sc t c , -y - fo r~~ ing  elener, ts  i n  t h a t  

cx iae  - ace ty lene  f l a z e .  
.O s iT . i f icer , t  i o ~ i z s t i o r .  of its a t o m  occurs  lr. t h e  n i t r o Q s  

" l o b 8 3 3 9  22 
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-15 E ~ I -  sozyles csllec;eC on f i l t e r  p i 2 e r  has been p e s e n t e d .  
Ee?ylli%. :s Ce:el?;r.lne& C i r e z t l y  in-  swipe and a 2 r  f i l t e r  ash 
sc:1u';ions xitho~t nee5 f o r  chen ica l  s epa ra t iocs .  Solvent e x t r a c t i o n  
s rocednres  f o r  seperat ior .  anC concent ra t ion  of beryll ium from 
r a d i o a c t i v e  contar , inaxts  a n i  fron u r i n e  have been descr ibed .  
The app"ox1mte s e n s i t i v i t y  and d e t e c t i o n  l i m i t  f o r  beryl l ium I n  
aqueous and methyl i s o b u t y l  ketone so lu t ions ,  r e s p e c t i v e l y ,  are 
0.04 ppn and 0.01 ppn. 
beryll iun: per l i t e r  of u r i n e  can be de tec ted .  The method has 
t he  r a p i d i t y  znci s e n s i t i v i t y  needed f o r  advantagecus use 2s a 
rap id  monitoring procedure and could e a s i l y  be adapted t o  detem.i- 
na:ion of bery l l iu r .  in t i s s u e  and o t h e r  b io log ic  ma te r i a l s .  

A b e r y l l i u n  content  of 2 micrograms of 

The eu thor  wishes t o  ack,=wle%e his indebtedness  t o  
Valens P .  Johnson for, h i s  advice an2 a s s i s t a n c e  x i t h  e l e c t r o n i c  
ins t rumenta t ion  and t o  J0.k.z E. E211 f o r  procurement of f i e l d  
samples f o r  a n a l y s i s .  

R . A .  Rise r ,  E.!>:, Dorialdson, and C.W. Schwenzfeier,  
A Rapid L. rA~2yt ic ,z l  Piethod f o r  t h e  Determination of I 1  

1. 

Bery l l iuc  i n  Air Sanples,  I'  

260 (1951). 
Am. Ind.  Eyg. Assoc. J. - 22, 

2. C.W. S i l l  and C.F. l t ! i I l L s ,  "F luor imet r ic  Determination of 
S u b c l c r o g r s r ,  LKan t i t i e s  of Ze.-ylliuc," Anal. Chez. - 31, 
5% (1EGj. 

I 1  d '  2 C.W. S i l l ,  C.i. \ , ' i l l is ,  and J.K. Flygare,  J,r., Improvements 
i n  the  F l u o r i n e t r i c  Determination of Submicrogram 
Q u a n t i t i e s  of Eeryll ium," Anal. Chem.  - 33, 1671 (1961). 

4.  R.G. Keenan and J .L. H o l s t ,  "Spectrographic Deterniination 
of Beryllium in Air,. B io log ica l  K a t e r i a l s ,  and Ores 
Usln 
251; 7196L). 

t h e  Sus t a in ing  AC Arc," Am. Ind. Hyg. Assoc. J. - 25, 

5 .  Analy t ica l  Kethods f o r  Atomic Absorption Spectrophotometry, 
Norwalk, page Be 1, The Perkin-Zlner Corporation; 

Connecticut (May, 1966). 

Absorp t ion  Spectrosco?y, I'  -- Nature 207, '715 (1965). 
J.3. Willis, " K i t r o u s  Oxide - Acetylene Flame i n  Atomic 
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I t  - -..u. f rnma1-- _ _ C . . _  2x5 !;. SlavFr,, C l i n i c a l  Applicat ion of an Atomic I t  
6 A c  2.- hn - v a p L  .-. CF -- 1 ". - 2 -y .. - rocnot one t e r  Line a F i n  C onc er. tra t ion  , 
.;;;o;nic .~.ksorr:icn Newslet ter  b, 6 (1565). 

E . J .  T-er,; X. S l a v i n ,  An Atomic Absorption Spectro- 
photoiiiece? Eaving ConcentTatioR ?,sadout, " - Atomic 
l i ' s s c ~ ~ t i c r .  Newslet ter  L b, 10 (1965) .  

D.C.  l?arxing,  "A Eurner  f o r  Ni t rous  Oxide - Acetylene p71ameSy" 
Azoniz  ASsc-$ion Newslet ter  c 4 ,  4 (1965). 

u..-.. r.cz., T. 3?cth, and 3.H. S t r i c k l a n d ,  
cf ?; iczogxx.  Anounts of aeryllium Using Acetyl Acetone, 

I 1  

I1  - T \ . -  The Determination 
11 

Anzl. C?.DZ.  AcYa - E ,  462 (152). 
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George A .  Wclfor l  
Ruth Bs i rd  

LWITED STATES AT031 C EhTRGT COllrfISSIOK 
Healt-h and S a f e t y  Labcrhtory 

Keu York, Rev Ycrk 

A b s r r a c t  

Thcre has been i n c r e a s i n g  i n t e r e s t  i n  a c c u r a t e l y  documenting t h e  

l e v e l s  of n z t u r a l  r a d i o i s o t o p e s  i n  ran, h i s  d i e t  and environment.  

t r i - c i t y  d i e t  prograc,  fcr t h e  s t u d y  cf s t r c n t i m - 9 0  l e v e l s ,  p r e s e n t s  a n  

The 

o p p o r t u n i t y  t o  measure t h e  u ran iun  c s n t e n t  of fcods,  as monthly t o t a l  d i e t  

samples a r e  a v a i l a b l e  f r o =  K;ei ,  vork C i t y ,  Chicago, and San F r a n c i s c o .  

a d d i t i o n  to t h e  d i e t ,  m a t e r i a l s  s u c h  2s a i r ,  bone, lung, and water samples 

In 

e r e  .analyzed fion t h c  Kec T s r k  s r e a .  

The d a t a  i n d i c a t e  u r . i i s r c .  i n t a k e  of uranium a t  t h e  t h r e e  s i t e s  

e x a d n e d .  The va lues  found w e r e  1.3,  1 . 4 ,  and 1.3 micrograms of uranium 

per  c 2 y  f o r  New York C i ~ y ,  Chicas;, and San F ranc i sco ,  r e s p e c t i v e l y .  

The u r i n a r y  e x c r e t i o n  levels f o r  non-exposed i n d i v i d u a l s  a r e  

reviewed and new d a t a  f r m  the  Chicago a r e a  i n d i c a t e  2 range  of v a l u e s  

w i t n i n  t h e  p r e v i o u s l y  r e p o r t e d  Kec York d a t a  o f  frcm 6.03 t o  0 .3  microgram 

of uranium pe r  l i t e r .  

IC has been p rev ious ly  reporced  i n  

t r ~ c e  quantiries of uraniun. e x i s t  i n  m a 3  and h i s  ecvironment.  The ICPS  

l o b 8 3 4 3  
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c u r r e n t l y  a c c e p t s  t h e  EsKirrace c f  Eavis!&) t h a t  t h e  d z i l y  i n t a k e  of uranium 

i s  2 micrograzs  per  d a y .  

t h a t  t h e  g e n e r a l  p o p u l a t i o n  has  a d a i l y  i n r a k e  sf 1 microgram of uranium. 

The t r i - c i t y  d i e t  s t u d i e s  e s t o b l i s h e d  fc r  documenting s t ront ium-90 l e v e l s  a t  

New York, Chicago, and San F r a n c i s c ,  were used :o e x p e r i m e n t a l l y  

Klerncnt(5) c i t e s  Dudle:d6) as having e s t i m a t e d  

e s t a b l i s h  uranium i n t a k e  l e v e l s .  

F i v e  grams or’ r h ~  d r y  asbed food ma:eridl  i s  weighed and t r a n s f e r r e d  

t o  a 2 5 0 - m l  beaker  f c r  c lna lys i s .  A known a l i q u c z  of uranium-232 i s  added 

as t r a c e r  and r e s ldca !  c r g a n i c  maLerial  is desLrzyed by e v a p o r a t i o n  w i t h  

n i t r i c  a c i d  and hydrogen pe rox ide .  

s o l u t i o n  evapora t e6  t c  d r y n e s s .  

and passed th rcugh  a conventicma: i z n  exchange c c l u n n  of p r e t r e a t e d  Dowex 

1 X-4 (100-ZOOj m e s h .  The columr. is washed w i z k  k y d r x h l x i c  a c i d  and the 

uranium, a long  wit5 ircr., i s  e l u t e d  wit:? hydrcch lc r i c .  a c i d .  The e l u a t e  is 

evapora t ed  to dr:.zess, s7.t t h e  r s s i d u e  l i s s 7 l v e a  i n  a s u l f u r i c  a c i d  s o l u t i o n  

acd sleccra!;:.ztc - a rccrc-r*; r h t h o d s  ~ 5 1 1 .  :he rt .sal- . ing so1u:ion is 

evaporaLic i o  cr : :n~ss z i ~ h  d i i ~ t e  n i r r i c  dc;d. 

of t h e  so!utior. a r e  c r i e d  b.72 f1ane.d 93 a plar i3um d i s h ,  fused wich 100 

mill igram: of s c l i u s  f l u o r i d e ,  a2d t h e  f luc : t s c+ncz  measured by a WSL 

f l u o r i r n e t e r .  P.n a d d i t i c n c l l  0.1-nil a l i q u p t ,  from :he 5-ml v o l u m e t r i c  f l a s k ,  

i s  p i p e t c e d  on H 2 l ~ t i n m  cis:., d r i e d ,  a l p h a  F ~ ~ S F ~ X  ,dlzd, and counted 

Hydrcch lo r i c  h c i d  i s  added and t h e  

The s a l t s  tire disa-. lved i n  h y d r o c h l o r i c  acid 

T r i p l i c a t e  0.1-ml a l i q u o t s  

. .  

f o r  t r a c e r ,  cranium-23: r z c s v s r y  . 

‘The  nethod Gescri3ed i s  :.aFzble of d e t Z r n i 2 i n g  0.005 microgram of  

uranium per s a z p l i .  

a n l  f a l lowed  ‘c:? 3. j l a n k  d e r e r z i n a c i c n  usins r t c  same qual i t : ?  of r e a g e n r s  

Each a n i l y s i s  f e r  the uranium czn tcnc  of food was preceded 

3 ;  1058344 -d 
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% 

~ l l n e i  11i ~ h c  crocedc:rt. This bla2k v a r i e d  slightly but averaged 0.007 

cicrograz of uraniuc. which i s  t h ~  sane l e v e l  cf urcTium found in one gram of 

reager.t grade calcium phosp'nace. 

The overell recovery indicated by the tracer technique varied in 

different food matrices but generzlly Gas above 8OZ. 

analyzel at HASL were s h i ~ p e l  t o  Lir.:~n krbide Ctrporhtion for  neutron 

activation znalysis and i: c x r . p z r i s ~ r !  cf ?he rtsult-s is shown in Table 1. 

The two meth3ds are in pener;I _ E C ? D ~  agreement znd the distribution seems random. 

Several samples previously 

h'hole Grair. ROC~:::  ..-- n e  - .OS6 

.0&2 .OS7 

I, .G15 .os9 

Resh Vegetakls-r .06S .076 

. C 7 &  .080 

Blended Chicken Bo:€ 

Fresh VegetsSles 

.2?C 

.Ob1 

.Oh6 

.136 

.os0 

.070 

Tables 2, 3, and 4 snat: the data obtained from t.hk diet samples 

Foods and their from New York, Chicago, and San Francisca, respecrivelg. 

annual consumption values arc taken frorr. the USDA'S 1955 report. The 

?lues  were grouped ir. !? categories by Rivera and Harley('). These authors 

a l s o  reported the experimentally-determined figures fcr percent ash that 

t Ob8345 20 
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a r e  us2d ir. t h e s e  t a b l e s .  

irg u 4 
0.08 

0.06 

0 . 0 2  

G . O O  

0 .oo 

0 . 0 1  

0 . 0 2  

G.03 

0 . 1 1  

0.06 

0 . 3 2  

c.:2 

0 . 6 0  

O . Z L  

C.16 

3 . 2 2  

3.35 

0.Oi 

0.02 

X ash 

2 .23  : 0 .11  

- 

2 .47  2 0.05 

1 . 0 7  2 0 . 0 3  

0 . 7 3  = 0 . 0 2  

0 . 7 9  2 0 . 0 3  

0 . 7 1  2 0 .04  

0 .a2  : O.OL 

1 .42  i 0.10 

0 . 4 9  = 0 . 0 4  

0 . 6 9  z 0 . 0 4  

0 . 6 0  : 0 .02  

0.93 : 0.02  

1 .59  2 0 . 5 6  

3 . 7 8  2 0 . 0 6  

0 .62  I 0 . 0 1  

1 .12  z 0 .04  

0.31 t 0.94 

0 . 5 9  f 0.02 

0.29 f 0.01 

b2 WVT 

66  

16 

3 . 4  

25 

12 

16 

2 . 7  

3 . 4  

23 

1.2 

5 . 8  

79 

9 . 5  

4 . 5  

76  

111 

4 . 2  

1 . 1  

4 . 0  

4 6 3 .  a 

?he d a t a  i n d i c a r e  r b z  t h e  d a i l y  i n d i c a t e  of 

uranium i s  consLpn; a t  t h e  t h r e i .  sites s t u d i e d .  

New ' fork - 1.3 nicrc~grsrms Ur;arudd;g 

Chic;i;z - 1.4 micxcgrarns Ur,nium/ddy 

San Franc i sc r ,  - 1.3 mbr:rsgrasc Ursriiumjddy 

i Q b 8 3 4 b  
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C a l e c c - .  

Eal:ery R o d u c : ~  

W,ole Grain k 0 O u : K Z  

Ezgs  

Fresh Vegerat i t s  

Root Vegetabies 

).?; i:: 

Poult- .  

Pres:.  Fis:. 

Flo- r  

Hacar 0:. : 

P A C €  

nzz: 

Shtlifisi. 

Driec 3e;nr 

Fresh P r u i t  

Pocacoer 

Connec F r u i t  

Frci: i d i c e s  

Cannec' Vegetatles 

S ..E 

from shellfish in,New York 

Chicapc 

C . C i  

0.06 

G .CT 

G . O E  

0 .t' 

0 .c: 

c. .oo 

c .Of 

0 .OT 

0.c: 

t . t ;  

0. 16 

1 .Ei 

C . 1 Q  

C.1E 

C.2C 

c . c i  
c , c,; 

c.9: 

Z ash 

2 . 2 3  f 0 . 1 1  

? .47  t 0 .05  

- 

1 . t i  : 0.03 

0 . 7 3  I 0 . 0 2  

C.79  I 0.C3 

0.71 t 0 . 0 4  

0.62 I 0.C4 

1 .42  2 0 . 1 0  

G.49 : O.OL 

0 . 6 9  = 0.04 
0 . 6 0  : 0 . 0 2  

0 . 9 0  f 0.02 

1 .59  I 0 . 5 6  

3 . 7 E  10.06 

0 .62  2 0 . 0 1  

1 .12  2 O.OL 

C.31 ? O.OL 

0 . 5 9  : 0 . 0 3  

0 . 9 9  : C . C !  

p r:,.: 

5E 

16 

3 .L 

25 

9 .L 

31 

8 . 4  

6.E 

14 

1 .4  

18 

105 

25 

11 

76  

101 

6.L 

1 . 1  

2 .o 

5 2 2 . 9  

1 . 4  vg Ulday 

is less than half Gf that in Chicago and San 

Francisco. 

cnan 70 percent to the annual uranium intake. 

is a mjor contributor of uranium but it is less so in Chicago and New York. 

Table 5 com?zres the annual intake of uranium for the three sites. In spite 

Potatoes, meat, fresh fish and bakery pr3ducts contribute more 

Milk in the San Francisco area ' 

*r' these individual differences t h e  t:Lal daily igrake of uranium is 

strikinSl:b- similar at the sites tested. 
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0.0; 
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0.09 

0.W 
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0.0: 

0.99 

oj.:: 

3 . O i  

1.36 

- , ?  
'2 . . L' 

O.?? 

C .2'3 

,3 . G5 
3:3? 

3 . 0 2  

: -6: 

2.:: : n.12 

2.47 : G.55 

1.07 : 0.03 

3.;; = 0.02 

0 .s j  : 0 . 2 3  

0.71 " 0.04 
0.32 2 O . G &  

1.L2 '' 0.10 

C.'9 2 O.OL 

0.69 : 0.04 

0 . 6 0  = 0.02 
0.90 : 0.02 

1.59 = 0 . 5 5  

3.79 : 0.06 

3.62 = 0.01 

- 

1.1: 2 0.U 

0.31 = 0.0- 
3.53 : 3 . 2 2  

0.99 = 0.31 

E t'.''.T 

56 

16 ' 

3 . 4  

L i  

12 

62 

5 . 6  

L . 5  

8.L 

l . 9  

L.3 

ir6 

31 

11 

LZ 

10 1 

4.0 

3.s 

4 . 0  

$ 6 2 . 5  

1.3 -g L'lcay 

Xecznt d a i a  from i iu s s i an (8 )  Fublicsticns have documentcd i n t a k e  

and e x c r e : ~ o r ,  leveis ,of u r a n i u 3  i ron  T W C  s i t z s  which d i f f e r e d  i n  i n t a k e  l e v e l s  

by a f a c c o r  o i  m c r E  thzg  2 5 .  

c o n t r i b u t i n g  fac:sr. s i n c e  :.:?e pcpulat  t c q  W t j  ; : r n s m l n ~  s p r i n g  wirter wi th  

l eve ls  o f  uranium o f  100 anc 7 n ic rograms  Fer l i t -er ,  r s s p e c L i v e l y .  V e g e t a b l e s  

13 t h e s e  s:udies t h e  water l e v e l s  were t h e  

I O b 8 3 4 8  29 
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bakery ProCl;c:z 

- 
65 5s 5 6  

I t  1 6  16 v'noic G r a i n  Prci.>:rs 

~ .- 3 . 5  3 . 4  Egg: 

i: 

5 . L  

3: 

0 . 4  

6 . 6  

1L 

1 .4 

1E 

1 GI. 

I ,  .+I 

12 

62 

5 . 6  

4 . 5  

6 . h  

1 . 9  

L . 3  

46 

42 _ I  

10 
- .  Freib Frc:: 

For a: ,285 

b n n t ?  F r ~ : r  

F X I C  Ju:crs 

1 : :  1c: 101 

-.- , .  6 .L h . 0  

. .  1 . 1  3 . 4  . .  

Canq$c Vrge:a$l:cr i .! 2 . c  4 .O 

- < ; , E  5 2 2 . 9  L 6 2  .S s L?J 

it is interesting to ncte that most cf the uranium from b o t h  sites was 

eliminated in the feces. 

was approximately 10 percent of the daily intake. 

uranium intake, 304 rcicrograns p e r  day, If w z s  eliminsted in the urine and 

at the other site with an intake of  12.6 mi;rograms of uranium per day 

?nly 0.05: vas excret,ed in the urine. 

-he urinary excretion l eve l  fc;r Lhe three c .  5. S;XF cczdied we should find 

In both locations the total uranium eliminated 

At the site 0-f high level . 

If we use these figures to calculate 
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m- 
-c e ,.-n . L I  cc 9.1 RicrzgrEz cf uranium ~ l i m i 2 i i t t d  per dzy i n  t he  u r ine ,  

based on :he i a t h k e  values fcund o i  1 . 3  micr3grams o f  ur-in:um per d a y .  

Using the  average  e x c r e t i c n  va lue  of  1500 m l  of u r i n e  p e r  day, t h e  concen t r a t ion  

of uranium per l i t e r  for  t h e  non-exposed popula t ion  shculd  range from 0.04 

. -  . I  - -  

cznt ro :  

have r e a o r t e i  e x z r c t l o r .  levcis of  uranium rangicg  from 0.912 t o  26 micrograms of 

uraciur;, per  l i t z r  ci u r i z e .  

A r e t e 3 t  a r c i c l e ( 9 )  surveying t h i  prs-employment u r i n a r y  uranium l e v e l s  

af 1061 employeis re - ,c r t s  an average o f  5 micr::grams per l i t e r  of u r i n e  wi th  

I a range of 3 t o  7 s i c r o g r a n s .  Usins t he  c a l c u l a t e d  va lues  of 0.05 t o  1.0 

percent  e x c r e t i o n  i n  the urine., an i n t ake  cf 250 t o  500 micrograms of uranium 

per day, POS: b e  assumed. 

found for  annual  intal.6. 

s u b j e c t s  from t h e  Chicag:, a r e a .  

and the  average . c o n c e n t r a ~ i o n  fcand was 0.09 r n i c r c g r a  of uranium p e r  l i t e r  of 

These values  a r e  a l n c s t  as much a s  our s t u d i e s  have 

Table  7 r e p o r r s  t k e  i e v e l s  sf uranium found i n  11 

Each sampie c m ~ a i n e d  mcre tnan  f i v e  l i t e r s  of UI 

w l n c  wi th  a range o f  2 . X  t a  0.1s v i r h i n  thi: rang: fcund i n  e a r l i e r  work by t h e  

ac:hcrs!l) iz the xew Y 2 r k  ::c;r'ar~; 2: 0.03 c z  9.3. 

l o b 8 3 5 0  -. 
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E.:. 

RIS. 

L . E .  

L.?. 

?. .1; . 
G.S. 

5 . V .  

c:crogrm Yranim per Li te r  

0.061 

0.043 

3 .os4 

G.076 

0 .O& 

O . O & 2  

0 . 1 6 2  

0 .O&3 

0 .Ob0 

0.054 

C.l8? 

Avrrage 0.09 

F J i 2 ; t  0 . O i  - C . 1 8  

The concen t r a t i c r  r f  crar.:uz i n  t a p  water WPS inver i t igated i n  t h e  

Kew York area.  

These va lues  a r e  i n s i g n i f i c z n z  as f;r as t o t a l  consumption i s  concerned and 

Table E F;-;+.: :he s ; ~ ? l i n g  d z t a  and the  l e v e l s  of uranium found. 

were n o t  considered i n  OUT ca ;cc ia t ions .  Deionized water from the  l abora to ry  

ccn ta ins  a f a c t o r  of  t e n  l e s s  urg,r,iuc per l i re r  than New York C i t y  t a p  water. 

Table  9 p re sen t s  da ta  obtained from the ans lyses  of bone samples from 

t he  New York a r e a .  

d i s t r i b u t e d  throughout t he  s k e l e t s n  with an  average c t n c e n t r a t i o n  of 0.20 

microgram of uranium per gram of ask,. 

I t  seens tha: t he  uranium l e v e l s  in boneam r a t h e r  uniformily 

Some lung t i s s u e  a v a i l a b l e  from the  NEW York area was analyzed for 

Table 1 C  p re sen t s  t he  dzta .  *raniurn. The zverage concent ra t ion  of uranium was 

one(1) nanograrn per grac. of wet t i s s u e  with a range cf from 0.7 t o  3 nanograms. 

32 I 
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runr 
B1673 

B167L 

11675 

Y676 

B163 

Bl6:S 

81649 

.026 t .W1 -11 

P . R e b r u  

U b a  

.OPl't .W3 

.023 t .ws 

3 S e v e r a l ' a i r  sanpies c m s i s t i n g  cf mare t k r t  1 2 O C  m of a i r ,  r e p r e -  

s e r i t i c g  New Y o r k  C i t y  a i r  s u p p l y  d u r i n g  Janua ry  and Februa ry  1Q65, were 

a n a l y z e d  f o r  ur2ni31r.. The  a v e r a g e  c c n c e n t r a t i o n  was O.a nanogram p e r  cubic 

S W 2 . T V  

Diet,  u r i n e ,  bone, lung,  wz te r ,  and a i r  have S t e n  a n a l y z e d  f o r  

uranium. The. most complete  pictilre i s  i n  r h e  NEW Y-rk arca. 

a v a i l a b l e  from Sew Ycrk, Chiragc, and San Francis:=! a r e  u n i f o r m i l y  a b o u t  

1 .3  a i c r a p r a n s  a day.  

in che u r i n e  o f  a p p r o x i n a t e l y  0.08 micrDgram pe r  l i r e r .  

t h e  CSicago a r e a  show an e x c r e t i o n  l e v e l  o f  0.09 nicrcgram p e r  l i t e r .  

Diet figures 

This f i g u r z  would i n f e r  a l e v + ?  cI' uranium e x c r e t e d  

Xecent data from 

Bone 

ec? l u n g  show low l e v e 1 s  of uranium, aqc i2 benes t52 uranium i s  u n i f o r a i l y  

I i s t r i b u r t i  throug'nout ~b.2 sXelez3n. 

t 088352 33 
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XOEl! 

XOS'l? 

xes:: 

XP41L 

X09 :S 

X0916 

x091- 

XOPlE 

X C 9 ? 4  

X 0 9 t c  

x042:  

- 

c.:: 

c . 1 5  

6E 

12: 

0.00; 

0.0007 

0.001 

C.OO! 

0.003 

0. OOO? 

O . O O !  

t . O V J S  

0.032 

0.001 

0.001 

Averape 0.001 

b n g e  0 . O O O i  - 0.003 
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J. Z. Gzbay, :. X .  D a p o l i t o ,  2. C. Daly, K .  I. Sax 

R2dic lo ; ica l  S c i e n c e s  Grou? 
Dlv is ic r ,  of b b c r a t o r i e s  and Researck 
New Ycrk S t a t e  Department of H e a l t h  

To r'crther e v a l u c t i  :?e e f f e c t  cf t i n e  on t h e  uptake  of r a d i o -  

Lc 2 5 5 l t l o n z . :  r a d i o n u c l i d e s  were added t o  t h e  
a c t i v i t y  cue t o  s o l 1  c o ~ t ~ r . i r , z t l ~ r . ,  e fc l low-up s t u d y  was I n i t i a t e d .  
same suD--,lots w e r e  u s e s .  

o i l -  ana f o l l a r - c ~ n t a ~ . l ~ , ~ t f ~  c l c t s  ussd  the y e a r  b e f o r e .  
.F s t u d y  or.ly corn ,  l e t t u c e  a n i  toxlatoes were p l a n t e d .  
tees were p r o c e s s e d  and ~ , n z l * i = ~ <  . .  a s  b e f o r e ,  c o r n  y i e l d e d  f o u r  f r a c t i o n s :  
k e r n e l s ,  C C ~ S ,  husks and S : E L L ; .  

t o  e v z l u a t e  t h e i r  uptake s i n c e  ~ t c l k s  2s  well a s  t h e  e a r s  a r e  used a s  
c a t t l e  fodder .  

The 

I n  t h e  fo l low-  
L e t t u c e  and toma- 

Ccr r ;  s t a l k s  were ana lyzed  i n  t h i s  s t u d y  

. .  Ir. a d d i t l o c ,  a s ~ E , ,  s e z t l o r ,  sf each of t h e  c o n t r o l  p i o t s  
(43' x 52 ' )  w a s  roped c f f  z n i  Se fc re  p l a n t i n ?  "sp iked"  w i t h  O.5mCi each 
of 21-65, Cs-iS:, M.7-54 a:< h?;-.-:E. 
used t o  c o n f l r a  and f u r t h e r  s t i ~ i y  the- p r e d o x i n a n t  s p e c i e s  appear ing  i n  
s c i l - c o n t a n i i n a t e a  c r c p s  i n  t h e  flrst s t u d y ;  iidlh-106, t o  f u r t h e r  e l u c i d a t e  
t h e  0.51 Mev r e c i o n .  The same cro?s were p l a n t e d  i n  t h e s e  s u b - p l o t s  a s  i n  
t h e  o thezs .  

The first t h r e e  n u c l i d e s  were 

In g e n e r a l ,  t h e  r e s u l t s  f o l l o w  t h e  a n t i c i p a t e d  p a t t e r n .  Levels 
of a c t i v i t y  i n  t h e  c r o p s ,  due t c  u p t a k e ,  decrezsed  w i t h  t ime;  w i t h  c rops  
from t h e  p r e v i o u s l y  f o l i a r - c o n t a m i n a t e d  p l o t s  showing a s i g n i f i c a n t l y  
g r e a t e r  d e c r e a s e .  Agsin,  crops crown on t h e  n o n - f e z t i l e  p i o t s  showed 
s r e a t e r  u p t a k e  t h a n  t h o s e  c r o w  on t h e  f e r t i l e  p l o t s .  
i n t e r e s t i n q  d e v i a t i o n s  f r o 3  t h e  expec ted  p a t t e r n s  have beer, no ted  through-  
o u t  t h e  e x p e r i m z t .  

However, s e v e r a l  

A T n i r  study was su?por?e5 by Con----- E-: 86-55-11g w i t n  t h e  D i v i s i o n  
3,: R a a i c i o c : c ~ l  Esa:t:7, 3. S. h t l i c  tirtlt?, S e r v i c e .  

f O b 8 3 5 5  
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-1 ine s i c o n i  p:?2s2 . *  cf a two y e a r  s t u d y  t o  d e t e r n i n e  some of t h e  
parameters  of up take  cf r a z i a a c t i v i t y  by growins v e o e t a b i e s  is d e s c r i b e d  
nerei.?, 

however, a b r i e f  d e s c r i p t l o n  of t h e  o r i g i n a l  e x p e r i m e n t a l  d e s i g n  is i n  
o r d e r .  

(1) 
T5e z e s u l t s  of t h e  f i r s t  phase have been r e p o r t e d  e l sewhere  t 

Two h a l f - a c r e  ;Lots a b o u t  a h a i f  m i l e  a p a r t  were used. One 
p l o t  ( n o n - f e r t i l e )  had n o t  been i e r t i i i t e d ,  c u l t i v a t e d ,  o r  used f o r  c r o p  
Srowtf.1 w i t h i n  t h e  p a s t  few y e a r s .  
f e r t i l i z e d  c o n t i n u o u s l y  with cow manure and lime ana used f o r  growing 
hay a n i  f o d d e r  c o x .  Each p l o t  was f u r t h e r  d i v i d e d  i n t o  t h r e e  s u b - p l o t s  
s e p a r a t e d  t y  L z z e  f u r x w s .  

s o i l  p r i o r  t c  seedi r .5 ,  ope s u b - p l o t  f r o s  each  h a l f - a c z s  p l o t  was s p r a y e d  
w i t h  a p p r c x i n a t e l y  G.5 n c  c i  each of 10 gamma e m i t t i n g  r a d i o n u c l i d e s  
t hasen  a s  t y p i c a i  c i  f z l l c u t  and a c t i v a t i o n  p r o d u c t  n u c l i d e s .  

The o t h e r  p l o t  ( f e r t i l e )  h a s  been 

F i v e  czops were p l a n t e d  on each sub-p lo t . -  

i o  d e t e m i l n e  the e x t e n t  of up take  due t o  contaminat ion  c i  t h e  - 

The second sub-clcr c i  each h a i f - a c r s  p i o t  was sprayed  e x a c t l y  

P . l s  - ~ x l z i ; ~ d  f D l i a r  up take  over  t h a t  due t o  r o o t  a b s o r p t i o n  
??IC ,rczcir.ir.; t w c  s u b - p l o t s  were n o t  contaminatod and were 

2s t h t  f i r s t ,  ku: n o t  ~ t l l  the c r o ~ s  p l a n t e d  were i n  an  advanced s t a g e  
cf crcwt:;. 
f ron  s c i i .  
used a s  c m t r o l s .  

. .  

Smailer s e c t i o n s  ( 4 C T x 5 2 * )  cf t h e  same s u b - p l o t s  were used. No 
a d d i t i m z i  rzd i3nu: l ices  were adcied e i t h e r  t:, t h e  s o i l  c r  f o l i a r  contam- 
i n a t s a  p;ots u s e s  t h s  yssr h f o r e  and o n l y  corn ,  i e t t 'dce  and t c a a t o e s ' w e r e  
?;anted. Le t tuce  and t m z t D e s  were processed  as  b e f o r e ,  and corn  y i e l d e d  
f o z r  f r a c t l x s :  k e r n e l s ,  c o b s )  husks and s t a i k s ;  cor:! s t a i k s )  t o  . e v a l u a t e  
t h e i r  upzake, s i n c e  t h ~ y  2 r e  used f c r  c a t t l e  f o d i e r ,  
r a t r i x  (Sb-i25, ?.uE!!-1:6, Cs-157, ZcNb-95, Mn-54, 27-65 and K-4C) was used 
t o  q u a n t i t a t i  t h e  r e s c l t s .  

A 7 x 7 a n a l y t i c a l  
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Since t k , o s s  CC=::C.X c i  the cor,:rol picAs(;y,De c o n t a a i n a t e d  were 
A .CS saall zc  De s p r a y e j  c s l n ~  t r i i  x a c ' t p ~ r  as ber 'sre  
I n d i c a t e d .  P r a c t i c e  rznc, uslr.; . .  t;? wzzez, i n d l s a t e d  t h e  f e a s i b i l i t y  of 
u s i n s  a L - C B , , G I ;  szr:nK-:n; Dz:-. The s ? r i d i i n c  p a i l  was f i l l e d  from a 
p l a s z i c - l i n e d  55-ca l l on  dr.-1.r, c o n t a i r l n c  a d i i u t e  m i x t u r e  of t h e  f o u r  r a d i o -  
n u c i i a e s .  A f t e r  t h e  drun W E E  e x z t l e d ,  i t  was f i l l e d  a g a i n  w i t h  t a p  Water 
and t h e  wash S o l u t i O i ,  scrtye5 CT. L:. ::,e F i O t S  a s  b e f o r e .  Prior t o  s p r a y i n g  
each  p l o t  a r e a ,  six 7"x?"  c i a s s  :,Der f i l t e r  webs, each backed by a 7-1/2" 
x 4 - : ' 2 "  FSece c f  absorb%: z a ~ f : ,  ar.2 six 7"x?"  a b s o r b e n t  b l o t t e r s ,  each 
backed by a 7-i '2"xS;-: '2" ~ l e c ~  c i  a b s c r b e n t  b l o t t e r  paper  were a r ranged  
3 n  t n e  D lc t  a s  shown i n  F:c. :. 
 rea papPrs wsuid i n d i c z t e  :;,e : z n c s n t r a t i o n j s g ,  ft. of each r a d i o n u c l i d e  

nand s p r a y i n $  was 

.. . . . .  

.. . 

Silkseqcent g a m a  a n a l y s e s  of t h e s e  s p e c i f i  

FILTER PAPER LAYOUT 
FOR RE-CONTAMINATED PLOTS 

LL i 
0 I 

4 m 
L/ 

.c 4 

_L__ 

7 ' 6  

d 
il 

L 

4G Ft. t 
START 

G =  Gloss f iber f i l ter web+bocking 
8= Eilotter + back ing  
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A 1 1  =:?e i l l t a r  pad; and back5r.c papers  wers rorncved from t h e  
z;cts and  lite^ i n  in5ivl5usl p i a s t i c  bags b e f a r e  t h e  p l o t s  were sprayed  
wl-,:? was;-. s o l . L t l x .  

t a k e n ,  r c i l c w l n c  t k e  n e t h c i  of Greweiinq and IYeach(2). 
. .  i n  a d d i z i o n ,  r e p r e s e r t a t i v e  s o i l  samples ,  (16  from each p l o t )  were 

S a n l e  C o l l e c t l c n  and Pre2:arat ion 

p r e v a i l i n s  d r o c ~ 5 t  c o r d i t i o n ,  t?.e p l a n t s  were hand-watered w i t h  watez h a u l e d  
o r  purnnaed f:cx 3 nearby  c r e E k .  
s e v e r e  wind  an^ r a l r *  s t o x  which i n f l i c t e d  heavy damace t o  t h e  grcwing crops. 
Cvsr ar. i r c h  of r z i r i ,  acceapanied  by h i g h  winds and h a i l ,  f e l l  in l ess  t h a n  
one-half  hccr ,  

Duricg t h e  surmer ,  t h e  p i o t s  were c o n t i n u a l l y  tended.  Due t o  t h e  

The d r c u g h t  was t e z p o r a r i i y  r e l i e v e d  by a 

2 . 5  e c t l x ? t i d  c l a ~ a s e  t c  t h e  C ~ C F S  was: 

>+A.q c - 
Tonatces  : - 33 p e r  c e c t  l o s t  

: - 53 pe r  c i n t  !os: - had t o  Le r e p i a n t e d  

: - 12 par  c e n t  1 s t  P UC,?. 

c *.".E c:ccs x e r e  h z r v e s t e d  d a l l y  a', t h e  end of t h e  grcwlnq s e a s o n ,  
an5 ? r z p a r c 6  azc! ans:-::e5 3s ' sef2re .  
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a v e r a c e  f o r  each n u c l i d e  a c c o r d i n s  t o  p l o t .  

was a s s i c n o d  ; 3  211 %e:ow s e n s i t i v i t y "  v a l u e s  f o r  a v e y a g i n s  purposes. 
Ccnpar l son  f ~ r  L-Tc-95 was n c t  nade s i n c e  a l l  r e s u l t s  f o r  ImFact 65 were 
b e l o w  s e n s i t l v i t y o  

Th i s  I s  shown i n  Tab le  11, 
O I '  ' 

I ~ O  r , a rves t "  per lcc:  viere n o t  ave raged ,  and an a r k i t r a r y  v a l u e  of 10 pCi/kg 
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I 1  Y I  



. .  . . .  
;~i~ak:ii:y t3 p l e z - , ~  i s  r e t a r c i e e  by tne s t r o n c  a n s o r p t i v e  f o r c e s  i n  

s c : : \ - j .  Xr; in:Fease i n  t h e  arncmt cf a v z i l a k i e  po ta s s ium wouic t e n d  
t o  r e ~ u c e  t h e s e  reter,:ive f o r c e s  t h u s  mak i .2  cesiun; more a v a i l a 5 l e  t o  
P l a 5 t 5 " ) .  Hov:ever, Auorjach and Cross l ey?" )  found t h a t  i n  u p t a k e  of 
C S - ; ~ ~  by co rn ,  Cs-137 c o n c e n t r a t i o n s  were n o t  d i r e c t l y  r e l a t e d  t o  po- 
t a s s i 9 3  c o n c e n t r z t i o n .  

. -  6 1  

k d d i t i o r .  of l a r g e  aTounts of l a b i l e  Ca+2 t o  t h e  s o i l  would 
t e n d  t o  f r e e  o r  s o l u b i l i z e  l e s s  t h a n  13 p e r  c e n t  o-f the added c a r r i e r -  
f r e e  Cs-127  and p l a n t s  a m w n  the reo r ;  wouid be expec ted  t o  t a k e  up minimal 
amounts of t h e  n u c l i d e ( S ) ,  tiowever, when o r c a n i c  m a t t e r  i s  r e s p o n s i b l e  
f c r  a i a r g e  f r a c t i o ?  c i  t h e  t o t a l  exchango c a p a c i t y  of t h e  s o i l ,  t h e  
z d s o r p t i o 5  a d consecuen t  f i x a t i o r ,  of  Cs-137 on t h e  c l a y  m i n e r a l s  a r e  
much r educed  r 5  1 

The r e i a t i v e i y  l o w  solub:lity and /o r  u n a v a i l a b i l i t y  of t h e s e  
n u c l i d e s  i s  demons t r a t ed  by t h e  c o z p a r a t i v e l y  l o w  a v e r a o e  s p e c i f i c  
a c t i v i t y  f rom p i o t s  t p i c a i  of sol :  c o n t a s i n a t i o n .  
p o r t a n t  mode of u p t a k e  is f o l i a r  d e F o s i t i o n .  
i . e e ,  Zn-C5 and RuRh-136, i n d i t e t c  t h e  a v z l l a b i l i t y  from t h e  s o i l ,  
a l t h o u g h  f o l i a r  d e p o s i t i o n  i s  s t i l l  the m a j o r  mode of u p t a k e ,  

F o r  t h e x n ,  t h e  i m -  
Tne o t h e r  r a d i o n u c l i d e s ,  

Uptake of Z?-65 and h?L-,-l36 i s  s t r o n 9 l y  i n f l u e n c e d  by s o i l  
DE, s i n c e  t h e y  a r e  337: p ! u k : ~ ,  z z i  t h e r e f c r e  a v a i l a b l e  t o  t h e  p l a n t s  

. . r e c i p i t a t e  a s  hydroxi t ies  and wccic  no lonGer be a v a i l a b l e .  
i g n s  such  a s  nitrosy!ruthe:iurc (R'JSS) may be formed, and may r e s u l t  a s  
t h e  m e t a l  b e i n g  p r e s e n t  uncpgTged o r  a s  an a n i o n  and a s  such ,  would t e n d  
t c  be s o l u b l e  and a v a i i ~ b i e  -'. 

i d e r  a c i d  c o n d i t i o n s t J 9 d j .  As t h e  p5  of t h e  s o i i  i n c r e a s e s ,  t h e y  w i l l  
Complex 

Mancanesc w w l d  be ex?ecte-? t:, behave s i m i l a r l y  t c  z i n c  and 
r c t n e n l m .  Wr.i,e n o n - f e r t l L e  p i o t c  i n d i c a t e d  somewhzt g r e a t e r  u p t a k e  
t h a n  f e r t i i e  p l o t s ,  r e f l e c t i n c  t h e  i n c r e a s e d  pH due t o  f e r t i l i z a t i o n ;  
o v e r e l l ,  t h e  u p t a k e  o f  Mn-54 W ~ S  bz-eiy d e t e c t a b l e .  

. . .  

If r a d i o a c z i v e  decay  was  t h e  o n l y  e f f e c t i v e  up take - reduc ing  
p r o c e s s ,  t h e n  it would be  expec ted  t h a t  t h e  r a t i o  64165 would always 
be equal t o  or, more o f t e n ,  less  t h a n  t h e  Expected Decay R a t i o ,  s i n c e  
u p t a k e  from t h e  soil i s  u s u a l l y  s low and s e l e c t i v e .  This i s  t h e  c a s e  
i n  t h e  f o l i a r  p l o t s .  

However, it s h o u l d  be emphasized t h a t  on ly  an unknown f r a c t i o n  
of t h e  o r i g i n a l  a c t i v i t y  sp rayed  on t h e  f o l i a r  p l o t s  was a v a i l a b l e  t o  
t h e  s o i l .  The on ly  v a l i d  r e l a t i o n s h i p s  t h a t  can be e s t a b l i s h e d  w i t h  
f o l i a r  p l o t s  a r e :  
r a d i o n u c l i d e  c o n c e n t r z t i o n  was observed a f t e r  one y e a r ,  and (2) non- 
f e r t i l e  p l o t s :  "as much a s  31 p e r  c e n t  of t h e  i n i t i a l  c o n c e n t r a t i o n  was 
obse rved  a f t e r  one y e a r .  i n  a l l  c a s e s ,  t h e  f r a c t i o n  of i n i t i a l  concen- 
' r a t i o n  observe.', one .year  l a t e r  WBS always h i g h e r  i n  t h e  n o n f e r t i l e  p l o t s .  

( 1 )  f e r t i l e  p l o t s :  3 p e r  c e n t  o r  less  of t h e  i n i t i a l  

-. ine s o i ;  ccntarninated p l o t s  p e r r r i t  a d i r e c t  conpa r i son .  I n  
4.. ,ne n o n - f e r t l l e  p l o t s ,  R a t i o  54: t5  is h i g h e r  t k a n  t h e  Expected Decay 
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. L  ?E: :$  :or !An-54 2r.d S'c-125. 
nuxsers a ~ 5  t h e  v a L i 5 l t y  cf such a r e l a t i o n s h i p  is d o u b t f u l ,  
f r a s t i o n  of 2 7 - t S  and Ru.b-iC6 c o n c E n t r a t i o n ,  observed one y e a r  l a t e r ,  
i s  g r e a t e r  i x  Sot?. f e r z i i e  and n o n i e r t i l e  p l o t s  t h a n  t h a t  expec ted ,  due 
t o  r a d i o a c t i v e  decay a ione .  f o r  Rub-106,  it i s  g z e a t e r  by a f a c t o r  
of 2, whi le  27-65 a g r e e s  c l o s e l y  wi th  t h e  expec ted  f r a c t i o n  due t o  r a d i o -  
a c t i v e  decay,  a t  l e a s t  i n  t h e  f e r t i l e  p l o t .  
i n  t h e  soil i n f l u e n c i n c  t h e  b i o l o g i c a l  h a l f - l i f e .  We cannot  s p e c u l a t e  on 
what t h i s  ;nay be ;  f u r t h e r  s t u d y  is r e q u i r e d  t o  d e t e r m i n e  p o s s i b l e  
medhanisms. 

Sowever, we a r e  a g a i n  comparing smal: 
The 

This s u g g e s t s  sone p r o c e s s  

Tona t c)e 5 

UFtske by t o m t o e s  f o r  I n p a c t  65, is shown ir, Table 111, 
As b e f o r e ,  21-6," is p r e d o m i n a n t ;  l e s s e r  c o n c e n t r a t i o n s  of Cs-137 were 
a l s o  o b s e r v r i .  zxce-,t ?GI ininirna! amounts i n  t h e  n o n f e r t i l e  p l o t s ,  
Mn-54 was n c t  a e t e c t a t ~ o .  
The n o n f e r t i l s  p:zts ; ga in  i n d i c a t e d  n i g h e r  c o n c e n t r a t i o n s  t h a n  t h e  
iertlie p l s t s .  

I 

. ,  None of  t h e  o t h e r  r a d i o n u c l i d e s  were observed. 

A sln;:e annual  average  f o r  each n u c l i d e ,  a c c o r d i n g  t o  . .... --I p l o t  t a k e n  frorr, the d a t a  ir. l s s l ~  1;; an5 t h e  1964 t o n a t o  r e s u l t s  is 
??resented i n  Tab:. I*.'. 2nl.j Zn-% and Cs-i37 a r e  e v a l u a t e d .  

8 i t 
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hrczfcrtile P!ct 

L,5r liC.22 1:C.3C 

CS-:?' 3E 

.... . 
. - .  - - -  

C o n s i d e r i n s  t h e  r e !a t io rgs r , i p s  f o r  t h e  p r e v i o u s l y  f o l i a r  contarr.inated 
f e r t i l e  p l o t s ,  7-15 p e r  c e c t  c f  t h e  i n i t i a l  Zn-55  c o n c e n t r a t i o n  was obse rved  
a f t e r  t h e  one  y e a r  i n  a l l  t h r e e  f r a c t i o n s .  
c e n t ,  p o s s i b l y  i n d i c a t i n g  f i x a t i o n  Sy t h e  s o i l .  
per c e n t  of t h e  i n i t i a l  23-65 c o n c e n t r a t i o n  i n  a l l  f r a c t i o n s ,  a g a i n  i n d i c a t i n g  
t h e  e f f e c t  of f e r t i l i z a t i o n .  

Cesium-137 showed l e s s  t h a n  one  p e r  
The n o n f e r t i l e  p l o t s  showed 11-18 

i 
$ I n  t h o  p r e v i o u s l y  c o n t z e i n z t e d  s o i l  p l o t s ,  t h e  f r a c t i o n  of 217-55 

-.c::entr2tion observed cne year l a t e r  w a s  G r e a t e r ,  f o r  a l l  t h r e e  c c r n  f r a c -  

ferrLie p l o t s .  
i o n s ,  thar! t h e t  9xpect.d due  t c ;  r a c l o a c t l v e  decay a i o n e ,  b u t  o n l y  i n  t h e  -. ,ne n o n i e r t l i e  plots approached t h e  expec ted  decsy  r a t i o  
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bxt neve r  exceedei i r .  Scrrespcndlns ly ,  t h e  f r a c t i o n  tlcr Cs-137 was always 
:,-eater i n  t h e  f e r t l l ?  F : P J ~ E .  Yihstever p r o c e s s  i n f l u e n z i a p  t h e  b i o l o g i c a l  
h a l f - l i f e  was apca=.e?t ly  E:rec:ed by i e r t i l i z a t i s n  of t h e  s o i l .  - -  

2- - r e v i e w i n c  the r e s u i t s  cjbtained i n  t h i s  s t u d y ,  and comparing . .  a p p a r e n t  t h a t  t h e  -?ex w i t 5  s i x - ~ r  resi;!tr f r c a  t h e  1964 study, i t  keczz9 
c n n c e r t z a t i m s  of  2-,-65 ar,d 3u.?!!-191 i n  t h e  c rops  were o n l y  e q u a l  t o  o r  
lower t h a n  
y e a r  b e f - r e t l l .  ?kea p c s s i b l e  r e a s o n s  were a s s i g n e d :  (1)  n o t  a i l  of t h e  
r a c i i o n u c l i d e s  were d e l i v e r e d  t o  t h s  p l o t  d u r i n g  t h e  s p r a y i n g  o p e r a t i o n ,  
(2) t h e  veccor a i d  n c t  s u p p l y  LIS with t h e  c o r z e c t  amount sf z a d i o n u c l i d e s ,  
~r (? !  f c r  some ?eascn  a l l  t h r e e  c r o ~ s  jhcwec =educed S C i i  u;take of ih-65 
and FluRh-ISC. 

&. 

hcsc c k t a i n e d  ?;.on t h e  seme c r o p s  grown on s c k l  con tamina ted  t h e  

Each ~i t n e s e  p o s s i 5 i : l t i a s  was sxamined I n  t u r n .  

Examinat icn of t h e  s u r v e y  me te r  r e a d l n g s  t a k e n  d u r i n g  t h e  d i l u t i o n ,  
t r a m f o r  and s p r s y i n s  o p e r a t i o n s ,  i n d l c a t i d  t h a t  l ess  t h t n  9 p e r  c e n t  of t h e  
t c t a l  czosr a c t i - ~ i t y  was l e f - ,  be;Ptind cn S o t z l e c ,  crus and s c r a y l n s  can. 

F , e  azount cf each r a d i o n u c l i d e  a c t u a l l y  d e l i v e r e d  t o  t h e  p l o t s  

t c c c o n t r a t l s z  o f  sa:.:? radionucll$c p e r  u ~ i t  z r s s  was de to ra ined ,  t h o 5  

C .  . .  was d e t e r n i n e s  cy car?ma a2alysis of tk,e ::ltzz D2qi r  s - j s t z m s  azd s o i l s .  - 
extra;s:a;ej T P J  y:a:L _ _ _ _  * '  i~~ axcun t  3f 2:ch n u c i i d e  d e l i - i s r e d  :G tL-i plot. -. . - . . . I C _  
i.-l?5e zrf c i - l ? n  1;. :zs,e L.,. 

l 0 b B 3 b 4  4 =  -" 



c. r.. '  : c.451 c.441 0.50! 

C.462 C.391 0 . W  0.L70 

C.:Ci 

-.-A- 

0.134 C.110 C.!31 

R e l a t i v e  t o  each other, less  Zn-65 and RuR!-105 was d e l i v e r e d  
Based 02 t h i s  d a t a ,  we were convinced that the  amount of o the plots. 

Ln-65 and RuPh-iOS we receive:! wes l ~ w  by f a c t o r s  of 3 t o  5 .  
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Resc l t r  f c r  u p t t k e  by l e t t u c e  frcm contaminated soil f o r  Impact 
54 and 55 a r e  ccrr.I;ared in Ta'c:. VIII. 
an a r ' c i t r a z y  v a l s e  cf 10 ;Cl;Kc. 
n e i t h e r  were tSe e x = =  v a l u e s  f o r  j-;:a::. ..;. 

R e s u l t s  below s e n s i t i v i t y  were a s s i g n e d  
"No h a r v e s t "  p e r i o d s  were n c t  averaged ,  . -  

i p C l , " k ~ j  

Cadet P = P l o t  T v e  
H i  - Harvest R r i o d  

;4: t h". .,.? . -- 
' .-: 342 , AT. 

i15.36 

111.95 

115.89 

115.45 

of 1.5 t o  2, fo: 
kveraced u c t a k e  of Z1-55 and Ru.Ph-lG6 were lmer Sy f a c t o r s  

I^ 

, ,:,..+-. *mp"- - -  x ,  t:ian i n  h p a c t  54. Gnly 2,-65 i n  t h e  n o n f e r t i l e  
p l o t s  shohed e.?dal a - ~ e r a c e d  i i?tzk2 f o r  b o t h  y e a r s .  
bot;? C ~ - i 3 7  and  Yn-54 ieve ' ls  uere s u b s t a n t i a l l y  h i g h e r  f e r  Impact 65, i. e., 
Cs-13" by f a c t x s  zf d-5 and Mn-54 by f a c t o r s  of 6-12. 
which  was b a r e l y  d e t e c t a b l e  i n  t h e  f e r t i l e  s o i l  p l o t  i n  1964, was v e r y  much 
i n  evidence i n  19%. 
M ~ 5 4  uilcer t h e s e  c o n d l t i x s .  I t  is  Fcssible  t h a t  ;:?is Is due t o  a d r a s t i c  
charqe  'I? s = i l  DK ccrl-; Iapzct 65, h t  t h i s  is u n l i k e l y  s i n c e  t h e  t y p e  and 
a?-Icu!-.:ts Cf fer::----- i 7 ~ -  1isenJ ivere t h e  sane f o r  b o t h  y e a r s .  S i n c e  we a r e  roason-  

or.2 32) '  c n l y  s p e ~ y l ~ . ; ~  2 s  ';? 

S u z p r i s l n c l y ,  hcwever,  

In f a c t ,  Mn-54 

%is i s  ncro t v c i c a l  cf t h e  p r e d i c t e d  behaviour  of t h e  

. .  
a b l y  jc;? cf  -L.C .,._ zmcur. ts cf cs-:?- ar.d hh-zd c a l i v e r e d  t o  tF.2 plo:s i n  1965, 

- .-& n- Izz2ct 9 .  
.. . .  a c c z r e c y  cf rF.2 ras:cnuc,:ce s'-,anaa:cis utea 
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' A  i r :  ~ e ? z r ~ : ,  A s  ? e t i e r n s  cbser\re? were simllsr i c r  b o t h  -. 
v - : : c :  ? : I - - - - .  .ne nor.ie:tile c l s t s  sho ,ed  s u b s t a n t l ; l l y . h i g n e r  c o n c e n t r a t i o n s  of .. * .. 
t-, zouz  rzcionuclide~ than d i 4  t h r  f e r t i i e ,  co?f i r ; r ing t h e  e f f e c t i v e n e s s  of 
-er&: - : ---. -- . - - - ,~ . lcn  i n  re<ucir ,q  u p t a k e  by l e t t u c e .  I n  t n e  f o r t i l e  p l o t s ,  UT-54, 
Cs-127  and 29-65 w e r e  the doz:,lnar,t n u c l i d g s .  Zinc-65 ana Mr-54 were t h e  p r i n -  
CipEi n u c l i d e s  a p p e a r i n g  i n  t h e  n o n f e r t i i e  p l c t s ,  w i t h  Cs-137 a l s o  showing 
c o n s i d e r a b l e  a c t i v i t y .  R u t h e E i m  Rhodium-105 was a l s o  p r e s e n t  i n  l e t t u c e  
f x m  b o t h  p l o t s ,  b u t  ir: l e s s e r  c o n c e n t r a t i o n s .  
e r s  . . e c t  was no ted  i n  tne Im-,act 65 n o n f e r t i l e  p i o t s  w i t h  Lq-65, Cs-137 and 
Mn-54 durfna t h e  l a s t  h a r v e s t  p e r i o d ,  b u t  n c t  for RuL!-106. 

I n t e r e s t i n g l y ,  a peak ing  

Tonatoes 

A s i m l l a r  c o n p r i s o n  f o r  tomatoes i s  made i n  Table  I X .  

15:5 1 I i.52 
1E55 

2!65  112.42 
93 1 

1c i :3 .0  
3,' 

1C 117.0 
3: 

45 1 l C . 2 2  
10 

16 1 IC.55 

ks i n  Impact 6 4 ,  o n l y  &-65 and,  t o  a l e s s e r  e x t e n t ,  Cs-137 showed 
u p t a k e  f r o 2  s c i i .  Averape c o n c e n t r a t i o n s  of Zn-65 and Cs-137 i n  toma toes  

No d e f i n i t e  p a t t e r n  could be . 'ere v a r i a b i e  i n  comparing Impact 64 t o  65. 
J s i s S l i s h e d .  

f O b 8 3 b l  48 
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Y V - -  c h : :  - -  fc+ili----< L G b , c ; :  does n o t  appear  ~ E J  be e f f e c t i v e  i n  r e d u c i n g  
uptaKf by t o n a t o e s .  
anoma:y may be c u e  t a  a p o s s l j l e  c o n c e n t r z t i o n  peak observed i n  t h e  f e r t i l e  
p l o t s  on iy ;  no ruck  e f f e c t  was noted  i n  Impact 64. 
h a r v e s t  p e r i o d  f o r  t o n a t o e s  i n  t h o  f e r t i l e  p l o t s ,  two p e r i o d s  i n  Impact 65 a s  
opposed t o  f c u r  I n  I n p a c t  04, t s n d  t o  make t h e  e f f e c t  of f e r t i l i z a t i o n  u n c e r t a i n .  

ihs reverse was observed i n  Impact 64. ?his a p p a r e n t  

f u r t h e r m o r e ,  t h e  s h o r t  

8 7 C o r n  

The averaqed r e s u l t s  of corn  f r a c t i o n  u p t a k e  f o r  Impact 65 
a r e  Given ir! Table  X t o  i c d l c a t e  t h e  e x t e n t  of u p t a k e  by s t s l k s  which wero 
n o t  sampled asrinc 1r.p;~: 54. 

Cor:: s t a l k s  showec! t h e  g r e a t e s t  u p t a k e  w i t h  a l l  f o u r  r a d i o -  

Cesium-137 and 
n u c l i d e s .  
t h e  Zn-55 a c t i v i t y  i n  the  c c m  was c o n c e n t r a t e d  i n  t h e  s t a i k .  
Mn-54 shawe5 l l t t l e  z c t l ~ i t y  . .  i n  t h e  o t h e r  f z a c t i o n s ,  b u t  d e f i n i t e  c o n c e n t r a t i o n  
i n  t h e  s t a l k s  ( n c r e  tr.ar. 65 and 90 per c e n t  r e s p e c t i v e l y ,  of t h e  t o t a l  a c t i v i t y ) .  
The sta;;ts a l c n e  shcw~C: c m c e n r = a t i o n  of RuR?-lC6. 

The predominar,: n u c l i d e  was Zn-65, and approximate ly  50 p e r  c e n t  of ' 
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111.0 

1 a l . Z  

Tnc a v e r a a c  co:.ceztrztis-  cf 211-65 was, a s  expec ted ,  lower by 
f a c t o x  cf apprcx imEte ly  2 f c r  t h e  f e r t i l e  p l o t  and 5 f o r  t h e  n o n f e r t i l e .  
The r a t i o s  f o r  each f r a c t i o r ,  were q u i t e  c o n s i s t e n t  w i t h  each o the r .  
137 showed a p p r o x i m a t e l y  e y E !  c o n c e n t r a t i o n s  i n  b o t h  phases .  D e f i n i t e  
u p t a k e  of Mn-54 was observe:! f o r  Impact 65, p a r t i c u l a r l y  i n  t h e  n o n f e r t i l e  
p l o t s ,  whereas no u p t a k e  was no ted  d u r i n g  Impact 64. 
was n o t  obsezved i n  e i t h e r  yes:. 

Cesiun- 

Uptake of R u b - 1 0 6  

The n o n f e r t i l e  p!c?s a c a i n  showed h i g h e r  c o n c e n t r a t i o n s  of a l l  
f o u r  r a d i o n u c i i d e s ,  c o n f i m l n c  t h e  e f f e c t i v e n e s s  of s o i l  f e r t i l i z a t i o n  i n  
r e d u c i n c  u p t a k e  by corn.  

Conc l u s i  ons 

C o n s i d e r i n c  the t w z  scb -phases  a s  p a r t  of one o v e r a l l  s t u d y  and 
he u n c e r t a i n t y  of t h e  accu racy  of  t h e  r a d i o n u c l i d e  s t a n d a r d s  use?,  t h e  
,.cllowin; c o n c l u s i o n s  car. be rnzds: 

tObS3b9 50 



L G  Soil u p t a k e  i s  s l o w e r  and mcre s e l e c t i v e .  Only 27-55 
3 ~ 5  Cs-1:' rkowec! a p ~ r e c i a b l e  c o n c e n t r a t i o n  i n  a l l  t h e  crops.  Manganese- 
5C azd Rui?!!-;C;C, w e r s  n o t  seen  t o  any c r e a t  e x t e n t  e x c e p t  i n  l e t t u c e  and 
C C r Z  s t a l k s .  

2. S t a l k s ,  sampled and ana lyzed  d u r i n g  Impact 55 only ,  showed 

The other ' 

t h e  Grea te s t  u p t a k e  of a l l  t h e  corn  f r a c t i o n s .  
of t h e  Zn-65 a c t i v i t y  i n  corn  was c o n c e n t r a t e d  i n  t h e  s t a l k .  
n u c l i d e s  showed l i t t l e  o r  no a c t i v i t y  i n  t h e  o t h e r  corn  f r a c t i o n s  b u t  
d e f i n i t e  c o n c e n t r a t i o n  i n  t h e  s t a l k .  

Approximately 50 p e r  c e n t .  

3.  i n  Genera l ,  f e r t i l i z a t i o n  of t n e  soil i s  qui te  e f f e c t i v e  
i n  r e d u c i n c  upttjce d u i  t 3  s o i i  c o n t a m i n a t i c n o  
i n c r o s s e  s o l i  pi-: r e d g c i n c  t h e  s o l u b i l i t y  of i o n s  such  a s  z i n c ,  ruthenium 

Most f e r t i l i z e r s  t e n d  t o  

. and ma.rcanese a d  m a k h s  then; l e s s  a v a i l a b l e  t o  t h e  p l a n t .  

I;: a c d e r n  a c r i c u l t u r e ,  t h r e e  i n o r g a n i c  f e r t i l i z e r  e lements  
a z e  cozncnl;f :de?:! 1=3 s o i l s .  
Potassiu-n i s  added as  a s a l t  t h a t  w i l l  f u r n i s h  s o l u b l e  KT i n  s o i l s ;  n i t r o g e n  
may be added e i t h e r  as t h e  t a t l c n ,  mT, 0.1 as  t h e  an ion ,  NO3 

These a r e  n i t r o g e n ,  po tass ium and phosphorus.  

- C o > s i d s r i n ;  t h e  cmiplenentary  i o n  e f f e c t ,  it would be e w e c t e d  
t h a t  ?E4 '  o r  "7 h * wccld l i b e r a t i  a c o n s i d e r a b l e  amount of f i x e d  Cs-137 
i n t o  a l a b i l e  f 3 ~ , .  If, however, n i tzogenous  f e r t i l i z e r  is added a s  
Ca(NC'3);, t h i s  ferzi:iza: *~o l ; ld  be expec ted  t c  have l i t t l e  e f f e c t  on t h e  
f i x e d  Cs-i??.  

C? tk..ls Gasis it could be p r e d i c t e d  t h a t  t h e  a d d i t i o n  of . .  CG( xo7) :OCA ._-____ 2 -, 2 - . C r  & - -  wc.i-: nave l i t t l e  e f f e c t  or. t h e  uptake  of Cs-137 by 
FlZntE. 1: $59 - - - - - " l r .  ..: - -  - = -  . i s  sccpited a s  ( N H ~ ) ? S ~ ~ ,  c c n s i a e r a b l e  i n c r e a s e  - ir! u p t a k e  of Z S - : ~ - . Z : ; : Z  52 exFs:ted. 
could  be ex2ectrf Y . S ;  1: A 

N i i , t ,  t h e  add55 KT ticx:a i n c r e a s e  t n e  uptake  of Cs-r t o  a b o u t  t h e  same d e g r e e  

.cram :ne san~le c o n s i d e r z t i o n s ,  it . - . r - r  is added a s  K7SS4 i n  t h e  same arncur.ts as  t h e  

as  wculd X+4-. 

Thes? c x r i a e r a t l o n s  t a k e  i n t o  account  on ly  i n o r g a n i c  soil chemica l  
They d o  n o t  c c n s l d e r  t h e  p o s s i S l e  e f f e c t s  of m i c r o b i o l o g i c a l  

ey t a k e  i n t o  account  p o s s i b l e  i o n  competi-  
p r i n c i p l e s .  

ncr 
c x l d a t l o n  of EUYAT t o  NC2- 
t i o n  ir, 7 l a n t  u p t z k e  by t h e  r o o t  . 

4. L a t t u c e ,  azd Ferhaps corn  s t a i k s ,  a p c e a r  t:, be e x c e l l e n t .  i n -  
d l c a t c r s  of ; a m l a - e n i t t i n z  c o n t a n i n a t i c n  i n  t h e  envi ronnent .  
t y p e s  skgwscl c o n c 2 n t r a t l o n  of a l l  r a d i o n u c l i d e  s p e c i e s  used. 

Both sample 

' 
5 .  I n  the c a s 3  of a contaminat ing  s v e n t ,  f o l i a r  d e p o s i t i o n  would 

5. the i ; n ? o r t j n t  mcde o i  u p t a k e  if it took p i a c e  when t h e  c r a p s  were i n  
some advanced s tass  of c r o w ~ h .  Assuming no f u i t h e r  c o n t a q i n a t i o n ,  t h e n  
VeSftrDiis srsm 311 t h o s e  p l o t s  B yea? :.:e=. w i l l  show o n l y  a f z a c t i o n  Of 

s?scias 5.73 l X t s T ' t  tf f~=ti:i;~ticn. c = ~ ? s  C X I W ~  cn f e r t i l e  p l o t s  snowed 
- .  . . .  

A' -2s c: l ; ix l  j c t t - ~ i t y .  , . ~ r  ' ,v i ; -  de?end 0;: the tyeo cf c rop ,  z a d l o n u c l i d e  

-. 
,'i 



Snouid  a e p o s l t l o r ,  occu r  or: t n e  s o i l  o n l y ,  i . e . , - b e f o r e  s e e d i n g ,  
t n e  i n i t i a l  r a d i o n u c l i d e  c o n c e n t r a t i o n  of c sops  Grown on t h o s e  p l o t s  w i l l  
b e  s u b s t a n t i a l l y  s m a l i e r  tnar!  it' t n e  node of d e p o s i t i o n  were f o i i a r .  Nor, 
will t h e  r e d u c t i o r !  i n  ~ c t i v i t y  I n  c r o p s  grown a y e a r  l a t e r  be a s  g r e a t  be- 
c a u s e  of  t h e  con t inued  a v a i i i b l l i t y  of t h e  r a d i o n u c l i d e s  from t h e  s o i l .  

6. The d i f f i c u l t i e s  encoun te red  i n  e s t a b l i s h i n s  t h e  r e l i a b i l i t y  - 
and a c c u r a c y  of r a d l o n z c i i d s s  u s c i  p c i n t  v e r y  d e f i n i t e l y  t o  t h e  need f o r  

' e s t a b l i s h l a g  l a b c r a t c r y  coxpetency i n  s t a n d a r d i z a t i o n  o f  r a d i o n u c l i d e s .  
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-. ine a s j l s t a n c e  and c o c p e r a t i o n  c i  Mr. G. h c i u s  Cery, 
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HIGE'LIGE.:TS ,CF 75:  Y-12 SICANALYSIS LABCRATCRY OPERATION 

R .  H. Kent 

1 N TRO D UC T i  0 N 

For those who have not had the opportunity to visit the Oak Ridge Y-12 Plant;(a) an overall 
view i s  given in Figure 1 .  Pernaps not as well known as our sister plant, the Oak  Ridge 
Nat ional  Laborarory, i t  hcs cpproxinctely 4500 employees working on a rather wide range 
o f  projects. A large porticn of these proiects involve materials which, with indiscriminate 
handling, could creare c toxicologiccl or radiological healtn problem. In order to assure 
ourselves that no one I s  being subjected to hazardous conditions, the Health Physics and 
Industrial tiysiene Depcrtmen:s at the Y-12 Plant maintain c close check on a l l  Plant per- 
sonnel, and the Gioanciysis Lcborafory, i n  support of these groups, analyzes a rather large 
number and vcriety of scm?ies. Tcble I gives a l i s t  o f  the more common types o f  analyses 
performed by this grcuc. ilcther than concern you with a description of  each type o f  analy- 
sis,  I want to C'iscusj only three. These procedures have been chosen because o f  their low 
COS: CEO !he sbcrt time invcIi.ec. 

A few years agc, *he 'f-12 6iocnclysis Laboratory was anc ly i ing  approximately 800 urine 
somples per wee< h r  eFr;chea u:anium, This number i s  more than most laboratories cnalyze 
ir, a rwo-monrh pe-icc. Eeczvse c i  this large volume, c merhod o i  analysis had to be de- 
veloces :not wcc bc-- rcsic an8 inexpensive while, at the scme time, reliable. Electro- 
p l j r i ng  wcs cnc:er, 3 5  :he neinoa o i  anclysis because i t  offered the best possibilities fcr 
meetins these resuire7,er;tr. After operating for several years with a manually adjusted 
system, a semicdicmcii: cppcrcrus was developed. This system, shown in  Figure 2, consists 
o f  c bank of 24 pict ing celis. Each ce l l  i s  indiv iducl ly controlled by a servo mechanism 
which mcintains a consicnt current and voltage during the th i r tyminute  plating time. Twenty- 
mi l l i l i te r  aliqucts are used :hc: require no previous treatment, such as digesting wi th ac id  or 
pH zdjustmen:. The his;? current densify (220 m;Iliarnps//cm2) i s  sufficient to give a con- 
sistenr recovery .of 73 = 5 ° C  on a 1 . S d/'m/spike, Comparisons o i  this method with other 
methcds indicate thct any complexes being formed in the urine which might inh ib i t  plating 
are broken up i n  the electrop1a:ing operction. The big advcntage i n  this method of ur inal-  
ysis is thc: :he cos: o f  cnclys;s i s  very low since only I2 minutes of  the analyst's time per 
analysis are required cnd nontechnicol personnel ccn be used. 

ic) 2oe:c:es . .  rcr ti;e L ' j  Arsn ic  Ener_cy Commission c y  the %ion Carbide Corp rc t i on -  

Nuclesr Zivisicn. 
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Urine Somoles . 

;-is.: u-226 Pb Sr 
Lt-7>= -- E9 PU Po-2? 0 

Feces Sornples 

u-254 Po-210 

leoctor Somoies 

PU-238 NP Cm 
Pu-229 Am 

. - L A  

c - L - -  - - - *  
r-A-: 

Process Solutions 

U-23 N U  
U-236 

Mircelloneour SornDler 

- - ?  5 -E , -  r x i f  r e o v y  Vtorer 
-E ~ - --,;re Ccnoocncs H - 3  in Gores . $ 5  :? -.-- , , c : * s  ,Z--hlb, .?a4n,  Bc: 

Hg in Zicc 

Po i n  Biood - -  . - - e  I C - :  . _-. 

One c i  the Lcjorc:ory!j ~ C S :  scccessiul analyses i s  that for mercury i n  urine and other solu- 
ticns. The merczrome?e- cnc f i l tering ecuipment we use i n  the analysis are shown in Figure 
3. Our  linii 0: errcr .v;!+. tb.i: method i s  + 9.0% at the 0.4 ppm level, with a lower l im i t  o f  
detect icn ci C.0: i:,ij l imi t  i s  lower by a factor of 100 than con be obtained by 
ctcmic cbsorpticn me+,cc:. ! n e  method of  operation for urine i s  as follows (other solutions 
whicn mcy require a iowe: sensi:ivity are handled in :he same manner except that a 100- 
mi l l i l i te r  c l i cvo t  i n s t e r k  c.' IC mil l i l i ters i s  used): 

. - .  
r:;. -. 

Tne samples are fi l tered :hrGLsi? a material which consists o f  csbestos fibers that have been 
heated to SCCO C i n  c rnuiile to destroy any combustible material and then mixed with cod- 
mium sulfide. A SIXGII ~ c d  o i  :hismatericl i s  placed in  the bottom o f  a Gooch.crucible at- 
tached tc a vacuum rncnifoid. The scmple i s  cl lowed to f i l ter  through this pad. Any mercury 
present is trcpped cs the mercuric sulfide by exchcnge with the cadmium. The pads ore 
washed with water, then clcohol, and f inc l ly  cr ied for opproximately twenty minutes. The 
pscs must be thorccc;hly dry so that no water vapor entes the instrument. Known stcndcrds 

are ?repcred at  the same time using 0.1 to 0.8 &mI solutions o f  mercuric nitrate. The 
c x c i b l e  contcining the sample i s  then placed i n  a down-droft furnace connected to c 
Generc:! Electric insiantcneous mercury vapor detector. Since the furnace i s  ncinta ined a t  
l 2 C F  F, cny me:r.-rry present readily vo lcr i l i tes  snd is detected by :$e vapor detector. An 
i n r e s r z i i q  de:*ice :s citccnec tc x e  vcpor detectcr which sives the result i n  counts per four 
rnni?ures. ( i cur  r~~li;;u:ec i s  tne cmovnt o f  time required :o compiereiy vaporize and aetect cny 
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Lrcur;. oresen:.) A ic::3:, usin; t n i s  c 3 u n i  rate or, the srcnocrds, can readiiy be made for 
use on the unkncwns. ?ne Y-12 SucIi ;y  Control Depsrrment rou:inely sends in spiked urine 
sarn?ies c :  tnese levels Srcc<e:ir.; tne rticximum permissible level (0.3 ppm) plus a blank under 
iicritioua names. These voldes are reo3:ted monthly and results over the years have been quite 
good. \'de have hcd very littie trouble with th i s  instrument and i t  also lends itself very read- 
ily to the analysis for mercury i n  plant effluents, l i t h i u m  compounds, and presently on core 
dr i l l ings for zinc mine explorctions. This  method of analysis was originally brcusht to our 
attention by an article in  tne December 1956 issue of "Industrial Hygiene Quarterly of Work- 
men", Msfiett and Doherty. 

Recently the proceciure hcs been refine0 as to the method of sample introduction and readout. 
Approximately four sarnpies car, be analyzed per hour with our present equipment. Our ex- 
perience witn erployees known to be excreting mercury does not indicate that there is any 
advantage in  c pretreatmen: oi the urine. Use of a muffie furnace rather than a bunsen burner 
gives c better control cf the temperature and, consequently, a Fore reproducible rate of mer- 
cury volatilization from scm?le tc sample. The vapor detector, also seen in Figure 3, is in -  
stclled i n  a hood. T h i s  precavtion is aiviscble since a large number of samples are run  and 
th i s  prevents contpmina tiori of the labzratory. 

POLONIUM-210 I N  UEINE 

xently the Bioanclysis Lob3rc:zri. hac' cccasion to analyze urine for polonium-210. This 
.b seemed to involve c, sim?le procecure since much has been written i n  the literature on 

this analysis. We decide6 to use c sponraneous-deposition method on nickel foil at an el- 
evated temperature. T h i s  metiod is similzr to tha t  described by Feldman and Frisch at the 
Univerri ty of Rochester. (b! SeirteS sslutions gave recoveries of approximately 98% which 
are certainly acceptcble exce-,: t hc :  we soon found out tnat samples which required both a 
polonium cnclysis and c urcq;cir. ans lys i s  by electroplating gave higher counts by electro- 
plating thcn spontanecus deposition, and when these urines were analyzed chemically for 
uranium the difference caulk ra t  be completely accounted for. Flaming of the electroplated 
discs reauced the coun:, whicb, wc: onsther indication that polonium was plating on the nickel 
disc and not uranium. T h i s  discrepancy indicated that for some reason certain urines had 
polonium complexed in  such a manner that it would not spontaneously plate, although when 
spikes were added to raw, unexposed urine, the recovery indicated that the procedure was 
workable. Table I I  shows the difference observed between spontaneous deposition and elec- 
troplating of urine from five different subjects. Nickel foil was used for plating, the S O ~ U -  

tion was stirred ct a medium speed, and. the temperature of the water bath i n  which the 
picting cells were placec wcs maintained at  90° C .  Plating continued for two hours with 
the sides of the cell flushed down cfter one hour. 

An experiment was designed to determine what effect ascorbic acid would have on these 
urines since the literature indicctec! that polonium wcs inhibited by iron when analyzing 

(b) Ancl Cherr,, p 2C24; December 1950. 
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Ccncentrotion (d/ m/24 noun) 
Raw . Digerteo 

Spntaneous Spontoneour 
Spec - e -  Cc+e Electroolewd Dewri' ion Deooririon 

L 2* 49.6 37.9 63.1 
j -7  135.g 4.4 142.0 

91 . 2  46.2 92.3 - 
4 .  v^ 5.4 E. 0 
10.4 2 . a  42.4 

A 1  2 - 1 '  C.6 9.6 29.6 

- .  
: -- 
G - L -  

G-L- 

-.. - - r  

tissue and feccl  mt::er. The procedure used in  this experiment was to take a 24-hour void- 
ins from G subjec:  k m w n  to be excreting polonic-n. Seven al iquots were taken from this 
24-hour vois'ins and the res;!;s cerermined. The results are summarized i n  Tcble 111. 

Tcoie Ill 

'*i;;ith the except icn oi fxper inents 1 and 7, c l l  aliquots were m=de to 100 mi i l i l i ters .  The 
result in Exoerimesr 1 wcs adjusted :a thct of  a volume o f  100 mi l l i l i t e rs .  The data indicate 
thct  cscorbic ac i c  c i a  net i m p i j v e  the recovery ana :hat much greater reccvery could be ob- 
tained by digesiinp :he urine jpecimen first. As a further check on whether the'polonium was 
remcinins i n  soiuticn, the remaining solut ion i n  Experiment 2, after two hours of  plat ing, 
wcs remcved, digesied, cnd the cc id i t y  adjusted to 0.5 - N in k'Cl (Experiment 8) .  As inai- 
toted, 48 counts were cctained. This number added to the 40 obtained the first time gave 
86 CY'UC:~, which is czrnpjrccle to Experiment 5. This result, t:, US, indicated that unless 
speclner,:, weye p r e c i p s t e i  i o  .pbysicci ly b re tk  up sny c m c i e x e s  existing, there wcs the 
pss ib i l i t y  si reacrt inc exaosuros too l o w  zna ihat  citi-,ough there mcy be some ion ' i n  these 
5GiLJiiot?j tnct ; E  inh ib i t ins  the p I ~ y ; i n c ,  c s c ~ r b i c  c c i d  for 3r.e is not suff icient :O complex 

.. 

I .  
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! I  i z n .  I; s;zbtc be ps!r,:ec czt thc: n3: cll urines we analyzed showed tn is  discrepcncy 
Deywee? :i?es:ec an2 noncigested u r i n e ,  which m i g h t  indicate thar this phenomenon i s  a 
prosJct of tne inbivicgcl's die:. Unizrtunctely, or fortunately aepencing on which  way you 
I c ~ k  c: i t ,  we c i e  not ncve b ~ t  e few people excreting measurable amounts of polonium and 
rAe.ze for only c few weeks. Thus,  we were prevented irom getting as much dotc as we would 
hgve IiLed. When looking a: tne results indiccted i n  Table 111, it wouldseem that a prefer- 
oble way to analyze for polonium would be by electroplating and thereby eliminate the time 
involved in  digesting tne urine, In  plonts where the only exposure potential is polonium this 
wsuld  probcbly be true, bu: where there i s  alsc uranium present, the uncertainty of whether 
i f  is p?/oniurr or urcniurn removes this method as c possibility. 

. I  

In conclusion, I would like to point out that the analytical methods here are not unique but 
do offer the advantage of economy. The cost of performing thernercury and uranium analyses 
i n  urine is lower by a factor of cpproximetely 20 from that of such other methods as solvent 
extracticn or ion exchange, whiie at  the  sarnc time accurc-y has not been sacrificed. In 
addition, only a srncll aliquo: of urine is needed for these analyses which allows specimens 
to be taken'on the iqbrathe: than subjecting the employee to the inconvenience of o 24-hour 
collection. Fincliy, i t  ccpeors thc; metcbolized polonium m a y  behave differently than or- 
oinary polonium which is c&ie i  c-r c spike anc, therefore, gives o false indication of recovery 
efficiency. 
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X ?&Cis OF THE PROPOSED L W G  YODEL 

? s u l  E. Morrow 

Departments of R a d i a t i o n  Biology and B i o p h y s i c s ,  
and Pharmacology 

U n i v e r s i t y  of Roches te r ,  R o c h e s t e r ,  N e w  York 

The l u n s  model c u r r e n t l y  used by t h e  I n t e r n a t i o n a l  C o m i s s i o n  on 
R a d i o l o g i c a l  P r c t e c t i c n l  and o t h e r  groups t o  estimate r a d i a t i o n  dose  from 
i n h a l e d  r a ? i o i s c t o p e s  i s  vel1 known f o r  i t s  s i m p l i c i t y  and g e n e r a l  u t i l i t y .  
I: has s e r v e d  a ver:? i n p o r t z n t  need of t h e  h e a l t h  p h y s i c i s t .  

I n  r e l a t i o n s h i ;  t c  t h e  i n f o m a t i o n  a v a i l a b l e  on d u s t  d e p o s i t i o n  and 
, 

c l e a r a n c e ,  air sat.pl5r.g t e c h n i q u e s  and i n s t r u m e n t a t i o n ,  and on r a d i o a c t i v e  
hazard  eva lua tLon genera11:.r, i t  becane a p p a r e n t  t h a t  t h i s  s i m p l e  model d i d  
n o t  u t i l i z e  t h i s  kr!c:;121;e t a  any i x p o r t a n t  d e g r e e .  
an  i n c r e a s e d  u t i l l z z : i c z ,  a ne{< model of g r e a t e r  f l e v i b i l i t y  and complexi ty  
was i n d i c a t e d .  S i x e  I c s z  s m p l i n g  i s  so fundairiental t o  h e a l t h  p h y s i c s  and 
t o  envi ronmenta i  assE:: I?. ? a r t i c u i a r ,  i t  seemed a p p r o p r i a t e  t o  b u i l d  a model 
around t h i s  b a s i c  ? r o c e ~ * ~ r o .  Cf c o u r s e ,  t h i s  would have i t s  main e f f e c t  on 
c o n s i d e r a t i o c r  cf I ~ ; : s : z : c s .  

. 
I n  o r d e r  t o  b r i n g  a b o u t  

C l e a r a n c e ,  02 t h e  o r 5 2 r  hand, had t o  b e  d e s c r i b e d  i n  t e n s  of t h e  
d i f f e r e n t  r e g i o c s  cf t3e  i e s ? i r a t o r : f  t r a c t  and t h e  major  r e d i s t r i b u t i o n  pathways 
an2 mec'nanisrs I n  o r i e r  CC. S r i n g  t h i s  p o r t i o n  of t h e  a o d e l  up t o  t h e  same level 
c f  s o p h i s t i c a c l c r , .  T2e z 5 i ; z i t y  of t ' s o l u b l e "  and " i n s o l u b l e "  d u s t s  had t o  b e  
e l i n i n a t e i  5 u t  t h e  b a s i c  c o n c e p t  t n a t  t h e  p h y s i c a l - c h e m i c a l  p r o p e r t i e s  o f  t h e  
d u s t  a re  i x p o r t a c t  L2 c l e z r a n c e  needed e q a o s i o n  s o  as  t o  emphasize t h e  h p o r -  
t a n c e  of t h i s  f z c t t r  ir. reco,ntLon. F i n a l l y ,  i t  was r e c o g n i z e d  t h a t  some 
cognizance  o f  t h e  v e r l a s  l o ,  naturo,  of r e s p i r a t o r y  performance u n d e r  d i f f e r e n t  
work l o a d s  was n e e d e l .  With t h e s e  g e n e r a l  ideas i n  mind, Committee 2 of t h e  
IC- c r e a t e d  a Task Gronp t o  u n d e r t a k e  t h e  c r e a t i o n  of a new lung model and 
t h e  f o l l c w i n g  d i s c u s s i o r ;  t ~ L 1 1  b r i e f l y  d e s c r i b e  t h e  e s s e n c e  of t h e  Task Group 
r e p o r t * .  

. .  

D e D  os i t  i on Mcd e 1 

The e x p e r i m e n t a l  2 a t s  and t h e  t h e o r e t i c a l  t r e a t r e n t s  of d u s t  d e p o s i t i o n  
were c r i t i c a l i y  reviewed.  
as be ing  t h e  most c a r e f u l l y  c o n t r o l l e d  and least  e q u i v o c a l  w i t h  r e s p e c t  t o  
a e p o s i t l o n  neasurernents -.a a s s e s s n e n t  of t h e  a e r o s o l  u t i l i z e d .  From t h e  
t h e c r e z t c a l  work,  Finc ie i sez ' s  r e s p i r a t o r y  model3 Gas s e l e c t e d  mainly b e c a u s e  

-is r i z ? l i c i t : ~ ,  b u t  t k e  ne thod  of calculating d i f f u s i o n  d e p o s i t i c n  was 
TD r, : f i ed '- ar,a z r c s p i r a ~ o r ; :  patZen-. based  on s e v e r a l  pneunotachopraphic  
s t u e i e s  i n  rrsn v a s  ~ s e c ; ,  

F r o n  t h i s ,  a group of e x p e r i n e n t a l  , s t u d i e s  emerged 

:* 
.. 

I O b 8 3 8 0  DOE/HQ 



m .  - . -  -nese twz b o d i e s  c: > i A r o r r E = i c a t e r e  f o u n t  t o  b e  si7rLlar i n  t h e i r  s i z e -  
c e p o s i t i c r .  re lz : ionshi?s ,  
~ i o a s  i n  t h e  1i:erEzure Lr! e112 i r ~ c r t a n t  r e s p e c t ,  namely, t h e y  i n d i c a t e d  a 
r e l E i i v e l y  grez. ter  r o l e  of t h e  r,asz.l passzges  a s  a d e p o s i t i o n  s i t e  and 2 less 
i?pcr;ant r o l e  f o r  t h e  tracneoDronchLti1 t r e e .  The o v e r a l l  p r e d i c t i o n  of 
r e s p i r a t o r y  t r a c t  depos lz ior :  was n o t  g r e a t l y  d i f f e r e n t ,  nowever. 

The:: tendEi  t o  d i f f e r  somevhat fro;;. s e v e r e l  d e s c r i p -  
C '  

. .  

The s e l e c t e z  d a t e  on n a s z l  d e p o s i t i o n  a r e  sumnarized i n  t h e  f i r s t  f i g u r e  
( F i g u r e  1) i n  k-kich t h e  e s p e r i n e n t a l  r e s u l t s  of Landahi and co-workers6 are 7 

p o r t r z y e d  i n  r e l a t i o r .  t o  ET. err?Frica? d e p o s i t i o n  c u r v e  obta ined  by P a t t l e .  
u s i n g  monadisperse  a e r o s o l s ,  I n  :ne f i g u r e ,  N i s  t h e  f r a c t i o n a l  d e p o s i t i o n  
of p a r t i c l e s  w i t h  an aerc?c?nz:.ic l i a n e t e r  D,, and F i s  t h e  a i r  flow r a t e  
(l!min,) .  The d i f f e r e r i t  s>~3sls d e n o t e  s z u d i e s  w i t h  d i f f e r e n t  s u b s t a n c e s  
some of  which were hyZroscsTic (de r2  t r i a n g l e s )  and some n o t  ( i n v e r t e d  open 

used fcr e l l  C E i c z l Z t i o c s  of m s z l  c e ? o s i t i o n  i n  t h e  subsequent  d e s c r i p t i o n s .  
*c ~ ~ i a n g l e s ) ,  The agreement s e e z s  t o  b e  g e n e r a l l y  good. The P a t t l e  c u r v e  was 

The t h e o r e t i c e l  d e p o s i t l o ?  czrve  f o r  t h e  lower r e s F i r a t o r y  t r a c t  was 
based  upon a modi f ica t ior i  o f  r i n d e i s e n ' s  model as a l r e a d y  n o t e d .  
of n a s a l  b r e a t h i n s  a t  a ? i j C  7.1 t i l e :  volume and a r e s p i r a t o r y  f requency  of 
15 r e s T i r a z i o n s  per  m i n u t e ,  ti-,€ c v r v e s  d e p i c t e d  i n  F i g u r e  2 were o b t a i n e d .  

On t h e  basis 

Selected e s p e r h e n t a l  da=r  are  c o q z r e d  t o  t h e o r e t i c a l  c u r v e s  i n  
P i g u r e  3 :  t h e s e  c u r v e s  a r e  f?r cx;;rl b r e z t h i n g  (upper )  and n a s a l  b r e a t h i n g  

gharyngea l  (X-P) d e p o s l t l c r !  b y  brea:hing through a t u b e .  T h e i r  d e p o s i t i o n  
d a t a  c o r r e c t e d  f o r  t h e  hygroscDFlc growth of t h e i r  a e r o s o l  i s  d e p i c t e d  by t h e  
d o t t e d  l i n e  i n  t h e  up?er f l g ~ r e .  A n e  lower c u r v e  shows Hatch ' s  estimate of t h e  
d e p o s i t i o n  d a t a  of Erobm a n c  co-workers9 u s i n g  n a s a l  b r e a t h i n g .  I n  b o t h  c u r v e s  
t h e  s o l i d  l i n e  i s  d e r i v e e  f r s r  f l n d e i s e n '  s model. 

lower) ,  r e s p e c t i v e l y .  \ < i l s c ~ ,  and L 2 i e r s  e f f e c t i v e l y  e l i m i n a t e d  n a s e l -  

m. 

T h e r e  i s  s m e  cuestlc:. 2 . t ~ ~ :  t h e  a c t u a l  d e p o s i t i o n  compartment i n  t h e  
case of Bro rn ' s  s t u d y  as i: i s  based p r i m a r i l y  on t h e  C02 l e v e l s  of t h e  
r e s p i r e ?  a i r .  I n  the '  case of  =:?e X i i s o n  and LaMer d a t a ,  t h e r e  i s  a l s o  a 
c o n p l i c a t l o n  due t o  :he hygroscoc lc  n a t u r e  of t h e  a e r o s o l ;  h e r e  t h e  q u e s t i o n  
o f  tne p r e c i s e  r e i a t i v e  h u z l d l t y  i t  p r o f o u n d l y  impor tan t .  N e v e r t h e l e s s ,  b o t h  
sets  of d a t a  seem t o  f i t  t h e  t h e o r e t i c a l  v a l u e s  r e a s o n a b l y  w e l l .  No experi- 
mental  d a t a  were a v a i l a b l e  on particles of submicroscopic  s i z e  n o r  on t r a c h e o -  
b r o n c h i a l  d e p o s i t i o n  a l o n e  S O  i t  was n e c e s s a r y  to r e l y  on t h e o r y  i n  t h e s e  I 

cases. Also  v a r i a t i o n s  i n  a e p o s i t i o r .  induced by changes i n  t i d a l  vo lune  were 
estimated on t h e o r e t i c a l  grounds.  

I n  o r d e r  t o  i n c o r p o r a t e  d u s t  s a q l i n g  i n f o r m a t i o n  i n t o  t h e  model, i t  
W E S  c lea r  t h a t  some way had t o  be found whereby d u s t  d i s t r i b u t i o n s  c o u l d  be 
d e s c r i b e d  and u t i l i z e d  c o n v e n i e n t l y .  Assuming most d i s t r i b u t i o n s  c a n  be 
s u c c e s s f u l l y  d e s c r i b e d  as log normal ,  several approaches  were developed.  
For example,  u s i n g  t h e  b a s i c  d e p o s i t i o n  c u r v e  alfieady a l l u d e d  t o ,  e.g., 
f igure  2 ,  and working w i t h  v a r i o u s  d i s t r i b u t i o n s ,  i .e.,  d i f f e r e n t  c o u n t  median 
aerodynayic  dianeters and d i f f e r e n t  d e g r e e s  of h e t e r o g e n e i t y  expressed  by 

e m e t r i c  s t a n d a r d  d e v i a t i o n s  ( z c )  fror?. 1.0 t o  5.0, d e p o s i t i o n  c u r v e s  f o r  
sack  d i s t r i b u t i o n  were c a l c u l ~ t e c .  See F i g u r e  L .  

-.  

c 
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F i g u r e  1: Ths eT.?ir ical  da ta  of P a t t l e  a r e  r e p r e s e n t e d  by t h e  s t r a i g h t  l ine.  
The s ~ r k o l s  have t h e  f o l l o w i n g  meaning: i methylene b l u e  - 17 l / m i n ;  
o g l y c e r o l  - 17 . l /min;  
- 1 7  linin; v c o r n  o i l  - 29 l / m i n ;  bismuth s u b c a r b o n a t e  0 - 60 l / m i n ;  
t r ica lc iun  phosphate  - 1 7  l / m b . .  

b i smuth  subcarbonate  - 1 7  l/min; t y r o s i n e  

C l t i ; n a t e l y  i t  was found t h a t  t h e  median aerod-pamic  d i a m e t e r  of t h e  
a c t i v i t y  o r  inass d i s t r i h t l o n  c o u l d ,  w i r h i n  p r a c t i c a l  l i n i t s ,  d e s c r i b e  t h e  
a c t i v i t y  o r  m a s s  d e ? c s i t i o n  p o t e n t i a l  o f  t h e  e n t i r e  d u s i  d i s t r i b u t i o n .  
S t a t e d  a n o t h e r  v a y ,  i t  was found t h a t  one p a r a m e t e r ,  t h e  o r  *AD, g i v e s  
ar. airequate indica:lcr! cf t h e  o v e r a i l  d e p o z i t l o n  cf  t h e  e n t l r e  dust cloud. In  
v z r l o u s  r e o , l c n s  of t h e  r e s p i r a t o r y  t r i ic t ,  irrespective of t h e  h e t e r o g e n e i t y  of 
t h e  d i s t r l k u c i . o n .  See F i g u r e  5. 
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EER3DYNAMIC DIAMETER 
F i g u r e  2 :  These c u r v e s  were c o z p t e d  by a method s i m i l a r  t o  t h a t  used by 

FinZeiser , .  
' seconc' ? ~ i s ~ ,  - , I -  secon l  i z s p i r a t o r y  phase  and a 2.06 second 

e q ~ i r a t c r y  ~ h z s e .  
f o r  a n  a d d i c l o n z ;  56 cr.3 r e p r e s e n t i n g  t h e  f i rs t  p a r t  of t h e  
r e b r e a t h e d  a i r  Khich is c o n s i d e r e d  f r e e  of d u s t  p a r t i c l e s .  

.& i seconC r e s p i r a t o r y  c y c l e  was assame2 K i t h  a 0.2 - -  
Tk,e t r s c h e o b r o n c h i a l  estimates were c o r r e c t e d  

I t  was deterrr.ined 3:. ~ 5 e c r e t i c e i  grounds t h a t  doubl ing  o r  t r i p l i n g  t h e  . . .  t i d a l  vo lune ,  so  as to acx: -c  CT t r i p l e  minute  v e n t i l a t i o n ,  d i d  n o t  produce a n  
i n p o r t a n t  s h i f t  i n  t h e  C E S S  d e ? o s i c i o n  p a t t e r n  ( p e r c e n t a g e  d e p o s i t i o n  i n  each 
compartment) .  R a t h e r ,  i t  a=\?eEred t h a t  such a change i n  r e s p i r a t o r y  performance 
mainly o l t e r s  t h e  aK0ur.t of I a s : y  a i r  b r e a t h e d  and p r o v i d e s  a d i r e c t  p r o p o r t i o n - .  
a l i t y  between n i n u c e  ven:?lation ana t h e  a b s o l u t e  mass d e p o s i t i o n .  

F i n a l l y ,  a convenient  and s i m p l i f i e d  g r a p h i c  d e s c r i p t i o n  of t h e  d e p o s i t i o n  
r e l a t i o n s h i p s  f o r  t h e  two r e s p l r z t o r y  r e g i o n s  was c r e a t e d .  
While f o r  t h e  t h i r d ,  t h e  1-5 r e g i o n ,  a c o n s t a n t  d e p o s i t i o n  v a l u e  of 6 p e r c e n t  
was a s s i g n e d .  

( F i g u r e s  6 and 7 ) .  , 

Kote t h e  cons tancy  of  T-E d e p o s i t i o n  i n  F i g u r e  5 .  

C l e a r a n c e  Model 

A review of t h e  l i t e r a t u r e  r e v e a l e d  ( a )  very  l i t t l e  a t t e n t i o n  had been 
g iven  t o  t h e  s t u d y  of c l e a r a n c e  i n  t h e  n a s a l  p a s s a g e s ,  ( b )  i n f o r m a t i o n  
r e g a r d i n g  t racheoSronchia1  c l e a r a n c e  tended  t o  produce two widely  d i f f e r e n t  
views of c i l i a r y  t r a n s p o r t  k i n e t i c s  and ( c )  l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  
snd few l u c i d  q u a l i t z t i v e  d e s c r i p t i o n s  were, a v a i l a b l e  on phagocytos is  and 

j m p h a t i c  d r a i n a g e ,  t h e  dorninant c l e a r a n c e  p r o c e s s e s  s e r v i n g  t h e  pulmonary 
r e g i o n .  The Task Group conciuded however t h a t  a group of v a l u e s  ( i n c l u d i n g  
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AERODYNAMIC DIAMETER 
F i g u r e  3 :  T h e  apper  cur-J.es a r e  for mouth b r e a t h i n g .  

t h e o r e t i c a l ;  t h e  dashed i i n e  g i v e s  t h e  d a t a  of Wilson  and LaEer;  
ana t h e  d o t t e ?  l i n e  i n d i c a t e s  t h e  change i n  t h e  Wllscn  and LaMer 
d a t a  a t  99.5 p e r c e n t  r e l a t i v e  humidi ty .  
n a s a l  b r e a t h i n g .  
c u r v e  is based on H a t c h ' s  e s t i m a t e  of t h e  Brown e t  a1 d e p o s i t i o n  
d a t a .  

The s o l i d  l i n e  i s  

The lower curves a t e  f o r  
The s o l i d  l i n e  i s  t h e o r e t i c a l  and t h e  dashed 

-- ..~n:: educa ted  guesses) c o u l d  b e  con-,i ied wnlch ap?eared t o  3e c o n s i s t e n t  wicS 
t h e  Ses: a v a i l a b l e  d s z ~ .  
s c t r c e s ,  s z c h  as t 3 e  e n t c c y t 3 t i c  s t z d i e s  i n  :he amoe32; s t x d l e s  or' f l z g e l i a r c s  

3 2  I n f o m t i o n  employed c2rne frcrn wide iy  diverse 
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F i g m e  4 :  The mass de?os l r lon  ? r e l i c t i o n s  f o r  var ious  ae roso l  d i s t r i b u t i o n s  
s r e  dep ic t e6 .  Foz exa-tle,  a t  ti count median aerodparrdc d i a n e t e r  
of 0.5 b ,  t he  m s s  depos i t i on  i n  t h e  pulmonary reg ion  f o r  d i s t r i -  
bu t ions  hsving geoner r ic  s t a n d a r l  dev ia t ions  ( sg )  of 1.2, 1.5, 2.0, 
3.0, 4.0 and 5.0 i s  p r e d L t e 2  t o  be  25, 32, 68, 16 End 3 pe rcen t ,  
r e s p e c t i v e l y  . 

an2 the  c i l i a  of mollusks;  measurements of mucous f l o c  i n  t r a c h e a l  prepara-  
t i o n s ,  u s u a l l y  i n  roden t s ;  measurenents of dus t  c l ea rance  from the  r e s p i r a t o r y  
t r a c t  of mar,; i n  v i t r o  s t u d i e s  of phagocytosis ,  u sua l ly  employing p e r i t o n e a l  
macrophages, g a s t r o i n t e s t i n a l  absorp t ion  and r e t i c u l o e n d o t h e l i a l  blockade 
s t u d i e s  i n  mannals; measurements of lymphatic flow i n  experimental  animals;  . -  
t r a n s p o r t  of monomeric and polymeric metals a c r o s s  membranes; c e l l  turnover  
s t u d i e s ,  e t c .  By u t i l i z i n g  these  k inds  of in format ion ,  some aspec t s  of a l l  
t h e  known c l ea rance  mechanisms and pathways se rv ing  t h e  r e s p i r a t o r y  t r a c t  
were brought  t cge the r  i n t o  a working model schemat ica l ly  presented as 
Tigure  6. 

r e l e v a n t  d a t ~  wticS. have beer: obczined r a t h e r  directly , This Pas e s p e c i a l l y  
It seemed inescus2ble  t o  use any model t o  t h e  exc lus ion  of t he  a v a i l a b l e  
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Figure  5 :  ?lass a e 3 c s i t i o n  p r e d i c t i o n s  a re  given f o r  var ious  d i s t r i b u t i o n s  

re?resented  s o i e i y  by  t h e i r  mass nedian aerodyIlamic diameters .  
RT, S - ? ,  P and T - 5 ,  s i g n i f y  t h e  t o t a l  r e s p i r a t o r y  t r a c t ,  
nasophar;ngeal ,  Tulzonary and t r zcheobrcnch ia l  r eg ions ,  r e s p e c t i v e l y .  
r o r  each reg ion  t h e  e f f e c t s  of modifying t h e  t i d a l  voluine from 
709 :o  LC.0 n i  a r e  i n d i c a t e d .  

- 
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PERCENT DEPOSITION-MASS 

t r u e  i n  t h e  Case of c l ea rance  d a t a  s o  t he  proposerf c l ea rance  model u t i l i z e s  
two types  of c l ea rance  i n f o r n a t i o n ,  v i z . ,  es t imated va lues  which a r e  l a r g e l y  
based ion ana log ie s  a r e  used f o r  "untested" subs tances ,  and measured va lues  

iken frorn var ious  ex7erimental  and biomedical sources, inc luding  a c c i d e c t a l  
.man exposures .a re  use l  ukerever  a p p l i c a b l e ,  The l a t t e r  have p r i o r i t y  cver  
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PERCENT DEFOSITION-MASS 

Z ’ i ~ x e  7:  The average pulsona-7 dcoos i t ion  r e -  
let ionshir,  i q l i c i t  ia Flglxe 5 i a s  
beoo r e? lo t t ed  on a iog-grobacilit;r 
greFn i n  order t o  obta ia  a con-redect 
I lner- fo-m. 

Che f o r n e r  i n  eve? in s t ance .  
advocated f o r  desc r ib ing  and r epor t ing  c l ea rance  i n f o r m t i o n .  Genera l iy ,  one 
C T  ?.ore f a s t  phases were regarded a s  b e h g  donixant ly  bu: n o t  exc lus ive ly  
a s s o c i a t e d  wi th  t h e  c l ea rance  cf t5e c l l i a t e d  a reas  35 the  r e s p i r a t o r y  tract 
(Y-? 2nd T - 3 )  and u s u ~ l l y  on2 slow phase is assoc ia red  o l t h  t he  ?uliaonary 
cmparrzen:,  bu t  t h i s  ex?onent iz i  vas  regarded z-c the  ne t  e q r e s s i o n  o f  s e v e r a l  
c i e a r a r c e  r?.echaaisas havizg e s s e c z l a l i p  the  sane k ine tLcs .  

I n  both c z s e s ,  a s e r i e s  of exponent ia l s  was 

See Table 1. 
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F l 5 r e  5: T't D zstcticzs sigzdQ- the aerosol 
iasT:Lrei (L), expired ( 2 ) ,  eeposited 

P ( 5 ) ,  respectively. m e  l e t t e r s  E, 

c -5 e deaote a h o r p t l o n  from Ef- 
' f e r e s t  respirato-ry c o q a r h e s t s  i c t o  
t k e  systezic circulation. The l e t t e r s  
k, 2, f ear3 g are c i l i a z z  mucous 
tras?o--'Y pathways, with  f an2 g 
s p e c i e  ceses In which phagocytosis 
precebes the c i l i a r y  process. !%e 
ir.E?u esd'e,'flux of materiel fron: 
the Lung pe--exhyme t o  the lyzpf: nodes 
is 6eno%e? by h end F, respectivelg. 
k i q o r t e a t  redis t r ibut ion process 
i n t i r e c t l y  essociated with respiratory 
t r a c t  = l e e r a c e ,  i . e . ,  g e s t r a h t e s t i -  
n& t k o ~ t ~ o x ,  is termed "j". 

- -  L- C O q C % E 2 t S  E-P (3 ) ,  T-E (4) and  
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- , ab ie  I. 'Canstants For  Use With Clearance ?lodel* 

Class (3) Class ( W l  Class ('I) 

Y-? ( a )  L, minl0.50 4 min/O.lO 1( minlO.01 
(b) 4 minl0.50 4 minl0.90 4 minl0.99 

.n - -a  ( c )  10 min10.50 10 min/O.lO 10 min/O.Ol 
( d )  10 min10.50 10 minl0.90 10 minl0.99 

3 ( 2 )  30 ninl0.80 90 days/O.U 360 days/0.05 
( f )  n . a .  24 hr/O .40 24 hr1Q .40 
( ? ?  n.a.  90 daysl0.40 360 daysl0.40 
(h)  30 minl0.20 90 dayslO.05 360 days/O.lS 

i.:.%h (1) 30 mini1.00 90 daysl1.00 360 daysl0.10 

* The f i r s t  value i n  each pair i s  the b io logica l  h a l f - t i &  
of tne par:icular compartrPenta1 process; the second value 
i s  tk,e f r a c c i o n  of the material w i t h i n  t h e  comparraent , 

vhlc:? fclloc-s the h a l f - t i =  value, 

The l a s t  s t e p  Lr, c r e z i i n g  t h e  c l ea rance  model r equ i r ed  t h e  compi la t ion  of 
' cmmon conpounl f o x 2  of t n e  Important r ad ionuc l ides .  ,These m a t e r i a l s  were 

i n  turn c l a s s i f i e 6  a c c c r t i n z  t o  t h e i r  p red ic t ed  r e t e n t i o n  i n  tne pulmonary 
reg ion .  R22lizLng t h a t  lung c l ea rance  ha l f - t imes  vary from hours  t o  y e a r s ,  
i t  was felt t h a t  the o l d s r  c lea rance  formac was unable t o  deal wi th  t h e  most 
r e p i d  and slovest c lea raxce  s i t u a t i o n s ,  e s p e c i a l l y  the  l a t t e r  (except  f o r  
p l u t o n l m  a ~ c  t h o r l c z  which  were t r e a t e d  as s p e c i a l  c a s e s ) .  Th i s  l ed  t o  
t h e  decis ior :  t o  cre3c:E t h r e e  c l ea rance  c l a s s i f i c a t i o n s  wi th  one c l a s s i f i c a t i o n  
(Y) f o r  m a t e r i a l s  c <  prclonged r e t e n t i o n  represented  by a 360 day ha l f - t ime .  
The r a p i d  ( D )  2nd i n t e r m e t i a t e  ( W )  c l ea rance  c l a s s i f i c a t i o n s  are similar t o  
those proposed by t h e  o l d e r  model (Table  I) except  f o r  t h e  much s h o r t e r  h a l f -  
times ass igned  t h e  K-? and T-B reg ions .  

Perhaps the  b e s t  way t o  i n d i c a t e  t h e  use  of t h e  rnodels i s  t o  work thrcugh a 
h y p o t h e t i c a l  ce se .  imzsine a r a n  under comparat ively n o m 1  working c o n d i t i o n s  
being a c u t e l y  exposed t o  an a e r o s o l  of enriched uranium d iox ide  (95 p e r c e n t  
C235), v i t h  a concen t r a t ion  of 
pe rmis s ib l e  concen t r a t ion  i n  a i r  f o r  a 40 hour week has .been  exceeded t e n  f o l d l .  
The A W  was found t o  be 5.6 microns wi th  a geometric s tandard  d e v i a t i o n  of 
2 . 2 .  According t o  t h e  depos i t i on  model, SO p e r c e c t  of  t h e  U235 i s  expected 
EO d e p o s i t  withir .  3-? reg ion ,  8 percen t  i n , t h e  T-ii a r e a  and approximately 
10 percent  i n  the  pulmonary r eg ion .  Refer  t o  F igures  6 and 7. 

microcur ies  per  l i t e r ,  meaning t h e  maximum 

- 
:';on t he  c l e a r m c e  2cir . t  of view we u t i l i z e  the  c l a s s  Y c a n s t a n t s  i n  

:=a512 I excez t  char: 12s i a y s  i s  ased f o r  t h e  c l e a r a c c e  ha l f - t ime  of t h e  P 
r ez to r . .  A k i s  value  is based upoa a c t u a l  measu rexEt s  i n  Dan and Zxper-knentai 
aR izz l s  xhic:? 2 r ~  s u m a r i z e d  i;: Appendix 1 of :he Task Group 2eportZ.  

-c 

Turning 

l U b 8 3 9 0  71 

DOEJHQ 



iT =ttez:ion t~ 13 p e r c e n t  of t h e  V235 a c t i v i t y  b r e a t h e d  now d e p o s i t e d  i n  t h e  
rung p a r e n c h > n z ,  w e  es’:--’ ,L.IGLe LO p e r c e n r  of t h i s  will b e  removed w-ith 2 h a l f -  
t ine of 24  hours t o  t h e  g a s c r c i n t e s t i n a l  t r a c t  an6 t h e  b z l a n c e  w i l l  b e  cleared 
w i t h  t h e  120 day h a l f - t h e ,  i .e. ,  5 p e r c e n t  of t h a t  b r e a t h e d .  With t h i s  
p a r t i c u l a r  example, t h e  c l e a r a n c e  half-tirno- i s  i d e n t i c a l  t o  t h a t  used i n  t h e  
o l d e r  model,  b u t  we can judge from t h e  d i f f e r e n c e  i n  t h e  d e p o s i t i o n  t h a t  t h e  
1OX N?C exposure  i s  only  about  t h a l f  t o  2 t h i r d  as e f f e c t i v e  i n  producing  
t n e  long- te rn ;  lung burden 2s tne o l d e r  mode? woulZ p r e d i c t .  

It would be e a s y  t o  c r e e t e  e x a n p l e s  w i t h  enormously d i f f e r e n t  circum- 
s t e n c e s  i n  which t h e  newer approach would g i v e  a much h i g h e r  e s t i m a t e d  hazard  
conpared t o  t h a t  g i v e n  by t h e  o l d e r  model. 
t h a t  t h e  newer model does n o t  i n s o  f a c t o  i n c r e a s e  or d e c r e a s e  t h e  p e r m i s s i b l e  
exposure  levels .  
u s u a l l y  a v z i l a b l e  t o  t h e  h e a l t h  p h y s i c i s t  so t h a t  h e  c a n  work w i t h  some of 
t h e  r e a l i t i e s  of  t h e  s i t u a t i o r .  and n o t  b e  compelled t o  d e a l  w i t h  a comple te ly  
a r b i t r a r y  scheme. Both D r .  Snyder and D r .  Mercer w i l l  c o n s i d e r  o t h e r  a s p e c t s  
of t h e s e  models i n  t h e  m a t c e r s  of dos imet ry  and implementzt ion of sampling.  

The = i n  p o i n t  to b e  made i s  

It a t t e q t s  t o  r e k e  use  of t h e  i n f o r m a t i o n  and o p p o r t u n i t i e s  

The f i n a l  p o i n t  which has  beer. l e f t  u n t i l  l a s t  on purpose  i s  c e r t a i n l y  
most d i f f i c u l t  t o  d i s c u s s  a t  t h i s  t i n e  and c e r t a i n l y  most f l u i d  i n  t h e  view 
of t h e  Task Group and Cornslittee 2 ;  t h i s  concerns  t h e  q u e s t i o c s  of lymphat ic  
d r a i n a g e  and t h e  g e n e r z l  k i n e c i c s  a s s o c i a t e d  w i t h  material moving i n t o  and 
o u t  of t h e  l y r p h a t i c  t i s s u e .  
? s p e c i a l l y  t h e  lyr-ph nodes s e r v i n g  t 5 e  lungs  can on o c c a s i o n  b e  t h e  c r i t i ca l  

p o s s i b i l i t i e s  t h a t  t h e  lymph node dose  can b e  so  s i g n i f i c a n t  as t o  overshadow. 
t h e  lung  d o s e  i n  t h e  s e t t i n g  of s t a n d a r d s .  Our c o n c e r n  should n o t  s u g g e s t  w e  
are  a t t e n p t i n g  t o  squirn: o u t  o i  2 d i f f i c u l t  s i t u a t i o n  because it l o o k s  s o  bad 
f o r  t h e  lymph nodes - b u t  we do  want t o  b e  more c e r t a i n  about  t h e  d u s t  b u i l d u p  
i n  and c l e a r a n c e  from t h e  l p ? h  nodes s e r v i n g  lungs  and l e a r n  more about  t h e  
n a t u r e  of t h e  lymphat ic  s y s r e c  i t s e l f .  Also of s p e c i a l  importance a re  views 
on l p p h a t i c  t i s s u e  t u r n o v e r  ( p r e s e n c l y  a h i g h l y  c o n t r o v e r s i a l  f i e l d ) ,  t h e  
r a d i o s e n s i t i v i t y  of lymphat ic  t i s s u e  and t h e  r i s k  t o  t h e  i n d i v i d u a l  from 
suppressed  lymphat ic  f u n c t i o n .  I w i l l  conc lude  by s a y i n g  t h a t  a g r e a t  d e 2 1  
of thought  i s  be ing  g iven  t o  t h e s e  t o p i c s  a t  t h i s  t i m e ,  perhaps  some commentary 
from Drs. Morgan and Snyder w i i l  b e  for thcoming a t  t h i s  meet ing  since t h e y  
have j u s t  r e t u r n e d  f r m  a s e s s i o n  on t h i s  t o p i c .  IC any e v e n t ,  I w i l l  n o t  
attempt t o  d i s c u s s  t h i s  i n t e r e s t i n g  q u e s t i o n  f u r t h e r  a t  t h i s  time because  of 
i t s  complexi ty  and u n s e t t l e d  n a t u r e .  

T h e r e  i s  ev idence  t h a t  lymphat ic  sys tem and 

r g a n .  I n  f a c t ,  accorZLng t o  t h e  model t h 2 t  we are d i s c u s s i n g ,  t h e r e  are 
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THE USE OF THE LUNG MDDEL FOR ESTIMATION OF DOSE* 

W. 5. Snyder 
tiecltt: Physics Division 

Gal: Ridge National Laboratory 
Oak Ridge, Tenn- Osee 

A bs t r  a t t 

Usins :he lung  model develooei by the ICRP Task Group on Lung Dynamics, one 
easily obtzins estimates of the pCi-days of residence of inholed radioactive 
aerosols i n  t h e e  regions cr csmpartments of the respiratory tract, namely, the 
nasopharynx (N-P), the t:orhe;l and bnnchial tree (T-B), and the pulmonary 
compartment ( P ) .  
tion in the lymph of the res3ircts:y system ( L ) .  Formulas for the pCi-days of 
residence in each compartment cre developed in terms of the parameters used 
in the report to define the model cnd to characterize the aerosol. 
problems involved are discussed and formulas developed for expressing the dose 
to each of the compartmen:s czd t t  t h e  lung as a whole. Adjustment factors are 
given to take account o i  the ccrivity median aerodynamic diameter of the aerosol. 
For alpha emitters and betc rays of short rang?, say, less than 20 p, the dose to 
the N-? cnd T-B regions is co9o:ted by considering the radioactive matericl OS 

a surfoce deposit. 
is absorbed outside the re;:Dr, oi CepDsition, and the dose estimate is an average 
for the I u n s  as a whDle. 
the resDiratory sysren: biii czq;=;r c significant fraction of the total lung burden 
according to the prese-. ius; mose! .  T h u s  the model does predict high concen- 
trations cnd dases in lympha'ic tissue as has b e e n  observed experimentally and 
as a result of hurnon expxvres. 

The repxt also provides an estimate of deposition and reten- 

The dosimetric 

For pbtor,: cnc beta rays of greater range, much of the energy 

F o i I D v . i n i  yecx of continuous exposure, the lymph of 

The lung model used by ICRP to estimate values of (MPC), ( I t 2 )  was revised recently by 
'a  task grou created to advise 1CRP Committee 2 concerning lung dynamics. 

of particulate matter from the respiratory tract than did the previous model. 
not discuss the actual computation of dose to the various compartments of the lung or to the 
lung as a whole. 
of the lung is discussed here, and methods of obtaining the dose estimates are presented. 

The report of the 

However, it does 
task group( 5 ) specifies a more realistic and quantitctive scheme for the deposition and clearance 

Additional information needed for the estimation of dose to various portions 

* 
Research spnsored by the U. S. Atomic Energy Commission under contract w i t h  Union 

Carbide Corporation. 
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a 

The ncdel  respirztory tract, cs desc;ibea by the :ask group, consists of three cornpart- 
rnents: the nosoghcrynx (N-P), beginning wi th  the anterior nares and extending back and 
down to the l e v e l  of the Icrynx; the trcchea and bronchial tree (T-B), including the terminal 
bronchioles; and the pulmonary (P) ccmpartment. The Tchematic portrayal of these compart- 
ments, tosether w i th  the associated deposition and clearance processes as shown in the report 
o f  the task Srou?, i s  reprotiuced in  Fig. 1. The letters Di through Dg indicate the fractions 
OF the inhcled aerosol which are either exhaled or deposited in each of the compartments. The 
task group finds thot rhese fractions vary wi th the act iv i ty  median aerodynamic diameter (AMA 
of the aerosol, and graphs are provided in  the report to show this variation. 
the letters "a" thrcuah "j" indiccte clearance pcthways from the compartments into blood, GI 
tract, and/cr lymph. 
in ihe usual sense of uniform mixing cnd elimination, since each pathway clears a prescribed 
fraction of the matericl which i s  deposited, and this fraction varies depending upon the solu- 
b i l i t y  of  :he mctericl aepcsited. 

(3 

In the diagram 

I t  should be noted that the pulmonary region i s  not a simple compartment 

G. 
.I . 
T 
R 
A 
C 
T 

Fiespirctvlj Trcc: Clearance blcde!. . 

Figure 1 .  
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62tk, th? amwnf  of mcteric: fc l lowinc c particuiar route and the rcte at which i t  i s  
clecrez’ are cssignej on the b a s i s . 0 ;  three cicssej o i  aerosols, as shown in Table 1. Class D 
mgterici i s  cleared i n  < 1 cizy TO 10 days, Cisss  W in a matter o f  days or months, and Class 
Y msrerial 3ver c period 21 mDnths to years. The values c f  the deposition foctors 01.. . Dg 
and :he correspondins clecrance rctes ore given in  the report of the task group.(3) 

Table 1 .  Clearance Classification 

I Class W, cicss 5, 
Kcpic I Intermediate 

Class Y, 
. Slow 

Using this mode!, i: I s  c strciFir iorward matter to calculate the pCi-days of residence 
in each of  the three resioqr f ~ :  c ;:*\/ern intake of  c specified aerosol. Formulas fo l low for 
d s e  to the three comportments si t w  resDirctov system during the first t days fo l lowing a 
:ir.gle intake of or\ aercsci: 

For the trocheoSronc5,icl r e i l - . r  

(1)  Dose from inhslck n;a:e:icl d e p s i t e d  in region 

. (2) Dose from material cleared 

- i x  51 X L X  ti - 
rems M D 

. .  
from P region through the T-8 region to the GI tract 

b l - e  + f  x b l - e  
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For the pulmonary regiDr, 

. 

I 

where 

I =  

51 = 

& =  

D2, D,, 'D5 = 

M =  

f,, fb, e tc .  = 

b b 
A, cnd A, = r 

'h 

1 - e  -xs' 
'9 

+ fh + f  (4) 

intake at  time zero (pCi) 

dis/day x g-rad/Mev 

effective energyjdis (Mev) 

mass of  region considered (9) 

fraction o f  the inhaled aerosol deposited, respectively, 
in the N-P, T-B, and P regions 

time of  passage through the T-B region of material 
cleared from the P region to the GI tract (do) 

fractions cleared by pathways a, b, etc., 

effective .elimination constants for pathways a, b, etc. 

biological elimination constants for pathways f and g. 

If the fraction 51 &/M i s  deleted from these formulas, they then represent the pCi-days o f  
residence in  each compcrtment during the first t days following the intake of  I pCi. As men- 
tioned earlier, these formulas follow directly from the definit ion of the new lung model excep 
for the two factors & and M, :he effective energy absorbed per disintegration and the mass of 
the particular tissue under corisideration, respectively. As w i l l  be seen, i t  i s  not an entirely 
simple matter to decide on appropriate values for either o f  these parameters. 

Figure 2 shows the accumulated dose to the pulmonary region from an instantaneous 
intake of 1 pC i  of a standard aerosol, i. e., oge having an AMAD of 1 1.1; but in order to be 
perfectly general, the effective energy has been taken as 1 MeV.  
versclly c?plicoble for CRY aeroscl csnsidered in the re?ori o f  the task croup; one need only 
select the longest effec:ive half-time for elimination f r cn  the P region, 

Thus, this graph is uni-  

f x  the desired time, 2nd mvlt lpfy by the opproprlate effective e n e r y .  
read c f i  the ordinate 
In  cm,puting these 
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Figure 2 .  

doses, t..e mass of the pullnonary region is taken as 500 9, which must be considered to 
include the ccpillary, or trapped, blood that i s  present there. 
be changed by proportion for any other mass one might prefer to use. 

' 

Of course, the doses could 

The curves for aerosols of Class W or Class Y in  Fig. 2 are labelled wi th  the effective 
half-time, 1, of the long-term .component of the retention function, i .  e. , 

0.693JT = xs = hg + x, b 
9 

= .O. 693/T + 0. 693/Tr 

wi th  T r  as the radioactive decay half-time and Tgb representing the long-term biological 
el imination half-time as given in Table 4 or in the appendix of the report. In all cases T, b 
2 10 days. For example, the curve corresponding to T = 1 day represents quite a number 
of different radionuclides; namely, all of those whose radioactive half-lives, together with 
the half-lives of the long-term pulmonary reiention given  in the report, are such that the 
:ffective half-time is 1 day, i .  e . ,  I j T  = l /Tr  + 1/Tb. The terms of the formula corre- 

sponding to pathways of short elimination time probably would not be the same for all of 

' 
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these radionuclides, $t  the use of  a single curve for a l l  o f  them does not involve an inac- 
curacy of more than 496, and this inaccuracy is considered as negligible in this context. 
This error estimate i s  derived in the appendix. 

W i th  very few exceptions, the elimination half-times for an aerosol of Class D do not 
exceed 30 minutes; see the values given in Table 4 o f  the report o f  the task group. 
w i th  these very few exceptions, the dose i s  substantially independent of  Tr except when 
Tr < 1 day. The dose to the pulmonary region from an aerosol of Class D i s  given as an 
insert in  Fig. 2, and i t  includes a l l  cases except those where the report of  the task group 
indicates a value of Tb, the biological half-time, which i s  substantially greater than 30 
minutes. 

Thus, 

There are a few such cases listed in the appendix o f  the report. 
-. 

The estimation of dose to the tracheobronchial region involves more novelty. The 
tracheobronchial tree consists of  the trachea and branching bronchi down to the terminal 
bronchiotes. 
by the mucus over the surface of these tubes as the material i s  cleared by c i l iary  action. 
The mass o f  this region is  taken as 400 g which i s  arrived at on the b a s i s  of estimates of vol-  
ume given by VJeibeI(4) and others and on values for the density. Because of the intr icate 
geometrical configuration, a significant portion of  the energy released w i l l  be absorbed in 
neighboring tissues. This i s  true even in the case of an alpha emitter. For example, esti- 
mates of  the surface crec c i  the T-B region vary from 10 to 20 m2. I f  one takes a layer of 
tissue based on this surface which i s  45-p thick, i. e., the range of  an alpha part ic le having 
an energy of  c b u t  5 MeV, he obtains 450 to 900 g. This i s  far more mass than the T-B regior 
should have according to mast estimates and indicates that a significant portion of the energy 
is absorbed in  the surrounding tissue. The mass of  400 g i s  used here as an estimate of the 
mass of tissue ly ing wi th in range of the alpha particies originating in the T-B region. The 
estimated dose.ro the T - 3  region from an aerosol deposited there i s  shown in Fig. 3 by the 
dashed curves. 

I t  i s  essentially a branching tubular network. The aerosol material i s  carried 

In  addition to this h e ,  material cleared from the P region to the GI tract must 
traverse the T-8 region, and hence this material contributes dose during its passage through 
the region. The estimated dose to the T-B region from this source is  shown in Fig. 3 by the 
solid curves. The other assumptiom are as before, i. e . ,  a standard aerosol w i th  the effec- 
t ive absorbed energy taken as 1 MeV. Estimates for the time of  passage o f  the material 
cleared from the P region Through the T-B region differ rather widely.  Estimates based on 
observction of the movement o f  the material at certain sites led to estimates of a half-time 
for clearance o f  abour 15 minutes, but this estimate may favor the more rapid elimination 
routes which are more readily observed. Other estimates based on Qamma spectrometry in- 
dicate clecrance times of 2 hours or more, k t  these estimates may be influenced somewhat 
by the presence of the pulmonary deposits. Although the present dose estimate, using t* 
= 1/24 da, involves this uncertainty, i t  i s  clear that material passing from the P region to  thc 
GI trcct makes a v e r j  Significant contribution to the totc l  dose received by the T-8 region. 

The N-P resion consists essentially of  the nasal passages and pharynx down to the leve‘ 
The cerosol merely deposits on these surfaces cnd is removed by the movement af the icrynx. 
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of the mucus. Thus a surface distribution of the material seems appropriate as a model for 
estimation of dose. The N-P region has about 300 cm2 of surface, and the proposed lung 
model assigns a half-time of 4 minutes for removal of the deposited material. There is evi- 
dence thot the material accumulates to a grecter degree and resides longer at certain sites 
than a t  others, but i n  t h i s  calculation the dose is overaged over the tissue, The dose has 
been computed primarily for a n  alpha emitter, and so the dose has been averaged over a 
layer which is 45-p thick. 
5 M e V .  Figure 4 shows th i s  dose for a standard aerosol wi th  an effective energy of 1 MeV. 
Because of the short clearance time for this  region, the radioactive half-life makes little 
difference in the dose, and essentially all of the dose is delivered wi th in  the first holf-hour 
following intake. , 

This  is the range of an alpha particle having an energy of about 

A certain fraction of the inhaled material is transported to the lymph nodes. 
isoluble dvsts, such as those of Class Y, the proposed lung model allows 10% of this material 
3 be eliminated from the lymph nodes w i t h  a rather long half-time of 100 to 1500 days, 

For very 
, 
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Dose to Nasopharyngeal ,Regian. 

( E -  1 MeV, AMAD- 4p) 

Figure 4. 
._ 

depending on the solubil ity of the dust. The other 9006 remains in  the lymph nodes indefi- 
nitely, .being subject only to radioactive decay. The dose to the lymph nodes has been com- 
puted using 15 g as the weighr  sf these respiratory lymph nodes, a value given by Pochin(5) 
for the tracheobronchicl lymph glands. 
prabably iarger than this cnd the dose averaged over this mcss somewhot smaller than that 
ccmputed here. 
the problem, and the facts are not in hand which might serve as the bcsis for a more accurate 
dose estimate to individucl lymph nodes or lymphocytes. 

The total mass of  lymphatic material in the lung i s  

As discussed by Pochin, (5) the problem of migrating lymphocytes complicates 

Figure 5 shows a composite of  a l l  these calculations for a very insoluble material. The 
curves apply to any radioactive aerosol of Class Y which has the indicated AMAD and effec- 
t ive half-times in the P region. The effective energy per disintegration has been taken as 1 
MeV. I t  i s  clear that the total dose to lymph nodes is greater than to any o f  the other three 
regions of the lungs. Even i f  one averages the dose over the entire lymphatic system of the 
body (which i s  not done here), the'dose to the lymph predominates, but not by such a large 
factor, 

In computing the dose curves given in Figs. 2-5, the AMAD ha5 been taken as 1 p. 
Since D3 and Dg occur 3s factors in :he dose formula, i t  is possible to give a factor which 
corrects these curves for aerosols of other AMAD. Since D3 = 30 and D5 = 25 for AMAD 
= 1 p, the required correction factors fcr the N-P and P regions are Dd30 and D5/25, 
respectively. 
and so factors for :he pulmonary rezicn and :he N-P region cre the only ones shown. I t  i s  
clear thct rhe doses vcry greatly w i th  the %MAD--the dose to the P region decreasing and 
iha: fc the N-? region increasins as AMAD increases. 

The proposed lung model gives a constant deposition factcr for the T-B region, 
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In the foregoing formulas and graphs, the effective energy has been taken as 1 'Mev. 
Thus each value must be multiplied by the effective energy absorbed per disintegration o f  the 
isotope in order to obtain the actual dose .in rem. In the case of alpha particles, it seems 
sufficiently accurate to take the effective energy as the total energy of  the alpha particles, 
for the thickness of the various tissues considered w i l l  be at least of'the order of the range 
of the particle. Whi le individual bronchioles may have a diameter this small, these smaller" 
ones are quite closely spaced. This, is indicated clearly by considerations of surface area as 
noted above. 

I t  i s  clear that not much of the energy of photons w i l l  be absorbed near the point o f  
igin of  the photon, and hence i t  seems reasonable to average the dose from photons over 
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the entire l u n g .  A Monte-Cario-type code has been written to obtain the absorbed fraction 
of  energy for photons of various energies which originate uniformiy wi th in  the volume OCW- 

pied by the lungs.  (6) This  code has been used to estimate the fraction of energy absorbed in 
lungs from a gamma emifter uniformly distributed in lungs, and the results are given in Table 
2. A similar s tudy has been made for a surface distribution of photons, and, as would beex- 
pected, the fraction of energy absorbed in a layer of 457 thickness is generally quite small. 

Absorbed Fraction, 
A. F .  

0 .97 

0.27 

0. 17 

0. 16 

0.15 

0. 13 

Table 2.  Absorbed Fraction for a Uniform Distribution 

of a Gamma Source in the Lungs of a Tissue Phantom 

Beta emitters clecriy are somewhere between these two extremes. For a beta such as 
the t r i t i um beta, one m c y  use the model for local absorption; and for a beta of long ronge- 
soy, 1 cm-the model averasing over the entire lung seems more appropriate. However, it 
is clear that further studics of the problem ore indicated, bvt a more detailed consideration 
of  the morpholosy of these regions o f  the lung than we have been able to find in the litera- 
ture seems to be required. 

Appendix 

The lung model described in the r e p ~ r : ( ~ )  provides thct A, = Ag = Ah and that f, + 
fg + f h  = 0.3 for all aerosols of Classes \N or Y. Thus i t  i s  possible to simplify the notation 
of Eq. (4) and write 

' 

for aerosols of these two classes. 
T keing the long-re;m eifecTive eliminction haif-time of :he pulmoncry regicn which i s  used 
as index cn the curves o f  Fig. 2.  

In E?. IS),  0.693/T = 7 = he = ;\9 = Ah and A = Xf, 

!nus T = p + A, = 0.693,"Tb A 0.693/'Tr w i t h  Tr as the - 1  
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dioactive hali-time of the radionucl ide and Tb as the half-time for biological el irnination 
. via routes e ,  g ,  or h of the lung  modei. Values of Tb are given as 90 days or 360 days in 

Table 4 of the report, but values oi Tg ranging from 10 days to 1500 days are recommended 
for a variety of compounds in the appendix. 

It is clear thot the specification of 7 ,  or 7, does not determine the value of T, or'of 
Several radioactive aerosols mighi have the same T but different values of Tr. In X = hf. 

that  case Xf will have different values also since the half-time for biological elimination via 
pathway f is fixed at  1 doy. In preparing Fig, 2, the maximum value of Tb compatible with 
the value of T and with the lung model was used, i.e. , in the relation 1/T = 1/Tr + 1/Tb, 
Tb = 1500 days was used to determine Tr.  
the parameter X = 0.693 (1  + l /Tr) and makes the dose estimates provided by Fig. 2 slightly 
smaller than might be the case if other values of Tr and Tb compatible with the chosen value 
of T were used. It w i l l  be seen that the difference cannot exceed 4% in any case, and the 
values as calculated indicate the difference Is much less t h a n  this in all the numerical cases 
computed. 

This choice only affects the calculation through 

Assume, then, that (5) is the formulo as computed for a specified value of T with Tb 
= I500 days and that in an actual case the appropriate value is T i .  In this  case 1/T = 
I/T; + \ / T i  since we are suppasing th i s  aerosol has a long-term effective elimination half- 
time of T.  Then the value of X in ( 5 )  for the actual isotope will  be given by 

. A' = 0.693 ( I +- i;T;) < 0 .693  (i + l / T r )  = 

and 

X - A'  = 0.693 ( I t t J r  - l/J; ) = 0.693 ( I / T b  - l/Tb) < O.693/10. 

Let D'(t) be the dose corresponding to the use of the primed values in (5), i. e., the actual 
aerosol. Then the fractional error i n  using the computed curve is given by 

Note that the numerator satisfies the relation 

-x -At At 1 -e-' - xe -A '  t 1 - e  
2 

- = t r  1 - e  

X 
A '  X A '  t 

dx 
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-At 
-At)  ? A t  - 6( ( \ - e  -At - At e (X - XI) 

x A '  
2 t ( 1 - e  -Xt - ' At e 2 =  

X ' t  

2 

x A '  

-Xt 
< ( 1  - e  ) (A  - A ' )  - - 

(7) 

The above inequalities follow readily from the facts that 1 - e-' - xe-' is an increasing 
function of x for x 7 0 and that 1 - e- - xe-X 5 ( I  - e-.?. Both of these properties 
are easily established. 

Consequently, we can substitute in (6) and obtain 
h 

-ht 

-A' t 
(1 - e  ) (A - A ' )  

1 - e  + 1.5 (1 - e  
A' 

s D'(t)  - D ( t )  
D' (t> x A '  \ 

The r ight  member of (E) may be rearranged to obtain 

-At ( 1  - e 

1 5 AX' A + -  

I - e  - At 

1 - e  

) (X - A ' )  

1 - e  

1 - e  

-t 
X 

D'(t)  - D ( t )  < 

-A' t 
X 

-A '  t D'(t)  = 

7 

It is not difficult to show thc: i f  x > y one has 

(9) 

since 0 < X - A '  c 0. C92,/:10 and A '  = 3.693 (1 + 1/Tri  j. 
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A i r  Sampling Problems Associated with t h e  
Proposed Lung Hodel 

T .  T. Mercer 
Univers i ty  of Rochester 

Rochester,  New York 

Abst rac t  

A i r  sampling requirements introduced by t h e  new lung d e p o s i t i o n  model pro- 
posed by the  Task Group on Lung Dynamics a r e  considered i n  r e l a t i o n  t o  a v a i l a b l e  
sampling techniques .  
a c t i v i t y  median aerodynzmic diameters  of hazardous d u s t s  are  sometimes n o t  ap-  
p l i c a b l e  i n  p r a c t i c e .  
l e rs  i s  d iscussed  and recommendations a r e  made f o r  r e l a t i n g  " r e s p i r a b l e  dus t "  
concent ra t ions  t o  the  new lung model. 
model a r e  b r i e f l y  d i scussed .  

It i s  shown that p re sen t  techniques for determining t h e  

The a l t e r n a t i v e  technique o f fe red  by s i z e  selective samp- 

Cer t a in  l i m i t a t i o n s  of t h e  d e p o s i t i o n  

INTRODUCTION 

I doubt t h a t  t he  problen  of a i r  sampling was u p p e n n o s t d n  t h e  minds of any 
of t h e  mernbsrs cf the  Tisk Group on Lung Dynamics dur ing  t h e  p r e p a r a t i o n  of t h e  
r e p o r t  on depos i t i on  and r e t e n t i o n  models. Once t h e  d e p o s i t i o n  model had been 
def ined  i n  terms of  p a r z i c u l a t e  aerodynamic d iameters ,  i t  became apparent  t h a t  
t h e  p r o b l e s  f ac ing  t h e  h e a l t h  p h y s i c i s t  i n  t h e  f i e l d  would be that of determin-  
i n g  t h e  a c t i v i t y  d i s t r i b u t i o n  of  hazardous a i r b o r n e  p a r t i c l e s  as a f u n c t i o n  of 
t h e i r  aerodynamic diameters. Since techniques f o r  making such de te rmina t ions  
have been a v a i l a b l e  f o r  some t i m e ,  and s i n c e ,  i n  any event ,  a i r  monitor ing was 
n o t  a r e s p o n s i b i l i t y  of our  Task Group, i t  d i d  n o t  appear  necessary  t o  cons ide r  
t h e  sampling problem i n  d e t a i l .  A more p r e s s i n g  matter w a s  that of r e l a t i n g  
d e p o s i t i o n  t o  t h e  parameters of t h e  var ious  a c t i v i t y  d i s t r i b u t i o n s  that might 
be encountered. 
curves  o f  d e p o s i t i o n  as a func t ion  of a c t i v i t y  median aerodynamic d iameter  
(AMAD) f o r  a wide v a r i e t y  of geometric s tandard  d e v i a t i o n s .  (gg). 

p o s i t i o n  curves were app l i ed  t o  hypo the t i ca l  a e r o s o l s  having log-nor&l a c t i v i t y  
d i s t r i b u t i o n s ,  however, i t  w a s  found t h a t  t h e  p red ic t ed  d e p o s i t i o n  i n  each  of 
t h e  t h r e e  compartments could be r e l z t e d  t o  t h e  median d iameter  of tSe d i s t r i -  
b u t i o n  almost independent ly  of t h e  geometric s tandard  d e v i a t i o n .  Although d i f -  
f e rences  i n  t h e  l a t t e r  introduced some u n c e r t a i n t y  i n t o  t h e  d e p o s i t i o n  v a l u e  a t  
a t  given W ,  i t  appeared s u f i i c i e n t l y  small t o  warran t  u s ing  an  averege  cume 
f o r  the  range o f  d i s t r i b u t i o n  paramecers n o m a l l y  encountered i n  a i r  s a n p l i n g .  
On t h e  b a s i s  of t h e s e  r s s u l t s ,  +,'ne Task Graup recornmended t h a t  a i r  sampling be 
dote t~ d e t e r n i n e  a c t i v i t y  median aerodynamic d iameters .  

It appeared a t  f i r s t  t h a t  i t  might be necgssary t o  p rov ide  

When t h e  de-  
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S u p e r f i c i a l l y ,  ther., t h e  depos i t i on  model does not  presenr  any new sampling 
p rob lem s i n c e ,  as I have z l ready  pointed ou t ,  techniques f o r  making t h e  neces- 
szry mezsurements a r e  we l l  known. However, when t h e  a c t i v i t y  d i s t r i b u t i o n s  and 
concent ra t ions  t h a t  might be encountered i n  p r a c t i c e  a r e  compared wi th  t h e  capa- 
b i l i t i e s  of t h e  sampling techniques a c t u a l l y  a v a i l a b l e ,  i t  becomes apparent  t h a t  
t h e r e  a r e  r e a l  s i t u e t i o n s  i n  which t h e  Task Group's recommendation w i l l  be  d i f -  
f i c u l t  t o  fo l low.  Moreover, t h e r e  2 r e  l i m i t a t i o n s  on t h e  lung model i t s e l f ,  
. a r i s i n g  from the  f a c t  t h e  zerodynamic diameter  i s  n o t  i n v a r i a b l y  t h e  p a r t i c l e  
c h a r a c t e r i s t i c  of g r e a t e s t  S ign i f i cance  i n  depos i t i on ,  which might poss ib ly  in -  
t roduce s i g c i f i c a n t  e r r o r s  i n t o  t h e  p r e d i c t i o n  of depos i t i on  f o r  c e r t a i n  r ad io -  
a c t i v e  d u s t s  of i n d u s t r i a l  s i g n i f i c a n c e  i f  t h i s  p r e d i c t i o n  i s  based on an  es t i -  
mate of t h e  AMAD. In  t h e  fo l lowing  d i scuss ion ,  t h e r e f o r e ,  I a m  going t o  review 

ments f o r  dc ing  so;  
s e l e c t i v e  samplers ;  and f i n a l l y  t ake  up t h e  l i m i t a t i o n s  of t h e  lung model when 
a c t i v i t y  i s  a s soc ia t ed  wi th  very small p a r t i c l e s .  

. f i r s t  how W ' s  a r e  measured and what a r e  t h e  shortcomings of a v a i l a b l e  i n s t r u -  
then cons ider  t h e  a l t e r n a t i v e  technique c f f e red  by s i z e  

THE KEASUREMENT OF W ' S  

There a r e  a number of devices  which s e p a r a t e  p a r t i c l e s  on t h e  b a s i s  of 
t h e i z  aerodynamic d iameters  ane which conceivably could be adapted t o  t h e  d e t e r -  
minat ion of t h e  W ' s .  Most of them, however, are  more s u i t e d  t o  l abora to ry  
-Jerk than  t o  r o u t i n e  a i r  sampling. 

employs Y i y ' s  technique of cascade impaction (1). . 

i t  i s  my own opinion t h a t  a t  t h e  p re sen t  
i m e  t he  only p r a c t i c a l  nethod f o r  determining W ' s  i n  t h e  f i e l d  i s  one which 

For t h e  b e n e f i t  of any who a r e  no t  f a m i l i a r  w i t h  t h e  cascade impactor i t  
might be w e l l  t o  p o i n t  ou t  t h a t  i t ' i s  a sampling instrument  c o n s i s t i n g  of a se- 
r i e s  of impaction s t a g e s  followed by a f i l t e r  paper.  
through one o r  more j e t s  t o  impinge normally on an adhesive-coated c o l l e c t i n g  
p l a t e .  P a r t i c l e s  of s u f f i c i z l l t  i n e r t i a  a r e  thruwn ou t  of t h e  a i r  stream onto 
t h e  c o l l e c t i n g  s u r f a c e .  The j e t s  a t  a given s t a g e  a r e  cons t ruc ted  so t h a t  t h e  
v e l o c i t y  of t h e  a i r  s t ream i s  g r e a t e r  than  it was a t  t h e  preceding s t a g e  and t h e  
p a r t i c l e s  co l l ec t ed  e t  success ive  s t a g e s  become p rogres s ive ly  smaller. A f t e r  a 
sample i s  c o l l e c t e d ,  t h e  a c t i v i t i e s  on each p l a t e  and on t h e  back-up f i l t e r  are 
analyzed and t h e  d a t a  used t o  e s t ima te  the  d i s t r i b u t i o n  parameters .  
ca1ibration;one of t h e s e  parameters  w i l l  be t h e  AMAD. 

A t  'each s t a g e ,  a i r  flows 

With proper  

I n  t h e  pas t ,  many people  f e l t  t h a t  it was necessary  t o  c a l i b r a t e  t h e  i n -  
s t rument  f o r  whatever d u s t  w a s  t o  be sampled i n  o r d e r  t o  r e l a t e  t h e  r e s u l t s  t o  
some l i n e a r  dimension as measured'by means of a microscope. 

i b r a t e  t h e  instrument  us ing  s p h e r i c a l  p a r t i c l e s  of known d e n s i t y  t o  o b t a i n  
curves of c o l l e c t i o n  e f f i c i e n c y  a s  a func t ion  of aerodynamic diameter  f o r  each 
impact ion s t a g e .  The diameter  corresponding t o  a c o l l e c t i o n  e f f i c i e n c y  of  507. 
i s  then  taken a s  an e f f e c t i v e  cu t -of f  aerodynamic d iameter  (ECAD). I n  a l l  sub- 
sequent  i n t e r p r e t a t i o n s  of ' impactor d a t a  i t  is assumed t h a t  a l l  p a r t i c l e s  col- 
l ec t ed  a t  a given s t a g e ,  r e g a r d l e s s  of shape o r  d e n s i t y ,  have aerodynamic d i -  

i ne te r s  l a r g e r  than  t h e  cu t -of f  d iameter  f o r  t h a t  s t a g e .  Couchman (2) has dem- 
' 

ons t r a t ed  t h e  v a l i d i t y  of t h e  r e l a t i o n s h i p  between c o l l e c t i o n  e f f i c i e n c y  and . 

I t h i n k  i t  i s  gen- 
. e r a l l y  recognized,  now, however, t h a t  i t  i s  a real advantage t o  be a b l e  t o  cal- 



aerodynamic d iameter  f o r  spheres  f o r  d e c s i t i e s  up t o  19 gm/cn?. 
s h i p  i s  given added suppor t  by Laskin ' s  d a t a  (3)  f o r  i r r e g u l a r l y  
p a r t i c l e s .  It is reasonable  t o  assume that p a r t i c l e s  w i l l  impact i n  accordance 
wi th  t h e i r  aerodynamic diameters  except ,  perhaps,  i n  t h e  event  that t h e i r  shape: 
a r e  q u i t e  extreme. 

The r e l a t i o n -  
shaped U02 

In  p r i n c i p l e ,  then ,  t h e  cascade impactor can be used t o  provide t h e  measurf 
ment of a c t i v i t y  median aerodynamic d iameter  necessary  i n  e s t a b l i s h i n g  t h e  pre- 
d i c t e d  d e p o s i t i o n  i n  the  r e s p i r a t o r y  t r a c t .  
however, w i l l  depend on t h e  ope ra t ing  c h a r a c t e r i s t i c s  of t h e  p a r t i e u l a r  ins t ru-  
ment chosen. 
t h e  d e t e n n i n a t i c n  o f  AMAD are  t h e  sampling flow rate ,  t h e  e f f e c t i v e  cu t -of f  aerc 
dynamic d iameters  of t h e  va r ious  s t a g e s ,  t h e  w a l l  l o s s e s ,  i.e., t h e  re la t ive 
amount of t h e  m a t e r i a l  e n t e r i n g  t h e  impactor which i s  depos i ted  on surfaces 
o t h e r  than  those  of t h e  c o l l e c t i n g  p l a t e  o r  t h e  back-up f i l t e r ,  and t h e  area 
covered by t h e  depos i ted  m a t e r i a l  a t  each s t a g e .  The f i r s t  t h r e e  of t h e s e  chat- 
a c t e r i s t i c s  a r e  summarized i n  Table I f o r  some t y p i c a l  impactors.  I have choser 
as examples t h r e e  ins t ruments  which a r e  commercially a v a i l a b l e  but which are 
q u i t e  d i f f e r e n t  i n  des ign .  The Casella (May) impactor (4) has f o u r  impact ion 
s t a g e s  of r e c t a n g u l a r  j e t s ;  t h e  B z t e l l e  impactor  ( 5 )  has s i x  s t a g e s  of s i n g l e  
round j e t s ;  t h e  Andersen impactor (6) has s i x  s t a g e s ,  each conta in ing  400 
round j e t s .  

What can be achieved i n  p r a c t i c e ,  

The c h a r a c t e r i s t i c s  of a cascade impactor that a re  important  i n  

? a b l e  I. Cl1ibracion Data for  Typical Impactors 

& s e l l a  ( 1 )  b t e l l e  ( 5 )  Anderaen ( 8 )  

E M  ScaSe i 12.0 im 16.0 wn 7 . 5  
E W  Srzge 2 3 . 9  1 . 9  5 . 1  
E W  Sc;ge 2 1 . 5  3 . 9  3 . 5  
E W  scagr  - 0.5  1 . 9  2 . 0  ' 

E m  S:sEe 5 0 . 9  
E W  S:a&e t 0.; 

1.0  
0 . 6  

F l o w  Rare  1 7 . 5  Lin 12.5 L/n 28.3 I.13 

The cu t -o f f  diameters  i n  Table I correspond t o  the  ind ica t ed  flow ra te .  A 
C a l i b r a t i o n  f o r  one p a r t i c u l a r  f low r a t e  can be extended t o  o t h e r  flow rates 
simply-+by mul t ip ly ing  t h e  observed e f f e c t i v e  cu t -of f  d iameters  by t h e  f a c t o r  
(Fo/F)', where Fo is  t h e  flow r a t e  a t  which c a l i b r a t i o n  was made and F is t h e  
f low rate  f o r  w n i c h  cut -of f  diameters  a r e  needed. Extending t h e  c a l i b r a t i o n  in 
t h i s  way should g ive  v a l i d  r e s u l t s  a s  long as t h e  3eynolds number of flow i n  any 
j e t  does not  f a l l  below about 100 ( 7 ) .  Moreover, t h e r e  i s  no need t o  make one ' s  
own c a l i b r a t i o n  of any of t h e  impactors included i n  Table I; i t  is s u f f i c i e n t  
merely t o  v e r i f y  t h a t  j e t  dimensions a r e  as s p e c i f i e d .  

Val1 lo s ses  reduce t h e  r e l i a b i l i t y . c f  impactor d a t a  In t h a t  t h c r e  is no way 
of kncwizg i f  t h e  a c t i v i t y  a c t u a l l y  analyzed had t h e  same s i z e  d i s t r i b u t i o n  as 
t h a t  e n t e r i n g  t h e  impactor. Wall l o s s e s  i n  the  Case l la  and kndersen impactors  
n a y  not  be a s  d i sccu rag ing  a s  Table I i n d i c a t e s .  Couchnan ( 3 ) ,  whose d a t a  a r e  
qusted i n  t h a t  t z b l e ,  found t h a t  incst of t k e  wa l l  l o s ses  i n  t h e  h d e r s e n  i s p a c t o  
were due t 3  inpacc lcn  of p a r t i c i e s  on the  t c p  of th2 f i r s t  j e t  s t a g e .  The i n l e t  
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m e  o f  t h i s  i n p a c t o r  func t ions  somewhar Like 2 s i n g l e  round j e t  of poor c o l l e c t -  
I c n  c h 2 r a c t e r i s t i c s .  
dynamic d iameter  f o r  t h i s  process  of roughly 15 pm, redesigned t h e  i n l e t  and 
f i r s t  two s t a g e s  of t h e  Andersen t o  o f f s e t  t h e  i n l e t  w a l l  l o s ses .  With t h i s  
mod i f i ca t ion ,  w a l l  l o s ses  should be less than  t e n  pe rcen t .  The wide range of 
w a l l  loss d a t a  f o r  t h e  Case l la  i s ,  I be l i eve ,  t h e  r e s u l t  of s i z e  d i s t r i b u t i o n  
e f f e c t s  combined wi th  overloading of some s t a g e s .  
low mass concen t r a t ions  were used, t h e  w a l l  loss  f i g u r e  of s i x  percent  was ob- 
served. 

&? (8) )  whose d a t a  ind ica t ed  an e f f e c t i v e  cu t -of f  aero-  

When r a d i o a c t i v e  a e r o s o l s  i n  

What I have s a i d  sc f a r  may have given t h e  impression t h a t  determining 
W ' s  does no t  pose any r e a l  problem. 
r a t e s  a t  which t h e s e  impactors normally ope ra t e  w i l l  raise some s e r i o u s  doubts  
on t h i s  p o i n t .  To d e t e c t  MPC l e v e l s  of some a i r b o r n e  contaminants,  f o r  i n -  
s t a n c e ,  i t  may be necessary  t o  sample many cubic  meters  of a i r  t o  c o l l e c t  enough 
a c t i v i t y  t o  y i e l d  s t a t i s t i c a l l y  v a l i d  d a t a .  Not only may t h i s  r e q u i r e  very long 
sampling pe r iods ,  bu t  t h e  i n e v i t a b l e  nuisance d u s t  may overload some c o l l e c t o r  
p l a t e s ,  l ead ing  t o  rebound of impacting p a r t i c l e s  and re-entrainment  of d e p o s i t -  
ed p a r t i c l e s .  Both of t h e s e  e f f e c t s  should be scrupulous ly  avoided, s i n c e  they  
n o t  o n l y , c o n t r i b u t e  t o  v a l l  l o s ses ,  but  a f f e c t  t h e  c o l l e c t i o n  e f f i c i e n c i e s  on 
which c a l i b r a t i o n  i s  based.  

However, a cons ide ra t ion  of t h e  flow 

I n  Table 11, t h e  q u a n t i t y  which I have l abe l l ed  "loading capaci ty"  has been 
introduced i n  2n e f f o r t  t o  put  some numbers on t h e  l i m i t s  imposed by t h e  re- 

: x i r e m e n t  t h a t  rebound and re-entrainment  be avoided.  For  s t a g e s  o t h e r  than t h e  
i rs t ,  t h e  loading capac i ty  i s  merely t h e  product  of t h e  t o t a l . c r o s s - s e c t i o n a l  

a r e a  of t h e  j e t  o r i f i c e s  a t  a given s t a g e  and t h e  average between i t s  e f f e c t i v e  
cu t -of f  d iameter  and t h a t  of t h e  previous s t a g e .  
necessary  t o  use  i t s  own e f f e c t i v e  cut-off  d iameter ,  so i t s  loading capac i ty  is 
r e l a t i v e l y  lower than  those  of o t h e r  s t a g e s .  Thus t h e  loading capac i ty  i s  ap- 
proximately equal  t o  t h e  mass o f  m a t e r i a l  of u n i t  d e n s i t y  contained i n  a d e p o s i t  
when i t  covers  t he  j e t  a r e a  wi th  a l a y e r  one p a r t i c l e  deep. As such,  it i s  a 
rough e s t i m a t e  of t h e  mass, a c t i v e  o r  o therwise ,  t h a t  can be c o l l e c t e d  before  
rebound and re-entrainment  become a problem. The t abu la t ed  va lues ,  i n c i d e n t l y ,  
should be m u l t i p l i e d  by t h e  square  r o o t  of t h e  d e n s i t y  o f  t h e  material being c o l -  
l ec t ed .  

For  t h e  f i r s t  s t a g e ,  it was 

While i t  would not  be wise t o  g i v e  too  much credence t o  t h e  a b s o l u t e  values 
of t h e s e  numbers, t h e i r  va lues  r e l a t i v e  t o  one another  should al low some r e l i a b l e  
comparisaas,  Some i n t e r e s t i n g  po in t s  e r e  brought up by Table 11, I t h i n k .  
F i r s t ,  under most c i rcumstances a r e l i a b l e  sample w i l l  i nc lude  only  a few m i l l i -  
grams of material; second, when t h e . N D  i s  less than  about . f ive  microns,  t h e  

Table XI. b a d i n g  Capacities* f o r  T y p i c a l  Inxpacrors 

., SraEe &sella Batelle And er s en - 
1 1.6 mg 2.3 mg 
2 0.2L 0.70 
3 .  0.0: 0.1; 
i 0.006 0.03 
5 0.005 
t 0.031 

*For unit density material. 

3.3  lrrg 
1.7 
0.69 
0.25 
0.05 
0.016 
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s i z e  of  a r e l i a b l e  sample w i l l  be governed by loading a t  t h e  narrower j e t  s t a g e  
and w i l l  be correspondingly r e s t r i c t e d ;  and t h i r d ,  t h e  m u l t i - j e t  instrument  has 

p o s i t  on each s t a g e .  
capac i ty  inc reases  w i t h  t h e  cube roo t  of t h e  number of ho le s  i n  t h e  s t a g e .  Thus, 
a given s t a g e  o f  t h e  Xndersen impactor can s a f e l y  c o l l e c t  perhaps seven t imes as 
much material as a s t a g e  o f  a s i n g l e  j e t  impactor having t h e  same c o l l e c t i o n  chal  
a c t e r i s t i c s .  

1 a marked advantage over  t h e  s i n g l e  j e t  ins t rument  i n  t h e  ma t t e r  of t o l e r a b l e  de- 
For a given flow r a t e  and cu t -of f  d iameter ,  t h e  loading 

B 

'The f a c t o r s  of low flow r a t e  and small loading  capac i ty  consp i r e  t o  pu t  
s e v e r e  l i m i t a t i o n s  3n apply ing  ins t ruments  such as t h e s e  t o  t h e  a i r - s a m p l i n g  
problem. It i s  only f a i r  t o  po in t  o u t ,  of course, that t h e  ins t ruments  I have 
d i scussed  were no t  designed w i t h  t h i s  p a r t i c u l a r  problem i n  mind. That t h e  nec- 
e s s a r y  in s t rumen ta t ion  could be designed i s  i n d i c a t e d ,  I th ink ,  by t h e  develop-  
ment of h igh  f lo t ;  r a t e  samplers ,  such as t h o s e  descr ibed  by Lidwell  (9) and by 
McFarland and Z e l l e r  ( 7 ) ,  and t h e  "cen t r ipe t e r " ,  a sampler of e s s e n t i a l l y  l i m i t -  
less loading capac i ty ,  descr ibed  by HouMm and Sherwood (10).  For t h e  p re sen t ,  
however, i t  seems t o  me t h a t  t h e  Task Group's recomnendation t o  determine A M A D ' S  

can be followed only when t h e  a c t i v i t y  concen t r a t ion  i s  s u f f i c i e n t l y  h igh  that a 
s t a t i s t i c a l l y  u s e f u l  amount of a c t i v i t y  can be c o l l e c t e d  wh i l e  accumulating a fes 
mil l igrams of t o t a l  p a r t i c u l a t e  m a t e r i a l .  When t h i s  i s  no t  t h e  case  o t h e r  meth- 
ods w i l l  have t o  be adopted. 

SIZE SELECTIVE SAMPLERS 

One of t h e  most s i g n i f i c a n t  advances i n  a i r  monitor ing i n  r ecen t  years has 
been t h e  develz7nent  of s i z e  s e l e c t i v e  samplers .  These are u s u a l l y  two-stage i n -  
s t ruments  i n  which t h e  f i r s r  s t a g e  removes par t ic les  t h a t  would be u n l i k e l y  t o  
p e n e t r a t e  t o  t h e  FUhGnSry reg ions  of t he  lung i f  inha led .  The second s t a g e  ~ 0 1 -  
l e c t s  a l l  p a r t i c l e s  pass ing  t h e  f i r s t ,  thus  provid ing  a sample that p e r m i t s  ca l -  
c u l a t i o n  of t h e  a i r  concec tya t ion  of what has o f t e n  been termed " r e s p i r a b l e  dus t "  
A -1ar ie ty  of  collection nechanisms, i nc lud ing  sed imenta t ion  (ll), c e n t r i f u g a t i o n  
( X , l 3 ) ,  impaction ( N ) ,  and f i l t r a t i o n  (lS), have been app l i ed  i n  des igning  t h e  
f i r s t  s t a g e s  of such samplers .  I a m  going t o  d i s c u s s  t h e  c o l l e c t i o n  c h a r a c t e r i s -  
t i c s  of t h r e e  samplers ,  each r e p r e s e n t a t i v e  of a d i f f e r e n t  c o l l e c t i o n  mechanism, 
i n  r e l a t i o n  t o  the  lung d e p o s i t i o n  model. The chree  I have chosen a r e  t h e  B r i t -  
i s h  h o r i z o n t a l  e l u t r i a t o r  (il), t h e  HASL cyclone (12) ,  and t h e  May-Druett p re -  
impinger (14) .  

Since two-stage samplers do ao t  provide  an  e s t ima te  of AMAD'S, i t  is appar-  
e n t  t h a t  some o t h e r  method w i l l  have t o  be used t o  r e l a t e  t h e  d a t a  they provide  
t o  t he  depos i t ron  model. When a s i z e  s e l e c t i v e  sampler i s  used t o  monitor an  
a tnosphere  conta in ing  a contaninant  having a n  a c t i v i t y  median aerodynamic d i -  
ameter ,  AMAD, and a geometric s tandard  d e v i a t i o n ,  c , w e  would l i k e  t h e  second 
s t a g e  t o  c o l l e c t  a f r a c t i o n ,  c ( W ,  u ), of t h e  t c & l  a i r b o r n e  a c t i v i t y ,  such 

g t h a t  
P(AMAD,ca) = K'C (AMAD, Go) (1) 

0 0 

where P i s  t h e  f r a c c i o n  o f  t h e  s a s e  contaminant wnich would be deposi ted i n  t h e  
FuLrnmary reg ion  ana K i s  a cons tan t  f o r  a l l  va lues  cr' AMAD and a6. 
r igo rous ly  true, I t h i n k ,  only i f  

This can be 

P(AD)/C(AD) = K (2 1 
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e . ,  t h e  r a t i c  of t h e  p r o b s b i l i t y  t h a t  a given p a r t i c l e  could depos i t  i n  t h e  
,u lmnary  reg ians  t o  t h e  p r o b a b i l i t y  t n a t  i t  would penetra:e t o  t he  second 
s t a g e  of  t h e  sampler i s  a cons tan t  f o r  211 aerodynamic d iameters .  

That t h i s  r e l a t i o n s h i p  does not  hold f o r  any of t h e  t h r e e  ins t ruments  under 
cons ide ra t ion  is apparent  from Figure  I, i n  which t n e  r a t i o n ,  P(PD)/C(AD), ca lc -  
u l a t e d  f o r  t h e  pulmonary depos i t i on  a t  a t i d a l  volume of 1450 d, hes been 
p l o t t e d  f o r  each sam?ler.  On t h e  o t h e r  hand, t h e  manner i n  which t h e  va lue  of 
t h e  r a t i o  f l u c t u a t e s  wi th  aerodynamic diameter  sugges ts  t h a t  when s i z e  d i s t r i -  
bu t ions  a r e  considered,  t h e  average r a t i o s  may show less v a r i a t i o n .  
t h i s ,  p red ic t ed  depos i t i on  was c a l c u l a t e d  a s  a func t ion  o f  the f r a c t i o n  of air- 
borne a c t i v i t y  p e n e t r a t i n g  t h e  f i r s t  s t a g e .  Log-normal a c t i v i t y  d i s t r i b u t i o n s  , 
were assuued and t h e  c a l c u l a t i o n s  were made f o r  s i x  va lues  of G between 1.5 and 
4.0. ea lues  t h a t  were 
i x l u d e d  i n  t h e  c a l c u l a t i o n s  diminished p rogres s ive ly .  A l l  t g r e e  t i d a l  volumes - 
750 c 6 ,  and 1L50 a$ , and 2150 c S  , - were included.  The r e s u l t s  are shown in 
Figures  2 - 4 .  
er  w i t h  t h e  extreme va lues  fcr a l l  t h r e e  brea th ing  p a t t e r n s .  

To test  

For pene t r a t ion  va lues  below about  0.15, t h e  range of u 

Average values  a r e  shown f o r  a t i d a l  volume of 1450 cn?, toge th-  

1 

. Figure  

I I 

/ 
'7 - 
.6 - 
.5 - 

E LU T R I ATOR 

AERODYNAMIC DIAMETER IN MICRONS 

1. Rat io  of p red ic t ed  pulmonary depos i t i on  t o  f i r s t  s t a g e  p e n e t r a t i o n  
a s  a f u n c t i o n  of aerodynamic diameter  

Since the  Task Group recornended t h e  use  of t h e  average depos i t i on  curves 

ommendation wi th  r e s p e c t  t o  t h e  use  of s i z e  s e l e c t i v e  samplers ,  as f a r  as pul-  
a t  1450 c+ ,  when sampling f o r  AMAD'S, it seems reasonable  t o  make a s i m i l a r  re- 

sonary  depos i t i on  i s  concerned. A t  t h a t  t i d a l  volume, t h e  extreme va lues  of de- 
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p o s i t i o n  a t  a given p e n e t r a t i o n  va lue  do not  d i f f e r  from t h e  average by more than  
t e n  percent  when t h e  l a t t e r  l i e s  between 0.1 and 0 .9 .  
ions  p e n e t r a t i n g  t h e  f i r s t  s t a g e  t o  t h e  e x t e n t  or' 30 pe rcen t  or mre, d e p o s i t i o n  
e s t ima tes  based on AMAD'S show an even sma l l e r  range of va lues  and extend t o  d i s -  
t r i b u t i o n s  which have p e n e t r a t i o n s  c l o s e  t o  one hundred pe rcen t .  However, t h e  
s i z e  s e l e c t i v e  sampler r e q u i r e s  fewer ana lyses  and i s  probably more convenient  
t o  use .  

For a c t i v i t y  d i s t r i b u t -  

S i ze  s e l e c t i v e  saxnplers possess  an  i n t e r e s t i n g ,  a l though probably n o t  very 
s i g n i f i c a n t ,  advantage due t o  t h e  f a c t  that f o r  p e n e t r a t i o n  va lues  between about  
0.1 and 0.9 t h e i r  depos i t i on -pene t r a t ion  curves can be represented  as 

P(AMAD, ug)  = a + b*C(AMAD, as) (3 1 

If an a c t i v i t y  d i s t r i b u t i o n  i s  not  i t s e l f  log-normal but  can be expressed as the 
summation of s e v e r a l  log-normal d i s t r i b u t i o n s ,  each of which c o n t r i b u t e s  a f r a c t -  
i o n ,  F i ,  t o  t h e  t o t a l  amount p e n e t r a t i n g  t h e  f i r s t  stage,  and i f  t h e  p e n e t r a t i o n ,  
C i ,  of each i n d i v i d u a l  d i s t r i b u t i o n  l i e s  i n  t h e  range f o r  which equa t ion  3 is 
v a l i d ,  then t h e  t o t a l  p red ic t ed  pulmonary d e p o s i t i o n  i s  

P ( t o t a 1 )  = P i ' F i  = (a + b Ci)Fi  
a F i  + b o x  FiCi  

= a + b.C ( t o t a l )  
and equat ion 3 i s  v a l i d  f o r  any a c t i v i t y  d i s t r i b u t i o n  s a t i s f y i n g  t h e  c o n d i t i c n s  
descr ibed  above. 

I have no t  d i scussed  the  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of any of t h e s e  samp- 
l e r s ,  because I have p re fe r r ed  t o  look a t  them a s  examples of d i f f e r e n t  c o l l e c t -  
i n g  mechanisns. They can be designed t o  o p e r a t e  a t  d i f f e r e n t  f low rates  ( load-  
ing  capac i ty  should never be a problem) whi le  main ta in ing  approximately t h e  same 
c o l l e c t i o n  e f f i c i e n c y  curves .  F igures  2 - 4 show t h a t  e s s e n t i a l l y  t h e  same re- 
s u l t s  a r e  obtained wi th  samplers having somewhat d i f f e r e n t  e f f i c i e n c y  curves .  
In  t h i s  connect ion,  c a l c u l a t i o n  of depos i t i on -pene t r a t ion  curves f o r  a f e w  o t h e r  
s e l e c t i v e  samplers show s i m i l a r  r e s u l t s .  

SOHE LIMITP-TIONS ON 'RIE LUNG DEPOSITION MODEL 

I pointed out  e a r l i a r  that the  d e p o s i t i o n  model w a s  de f ined  i n  tenns of 
aerodynamic d i a a e t e r s .  The reason  for t h i s ,  of course ,  l ies i n  t h e  f a c t  t h a t  
t h e  processes  of sed imenta t ion  and impaction, which a r e  r e s p o n s i b l e  for most of 
t h e  depos i t i on  of p a r t i c u l a t e  mass i n  t h e  r e s p i r a t o r y  t r a c t ,  a r e  both f u n c t -  
i ons  of aerodynamic d iameter .  
can t  r o l e  i n  d e p o s i t i o n  a r e  i n t e r c e p t i o n  and d i f f u s i o n  due t o  Brownian motion, 
t h e  f i r s t  of which i s  independent of d e n s i t y ,  wh i l e  t h e  second i s  n o t  on ly  i n -  
dependent of d e n s i t y ,  bu t  v a r i e s  Inve r se ly  v i t h  p a r t i c l e  s i z e .  S ince  t h e  de-  
p o s i t i o n  model was a c t u a l l y  ca l cu la t ed  f o r  u n i t  d e n s i t y  spheres  i t  w a s  appar -  
e n t  t h a t  l a b e l l i n g  t h e  a b s c i s s a  "aerodynamic diameter"  c m l d  lead t o  erroneous 
z p p l l c a t i o n s  when iarge p a r t i c l e s  of extreme shape o r  very l o w  d e n s i t y  or very  
smll  p z r t i c l e s  of l a r g e  d e n s i t y  a r e  encmnte red .  I t h i n k  t h e  former problem 
can be s a f c l y  ignored,  but t h e r e  a r e  p r a c t i c a l  s i t u a t i o n s  t h a t  may make t h e  
l a c t e r  przolern s i g n i f i c a n t .  

The only o t h e r  processes  accorded any s i g n i f i -  
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FRACTION PENETRATING FIRST STAGE 

Figure  4 .  Predic ted  pulmonary d e p o s i t i o n  as a func t ion  of f i r s t  s t a g e  pene- 
t r a t i o n  f o r  t he  Pre-impinger 

A s p h e r i c a l  p a r t i c l e  of d e n s i t y ,  oP, and aerodynamic d i u n e t e r ,  Dp, has  a 
geometric d iameter ,  Dp,  given by 

DP = epP Du 

vhere  Cu and C 
0 .3  pm and a d e n s i t y  of 11 gm/&, f o r  i n s t ance ,  has a geometric d iameter  of  a- 
bout 0.05 p.n a n d ' i t s  proper  p red ic t ed  pulmonary d e p o s i t i o n  i s  a t  l eas t  twice t h e  

ameters approach molecular dimension a n  
n a s a l  d e p o s i t i o n  may aga in  become s i g n i f i c a n t .  

a r e  s l i p  f a c t o r s .  A p a r t i c l e  having an  aerodynamic diameter  of 
? 

"va lue  assigned t o  i t  on t h e  b a s i s  of t h e  d e p o s i t i o n  curves.  As gecmetr ic  d i -  
a d d i t i o n a l  ccmpl ica t ion  arises i n  t h a t  

I am not s u r e  t o  what e x t e n t  t h e s e  l i m i t a t i o n s  may prove important  i n  
p r a c t i c e .  
mine environments where t h e  decay 'products of  radon a r e  a prime hazard.  
cn a c t i v i t y  d i s t r i b u t i o n s  i n  mine atmospheres (16,17) i n d i c a t e  that dust-borne 
radon decay products  a r e  predominantly ?n p a r t i c l e s  having aerodynamic d iameters  
probably below 0 .5  gm. When t h e  methods descr ibed  above a r e  used t o  sample d i s -  
t r i b u t i o n s  o f  t h i s  s o r t ,  t h e  d a t a  on Ab!. o r  f i r s t  s t a g e  p e n e t r a t i o n  of a s ize  
s e l e c t i v e  sampler w i l l  be i n  the  reg ion  o f  lowest r e l i a b i l i t y .  Horeover, t h e i r  
i n t e r p r e t a t i o n  w i l l  be cgmplicated by t h e  p o s s i b l e  presence of unat tached decay 
prcducts .  

Ce r t a in ly  they r a i s e  ques t ions  concerning a i r  sampling i n  c e r t a i n  
Data 
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The Tcsk Graup on Lung Dynamics has recowended that a i r  monitor ing be 

The c a p a b i l i t i e s  of a v a i l a b l e  sampling techniques,  however, 
d i r e c t e d  towar2 d*.termir,ing t h e  a c t i v i t y  median aerodynamic d iameter  of a i r -  
borne hazards .  
a r e  such t h a t  t h e  recommendation can be followed only when t h e  a c t i v i t y  con- 
c e n t r a t i o n  i s  s u f f i c i e n t l y  high t h a t  a n  adequate  amount of a c t i v i t y  can be 
c o l l e c t e d  wh i l e  accumulating only a few mi l l ig rams of t o t a l  p a r t i c u l e t e  ma- 
t e r i a  l. 

For  pulmonary depos i t i on ,  s i z e  s e l e c t i v e  samplers provide a convenient a l -  
The e f f i c i e n c y  curves of t h e  f i r s t  s t a g e  of t e r n a t i v e  t o  d e t e m i n i n g  AMAD'S. 

t h e  B r i t i s h  e l u t r a i t o r ,  t h e  HASL cyclone,  and t h e  May-Druett pre- impinger ,  
each of which employs a d i f f e r e n t  c o l l e c t i o n  method, are such t h a t  a simple rel-  
a t i o n s h i p  e x i s t s  between t h e  p red ic t ed  pulmonary depos i t i on  a t  a t i d a l  volume 
of 1450 cm3 and t h e  f r a c t i o n  of a i r -bo rne  a c t i v i t y  p e n e t r a t i n g  t h e  f i r s t  s t a g e ,  
r e g a r d l e s s  of t he  parameters of t he  a c t i v i t y  d i s t r i b u t i o n .  For p e n e t r a t i o n  
va lues  between about  0 . 1  and 0 .9 ,  t h e  r e l a t i o n s h i p  i s  e s s e n t i a l l y  l i n e a r .  

Because t h e  depos i t i on  model has  been def ined  i n  terms of aerodynamic d i -  
ameters, i t s  a p p l i c a t i o n  i n  c i rcumstances i n  which a c t i v i t y  i s  a s soc ia t ed  

conclusion.  
. p r i m a r i l y  w i t h  very smll p a r t i c l e s  of dense mater ia l  may lead t o  erroneous 
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,I-- I I. I n 3 L ' t f  I P! 

Ths cracheobroncl-,ic? tree serves tta cajor roles in min:rnizins the 

retestion o f  inhaled pcrtlcles. 

which proiects the deep lung, 2nd it serves 8s the final pathway i n  the 

,Thc tree acts as a filtering network 

remval of pzrticulztes which z:-e cai-riel to it from the lower respi- 

ratory tract . Such partlculstcs ioi;owinng transport to tne (1  J 2 )  

hucociliary epithelium arc ct;:iel b\; thls nechanism to the tracheal ' 

orifice and the orcpharynx, ?io:, d - , : c h  2oir . t  t hey  are usually swallowed 

r may be expectorated. 

. The rates o f  resovzi of ?a-tlcles fron the tracheobronchial system 

aie inedequately charactcrizec. 

of novezent o f  ptrticlcs de;Dsl:et or: the :;echeal surface have been 

3iiec; neasu;ecents o f  the velocities 

shom t o  iange up t o  33 nr, p e r  r.inu:e, 

velocities have been reFoi-tr; 

of cleerance iron the flrier Sronchicles. 

In addI';ion, two bronchial 
. i 3 )  . 

!):: i-,o dai:; b,-e available on the rates 

Studies in this lah-atcry have iesu:ted In the deveigpment of an 

esophageal coliectlon tecSnique for clrectly measuring tracheobronchial 

cleerance in razs ('). 

tlng tube into the esophasus of i ire rat and carrying the tube down through 

The techr;Ique involves the placing .of a tight fit- 

:':Supported by Giant Ktisber 0% OSZC8 from the Uniced States Public 
Sea: t h  Service. 

. .  
?resentel e: :he Twelfth Annuzl 3ioassay anc Analytical Chemistry 

,',eetinS, Cccober 13, 1965, i h c l  inburs, Tennessee. 
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are flushed into the collection bottle by the normal drinking of the animal 

or the syste:.. can be flushed with saline solution a;: any designated time 

by introducing a blunted needle into the tube via the mouth. 

seal collection technique percits the collection of all material cleared 

from the pulmonary system of the ret throucjh the tracheal orifice at time 

The esopha-' 

intervals rangin? fro3 minutes to days. Subsequent studies, in which 

coTparisons or' cleerzxe measurecents obtained by fecal analysis and eso- 

pha\=lcal collectiox were mi?, have shorn no detectable alteration of 

mucoci 1 i a i y  clcarancc d:/ns,aics ovcr a five day period 

seal collection r?.e.tF,od results i n  the dircct measurement of  clesrancc 

rates, i.e., t h e  a~soiute zzount o f  caterial removed f r o m  the putKOnary 

systes throush the tracheal or:ficz over tne period o f  the desisnated 

(5 1 . The esopha- 

collection interval. It shald 52 noted thtt clearance and clearance 

rates 2ri: functiozs of both a s?xlPic deposition pattern of.pat:icles 

alor,g the tracneobrc?,c+8izi t r e e  CZL t h e  veiocities with which particles 

are swe?t to the tracheal orifice (esczletor velocity). This is best 

dezonstr5:ea by t x o  ex;iczc Sc: s:s?le szsiogies. 

Consider an zr,ztoro:coi co,?zrx-mt of the tracheobronchisi tree 

where deposited rnsteriel Is swcpt tc.~a;c t h e  tracheal orifice by the 

cucoci 1 Iary escalator at a constant velociey. Th:s is represented by 

the conveyor b c : t  sho..rr, ir ,  risurc !a Pz.;*::c:es are asruned to be 

ceposited on t h s  coweyor be!: (cIlIzted epithelium) in a specific, 

con-uniform ?zitern as shcwn .  I C  a:! tSe catcrial leavicg the conve- 

yo: ;pu;ntr.e,-;) systcc i s  co: ;cc.:ed :a t h e  cD?Iection bottle (clearance) 
r 
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Anelosy represeEtinc i h e  TracneoDronc!-ial clearance of particles assuming: 

(top) ( A )  A constar,? escaletor velocity and a non-uniform deposiiion 
of particles, and 

(SottaT1) ( 5 )  A uniform deposition of partlcles and varying escalator 
velocities. 

bo t t l e  represcfiis 2 c i e a r a c e  rate ,  i. e., the  amount o f  material removed 

fi-or;, the syste.; ,  per c?Tt ';:me. A plot  o f  the mount of material in.each 

.ot:ic ( c l e e r a x e  ra tes )  SIves G r.ir;-or izage of t h e  original deposition 
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pattern of ~a:sr ic i :  7n the syscez. Under these conditions, the variation 

in CleaiSnce :t:es i s  deteizice-2 pricarily by the deposition pattern of the 

parzicles In tSe tizcSecSronchia! tree. 

At t h e  other extrenne, de2osition on the conveyor belt (ciliated epithe- 

lium) is assuncd to be unifc;.. bst the velocity of the conveyor belt 

(mucociliary escalator) varies (Figure lb). This is analogous to the 

sltuztion where the escalator ve:ocity m y  vary depending on location in 

the lun9s (primary o r  teriisry bronckIoics) o r  as a result of the effect 

o f  stress on tSe s y s t e ~  If t h e  clearance rates are plotted, any varia- 

tion in clezrance rttes would reFlect the varying velocities of the 

nucociliary escalator r.:cchsnisn(s). 

From the s b o v c ,  it is obvious tho:: t h c  inrcrptctstion of clearance 

acd clearance rs:e dGta requires a knovrlclge of the specific deposition 

pat.:zrns sssociates wi:S e technIquc o f  p;-odticing a pulnonary burden of 

particulates, as we:; es a knwlcdge o f  the biolosic escalator velocities 

alms the trachcobrancklz; t ree .  The piesent experiments were undertaken 

to detetzine t h e  k:r,c:ics ~f recova: of insoiilble particles f r o m  the lungs 

o f  rats  durir,S t h e  t;*:e Fcrioc' rangicg fro3 I s , ~ z t i I a t c ? y  a f t e r  deposition 

t o  5 days a f t e r  ex?osura us ing  the esophages? collection technique. The 

sar:ic?es were aar;inis:zTcd to t h e  anir,a;s by Intratracheai injection. 

Two codifications in :he ?osi2Ion;zI o f  t h i  rsts during and imediately 

follo,.:ing injection were utilized I n  an effort to alter the deposition 

patter; of the ;;articies a:oils t h e  tracheobronchial tree, 

( 1 )  E s o F ~ ~ ~ ~ c G !  Ca1:ectic:: ?rocedure. Adu;t male rats o f  the Wistei 
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. rz :z ,  weighinq betwee; 3 s C  anc 53G s z ,  were prepared sursiczlly for 
(I; 1 

esopbaseal collection as described previously . The surgical procedure 

was perfomed under sodiufi pen2oba;bitaI (Nenbutal) anesthesia on animals 

fasted for k8 hours. The ani5als were not restrained during the experiment 

and were siveri injections of 10 cc of giccose plus saline twice daily to 

avoid dehydyation. 

Experinents were initiated 24 hours after surgery. Coi lection inter- 

vals of less than 24 hours were achieved by introducing a blunted, 18 gauge 

needle into the esophagus via the  mouth and flushing the tube system with 

2cc of saline solution. 

taneous drinking of the animals served to flush the collection tubes. 

For collection intervals of 24 hours, the spon- 

The 

collection bottles were chansec at designated intervals -for measurements of 

ieir particulate c0n:eni. 

. (2) Particles. Tha p a r t i c l e s  usad for clearance measurements consisted 
'. 

of a saline suspension o f  Kicrogranular ceranic particles labeled w i t h  

cesiurn1j4 (specific activity, l d c p ) .  A detailed description of this 

materiel has appeared. (5). 

es determined by measurins the mexirnurn horizontal diameters with a Filar 

The particle size distribution of the suspension 

microneter had a log-nornal distribution with a geometric mean and geome- 

t r i c  standard deviation of 1.9 microns and 1.5 microns, respectively. 

Prior to removing a sample f ron  the stoc'k suspension for use, the suspension 

was routinely subjected to a 5 nlncte ultrasonic treatment to d'isperse the 

particles. 

(3 )  Exposure Technique. Two methods of intratracheal injection were 

ulilited in an effort to alter the deposition o f  the particles in the lungs. 

ne firs: method, subsequently referred to as the Vertical Injection Tech- 

* 
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ni:.ce, involved t h e ,  injecticn of 0.2 cc o f  the particle suspension through 
.r. a biczted, : c  Zacge r,eed!s Just a h v z  thc leve: o f  the corim wits the 

-. trachea ir, 6 vertical pasition. :,:c rat was subsequently held in this 

verticsl posltior, f o r  5 minctes. Vith the second method, referred to below 

as t k e  SczIhorizcztai Injection '!ec5zique, the  particulate suspension was 

injected as &we w i t h  the  .:rac:?ez ir, a senihorizontal position. Inmediately 

dose to cach  c.ni,.nsl wss o5toinc.d by surnning t h e  sbovc messurefients 

(Previous s:uciss hc.;*e s>,z;.:z ;!-,z; t!-lzse pzrticles are  insoluble in the 

. .  
C u r I n ~  a ? C  cz\; ?z:;oc ~fter 2 x 7 ~ s ~ : ~ ; ~ ) .  

ir, the sxperimnts rzported be;(;;.!.) 

These results were confirmed 

For sroups of animals, the mean. 

- 3Ete Intzrvsls, I .  e. , :he tine intervals d u r l ~ g  which clearance rate 

vzriations cen be c!-,arac:z;izcl by s si;;.plc mat?iemticsl relationship. 
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. detcrzine the o p t i r z l  szzplizs inte;-vsl for esaphageal collection. The 

\#exice1 ir.Jectior. tec!-,nique wcc uses' t o  expose the rats  and esophageal 

co! lections wzre K a l e  a t  te;: Ej;,ute intervals over a five hour period. 

Table 1 surznarizes t h e  results wfiich are plotted in Figure 2. figure 2 

also shows t h e  bas ic  expcrimntal data fron Table 1 aggregated t o  simulate 

coliectIon intervals 0;' twenty r;tnz:tes and one hour. Total clearance ovei  

the 5 hour per iod  equelled 

tine to 150 minutes follow 

can be zppraxirited by a s 

13. e 1.97; of the del ivered dose. 'From zero : 

ng exposure the variation in clearance rates 

nsle dezrecsing exponential function with a 

one-helf tine (7 ) . .of 30 Kinutes. During this interval 11.0% of the 
1 /2 
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Total  ciearance ov?r  s :>. - 5  e z c c i  led E. 1:; o f  the del ivered dose. 

. . -  A sinc,?e cecreasins exgo7,e-;.e. :-~::ion approximates the variations in 

ciearance rates ?7oq:, z e r o  : ; r e  :G i-,C ~ i n u t e s  followins exposure. A one- 

h a l f  time (T ) of '.7 minu:es WG;S found for  the f i r s t  clearance rate 

interval. F r m  140 minutes :c 6 hsurs following exposure, a decreasing 
1 /i 

exponentiai :rend in ciearar.ce rc ;es  w i t h  a - ' ; / 2  o f  3.9 hours i s  apparent. 

';his second clearance rete i z t e r v a :  

experiment since :he trend zlay persist beyond 6 hdurs. 

is no; completely defined in this 

( 3 )  Cc-3ar:sot sf nucocili2rv c l e ~ r e n c e  rates using the verrical'and 

se?ikzrizo-.ta! in;ec:ion iec:ricces. Twenty-seven rats were injected 
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:ions c a n  ae  a?proxic:atec oy single expmential functions from approximately 

2 hours f~llowlnc exposure to ;he t e rm ina t i on  o f  the experiments. 

aniceis injected ser.lhrizo7,tai ! y ,  ::,c T; /2  of this clearance r a t e  interval 

w G s  founc to be 2.8 hours ,  as co.r.?a;ed w i t h  3.9 hours found i n  the vertical- 

1 ) '  injected t a t s .  

In the 

. *  
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ClaJrPneo rate;, arc c q r c c d  as ttx p.rrcrt of the initial 1- burden. 

(k) Ciesrance rztes over 17 hoLrs post exposure. To investigate 

the second clearance rate interva: noted In the previous experiments, 

sevec s:rSica:ly prepzreii rats were.ex?osed c s i n g  t h e  senihoritontal ' ,ijec:ion t e t h ~ ~ i q ; ; e  a n i  fo'1c::ed a; hauriy in-cervals  for 17 hours 
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cauJl.tlva 
Clearaou U.79 U.75 17.51 20.93 22.93 23.63 26.26 2L.90 25.57 26.18 26.66 26.4 26.79 26.G 16.98 27.09 27.13 

tser. r a t s  wers injectec i!s!r,s ;r.c ver:icsl injection technique and 

daily c:ezrtr.:? r tces  w e r e  ce:cr~. l r ,ec ove; five days (Table 5 1 .  The results 

zre shown in F i S a r ' e  6 .  The ; z : E I  ;lezrance.over j days equslled 2 1 . 5 2  2 

2. 1 %  o f  the Geiivercl dose. 

the del ivered dose w2s clezrec, oresunably following the kinetics of the 

Dur;nS the first 24 hours, 14.2% - + 1.85; of 

first and second cicaracce re;e intervals found above. The remaining 

7.3';: - 0.7% of the dclivered dose wes cieared f,rori the lungs during the - 
- subsequect 4 days. ihe clczrsnce iatcs in Figure 6 can be approximated 

. by a single exponential function having a T1,2 o f  1.5 days. 

c n u ,  C';T 

k i  fir,dTngs suggest :hc: rxcoci?ia;-y clesrance rste variations over 

five days following jntrctischcal exposure of r a t s  can be characterized 

.y 2 seqzenze of ex?cxnt:a: iunctior,s. We t-,sve introduced the term 

I O b 8 4 2 Q  
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. .  c;csrsr,cc r a - 2 ~  v;~r,c:;cr,c- c x  bt expFcsscc' by e simple mathematical 

rz!a:io:slip. 1.45 ex?crlren:zl data  Ir,dIca.:c thet three distinct loga- 

' r : . :h:c clczrazce i z t c  I n t e r v a l s  are  need& to describe clearance rates 
e. 

C V Z T  7 ;vc  l z y s  fol1c..:lIr,g t h e  IntratracSea: injection of particles. 
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. .  i the pa;.tlc!e s~:s;z~:s;ori :::- c ; . c ~ . s l ;  in s deeper penetration of the 
. .  ptllr;,onery systz, w k z  the  .ET,I.T; ,,c v:ere positioned vertically. 

clearance over z 0 hour perIoc' ir. ':he vertically injected rats was 

s;g:iylcar,t?y ;c:.cr :kz: r h ~ :  t : . : c ;  clesrencz in the seGihorirontally in- 

The total 

. . C .  

. jected r t : s ,  i. e., 8. ?:: vs ::. 7:,  respectively, (Tables 2 and 3 ) ,  and the 

Idivilusl hourly clee;e-,cz r e t e s  betwen the two Sroups also differed 

slsnificant?y (FiSure k ) .  Since ;!-,e variations in the injection techni- 

que would act be expcctel to prodcce a difference between the two groups 

in the functioning o f  :he nacocl:;aiy escs!stor, these data suggest that 

the variation in the injection :cchnicue resuits in an altered deposition 

pattern of the partic!es. The c:;anSe i n  t h e  distribution of the particles 

was reflected in the changes noted in total clearance and hourly clearance 

rates. The expErinenta1 method, therefore, is capable o f  assessing the 

,ffects of alterins the pzrticle dc?osition pattern even though the specific 
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-. .,e 71rc: clsarzxe rzte i n L e r v a i  ;:svil i~ G T; /2  of 47 KinUtes ani ex:ending 

f ro-  zero tisr ;o ! j Z  ricctes fo:iowInS exposure probably results from 

particles deposited on, and rap id:y  cleared from the mucociliary epithelium 

of the upger trachec5rcncliiai Cree. The specific anatomic or physiologic 

SEsis o f  the se2or.d clearance rare interval extending from 2.5 hours . 

fc1:OwIn~ exposure ;o less thar, 2L: hours and having a Tli2 o f  2.8 to 3.9  

hours is :ess certzln. This  elso a-,plies.to the third clearance rate 

j I ~ L C ~ V B ~  - A  extendins fi-ora one d ~ : l  to a; least five days following exposure 

and havins B T , / 2  of ?.S dz*;s. For clearance rate intervals in which 

the clearonce rrtes decrease 1oeari:hzical ly the mathebat ical expression 

of clrsrsnce rates, clearence and ;e:er,;ion would be a5 follows: 

C! eerance Sates 

i ? = i i , e  - k? 

k = c?esrsncc ra:e cozs:ant = 0.693 - ' i / 2  

R e t e n t l o x  The total amount of material (Do) cleared durlng a deflned . 

clearace rate interval c s y  be consi%ered as the total amount of material 

initizlly retained (or deposited) It, some subsection o f  the pulmonary 

systez. 

tire t where E Is t h e  a.;iou?t cf nztcriz; retained in the pulmonary subsec- ' 

I:: follows fror;. the deflcI,:Ton of clearance rate that R = - d D  at 
d t  

l o b 8 4 3 3  114 DOEIHQ 



Cunu:etlve Cletr2-ce. SiRck e r j x l a t i v e  clearance ( c )  of materia1 

1:: = : z ~ r e  7 +L.-- . .  .. ...- ~ : ~ r c '  , ! n e 5  a r e  corstructed by assumina that the p r i o r  

. .  cathezaticzi ~ o r x . a : i o r ,  a p n l  izs r o  the f irst  clearance rate interval of 

retection rzfe:z : z :  ; 3  : C ; L ;  i C r . 2  retention but only t o  :he iract 

m t e r i a ?  rzrzi:;;: : 5  c i e c ; c l  during the clearance rate interva 

on of 

. 
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mm OF 1% IN TIIYROID OF SEVEN 
I?IDIVTJ)UA.LS FOLLOWING L i * T I O N  IXCIDEt3T 

4.L. BODELL,*  J.A. SAYEG and N, W : U  

Department of Occupational Haal th  
Graduate School of Pub l i c  Haa l th  

Un ive r s i ty  of P i t t s b u r g h  
P i t t sbu rgh ,  Pennsylvania 

R.L. WECHSLER 

School of Medicine 
Univers i ty  of P i t t s b u r g h  
P i t t sbu rgh ,  Perasy lvania  

Seven ind iv idua l s  employed a t  a n  i n d u s t r i a l  firm i n  t h e  g r e a t e r  P i r t a b u r :  

a r e a  were i n a d v e r t e n t l y  exposed t o  vapors of lz5I t h e  morning of Apr i l  15, 1966. 

The vapors  had escape: from an open beaker con ta in ing  1 0 h c  of t h e  i so tope .  Tht 

i n c i d e n t  was f i r s t  noted when l o c a l  r a d i a t i o n  monitors i nd ica t ed  excessive l e v e l  

of r a d i o a c t p z i t y  p re sen t  i n  t h e  l abora to ry .  

exposed i r d i v i d u a l s  showed presence of contaminat ion,  they were brought t o  t h e  

After Heal th  Physics  surveys  of tht 

Radia t ion  Xedicine Departnegt o f  Presbyter ian-Univers i ty  Hosp i t a l .  Fu r the r  sur -  

veys with a geirer  counter  i nd ica t ed  excess ive  a c t i v i t y  i n  t h e  thy ro id  region of 

a l l  seveo personnel  and s w i p e  surveys of t h e  n a s a l  area ind ica t ed  t h e  presence  o 

contarnination. Af t e r  aecon'-amination by showering, a?l  personnel  were counted 

wi th  a 2" x 2" NaI(T1) c r y s t a l  assembly u t i l i z e d  f o r  d e t e c t i n g  t h e  28 kev K X - r q  

This  u n i t  was connected t o  a 400 channel T?fC ana lyze r  with t h e  de t ec to :  

placed for two measurements per  i nd iv idua l  a t  d i s t a n c e s  1O.Sca and 42.5cm from t l  

i s t k u s  of the t h y r o i d ' o n  t h e  i n i t i a l  day. 

. *f 12SI 

*AEC Feilot; ,  Oau Ridge Associated U n i v e r s i t i e s .  
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The i n d i v i C u l s  were covered k i t h  lead aprons t o  e l imina te  a c t i v i t y  o the r  

than t h a t  from the neck region.  

bra ted  wi th  the  only a v a i l a b l e  1251 source,  an o le ic  ac id  d i agnos t i c  test capsule  

conta in ing  34.luc c f  1251. 

Included i n  f u r t h e r  post-e-osure measurements was a t h i n  x t a l  i5.lcrn L NaI(T1)f 

d e t e c t o r .  

P r io r  t o  counting them, t h e  detector was Cali-  

Tne capsule  was placed i n  a p l a s t i c  "thyroid phantom." 

Dif fe ren t  measurement techniques were u t i l i z e d  wi th  t h e  var ious de tec-  

t o r s  and exce l l en t  agreement was obtained.  

* A s  of t h i s  wr i t i ng  (140 days post-exposure), follow-up s t u d i e s  of t he  

biodecay have been p e r f o m d  or, f i v e  of t he  ind iv idua ls ,  using a coll imated 

assembly on the  2" x 2" c r y s t a l ,  To ob ta in  a t r u e  background count of a c t i v i t y  

present ,  o the r  than i n  the  t h y r o i d ,  a 2mn t h i c k  copper absorber was placed over t h e  

ind iv idua l s  ' thyro ids .  A least -square ana lys i s  of t h e  biodecay da ta ,  assuming an 

vponential  f i t ,  has been perforsed and an estimated h a l f - l i f e  f o r  has been 

found t o  be 38-45 days w i t h  an average of 41 days t a s tandard dev ia t ion  of 2 days. 

E f fec t ive  h a l f - l i v e s  of 36 an< 45 'r!ays were found f o r  those two indiv idua ls  refus- 

ing  follow-up a f t e r  the  t h i r d  measuremen:. 

f e r e n t  (by a f a c t o r  of 507.) thar. the  e f f e c t i v e  h a l f - l i f e  of 27 days quoted i n  

t h e  l i t e r a t u r e . '  

These r e s u l t s  a r e  s i g n i f i c a n t l y  d i f -  

One indiv idua l  adminisrered KI f o r  t h e  f i r s t  month following t h e  

inc ident  ind ica ted  

per iod,  bu t  s i n c e  s topping the  t reatment ,  has ind ica ted  an e f f e c t i v e  h a l f - l i f e  

an e f f e c t i v e  h a l f - l i f e  of approximately 25 days during t h i s  

of 38 days. 

uptakes of 0.23 t o  22pc. 

Ext rapola t ion  of the  biodecay back t o  zero time revealed thy ro ida l  

Neglecting t h e  i n i t i a l  r ap id  drop o f f  between days 0-4, 

. H. Endlich, P.V. Harper, e t  a?: Am. J. Roentgenol. Rad, Therapy and Nucl. 
k d . 8  148 (1962). 
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internal dosimetry calculations based on these uptakes and under the asstlmptiOQ ( 

a uait density, 20 gran thyroid, gave dose (cp ) values of 1.1 t o  114 rads. 

LYITUL TRYRDLDAL w z  XHD msg (0.) VALVES. 

n 22.1 1.11 45 l l b  

B 3.20 0.160 38 14 

C 2 . G  0.122 59 11 

D 0.228 0,0114 43 1.1  

E (4.00); 1.36 (0.200); O a C 6 8  ( 2 5 ) ;  38 10 ( 8  + 6 )  

7 8.70  0.435 45 45 

C 2.70 0.135 36 11 

Doses b a r d  on equation ( 0 0 )  - 2.29 Tt f f  Co ercepe for & i f l u e i o n  
ia Cue  of Epployee E .  The dore 1s copriaered nagl lg ib la  during tk 
i n i t i a l  rapid io: l -o i f  becueen dag8 0-U. 

t O b B h 3 8  
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Introduction 

The pulnona-! l u n g  i s  the c r i t i c h l  0rga.n f o r  many idustrial exposures t o  

radioGerosols. This i s  because the oxides of the  ~ c t i n i d e  elements a re  cleared 

very slowly from the  p h m z v  coapartrnent(1). 

237pU02 has produced a h igh  p rcen tage  of lung cancers i n  beagles (2). 

AS l i t t l e  as 0.5 nicrocurie  of 

~ . . d  studies 

on u ran im mizers f x x  t 3 e  C o l o r d o  Plateau(3) show no b a n  b n u n i t y  t o  r ad ia t ion  

induced l&g disszse.  

If we designate the lung as a c r i t i c a l  orgar,, the? it is necessary t o  

e s t i n a t e  accmulated lung bizeer, i n  occupationally exposed xorkers. This paper 

?A show t h a t  f e c a l  s z x p l i n g  is t h e  only sa t i s f ac to ry  method f o r  estimating lung 

burdens of insoluble zlD52 e z i t t e r s .  These insoluble zlpha e n i t t e r s  a re  those 

ac t in ide  con;pouds c lzss i l ie2  as ClGs P i n  t he  new lung norlel. 

are ‘391~2 Y .  241~~32, ‘%2 an5 232~hc2. 

The most important 

I. The C e f i c i ~ n n i e s  of U r i n i l : r s l s  and In-vivo Countin? f o r  Clzss Y A c t i n i j e s  

I n  19& Sill(4) painted out the e r ro r s  i n  using ur ina lys i s  as a 

rout ine  monitoring methd f o r  i n t e rna l  radioact ive contmina i t s .  

experience, rad ioac t iv i ty  measured by whole body counting could not  be 

detected i n  the  urine. 

shoved measureable quzn t i t i e s  of t he  r d i o  nuclide. 

I n  h i s  

He found hoxever tha t  i n  all cases f e c a l  samples 

This can be e a s i l y  understood i? we consider the new ICZP deposi t ion 

and re ten t ion  m d e l  snosm i n  F i g r e  1. 

th ree  regions of the resp i ra tory  t r a c t ,  the  nasal-ph,-S.rw, tracheo-broixhial 

Enhaled pzrfiicles a re  deposited i n  

1 0 b 8 4 3 9  1 20 DOEIHQ 
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FECES 

ICFiP D E P O S I T I O N  AND RETENTION FAODEL 

Figure I .  

and pulzonar; cs:;zrt~.ezts. 

e z i t t e r s  de?asl te:  ir. t:?e X-? a113 'i-3 regions a re  renoved Sy ci l iary IIUC~US 

traxwl-t t o  t h e  G.1, Tract i n  a matter of mimtes .  

f r z c t l o n ,  represected by (b) ayd (d) ,  together tcith a similarly rapidly 

r e n m e d . p d m r z g  f r a c t i o n  (z) clalte up aq e a r l y  clearance phase (Phase I). 

All Emse I insoixSle alpha act i - r i tJ  is eliminated i n  t h e  feces. A second 

clearance phase w i t h  ;i h a l f  t i x e  of one year o r  g r e a t e r  from t h e  pulmnary 

p a r t  of t h e  l u q  is represent& by ( e ) ,  ( g )  and (h) .  

of t h e  Class 'I m t e , - i C  O r i g i n C l y  d e p s i t e d  i n  the  pulzonar j  cmpartxent  is 

a'csorbef ( e )  i n t o  t h e  c i re*Sat i r .g  blood. 

t h e  I:rr.;h sj-ste?; (a~ou: 10:; of which is l a te r  t ransferred t o  t h e  blocd).  

a n o s t  100 per  cent of the  inso luble  alpha 

4 

This r a p i d l y  e l i n h a t e d  

Only about 5 per cent 

Another 1 5  per cant  i s  renoved t o  

121 DOEIHQ 



The rezLinder i s  elirLn;ted bj endocytosis znd the  c i l i w .  esca lz tor  through 

the (3.1. Tract t o  the  feces.  

h l p h i n  ar.5 other  L ? i  workers have suggested t h a t  lung burdens of 

*%02 can be e s t i aa t e5  by w i n s  saxlpling. 

is  obvious i n  l i g h t  of tus new lung model. 

The disx?vantage of this technique 

Only a twelf th  of t h e  long term 

lung b u d e n  is  absorbed i n t o  t h e  blood and subsequently deposite5 on tho, bone 

afi? other  organs, The p l u t a z i u ~  t i u s  deposited r r i l l  be excreted vely slowly. 

Tne nax inu~  winzzjr excretion fron a m a x i m u m  pcrx iss ib le  lung bwden (16 nc) 

w o d c  be less  thaz 0,2 d/n/dzy. 

the  de?x i t ion .  

This n c c l r i ~ ?  would occw seve ra l  nonths a f te r  

On the o t h e r  han:! ea s i ly  ceasured quan t i t i e s .o f  plutonium a r e  excreted 

i n  feces ,  T i i s  is d e n c n s t r z t d  i n  ?ii,rl?re 2. k f e c a l  excret ion reference l e v e l  

is derive? Elirzination f roni ths pul.onar;r of, t he  blood, 

ahd G.I. Tract. Tnree b z i c  ass-mptions are  made: 

1) the  h a  t i c e  of e l in ina t ion  fron t he  pulmonary l u g  is 500 days. 

This i s  the  recorxsr.5eS vzlus i n  AFFndix I of t h e  Lung 3yna!lc Task Graup's 

repar t .  

2)  The daily e l h i n a t i o n  fron the  Lu2g (Y) i s  p ropx=t ionz l  t o  t h e  

cur ren t  buxlsn 1:. 

3)  

This i s  a col la ry  of the f irst  assmption.  

The oz ig ina l  bwien  llo is equal t o  t he  sum of t h e  da i ly  e l i n i n a t i o n  

from t = 0 ' t o  i n f i n i t y ,  

The cXLculation sh0r.s t h a t  49 d/n/day is eliminated from a 16 nc lung 

bwderr, 32 d/n by m y  of the  feces. One ten th  t h i s  value, o r  3.2 d/n/day would 

be a sc i t ab le  reference level .  Persons , '  

be s d e l y  assme5 t o  have non-haza-docs 

l O b 8 4 l r  I 122 
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lung burdens. 
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P H A S E  II F E C A L  E X C R E T I O N  R E F E F t E N C E  L E V E L  

NON- AVAILABLE 
COMPARTMENT 

N- LUNG BURDEN 

LUNGS 
G . I .  TRACT 

BLOOD LYMPH 

I. TASK GROUP DEFINITION, P u 0 2 :  

DAILY LUNG ELIMINATION ( Y )  a N 
.693 
500 

-- 
Y = Yoe 

YQSOO 

.693 
No 8 - 

III. MPNo a I6 nc 3.5 I IO4 d /m 
,693 (3 .5  I IO'  d / m  

500 d O Y 8  
yo ' 

a 49  d/rn/'doy 

40  X. DAILY FECAL EXCRETION a Z Y  

9 32 d / m / d a y  

Figure 2 .  
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17-viva o r  c:holF bd;. g < 7 2  coxi t lng has demmstrated excellen’, results 

f o r  t h e  accurate assay of z q . ~  r d i o n u c l i d e s  i n  t h e  h n z i  body. The only 

requirezent  i s  the presence of zn energet ic  gama emitted w i t h  reasoriable 

abundance f r o x  tne r d i o n u c i i d e  of i n t e r e s t .  

Unfortunately, the a c t i n i d e  elexents  a r e  not blessed with zbundant 

235U i s  detected t o  l e v e l s  as low as 7 energe t ic  gzma racilation. 

‘3‘?A cay b2 detecte? by gxmas f ron  i t s  daughters, but r e d i s t r i b u t i o n  of 

these  danghters rrizke evzlcat ion d l f f i c u l t ( 7 ) .  Recent a6vances(*)(g) by 

using t h i n  XaI c r y s t a l s  Ca.;c ixprmed the  de tec t ion  of 241An and 239Pu. 

2 nc of 241A-a an5 16 nc of 239h, can be detected i n  the lung. 

of ‘39~u depends on t h e  ;‘LA- . present.  

The d e t e c t i o n  

There a r e  t x o  basic: s b r t c m i n g s  of present In--JFvo counting metinods 

f o r  a c t i n i d e  elezents .  

a r e  expersive (4253,c:.: 1 ace s * ~ t z S ~ j r  inexpensive couyters carmot usual ly  

detect, l u g  burdens s r , . ~ i e ~  thai pem.issible. 

Adenwtely shielde5 and s e n s i t i v e  whole bo2y counters 

- -  

s ince  Januzry, 1965. 

d e t e c t i a i  of acute i r z i a l a t i o ~  ex?os*,nes, (2 )  t h e  est imat ion of detected 

It is use:! t o  accomplish three  goals: (1) t h e  early 

lung burdens, ar,d ( 3 )  the  screening of p o t e n t i a l  chronic exposures. 

The Earlv Detectior. of Accts Inhalat ion Smasures  

The vzlue of  fecal s z ~ p l i n g  f o r  t h e  earljr de tec t ion  of inha la t ion  

expos&-es i s  i l l u s t r a t e s  i n  figure 3. 

acute  i r k a l a t i o n  ex-ocsu-e f o l l o - d x  a glove box explosion. 

This shows t h e  excret ion d a t a  f o r  an 

The glove b3x, 

f i l l e d  w i t h  pr0par.e gas f r o 3  a 1eakir.g Bern-z-natic torch, exploded %hen. 

I O b 8 4 4 3  
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EXCRETION DATA 
ACUTE INHALATION EXPf)SURE, January 17, 1966 

2 4 1 ~ m  o2 7' 7-7- '3 1 

\ OTPA TREATMENTS r 

20 *: I O  

\ I l l  - FECAL 
--e-- U R I N E  

2 4 6 8 10 12 14 28 6 2  120 
DAYS POST EXPOSURE 

7 nc 
% t < 2 n c  

t 
< 2 n c  

L U N G  BURDEN 2 1 n c  t79  
EST. ,  w n  1 8 n c  3 n c  

Figure 3 .  

the  technician s t ruck  t h e  l i g h t e r .  was the  main contaninant. Urine 

s a q l e s  col lected from t h e  t i x e  of the  accident throughthe t h i r d  day showed 

negl igible  q u n t i t i e s  of 2 b 1 A ~ ,  

the  bulk of the Phase I clearance,  con+,ninzd nore thvl 16 nc. This fact p l u s  

pcsktive izd ica t ions  f r o 3  XhDle bcdy counts on tke secoz5 day prox?ted riodica: 

Hoxever, t!!e first ' fecal  sample; c0nprisir.g 
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, tung burden e s t i z z t e s  were made bj' th in  crystal counting at t h e  

Presbyterian Hospital  Xnole Body Coxiter o y r z t e d  by P i t t  GSPi! personnel. 

These c o w t s  were perCome3 on the  second, four th ,  f i f t h ,  s i x t h ,  ter.th, 

ti.renty-eig:?th a 5  sir.t:r-secod days past  ex?osure. The indicated eievated 

counts on the secon3 e d  four th  day a r e  suspect,  sirice r e s i d u z l  ex terna l  

c o n t z ~ 5 x i t i o n  m s  f0Ln.d O A  t h e  p a t i e n t s  chest. ?!hen t h i s  was rexoved, t h e  

count drop+ oTf by a f a c t o r  of three.  

t o  DTPA t r e a t a a i t ,  s i x e  less than 100 d/m were excreted i n  t h e  in te rva l .  

E it were t r u e ,  then t h e  vzlue of "the E P A  adnsinistration could be i n  

doubt, s ince-only  2 nc x e r e  u l t i n a t e l y  excreted and severa l  n*acuries 

should hzve ceen transferyo3 f r o 5  t h e  1ur.g t o  the bone. 

b 

This decrease cannot be a t t r i b u t e d  

The i n p o r t m t  pc in t  is t!xt only the  i n i t i a l  pos i t ive  f e c a l  sm?le 

gave a c l e a r  ind icz t lon  t h a t  an i n h a a t i o n  exposure had occwrec'. 

u r i n a l y s i s  haj been used, it would have been concluded t h a t  no e q o s u r e  had 

If only 

occwred. h'o DTPA t r e a t z e n t  would have been prescribed and the technician 

would have unkncxtngly re ta ined  a lung  burden of inso luble  alpha emitters.  

It is gra t i fy ing  t o  l e a r n  t h a t  DT?A can effect ive74 reaove Am02 and 

PuO2 from t h e  lung. 

He also indicated t h a t  'the h e a t  treatment h i s t o r y  of the aerosol  particles 

might a l t e r  the  effect iveness  of DTPA f o r  removing P u O ~  f r o a  t h e  lung. 

Perhaps t h i s  i s  tine reason, RocQ F l a t s  h u  reported a l ack  of success with 

s inLlar  chelat ion treatnerit  (8) . 

Tnis p o s s i b i l i t y  has been suggested by To=bropoulos.(ll). 

I O b 8 4 4 5  1 26 
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EXCRETION D A T A ,  2 3 9 ~ u  "N ITRATE"  
SCRAP RECOVERY OPERATOR . 
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t h e i r  feces f r o z  p r e v i o u s 3  uydetected ex?sstl-es. These excretion data shoil 

t h a t  t h e  f e c a l  t o  urine excret ion r a t i o  r n q  be l a r g e  even f o r  otner  c h e x i c d  

forms of plutonic... An inves t iga t ion  i n t o  t h i s  o?erator 's  exposure revealed 

t h a t  his pr inc ipa l  e x p s w e s  occc-re3 durir .g c lean  up of plutoniun n i t r s t e  

' 

so lu t ion  leakage fror: externa l  pipir?g. 

aeroso l  i n  such cases i s  i n . 2 o i k t .  

The a c t u z l  c h m i c a l  form of the  

Eowever, t h e  lung clearance s e e m  t o  have 

t o  be &bout ;;;?at wocld be eGzcted  f o r  t r a n s f e r r a l  f r o 3  lung t o  bone. 

The e s t i n a t e d  lung b w d e i  at the t i c e  of t h e  first f e c a l  rrieasurezzent 

i s  7 nc. 

I would l i k e  t o  d iscass  the  t!!irci f e c a l  d a t m  point. Ordinzr i ly ,  

one t a k e s  s t r q  bioassey da-lzi, rec3,ds then and marks the  deviat ion o f f  t o  

t h e  vagaries  of  h u T a  met25ollsn. 

had been f r e s h l y  e x y s e d  the  d q  pyior t o  s u k i t t i n g  the  sanple. 

Hosrever, we discovered t h s t  the  operator  

The high 

result probzbly is due to Pnase I clearance f r o x  a low l e v e l  exposwe. We 

have learned t h a t  f e c a l  sLT?ling m s t  be done a f t e r  a person has been away 

from exposure f o r  a t  lezst  t w o  d q s .  ' 

Routine bIonitorinc: of Chronic Plutonium SxDoswes 

Figure 5 shows the i n p o r t a x e  of routine f e c a l  sa!pl ing  i n  a plutonium 

bioassay progrm. 

'eac.5 o t h e r  :OF all cases where samples were col lected the sane day. 

The excret ion r a t e s  v i a  feces and ur ine a r e  plot ted a g a h s t  

The U U Z A  

reference l e v e l  i s  s e t  a t  0.2 pc.' Exposures. beloc: t h i s  a r e  given no f u r t h e r  
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Figure 5. 

:k-:;; cf :.;le f e c a l  d a t a  undoubtedly r e p r e s e n t  Eiase I clearance a d  

a r e  no t  nocessaril; iz7ortaZt. Eozever, i t  is obvious t h a t  ur lna . lys is  

gives f a l se  assurance on the  ascquacy of e n v i r o x e n t a l  cmtrol, 

i n f o m a t i o r :  ? resec ted  he re  caused us t o  inves t iga te  m d  correct  conditions 

of which we ha? beer, ui;s;ire. 

The 

Breat5ir.g zorx sanpling azd f eca l . ana lys i s  - 
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. 
beer: 2s cozperative r;:t> the  f e c 2  sar.?ling progra;s as they D e  with ur ine 

sz-..plirrg, 

. t  rse give the  empiolree a quar t  p l a s t i c  r e f r i g e r a t o r  carton, a srr.all 

r o l l  of tape,  a papor bzg z - d  a wr i t ten  set of ins t ruc t ions .  

hoxe t o  subFit  the ssz?le.  

He takes  this 

Ke have forvlcI it necessary to do home-only 

sa-g l ing  t o  avoid io;; l e v e l  conta . lnat ion of samples. 

szTple i n  t h e  carton, he replaces  t h e  l i d  aid sezls it x i t h  t h e  tape. 

c c t o n  I s  placed i n  t h e  p z y r  bag and brought back t o  t h e  laboratory t o  

ah-ait shipment t o  t h e  3icaSsq: ';endor. lb fuss, no smell, no messy handling 

L*ter depasi t ing -the 

The 

pro5lens. 

t h e  carton with a l e g e  h;:;oeer?ic syringe. 

with p l a s t i c  adhesive. 

!.le even add forx:iLdehyde, as requested by one vendor, by i n j e c t i n g  

The r e s u l t i n g  hole  is sezled 

t h e  w l n e ,  but t h a t  t 5 e  feze; is t he  pr incigal  route of excretion. 

One i n t e r e s t i r ;  SP?, of e a r l y  bioassq-  da ta  follor--ing er.?asrc t o  a 

s m a l l  r e l e a s e  of e n r i c h 5  Fj is shorin i n  Figure 6. "ere the f e c a l  excret ion 

rate coctinues ts i n c ~ e a s e  u n t i l  the f i f t h  day before f a l l i n g  o f f .  UO2F2 is 

t h e  inhaled proicc t  during "her." releases.  This i s  gencr2U.y c o n s u e r s d  t o  

be highly absorbed i n t o  t h e  blooj  f r o n  the  lungs. Perhaps t h e  delayed fecal 

excret ion r a t e  pe2-L i s  tn ind ica t ion  of elimination of systeniic uranium via 

the  feces. The w i n e  c w v c  ends t h e  secor,d day s ince t h e  sequence of 

succeeding w i n e  datz i s  i n  doubt. 

The last f i p r e  ( i : ~ .  7) shar.:s th ree  

The r a t i o s  were selected frorr, 126 r a t i o s .  
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1. 

2. 

3-  

k .  

5.  

6. 

7. 

8. 

f e c d  27j w i n ?  s z , F l e s  xere n o t  coEected  sinultaneouslg,  t::?ere P h a e  I 

c l e a r a x e  75.11 a a s k  the  ion5 terr, retainad excret ion and t h e r e  expscres t o  

coR:.p~uir!s o ther  tha-, UC2 are possible.  

Tne r e s u l t i n g  18 r a t i o s  f a l l  a l i o s t  magically i n t o  t h r e e  well defined 

groups: 

average 14 and Group 5 :  63 f o r  3 cases. 

t h i s  l o g - n o r s l  d i s t r i b u t i o 2  w i l l  r e r i n  is p r o b l e m t i c a l .  

obvious t h a t  a t  l e a s t  s m e  U@ exposwes a r e  poorly detectod by ur inz lys i s .  

Wmle h d y  counting is ef fec t iv?  f o r  enriched urzilu? lung burdens g r e a t e r  

than 7 nc. 

Group 1 has, Rlne r z t i o s  whose mew i s  about 2.3, Group 11's 6 cases 

The study is  continuing a d  tinether 

However, it is  

But f e c a l  sa-;lpling i s  necesszry f o r  t h e s t i n a t i o n  of smaller 

f r a c t i o n s  of t h e  pzrrissible lung  bwden. 

. .  
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Univers i ty  of Fittsburg5, i n  p s r t i c * d a r  h.s. M. tlald, A. Brodskj and 
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then.  

The ;;:?de So5:t counting d a t a  i n  t h i s  paper vas received from 

- Eoer l lne ,  z c .  perfo,rxs !.IL';.SC P l u t o n i m  urine aR3 fecal vlalysis. 

They a l s o  23 0.2 nrz. : im w l n i l y s l s .  Tht q u a l i t y  of  t h e i r  work and the 
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EVALUI..i’IOS OF 1312 PUQF’Llk METHO9 
OF CALCULA-TIKG BODY BLRDEXS 

\ J i  l l i a m  R , iJood, Jr . 
Warren E .  Sheehan 

s n  d 

Nonsanto Research Corpora t ion  
Mound Lab o r  a t  o r 9  
Miamisburg, Ohio 

Ab s t r a c  t 

Data on u r i n a r y  e x c r e t i o n  of plutonium fo l lowing  pulmonary 
d e p o s i t i o n  were obta ined  from f i v e  c a s e s  o f  d e p o s i t i o n s  from 
plutonium d i o x i d e  and from one c a s e  of d e p o s i t i o n  from a mixture  
of more s o l u b l e  compounds of plutonium. The PUQFUA system o f  
J . N . P .  Lawrence was used t o  estimate body burdens f o r  these c a s e s .  
An e v a l u a t i o n  of the  c a l c u l a t e d  body burdens f o r  v a r i o u s  t ime 
p e r i o d s  a f t e r  exposure shows an  e x p o n e n t i a l  movement of p lu ton-  
ium f r o n  the  lungs t o  t h e  systemic c i r c u l a t i o n .  The average 

w h i l e  t h e  h a l f - t i m e  f o r  the  exposure from more s o l u b l e  com- 
pounds was 29 d a y s .  Through the use of the 240-day h a l f - t i m e ,  
body burden e s t i m a t e s  were made by an  i n t e g r a t i o n  method and by 
a lung  model u r i n a r y  e x c r e t i o n  curve  method. These v a l u e s ‘ a g r e e d  
w i t h a t h e  F’UQFUA c a l c u l a t e d  body burdens and j u s t i f i s s  the use of 
the WQFUA s y s t e n  i n  c a l c u l a t i n g  body burdens rece ived  by t r a n s -  
f e r  from the  lungs t o  the systemic c i r c u l a t i o n s .  

, h a l f - t i m e  f o r  the  f i v e  c a s e s  was e s t i m a t e d  t o  be 240 days ,  

I NTRODUC T I  0 N 

The problems of  a s s e s s i n g  plutonium body burdens i n  man c o n t i n u e s  t o  
be a s u b j e c t  of much concern t o  the h e a l t h  p h y s i c i s t .  V a r i a b l e s  such 
as  p a r t i c l e  s i z e ,  chemical form, s o l u b i l i t y ,  r o u t e  of e n t r y ,  a c u t e  o r  
c h r o n i c  exposure a r e  a l l  q u i t e  p e r t i n e n t  t o  the  d a t a  e v a l u a t i o n  process .  
Seldom are  a l l  of these  f a c t o r s  known i n  c a s e s  of human involvement,  
and as  a r e s u l t  most of the human d a t a  of  r e c o r d  have been ex t remely  
d i f f i c u l t  t o  e v a l u a t e .  Even animal d a t a  which are genera ted  under con- 
t r o l l e d  c o n d i t i o n s  have n o t  c o n c l u s i v e l y  determined t h e  p h y s i o l o g i c a l  
d i s c r i b u t i o n  of plutonium. 

? .  \Mound Laboratory i s  o p e r a t e d  by Monsanto Research Corpora t ion  f o r  
t h e  C. S .  Atomic Energy C o m i s s i o n  under C o n t r a c t  AT-33-1-GEN-53. 
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One of the m j c r  d i f f i c u l t i e s  i n  the  eva lua t ion  of human exposures 
has been the presence of unabsorbed r e s e r v o i r s  of ma te r i a l  i n  the body 
which a r e  r e l eased  t o  the c i r c u l a t o r y  system a t  va r ious  r a t e s  depending 
on the loca r ion  and s o l u b i l i t y  of the  mater ia l . :  This s i t u a t i o n  
produces many e l imina t ion  p a t t e r n s  and complicates  eva lua t ion  processes  
based on u r i n e  assays ;  many of the plutonium exposure cases  repor ted  
have been complicated by these r e s e r v o i r s  and the re fo re  do n o t  f i t  any 
simple model of e l i n i n a t i o n . a  

Several  computer programs have been developed t o  r e l a t e  u r i n e  a s s a y  
d a t a  to  Sody r e t e n t i ~ n . ~ ~  These programs have used the  systemic model 
of u r i n a r y  e l imina t ion  repor ted  by Langham.5 There has  been a g e n e r a l  
use of these  computer codes i n  r o u t i n e  monitoring programs even though 
doubt has been expressed on t h e i r  a b i l i t y  t o  determine body burdens i n  
cases  where unabscrbed r e s e r v o i r s  of m a t e r i a l  e x i s t  

Healy i n  1957 documented u r ina ry  curves  from human exposure c a s e s  
r e s u l t i n g  from pulmonary deposi t ions. '  He suggested t h a t  a slow t r a n s -  
f e r  from the lungs t o  the blood was taking place t o  produce the u r i n a r y  
e l imina t ion  p a t t e r n  observed. This  type of e l imina t ion ,  q u i t e  d i f f e r e n t  
from t h a t  of a so luble  uptake,  has been cbserved and repor ted  s e v e r a l  
times s ince .  Beach and Dolphin have r e c e n t l y  published u r i n a r y  e l i d n a -  
t i o n  curves based on both an exponent ia l  and a power func t ion  r a t e  o f .  
removal from the lungs to the systemic c i r c u l a t i o n . e  

The exposure cases  repor ted  he re ,  w i t h  one except ion ,  r e s u l t e d  from 
the inha l sc i cn  oi r e l a t i v e l y  in so lub le  plutonium dioxide .  The , u r i n a r y  
e l imina t ion  p a t t e r n  observed resembles very much t h a t  observed by Healy 
and o t h e r s .  The eva lua t ion  of the u r ine  d a t a  t o  e s t a b l i s h  the  systemic 
body burden has See? done b y  a system based on the systemic model f o r  
acute  exposure t o  so luble  m a t e r i a l .  No at tempt  has been made t o  e s t i m a t e  
the r e m i n i n g  lung burden m r  the  t r a n s l o c a t i o n  s i t e s  of the material 
reaching the b l o o d .  

The o b j e c t  cf t h i s  r e p o r t  i s  t o  show t h a t  e x i s t i n g  methods can be 
used t o  d e t e d n e  the systemic burden i n  the more common types of 
exposures t h a t  occur i n  i n d u s t r i a l  ope ra t ions .  

BODY BURDEN CALCLUTIONS AND INTERPRETATIONS 

An a c c i d e n t a l  r e l e a s e  of plutoniurc-238 oxide r e s u l t e d  i n  f i v e  case; 
of s i g n i f i c z n t  pulmonary depos i t ion .  The i n i t i a l  samples, though showing 
uptake,  d id  not  i n d i c a t e ,  according t o  t h e  Langham power func t ion  for 
exc re t ion  r a t e ,  t h a t  any of t h e  cases  had absorbed more than  one t e n t h  
of t h e  RPG (Radia t ion  P ro tec t ion  Guide) of O.O& uc. 
however , .did not  follow t h e  exc re t ion  r a t e  according t o  t h e  power func-  
t i o n ,  i n d i c a t i n g  t h a t  t h e r e  had been a d d i t i o n a l  uptake t o  t h e  system, 
A s  a pulmonary depos i t i on  appeared t a  be f e e d k g  t h e  systemic c i r c u l a -  
t i o n  w i t h  a contiriual t r a n s f e r ,  t h e  ?L'0FLrA3 method of c a l c u l a t i n g  
ch ron ica i ly  rece ived  body burdens was adopted t o  perform these body 

Subsequent sampling 
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irden c E l c u l a t i o n s .  The method Gas f e l t  t o  be r e l i a b l e  even though 
. che assuned cont inuous r e l e a s e  t o  t h e  s y s t e n  i s  t r e a t e d  as a n  a c u t e  

exposure midway between u r i n e  sampling d a t e s .  

Wi th  the  r i s i n g  e x c r e t i o n  of plutonium, the FVQFUA c a l c u l a t i o n s  showed 
an i n c r e a s e  i n  body burden f o r  the  f i v e  exposure c a s e s .  Af t e r  a per iod 
Of t ime,  t h e  r a t e  f o r  the  movement of m a t e r i a l  t o  the  systemic c i r c u l a -  
t i o n  was e s t a b l i s h e d  by comparing t h e  c a l c u l a t e d  body burdens a t  ’va r ious  
t imes .  
f e r e n t  pe r iods  of time p a s t  exposure was determined.  Various spans o f -  
t i m e  were used f o r  t h i s  e v a l u a t i o n .  Since the  r a t e  of change of  the 
i n c r e a s e  was s i m i l a r  f o r  each span chosen,  on ly  t h e  100-day c a l c u l a -  
t i o n s  a r e  shown i n  F igures  1 and 2 .  The t r a n s l o c a t i o n  ha l f - t imes ,  
( h e r e a f t e r  s i n p l y  h a l f - t i m e s )  shown f o r  t he  f i v e  c a s e s ,  demonstrae t h a t  the 
q u a n t i t y  moving t o  the systern i s  d e p r e c i a t i n g  exponen t i a l ly  w i t h  t i m e  
by a h a l f - t i m e  on t h e  average cf 240 days.  The d i f f e r e n c e s  i n  the  h a l f -  
t imes o f  t he  f i v e  cases a re  considered t o  r e s u l t  from the method of t h e i r  
c a l c u l a t i o n ,  r a t h e r  than i n d i v i d u a l  v a r i a t i o n .  The average value i s  
used f o r  t h i s  reason .  I n d i v i d u a l  va lues  a r e  l i s t e d  i n  T a b l e  I along 
w i t h  t h e  i n i t i a l  t r a n s f e r  value obtained through e x t r a p o l a t i o n  of the 
curves  of F igures  1 and 2 t o  Day One. 

Through t h i s  comparison the  average i n c r e a s e  per  day f o r  d i f -  

2 

% 
C w 

A 
0 CASE I ,  220 DAYS 
A CASE 11; 235 DAYS 
0 CASE lV.235 DAYS 

(SAMPLE PERIODS 
APPROXIMATELY 

1 0 - 5  1 1 ! 1 1 1 1 1 1 l 1 1  
0 200 400 600 800 IO00 I200 14 

TIME AFTER EXPOSURE (DAYS) 

1. Average uc  I n c r e a s e  i n  Body Burden/Day vs .  Time (100 Day Time  i 

Period)  
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10-3  

1 0 - 5  

a CASE 111, 270 DAYS 
+ CASE V,  240 DAYS 

(SAMPLE PERIODS 
APPROXIMATELY 100 DAYS) 

- 
- - - 
- 
- 
- 

I 1 I I I I I 1 I I 1 I 

0 200 400 6G0 800 1000 1200 I400 

TIME AFTER EXPOSURE (DAYS) 

2. Average ,c Increase i n  Body Burden/Day vs. Time (100 Day Time 
Period) 

'UBLE I 

DecerrLrea T r a n s l x a t i o n  Half-Ti.zes and 
t h e  I n i t i a l  Days T r a n s f e r  

TiMSSLCCXTION INITIAL TRANSFER 
W F  - TI?E DAY 1 - CASE (davs)  (. c i d a v )  

1 220 3.3 x lo-' 
i 235 1.22 x lo-' 
3 270 1.02 x io-' 

5 2 i o  0.51 x lo-' * 

.. 235 . 0.60 x l(r' 

250 - Xt'EiMGE 

BODY BURDENS IXROLJGH I N T E G U T I O N  

The total .  plutonium t r ans fe r r ed  from the lungs t o  the system can be 
ca lcu la t ed  f r o n  the equat ion 

2000 

1 Systemic cr Sody Burden) 

, .  
(1.T.) E - ~ * s  d t  - 3: (Total  t r ans fe r r ed  t o  systEm, 
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*'here ( 1 . T . )  = I n i t i a l  T r a n s f e r ,  
;., = 0 . 6 9 3 / 2 4 0  

The i n t e g r a t i o n  w a s  completed t o  2000 days t o  o b t a i n  a comparison 
w i t h  the PUQFUA method through t h e  same time p e r i o d .  The e q u a t i o n  
reduces  t o  

The i n i t i a l  t r a n s f e r  f r a c t i o n s  f o r  Cases 1 - 5 are taken from Taole I .  

The r e t e n t i o n  f r a c t i o n  ( R , )  i s  found by the equat ion:  

T o t a l  t r a n s f e r  - T o t a l  e x c r e t i o n  
Tota l  t r a n s f e r  R: 

2000 

R, = b l  . 

* 

-0.94 d t  2001 -n 

J1*0079 
( I . T . )  e -ni , roo0 i' ( I . T . )  e';.& d t  - 

n= 1 
200 0 

'1 
( I . T . )  e-1, d t  

2001 - n 
. Rhere (I.T.) " ,0079 t d t  - t h e  i n t e g r a t e d f D 1 0  t o t a l  e x c r e t i o n  t o  

day 2000 f o r  t h e  q b a n t i t y  ( I . T . )  e-nA,which moved i n t o  the  systemic 
c i r c u l a t i o n  on day n .  
n = 2000 g i v e s  t h e  t o t 6 1  e x c r e t i o n .  The e q u a t i o n  reduces t o  & = 0.927. 

The sum of t h i s  e x p r e s s i o n  e v a l u a t e d  from n - 1 t o  

The r e t e n t i o n  frac:Lon i s  f u r t h e r  reduced by the p h y s i c a l  decay Of 

( 0 . 6 9 3 ) ( 5 . 5 )  
plutonium-238 on 2003 d a y s  (5 .5  y r s ) ,  o r  

R, = (0.937) e -  90 = 0.89 

Therefore  the systeuiic burden r e t a i n e d  ( D , )  i s  found by: 

D, = DE R: = O o g g 4  (1*T*)(0.89) * 308 (1 .T . )  
1, 

Table I1 l i s t s  these  D, v a l u e s  and PUQFUA c a l c u l a t i o n s .  

Table 11 

Comparison of the Integration Mthod and R I Q N A  Method 
of Body Burden Calculations 

INTEGRATION @ 2000 DAYS PUQrUA @ 2000 - CASE L C )  DAYS ( . c )  

10.2 x lo-* 
3.X x lo-' 
3.1 x 1 o - a  
1.8 x 1o-S 

1.5 x 1 o - a  

9.1 x l ( r a  
L.0 x lo-' 
3.6 x 1(r7 
2 . L  x lo-' 
1.8 x l(ra 
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. 
Case 1 rece ived  t rea tment  s i t h  diethylenetriaminepentaacetic a c i d  ( D n A )  
which e f f e c t e d  a n s i n c r e a s e d  removal of 0.01 p c .  This v a l u e  was c a l c u l a -  
ted b y  t o t a l i n g  u r i n e  e x c r e t i o n  above t h e  ncrmai l e v e l  p r i o r  t o  t r e a t m e n t .  
The i n t e g r a t i o n  nethod values f o r  a l l  c a s e s  except  Case 1 a r e  lower than 
the PUQFUA e s t i m a t e .  However, by s u b t r a c t i n g  t h e  0 .01 p c  removed through 
t r e a t m e n t ,  the body burden e s t i m a t e  of Case 1 should be  a d j u s t e d  t o  
9.2 x 10'' s c  which i s  i n  c l o s e r  agreement w i t h  t h e  PUQFUA estimate. This 
i n d i c a t e s  t h a t  the  PUQFUA method is capable  n o t  o n l y  of e s t i m a t i n g  body 
burdens rece ived  through i n h a l a t i o n  of i n s o l u b l e  compounds b u t  a l s o  of  Cor 
r e c t i n g  f o r  the l o s s  of body burden r e s u l t i n g  from DTPA a d m i n i s t r a t i o n .  

Closer  agreement between the  i n t e g r a t i o n  and PUQFUA c a l c u l a t i o n  c a n  be 
achieved i f  c o n s i d e r a t i o n  i s  given t o  the f a c t  t h a t  o t h e r  employees, who 
have had u r i n e  sampling f c r  a comparable per iod  of  t i m e  w i t h  no known acutr  
up take ,  have 2 3  average of 0 .003 ~c body burden (PUQFUA est imate) .  If t h i :  
va lue  were taken a s  a background f o r  the  FTJQFUA IIlethod of c a l c u l a t i o n  o v e r  
a 5 year  per iod and was s u b t r a c t e d  from t h e  PUQFUA c a l c u l a t e d  body burdens 
of Cases 1 - 5 ;  t h e  c o r r e c t e d  v a l u e s  would be a s  l i s t e d  i n  Table 111. 

TABLE XI1 

Ccmer-son  z f  >.ret ?Lchoas for E v a l u a t h g  Body Buricnr 

BODY BURDEHS 
S: E X T U ? O U T : O S  BY COXRECZD PUQFLA BY i X T E i i U T I O N  - C A S  r c '  e )  ( c)  

4 : x 1 L Y Z  8 . 9  x l o -a  9 . 2  x lo-' 
2 . ;  x L 0 - S  3.7 x l o - a  3 . 8  x lP* 
3 . 5  x lo-' 3.3 x l o - a  3.1 x lo-' - 2 . ;  x 10-1 2.1 x 10-a 1 . a x  lo-a 
L.5 x 10-j 1 .5  x l ( r a  1 . 5  x lo-' 

. ..\.I 
L L  ..L- "C3 EL URINARY EXCRE TIC N CURVE 

With t h e  a s s m , F t i o n s  t h a t  t h e  240-day t r a n s l o c a t i o n  h a l f - t i m e  f o r  
plutonium moving t o  t h e  sys temic  c i r c u l a t i o n  i s  c o r r e c t  and that  t h e  
t r a n s l o c a t e d  plutoniurr. i s  e x c r e t e d  accord ing  t o  Langham's sys temic  
model, a n  e q u a t i o n  f o r  t h e  r a t e  of u r i n a r y  e x c r e t i o n  was d e r i v e d ,  

With a n  i n i t i a i  t r a n s f e r  f r a c t i o n ,  (I.T.), coming from a source  
k h i c h  e n t e r s  the biood s t ream w i t h  an e x p o n e n t i a l  d e c r e a s e ,  the ra te  
of  u r i n a r y  e x c r e t i o n  can' .be expressed as: 

t= 1 

where U, = The u r i n a r y  e x c r e t i o n  of plutonium f c r  any day n ,  and 

Th i s  can a l s o  be ex ixessed  Sy t h e  e q u a t i o n  
1.; = Rate of zovemenc t o  systemic c i r c x l a c L o n .  
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Healy’ develo2ed a s i d i a r  equation i n  an attempt t o  evaluate  lung 
burdens from ur inary  excre t ion .  Healy’s equation 

n 
U, =0.002 X , Q ,  f e-at(n- t ) -0*74 d t  ( 3 )  

0 
contained two unknowns, Q, ( t o t a l  f ixed quan t i ty  i n  the lungs) and A 
( the  o v e r a l l  r a t e  of  removal of the f ixed quan t i ty  from the  lungs ) ,  and 
hence the  i n t e g r a l  could be evsluated only by equating 2. = >., . These . 
two unknown va r i ab le s  a r e  e l iminated bydealing w i t h  a measured !.’ and an 
educated es t imate  of the i n i t i a l  t r a n s f e r .  T h i s  does not  r e l a t e  ur ine 
exc re t ion  t o  a t o t a l  lung burden; i t  does r e l a t e  measured t r a n s f e r s  
from the lungs t o  an expected ur inary  excre t ion  r a t e .  
the p a t t e r n  to  be expected. The t h e o r e t i c a l  p a t t e r n  (Equation 2)  was 
then f i t  t o  the observed excre t ion  r a t e s  (Figures 3-7) .  

This  e s t a b l i s h e s  

I DO 

w 
E I .o 

0. I 
I I O  IO0 I.000 . 10,000 

TIME AFTER EXPOSURE (DAYS) 

3 .  Case #l Daily Urinary Plutonium Excretion 

POWER FUKCTIOh’ APPLICATION AFTER AN EXTENDED TIHE PERIOD 

After  10,000 days the  curve begins t o  follow the s i n g l e  power func t ion  
The of  Langham and can be ex t rapola ted  back t o  es t imate  the body burden. 
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L ANGH AM’S EXCRETION CURVE 

EXCRETION CURVE 

I I I I , I , , .  I I ,  , 1 1 1  I I I 1 I I I  

I 10 IO0 1,000 10.000 
TIME AFTER EXPOSURE (DAYS) 

4 .  Case $2 Urinary Plutonium Excre t ion  

body burden e s t i r a a t e s  b y  the e x t r a p o l a t i o n  method a r e  l i s t e d  i n  Table111 
w i t h  the  PUQFUA and i n t e g r a t i o n  e s t i n a t e s  f o r  comparison. 

LANGHAM’S EXCRETION CURVE 
- 

EXCRETION CURVE 

. .  

- 
I I I ,  I , ,  

I 
I 10 IO0 1,000 10.000 

TIME AFTER EXPOSURE (DAYS) 

5 .  Case IC3 Urinary  Plutonium E:tcretion 
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LANGHAM'S EXCRETiON CURVE 

- 

A z 
E - LUNG MODEL 
E - EXCRETION CURVE 
\ 

@. 
v - 

TIME AFTER EXPOSURE (DAYS) 

,6. Case i L  Crinary  Plutonium Excre t ion  

A d d i t i o n a l l y ,  the model c c r v e  w a s  used t o  o b t a i n  d a t a  t o  be eva lua ted  
by the  PUQFUA method. Values a: 30 day i n t e r v a l s  were taken from the  
curve f o r  Case 2 ,  from which a p e r f e c t  d a t a  body burden was c a l c u l a t e d .  
This  c a l c u l a t i o n  was completed through 1250 days and gave a body burden 
of 3 .4  x g c .  A t  t h i s  t ime,  1250 dzys ,  approximately 96% of t he  
plutonium has moved t o  .the systemic c i r c u l a t i o n  based on the  240 day 
h a l f - t i m e .  Therefore, an e s t ima te  of the t o t a l  t r a n s f e r  i s  obta ined  by: 
3 . 4  x l W a  pc/0.96 = 3.6 x 10'2 Jc .  This i s  i n  c l o s e  agreement w i t h  the  
c o r r e c t e d  FIJQFUA c a l c u l a t i o n .  

' 

UPTAKE AT"A FASTER RATE 

To demonstrate  t he  f l e x i b i l i t y  of the  PUQFUA system and t o  show i t s  
independence from a p r e c i s e  t r a n s l o c a t i o n  r a t e  from the  lungs such as t he  
240-day t r a n s l o c a t i o n  h a l f  - t i m e ,  ano the r  exposure case is presented .  
Case 6 rece ived  a pulmonary d e p o s i t i o n  exposure from a mixture of p lu-  
tonium compounds, p r i n c i p a l l y  plutonium f l u o r i d e  and o x a l a t e .  The body 

, 5urden c a l c u l a t e d  by PUQFUA i s  0.185 c c .  An a n a l y s i s  of t h e  c a l c u l a t e d  
. 3dy burden a s  a func t ion  of time as i n  Cases 1 - 5, demonstrates  a r e -  

moval from the  lungs t o  the  system w i t h  a 29-day t r a n s l o c a t i o n  h z l f - t i ? .  

f U b 8 4 b l  
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I IO IO0 I.000 10.000 
TiME AFTEi3 EXPOSURE (DAYS) 

7 .  Case 6 5  Urinary Plutonium Excretion 

It can be seen i n  Figure 8 t h a t  the excre t ion  r a t e  a f t e r  a period of t ine 
begins t o  fol lcw the Langham curve.  This t i n e  period i s . d i f f e r e n t  from 
the  previous f i v e  cases  and i s  dependent on the r a t e  of t r a n s f e r  from 
the lungs.  The body burden es t imate  made from u r i n a l y s i s  d a t a . a f t e r  i t  
begins t o  f o l l o w  tne Langham c u m e ,  i s  0.189,  which i s  i n  c lose  agree-  
ment with t h e  PVQFL'X ca lcu la ted  body burden. 

SUMMARY 

Data from those cases which received systemic burdens through so lub i -  
l i z a t i o n  of a r e s e r v o i r  of plutonium oxide do no; demonstrate i nd iv idua l  
v a r i a t i o n  i n  t h e  excre t ion  pa t t e rn .  ( I n  t h e  absence of p a r t i c l e  s i z e  
and r e l a t i v e  s o l u b i l i t y  eva lua t ions  on t h e  r e l eased  m a t e r i a l  i t  is 
assumed t h a t  s i m i l a r  excre t ion  pa t t e rns  r e s u l t  from exposures t o  com- 
pounds of plutonium of comparable physical  and chemical c h a r a c t e r i s t i c s . )  

The evaluat ions of t h e  body burden ca l cu la t ions  made by t h e  PUQFUA 
method show t h a t  plutonium en te r ing  the  systemic c i r c u l a t i o n  through 
s o l u b i l i z a t i o n  of a pulmonary deposi t ion w i l l  e x i t  t h e  system according 
t o  W. Langham's equat ions,  provided complexing agents  such a s  DTPA a r e  
not  used. 
of e s t i n a t l n g  body bur2ens f o r  d i f f e r e n t  r r ans loca t ion  half times of 
m a t e r i a l  t r a n s f e r r i n s  from the  lungs co t he  systemic c i r cu la t fon .  

These eva lua t icns  a l s o  show t h a t  t h e  PL'QFUA nethod i s  capable 
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, The ar ie lys i s  of t h e  eva lua t ions  cf t h e  body burden c a l c u l a t i o n s  l e d  to 
.e developnent of a u r ina ry  e x c r e t i o n  curve f o r  plutonium r e s u l t i n g  from 

lung burdens o f  plutonium oxide.  
r ap id  e s t ima t ion  of 2 projec ted  systemic burden which w i l l  r e s u l t  from 
lung  burdens,  bu t  does n o t  e s t i m a t e  the  t o t a l  lung burden i t s e l f .  
u r i n a l y s i s  da t a  a r e  r e l a t e d  t o  systemic burdens and are used t o  e x t r a -  
po la t e  w i t h  the  use o f  t h e  lung model curve the  f r a c t i o n  of the lung 
burden which K i l l  u l t i m a t e l y  become the  systemic burden. 

This  model curve f a c i l i t a t e s  a more 

Simply, 

\ 
\ 
\ 
\ 
\- 

- - 
I.Ob LUNG TRANSFER '\ \. 

- (PUQFUA = 0. I85 C) 
\ 

\ 
\ - \ 

- INITIALLY SOLUBLE FRACTION .a,, 
0.1- 

I 

\ 

I I ,  # # I  , 8 ,  , , , I  
I I I I I l l  

IO IO0 I.000 I 0 , O O O  
TIME A F T E R  EXPOSURE (DAYS) 

8 .  Case H b  Urinary  Plutonium Excre t ion  
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A ZevFew cf Pliltor.iuo; Ex?osure Cases a t  Los Aianos 

Ab s t r2c t 

N. F.  Mi l l igan  
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 

Since  it  has been suggested (Heal th  Physics l2, 1671 (1966)) 
t h a s  r o u t i n e  u r ine  s a n s l i n g  programmes m i g h t  be advantageously 
riodified t o  y i e l d  u r i n z r y  assay  r e s u l t s  of mathematical ly  g r e a t e r  
dependab i l i t y ,  t h e  experience a t  Los Alamos is reviewed i n  the 
hope of der iv i i ig  some i d e a  of t he  constancy of plutonium e x c r e t i o n  
by i n d i v i d u a l s .  

On t h e  basis of a d n i t t e d l y  l i n i t e a  data, der ived  from the 
a n a l y s i s  of s e r i a l  24-hour u r i n e  samples from coopera t ive  i n d i -  
v i d u a l s  known t o  e x c r e t e  plutonium, i t  i s  suggested that  a l t e r i n g  
the p r e s e n t  Los klamos sam?ling progran would not n e c e s s a r i l y  
r e s u l t  i n  t he  g e n e r a t l c n  of more dependzble estimates e i the r  of 
body burden o r  of exsosure .  
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BIOASSAY ASPSCTS OF A UF6 FUME RELEASE 

M. W. Boback 

and 

R. C. Heatherton 

of 

Health and Safety Division 
Mational Lead Company of Ohio 

Cincinnati, Ohio 

ABSTRACT 

ASout 3800 pounds of u r a n i u m  as UF escaped f rom a heated 10-ton 6 

cylinder. 

by an investigation team, emergency  actions taken, consequences of 

the re lease ,  and seve ra l  u r i n a r y  uranium excretion pat terns  exhibited 

This paper  descr ibes  the cause  of the r e l ease  as determined  

by exposed employees. 

Cn Februa ry  14, 1956, there  was a ma jo r  r e t ease  of u r a n i u m  hexafluoride 

in the P i lo t  Plant of the Feed .Mater ia l s  Production Center  a t  Ferna ld ,  

Ohio. 

cylinder,  and approximately 3800 pounds of u r a n i u m ,  as uranium hexa- 

f luoride (UF6) gas, escaped before the opening w a s  p1r;gged. 

A valve was accidentally removed f r o m  a heated IO-ton UF6 

The cylinder, 

The work reported herein was per formed f o r  the E. S. Atomic 
Energy  Comisission under Contract  No. ATI30-11-1156. 
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..?st&lled in a vaporizer chest, was ready to provide feed to a UF6-to-lm'4 

reductio2 process. 

inhaled enough of tne escaping gas to develop pulmonary edema. 

-4n operator attempting to open the cylinder valve 

k e  was 

hosp!talized for 6 days. 

Eight other  operators  invclved in the incident were given oxygen as a 

precautionary measure  fn the plant dispensary. 

National Lead and AEZ employees submitted over  1 ,000  urine samples 

Two hundred and eighty 

which were  analyzed chemiczlly for  uranium and. c l idca l ly  for albumin, 

cells,  mucus, protein, sugar,  pE, and specific gravity. 

Most of the UF that escaped from the cylinder was absorbed in spray 6 

f r o m  f i r e  hoses that were kept trained on the escaping gas. 

DESCXPTIOX OF EQUPMENT AND PROCESS 

The cylinder, shown in Figcre  1, wz'; one af the standard 10- ton-  

capacity vessels  used by  the diffusion plants for  storage and shipment 

of uranium hexafluoride. W h e n  used in our  UF6-b-UF4 reduction 

p rocess  the cylinders a r e  cradled in a movable vaporizer chest. A 

length of copper tubing is attached b the cylinder valve to conduct the 

m 6  gas to the process  equipment The cylinder is heated by steam 

introduced through two  perforated pipes which extend along the length 

of the vaporizer hood. 

F igure  2 is a schematic drawing of a UF c linder in the movable va- 6 y  

p o r k e r  chest. The copper tubing connecting the cylinder to the process 

l O b 8 4 b l  
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FlGilRE 1 UF, Cylinder 

f eed  line can be beDt to accommodate sl ight variations in the positioning 

of the c h e s t  

DESCRIPTION OF THE INCIDENT 

The incident occur red  during the normal  Monday s t a r t -up  operations. 

The cylinder had been used br ief ly  on the previous F r iday  without trouble. 

A: the end of the second sh i f t  on Fr iday  the s team was shut off, and the 

cylinder valve was closed. 

prevent  f reez ing  of condensate in the steam line. 

The s team valve was "cracked" open to 

-4t 7:CO a. XI. on Monday the s team valve w a s  opened b heat the contents 

of the cylinder. A: 5:40 a.=. an opera tor  a t t e n t e d  to open the valve 
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FIGUDE 2 Flow Sheet UF, to UF, 

by turning a wrench ;tern w h i c h  projected through an opening in the 

vaporizer hood. 

applied more pressure  and the wrench began to turn., He made less thar, 

The wrench m * i l d  not turn at  his f i r s t  attempt. He then 

one complete turn, felt a sharp movement, and then l e s s  resistance to . 

turning. Unknown to the operator, the entire valve assembly had begun 

to turn. 

unscrew completety from the cylinder. 

Then the copper tubing broke, allowing the valve assembly to 
.. 

The operator was immediately engulfed In the escaplng ctoud of UF 

Two other operators nearby helped him to escape the building. 

6' 

There 

was an ixnmediab request by a nearby security patrolman for an ambulance, 

a d  a disaster alarm signal was sent from the bailding. The f i re  truck and 
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f i r e  brigadc were  ,also requested and were  immediately sen t  to the building. 

Health and safety personnel  a l so  responded. The opera tor  was taken by 

ambuiance to the dispensary where he was given emergency  treatment,  

including oxygen. Within a sho r t  time he developed raleo in his chest ,  

and i t  was believed that he was developing pulmonary edema. 

then taken to a hospital where he was given oxygen until the next day. 

He was 

He remained hospitalized f o r  6 days f o r  observation. The two chemical 

opera tors  who accompanied the man to the dlspensary were  a l s o  given 

oxygen but were  not hospitalized. 
.. . 

The water  deluge axd sp ray  sys tem which was installed in the ches t  for 

controlling leaks is  manually operated. An attempt was made to activate 

this sys tem a s  soon as  the leak was discovered but i t  failed to function 

f o r  a few minutes. It is not  known if this was due to equipment fa i lure  

or if the operator, in his excitement, pushed the lever  in the wrong 

direction. 

Immediately upon their a r r iva l ,  the f i r e  brigade connected the f i r e  hoses 

and began to d i r ec t  a spray  into the cloud n e a r  the place where i t  was 

leaving the chest. The vaporizer  hood was then ra i sed  and a d i r ec t  water  

s t r e a m  was applied to the end oi the ches t  so that i t  rebounded against  the 

cylinder a t  the valve opening. Continued application of w a t e r  f o r  about 

an hour finally cooled the cylinder and reduced i ts  p re s suze  sufilciently 

to pe rmi t  a . w w d e n  plug to be driven into t h e  valve opening. This stopped 

. the Leak. 
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ne escaping gas  was c a r r i e d  by the wind in a southeasterly direction 

Personnel  ove r  a laboratory building and the administration building. 

f r o m  these buildings were  evacuated to a location north and east. All 

employees were  instructed that i f  they had noticed any pecul iar  odor  o r  

had any reason to believe they may have Inhaled some of the mater ia l  they 

should r e p o r t  to the dispensary.  A l l  involved in the emergency actions 

were  a l s o  asked to r epor t  to the dispensary. 

lected from all of these indiviciuals within a few h o u r s  of the inc ident  

Fol low-up urine samples  were collected a t  the beginning of the work 

day f o r  severa l  days a f te r  the inc ident  

Urine samples  were col- 

ACTIVITIES OF THE SIO-ASSAY LABORATORY 

here  was no need for  evacuatiot  of the Health and Safety Building s ince h 

it. and the s i te  of the UT6 re lease  a r e  on opposlte ends of the p r o j e c t  

Mos t  of the personnel of the Bio-Assay Laboratory continued their  

routine duties during the release.  

Urine samples  began ar r iv ing  soon af te r  the r e l e a s e  was stopped. 

During the week following the incident, 280 employees and 4 vis i tors  

submitted 1024 n r h e  szmptes  which were  analyzed for uranium by a 

f luorometr ic  technique. In' the usual procedure,  samples  are analyzed 

in t r ipl icate ,  and one technician can analyze 60 to 80 samples per 8-hour 

day. 

the procedure was changed to duplicate analyses. 

. .  

Because of the Iarge sample load and the need for rap id  resu l t s ,  

' 

o u r  no rma l  program,  each  urine specimen submitted f o r  analysis 1s 

Af t e r  analysis,  the accompanied by a data s l ip  identifying the sample. 
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uranium result  is added to the .) slip which is then sent to the data proces- 

sing group for the preparation of monthly, quarterly, and annual reports. 

Each of the incident samples was processed in similar fashion. Results 

were recorded on the data slips a s  the qnalyses were completed. 

the early samples, data were typed and distributed b those members 

of the Health and Safety Division who required the information. 

short  data processing reports were prepared. 

For 

Later, 

The typed information sheets and &he data processing reports were helpfut, 

but tnadequate. 

had submttted samples which were still waiting to be analyzed. 

out, we had to go throcgh the stack of data slips for  samples awaiting 

analysts. 

In many cases, we needed to know if certain employees 

To find 

If information was desired before the preparation of a typed 

sheet o r  dab. processi3g report, the stack of completed data slips had 

to be checked. 

In future emergencies oi this so r t  we, will use the incoming data slips b 

prepare a f i le  card f o r  each employee who submits a sample. One person 

will be assigned the task of recording all incoming samples on the file 

cards. 

employee, of samples which have been aratyzed and of samples awaiting 

analysis. 

In this way vve wi I1 ha.ve an up-to-the-mlnute record, for each 

Information sheets could be prepared from the cards;  o r  

personnel who required the Mormatton could call the recorder who 

would then read off ,data f rom the card. The cards would also be available 

f o r  review, and copies could be made with an available copier. Corn- 
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data slips could be senc b th'e d a b  processing group as  soon as 

the sllp information was recorded on the file card. 
, 

RESULTS OF URINALYSES 

Six employees voided urine samples in which the u r a n i u m  concentratlon 

exceeded 1 mg/l, 

below. 

The-re was no clinical evidence that any employee suffered damage as  a 

Their exposures and resul ts  a r e  briefly discussed 

No albumin was found In any  samples f rom these employees. 

1 

resul t  of h is  uranium exposure. 

EIimination of uranium was rapid. During the f i r s t  few h o u r s  after 

exposure, the biological half-life for most  employees was 4-6 hours. 

Af t e r  24 hours, mos t  employees had dropped to their pre-incident level. 

i 
-ee A - 
operator  was collected 2 - 1 / 2  hours af ter  his exposurec 

The f i r s t  urine sample f rom the.hospltallzed chemical 

F o r  a period 

of 8 days, during his 6-day hospital stay plus 2 days a t  home, total 

urine voidings were collected ana anatyzed for  uranium. D u r h g  .this 

8-day period, only two voidings, a t  t = 83.8 hours and t = 9 6 . 3  hours, 

were  not collected ( t  = time interval, in hours ,  following the lncidend. 

Concentration of uranium in the f i r s t  urine sample ( a t  t = 2.5 hours) was 

1.8 mill igrams p e r  liter. A t  t = 25.5  hours, the conlentration was  down 

to 0 . 0 5 5  mg/l. 

is about 5 hours. 

F o r  this period of rapid decline, the biological half-life 

F r o m  t = 25.5  to t = 35.9  hours, the concentration 

dropped from 0.055 mg / I  to 0 . 0 2 6  mg/l, Concentration incr'eases occurred 

.t t = 40. 5 hours (0. 049  mgll)  and a t  t = 6 5 . 6  hours ( 0 . 0 3 3  mg/l). 

c 
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These i n c r e a s e s  occur red  while the employee was confined in the hospibL. 

P r i o r  to the first increase ,  he was givon oxygen, t e r r amyt in ,  and seda- 

tives. The re  is no apparent  cor re la t ion  between h i s  therapy and the two 

peaks  in his excret ion curve. 

The graph  in F i g u r e  3 p r e s e a t s  da ta  up to t = 72.3 hours.  From this p f n t  

on until the end of the sample  collection, f i f t y  additional voidings were cot- 

lected and analyzed. 

0.018 rngll; m o s t  concentrations were  below 0.010 mg/l .  

The highest uranium concentration in this group was 

Normal  con- 

centrat ion for t h i s  emplcyee p r i o r  to the incident was 0.01 Mg/l. Total 

uranium excre ted  was 3.36 m g  a f t e r  25. 5 hours and 3.65 m g  a f t e r  211.6 

hours when the collection was sapped .  

The employee’s condition improved rapidly during the f i r s t  few days Irr the 

hospital. He stayed f o r  6 days,  primarily f o r  observation, He re turned  

to work, fu l ly  recovered ,  9 days after the a c c i d c n t  While he was in the 

hospital, 41 of hi5 urine voidings were  analyzed fo r  protein, A l l  r e su t t s  

w e r e  negative. Since his re turn ,  th ree  urine voidings have been analyzed 

by ouz Medical Lab f o r  albumin, mucus,  ce l l s ,  protein,  s u g a r  and p Y  

N o  clinical  abnormali t ies  were  found. 

EmplQyee 3 - One other  P i l o t  P l a n t  employee exhibited a pat tern of 

ur inary  uranium which was s i m i l a r  to that of the hospitalized worker. 

This empioyee is a m e m b e r  of the Water Trea tmen t  Department ,  and 

daring the r e ( e a s e  he helped man the f i r e  hoses. Eis exposure differed 

i r o n  ~ n a t  oi E,nployee A. Employee B =as exposed f o r  a longer per iod 
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f t ime but was exposed to,lower concentrations.  The f i r s t  urine void- 

ing, collected 2 hours a f t e r  the s t a r t  of exposure,  contained 1.3 mg UIL. 

A second voiding 5 hours la ter  contained 1.2 rng U/L. After  this voiding 

the uranium concentration dtcpped rapidly, with a half-life of about 4.5 

hocrs. Resul t s  a r e  graphed in F i g u r e  4. 

.-hype C - 'This employee of the local AEC office closely followed 

the e f for t s  to halt the release.  His f i r s t  urine sample  was collected 2. 1 

hours  a f t e r  the s t a r t  of re lease.  See F i g u r e  5. The excret ion pa t te rn  

is s i m i l a r  to that of Employees A and B. 

Z h p i ~ y a  D - This Pi lo t  P l a n t  employee was involved in effor ts  to halt  

the flow of UF6. FOY 7 hours a f te r  his exposure h is  ur inary uranium 

,oncentration decreased  f r o m  1. 1 m g / l  to 0 . 4 3  mg/l, with a half-life 
I' 
i 

0.01 I I I I I 

0 10 20 30 40 50 60 70 1 
t, HOURS 

F i G U E E  3 Eqnpioyee C 

0.01 I I I I ! 
0 10 20 30 40 

t. HOURS 

FIGURE 4 Employee 2 
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of abour 4. 5 hours. Af te r  th i s ,  however, the elimination pattern 

3 becomes  e r r a t i c .  

hours ) ,  and 1. 9 mg/! ( t  = 17.8 hours). See F igu re  6. . 

L a t e r  urine spe:imens contained 1.6 mg/l ( t  = 9.3 

1.0 

0.01 
0 10 2C 20 40 50 0 10 20 30 40 

t. HGURS t ,  HOURS 

This  employee usually consumes la rge  amounts of liquids. Af te r  his 

exposure ,  during the r ema inde r  of the workday, he and seve ra l  P i l o t  

P l a n t  employees were  kept in the Health and Safety Building for o b s e r -  

vation by the Medical staif. Only water  and liquids f r o m  the Cafe te r ia  

and dispensing machines  were  available, I t  was during this per iod of 

inactivity that h is  u r inary  uranium concentration dec reased  in a "straight- 

lize" pattern.  His habit a f te r  work, when the pat tern became e r r a t i c ,  is 

to drink othey l iqu ids ,  including beer ,  in modes t  quantities. 
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AF~?;-PP E - A f t e r  evacuzting the P i l o t P l a n t ,  this employee helped 

move fike hose to an a r e a  nea r  the Cylinder. He directed the nozzle of 

one hose, trying to cover  the men who were  trying to plug the cylinder. 

Iie worked without a r e sp i r a t a r  f o r  20 to 30 minutes and said that during 

this per iod he f e l t  some ef fec ts  of the fume in his t h r o a t  After obtaining 

an air pack he continued to man a f i r e  hose and remained in the a r e a  

until the UF6 cylinder was plugged. See F igure  7. 

I- 
I he excretion curve ir? F igure  i shows a definite decline, then a r i s e  

s e v e r a l  hours a f te r  exposure,  and then a fur ther  decline. As in the 

c a s e  of Employee A ,  we have no explanation fo r  this behavior. P e a k s .  

of this type have been noted in o ther  UFg exposure cases .  

m d a . y g e  F - This employee was a t  the reduction p rocess  panel board. 

He looked through an observation window jus t  a s  the injured opera tor  

passed ,  in a c loul  of fumes. Fie notified a superv isor  that there was 

a UF6 re l ease  and then tried,  unsuccessfully, to activate the deluge 

system. When the f i r e  brigade a r r ived ,  he helped man a f i r e  hose. His 

f i r s t  urine voiding was collected 3 . 3  hours a f te r  the s t a r t  of the release.  

See F igu re  8. 

Other  Emlpvees  - Sixty other  employees submitted urine voidings which 

had uranium concentrations between 0. 1 and 0.9  mg/L. Some of these 

employees were not n e a r  the r e l ease  s i te ,  but walked through the light 

fog of s team and hydrolyzed UF6 which drifted n e a r  the Labor i tory  and 

drhinistratioc buildings. A urine sample f rom one female office 
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FIGURE 8 Employer F 

worker, a t  t = 8. 2 hours, contained 0. 3 mg/l .  A second voiding a t  

t = 23. 3 hours contajrAe2 0. 006 mg/l. 

The Medical Department  C Linical Labora tory  analyzed a lmos t  a l l  ur ine 

samples  for  clinical  abnormal i t ies  before  the samples  were  analyzed 
\ 

for uranium. No abnormal i t ies  were  found which could be attr ibuted, 

to exposures  resul t ing f r o m  the U F  release.  6 
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S. Karshail  Senders,  Jr. 

r n d  

S e v a m ~ h  E l v e r  Laboratoyy 
E.  I. 6: Pcr:-..t de Nemours and Co. 

A ~ k e r . ,  ~ c s c ; t h  Z e r o i i n a  29801 

I n  E b i o a s s a y  ?rzgrzx,  u r l n e  and c t h e r  e x c r e t a  are 
ana lyze3  t o  deteArz5y.e ?CL e f f e c t i v e l y  c u r r e n t  p r o t e c t i o n  
p r e c t i c e s  prever,; essizlletioz cf r a d i o n u c l i d e s  by employees. 
-4 b e s i s  i s  needed t c  de te rx . i ne  how o f t e n  t h e s e  samples must 
be c o l l e c t e d  from ey1:yees ;s p r c v i d e ’ a d e q u a t e  coverage a t  
t z t n i n u ~  c o s t ,  The rr.etkz: c f  west and R e e v i s ( 1 )  s t a t i s t i c a l l y  
e v a l u a t e s  r e c e n t  p e s t  d&.t? t= e s t a b l i s h  sampling f requen-  
c i e s .  EDwever, t h l s  met? .c i  assumes no change i n  working 
c s ~ C i t i o n s  or e f f e c c l v e n e s s  cf p r o t e c t i v e  measures. 

Twc p r o b a b i l i s t i c  methods a r e  p re sen ted  which a r e  
based or; a p r ~ g r a z  cf sarr.?.le c o l l e c t i o n  ra ther  t h e n  p a s t  
date, and a v G i d  t h e s e  essumptions.  I n  t h e s e  methbds,’ 
coverage i s  def ined  e s  t h e  p r o b a b i l i t y  of a s i n g l e  assimi- 
l e t i o n  of a s p e c i f i c  q u z s t i t y  of a r a d i o n u c l i d e  b e i n g  
d e t e c t e d  by u r i n a l y s e s .  One method g i v e s  t h e  p r o b a b i l i t y  
of d e t e c t i n g  by a p r a g m z  of  u r i m l y s e s  an a s s i m i l a t i o n  by 
myone  i n  a F r o m  of i n 2 i v i d u a l s .  The o t h e r  g i v e s  t he  prob- 
a b i l i t y  of d e t e c t i n g  an i n d i v i d u a l ’ s  a s s i m i l a t i o n  by 
a n a l y z i n g  a g iven  s a n p l e  of h i s  u r i n e .  

*The i r , f o m a t i o r .  c o n t e i m d  i n  t h i s  a r t i c l e - w a s  develo2ed 
‘u r ing  t h e  ccur se  of u o r k  under C m t r a c t  A T ( 0 7 - 2 ) - 1  w i t h  the 
. S. X t a o i c  Energy CDr-rissicn. 
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if an zssiailatisr? of a red ionucl ide  occurs i n  a group, 
t h e  prDcaS*ili ty of d e t e c t i n g  t h i s  a s s i m i l a t i o n ,  ?(GP), can be 
der ived by corx ider ing  two p e r i o d s  of time (Figure 1). There 
w i l l  be a t i n e ,  T, wher, the  r e t e  of exc re t ion  i s  above the 
l i m i t  cf de t ec t ion ,  dur ing  which the  a s s i m i l a t i o n  can be 
de tec ted  i f  a u r ine  sanple  i s  c o l l e c t e d  f r o m  tk-e i n d i v i d u a l .  
By sampling t h e  group at  r e g u l a r  i n t e r v a l s ,  I, t h e r e  w i l l  
be a p e r i s a  cf t i n e ,  m i  (where m = [ T / I ]  o r  t he  Rumber of 
whcle i n t e g e r s  ir, T/Z, e.g. ,  f c r  3 < T/I < 4 then m = 3 . ) ,  
when d e t e c t i s n  i s  ce r t a i f i  i f  t h e  i n d i v i d u a l  i s  sampled. 
hiher, T > ml t h e r e  xi21 a l s o  be a p r o b a b i l i t y  o f  d e t e c t i n g  
t h e  assirilztizr du,-ir?g an  a i id i t i ona l  per icd T-mI. I f  A is 
t h e  eve?.: zf  21: i n d i v i d u z l  be izg  sampled and a n  a s s i m i l a t i o n  
being de tec ted  a t  l e a s t  c txe  dur ing  t h e  period mI and B i s  
t h e  ever,t cf an indLvidual being sampled and  ar, a s s i m i l a t i o n  
be ing  dececce5 d c i r ~  I t he  period T-mI, t he  p robab i l i cy  of 
these  t w  evexcs a re  

IOb8480 

QUANTITY 
EXCRETED 
PER DAY 

I T 

TIME * 71 61 5 1  41 31 21 I 
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c h e x  s 
ever,: of ce tec tL3g  an a s s i ~ ~ L l a t i m ,  Given that a s a n p l e  had 
beer, t aken .  if P i s  t h e  f r e e t i o r .  o f  the  group sampled, t hen  

n m-1, 
P ( S )  = [I; -L (l-,..)? + (1-F)LF + ... + (1-F)  P ]  

k 

z? t z k i n g  t h e  sux sf a gec;ne-,ric s e r i e s  of m terms g i v e s  

1- ( 1 - F p .  

Assuning t h i t  t h e  p r c L z 5 5 i ~ j r  cf ar-, a s s i d l a t i o n  o c c u r r i n g  a t  
s p a r t i c u l a r  t i n e  5etweez u r l r i a lyses  i s  t h e  same as f o r  any . 

o t h e r  t i n e  ew2r.g t h e  Lr i ;~~ ;z l ,  

Tp,;o, p~o ' - -*~-  ,~,,,,,y J _1 - + 2: 6e;ectirig ~ r .  a s s i n L l s t i o n  i n  a group 
F(GP) can n3w be ex;resse5 ES t h e  sun! of t h e  p r o b a b i l i t i e s  
of d e t e c t i E g  t h e  a~s:--Llat5cz e i t h e r  d u r i n g  t h e  f i r s t  o r  
second per206 o r  czr::.g 5z:k p e r i o d s  

- 
P(G3)  = ? ( A 3 )  + P ( k B )  + P(E.3) 

where P(b.5) i s  t h e  p k h k i l i t y  of event  A o c c u r r i n g  and 
even t  B n o t  o c c u r r i n g ,  e t c .  S ince  A and B are independent,  
t h i s  e q u a t i o n  can be w r i t t e n  

F ( T )  = 1-?(!.) 

I O b 3 4 8 1  

- 
?(E) = l - ? ( S )  
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ir. t h e  above equa',icr. g i v e s  

= I - - !  L \ -=, = ? ( A )  + [l-F(A)].?(B) 

Sear rang ing  t h i s  gL-?es 

It shcu ld  he r,clted c h a t  t h e r e  a r e  n3 r e s t r i c t i m s  u p m  this 
c 

- -  t r u e  ever; wher. :=A,  s l x e  

If we s e l e c t  cze I n d i v l d c z 1  fro;?. a grau?, t h e  p r o b a b i l i t y  
[?(I;\?)] CT detecz2r.g a s i r ,gle  a s s i n i l a t i o c  of a s p e c i f i c  
q u z z t l t y  cf a r e d l s E u c l i d e  by a z a l y z i n g  a g iven  sample of  his 
u r i z e  can be deterzineci  w i th  thLs methcd. Sir.ce a s a r p l e  of 
h i s  I x F r , e  has keer, ca'lectec',, tne  p r c b a k i l i t y  Gf Cci l€Ct iZg i t  
need not  'ce csns ide red .  Ir. o r d e r  t o  ap?l:I: the  p r s b a b i l i t y  
t 3  acg2r.e i?. t h e  groq, ;  33 kr,owledge of' t h e  i n d i v i d u a l ' s  past 
S2IXplir-g hlstzry i s  assuned.  Rather, +,he c o l l e c t i o n  Values 
f o r  I, 7, aE5 T f z r  t h e  g x q ~  c o n s i d e r a t i o n "  can be used t o  
c L c z 1 a t e  t h e  ?rsbzb:lFty, p (1~). This  p r o b a k i l i c y  is the 
? r 3 d : c t  of t h e  p r z b z b i l i t y  of 211 i n t e r v a l  c5 a c e r t z i n  1eng;rh 

11 
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FIG. 2 THE PROBASILIM THAT AN ASSIMILATION WILL BE DETECTED 
IN & GROgF, P l G > .  W E K  DIFFEREtiT FRACTIGNS OF THE 
WORK GRO'JF, F, ARE SAMPLED, AND DIFFERENT INTERVALS 
GETWEE6 S A M ? i l N S .  I ,  ARE USEE 

n =1 

The aevelcpmext of e x p r e s s i o n s  f o r  ? (L) ,  a r e  i l l u s t r a t e d  
i n  F i g u r e  3. Here all p o s s i b i l i t i e s  of an  i n d i v i d u a l  b e i n g  
sampled d u r i n g  t h e  f o u r  p r e v i o a s  sampling p e r i o d s  a r e  
r e p r e s e n t e d  by v e r t i c a l  s t e p s  a long  a h o r i z o n t a l  time axis. 
If pe r sonne l  i n  a work group a r e  randomly s a q l e d  a t  s p e c i f i c  
t ime i r , t e r v a l s  cf l e n g t h  I, t h e  p r o b a S i l i t y  of ari i n d i v i d u a l  
s e l e c t e d  f c r u r l n z l y s i s  having been s e l e c t e d  wi th  t h o s e  i n  
t h e  p r e v l m s  szr.?le, azd t h u s  having gone one i n t e r v a l  
-v tween  a r t n a l y s e s  i s  t h e  r a t i3 ,  F, cf t h e  nuzber  s e l e c t e d  

3 t h e  t o t z l  r m b e r  ir, +,he groxp 
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- 3  
2 
I 
0 .  

I 

I 
1 F ( L )  

Nuaher se l ec t ed  
T o t a l  i n  work group' 

The' p r c b a 3 i l i t y  3: him not having been s e l e c t e d  i n  the previous 
. sanple  b u t  hzvizg been s e l e c t e d  the  time be fo re  and thus  
having gone two i r , t e r v a l s  between u r i n a l y s e s  i s  

P(L)2 = ( l -?)F,  

azd the  probability that  he w i l l  have been missed on the  l as t  
two s e l e c t i o m  is 

N u rn b e r of  

FIG. 3 THE P R Q B A B l L l n  OF 
OCCURRING BETWEES 

P(L)4 3 (I-F13F = 0.0729 

AN INTE2VAL CF A CERTAIN LENGTI 
TWO CONSECUTIVE URINALYSES 
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I h 

7 \: - (1-F, - .  - (-;= - 7 - s  

J 

,n -1  P ( L )  = (1-F, F. c ,  

F i g w e  i l l c s t r e t e s  tk,e F r 2 b a b i l i t y  of d e t e c t i n g  e 
s i n g l e  e s s i n i l a t i o n  . - c x m i n g  du r ing  the i n t e r v a l  between 
ccnsecu t ive  u r i n a l y s e s .  Assuring that  t h e  p r o b a b i l i t y  of 
an  a s s i r c i l a t i c n  ocn,urrlr,g a t  e p a r t i c u l a r  t ime between 
w l n e l y s e s  i s  t h e  saxe 2 s  f c ?  m y  o t h e r  t i n e  d u r i n g  t h e  
pe r iod ,  ther.  t h e  p m 2 a k l l l v y  of a n  a s s i n i l a t i o n  be ing  
d e t e c t e d  by ur inz l j r ses  I s  t h e  rztia o f  t h e  l e n g t h  of t ine ,  
T, d u r i n g  whlch t h e  r e t e  cf e x z r e t i o n  i s  above t h e  l i n i t  
cf d e t e c t i c r , ,  t o  t h e  1ezg:h of  t ime between u r i n a l y s e s .  
If I is t h e  i r . t e r v e l  a: wk-,Lc!-. members of t h e  work grocp 
2 r e  s e l e c t e d  f o r  ur izelyce-c  x . 5  E i s  t h e  number of such 

QUANTITY 
EXCRETED 
PER DAY 

TIME 

- - 
5 
4 
3 
2 
I 

* 
Dr'TECTIOR I 

I 
I 

LIMIT 

h 
I \  

\\ 
I 
I 
I 
I 
I 
I 
I 

I 

h ' I  

I 

DETECTED I 
9 8 7 6 5 4 3 2 1  

31; 9 Mos. 

FIG. 4 THE PROBABILITY OF D E T E C T I N G  A SINGLE ASSIMILATION OCCURRING 
DURING THE I S T E R V A L  BETWEEN C O N S E C U T I V E  URINALYSES 
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i x t e r v z l s  betxee? ar. i n d i v i d u a l ' s  u r i n a l y s e s ,  the?. t h e  
p r o k a 3 l l i t y  sf d e t e c t l a r .  a f t e r  r: i n t e r v a l s  i s  

'I' P(M) = - - o r  1, n n~ 

whichever i s  s m a l l e r .  

Thus, t h e  p r s b a k i l l t y  o f  an a c u t e  assimilaticz b e i n g  
deteczec! ir. an i r . d i v l d u a l  i s  found by s u b s t i t u t i o n  i n  
e q c a t i o z  ( IV) , 

c r  

F 

f > 1, ar. z2dlt:onal expres s ion  must be added t o  the - 
2.zove ec;ca:isr. s:r,ce ?(I::) cannct  exceec', 1. 

n =1 

whe?e 3 = [ T / I ]  as p r e v i o u s l y  def ined .  

(v:i ( c )  ) 
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(vii ( 5  ) ) 

rn- - m s ,  if ar! Fr.2ividue.l has zssixllated a certain 
a_~er , tL ty  cf redioactive naterizl since his lest urinalysis, 
the probakllity of detec:ing It ir, a giver, saxple of his 
urine car. be calcLiated. 

V d u e s  cf ?(-?- ’  for varicus vzlues of T / I  and F are 
r *plDtted in F i p - e  7 .  

I .o 

.8 

.6 
P(1N) 

.4 

.2 

0 0 2 4 6 8 

FIG. 5 M E  PROBABILITY THAT AN INUIVIDUAL’S ASSIMILATION WILL BE 
DETECTED BY ANALYZING A SAMPLE OF HIS URINE, P(IN). WHEN 
DIFFERENT FRACTIONS OF THE WORK GROUP, F. ARE SAMPLED 
AND DIFFERENT INTERVALS BETWEEN SAMPLINGS, I ,  ARE USED 

APPLiCATIOPi 

TD ap7;iy the above derFvztions t~ a hypothetical 
p h t m i ’ m  ‘ c loessey pmgrac, the questions asked are: 1) Eow 
-e - I s  t h e  ?resent saz? l ing  p x g ~ r c ?  and 2) How can it be 

: .:r=)mvf5 ’. 
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FLrs:, one cf :he ekove methods should be s e l e c t e d .  For 
c c  exazqle  the'gx'clc,  c s c s i d e r a t i c n  i s  used, s i n c e  d e t e c t i n g  
a n  ass lmi la t icn  t y  apyone i n  a group cf enplcyees  i s  more 
neanlr.gI"ul t hzn  d e t e c z h g  a n  a s s h z l a t i o n  by a s i n g l e  
u r i n z l y s i s .  Thus P(GF) i s  used r a t h e r  t h a n  P(IN). 

Next, va lues  of T have t o  be c a l c u l a t e d ,  For  plutonium 
t h i s  can be done u s i n g  the  fo l lowing  equa t ion  r e p o r t e d  by 
LaRgham ( 2 )  : 

-0.77 = 0.0023 DT 

where 2 ,  t h e  qca r? t i t y  cf p l u t c n i u n  exc re t ed  p e r  day T days 
a f t e r  a s s l z i l z : lDz ,  acd 3 ,  t h e  q u a n t i t y  of plutor,ium assimi- 
lazed  a r e  ir. t h e  s m e  u n i t s .  If E i s  expressed i n  
d/n\./day azd I) as t h e  ~ ~ r c e ? :  zf t h e  maximun p e r m i s s i b l e  
body burder! ( W Z E )  cf G.34 w C i ,  t hen  t h e  e q u a t i m  becames 

2.0424 D 1 . 3  
" (  - )  L 

I O b B 4 8 8  

If T i s  t h e  nsz'ser cf cays b e f c r e  t h e  e x c r e t i s r ;  r a t e ,  E, 
f a l l s  below t h e  kicassay r e ? o r t i r , g  l i m i t  of 0 . 1  d/z/day, 
the 

1.3  T = (20.424 D) . ( v i i i  ) 

The ccveyzge cf ax e x i s t i n g  przgram can now be 
exaressec',  i;: t e r n s  cf t h e  p r o b a b i l i t y ,  P(G?), of  d e t e c t i n g  
ar, a s s h i l a t i c n  of  G 5MF53 of p l u t m i u a  I n  a , g r o u p  of 
ercplcyees. 

F'ZF o u r  h y F o t n e t l c a i  prograrri, l e t  u s  assume t h a t  
ti;e e r q l c y e e s  a r e  d l v l d e d  i n t c  f i v e  groups accc rd lng  t o  
t k e  L?.- ,exal ,  L ~ ,  a'; whfck: t h e y  a r e  sanp led .  Zvery  
r r e a j e r  .sf EL ZFC:~ 1 i s  szzqle5 zt t h e  er,d cf t h e  
a;p?c?rlzte tn:erval,  ;k.*~s t h e  f = . z c t i ~ n  cf :he g r o q  

- 

. 160 



- 
E?LEiy - c ,  - Ls  1. The s l z e  cjf en acKte a s s in i l a t io r . ,  

expyessed as p e r c e c t  cf t k e  KZ3, which can be d e t e c t e d  
w i t h  is 53, 95, end 133$ p r o b a b i l i t y  a r e  c a l c u l a t e d  by 
o ' z t e i z ing  a va lue  cf T. f ron!  equa t ion  v i i  and s u b s t i t u t i n g  i t  
ir. ecuet i .cn v i i i .  These are giver. i n  TaSle I f o r  t he  f i v e  
E;?OUI)S - q u a r t c l y ,  Q; seEi-annual ,  SA; annual ,  A; three-  
yea?, 3 yr;  end f i v e - y e a r ,  5 y r .  

T X 9 Z  I 

- The v a l u e s  ir, Tzble I er.swer t h e  q u e s t i o n  of  how good 
i s  the p r e s e n t  sexplLr.5 prcgrzr,. 'If t h e s e  coverages e r e  
a c c e p t a b l e ,  ou r  study t . - l2  'ce c c c p l e t e .  However, 
advantage s h x l d  be t e k e r  cf t h e  e t l l i t y  of  t h i s  method t o  
i n d i c a t e  where imFraveme-ts i n  t h e  sampling program can be 
made. 

A q u e s t l o n  f r e q s e n z l y  asked L s ,  could t h e  c o l l e c t i o n  
i n t e r v a l ,  I, be inc reased  wi thou t  changing the coverege. 
This would mean reducing  t h e  va lue  of T/I whi le  h o l d i n g  
T and P(GPj c o n s t a c t .  Looking a t  F igu re  2, w e  s e e  that  
t h i s  i s  u s u a l l y  p o s s i b l e  if an a p p r o p r i a t e  i n c r e a s e  is 
made i n  t he  . f r a c t i o n  of t h e  group sampled, F. I n  t h i s  
example, however, F is assumed t o  be 1, so  t h i s  i s  no't 
poss ib l e .  

T h e ' f r a c t i o n  of t h e  group sampled might be reduced 
and compensated f o r  by r educ ing  the  i n t e r v a l  betwee2 
sexple c c l l e c t i o n s  t o  rcaintein the  coverage. This  r a i s e s  

' l e  qLiestisn o f  what e f f e c t  t h i s  will have or. t h e  work i 
Jad of t h e  k l o a s s e y  l e b c r z t o r y .  

! O b 8 4 8 9  
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3 ccxpare cr,e ?Fogram x i t h  a n a t h e r  having  d i f f e r e n t  
vz lues  ~f F and I, t h e  f o l l o w i z g  ex2res s ion  f o r  t h e  ccrcpara- 
t i v e  k iozssay  werk l z a d ,  TN', is developed.  I 

E'' 
-0 'rJ = - 
F I  100 
0 

, 

. 
where I, m a  z0 are t h e  
t h e  group saxpled under 

sampling i n t e r v a l  and f r a c t i o n  of 
t h e  b a s i c  program. Since  h e r e  

1, thLs r e d u e s  t3 

0 
I 
i w = -  F 100. 

c z r r i e c  0r.e s t e p  f u r t h e r  by This be rr?.ay s u b s t i t u t i n g  

f rcm e qtclat 12: a'save e q u z t i o n  giving 

be r.c:ei m = 0,' t h i s  equat ior :  r edaces  t o  

v - -  ?(GI). - T  
rn. &nus fcr a giver.  ? ( G S ) ,  va lues  of E' acd 

t h e  l a b c r a t z y y  work lozd  when T < 1. 
I 

I hzve no e f f e c t  on 

Let  u s  now c o r r p r e  a samp1ir.g prog=.an: which would pro-  
v i d e  a 53$ p r o k a 3 i l i t y  of c i e t e c t i r g  t he  a s s i x i i a t i c n  of 1s 
of t h e  A , ~ z 3  .I-.? wizh t h e  above 9rogrzm for t h e  q u z r t e r l y  grocp .  
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, - -  .- L.-- 
53 
7 C  
d J  

91 

103 

The $ sf :?.E r F e 5 e r . t  u r i n a l y s e s  uiaae a n c u a l l y  
req::ired f c ?  e 55.5 p r o b a b i l i t y  of d e t e c t i n g  t h e  
assiziieticy. ;f 5F of t h e  MPSB wheri d i f f e r e n t  
f r e c t i c n s  cf che group are sarcpled r a n d o d y .  

T/: I(davs1 'w' (6) - - -  
A .  -, n - ,953 4 31 85 
.5 1.555 263 
.: 1.932 211 

.7 2.535 155 

.6 3.365 122 

. j 4.kO3 $ 5  
65 
4E 

125 
138 * 

165 
180 

rg 6 
212 

22E 
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Table 11 shsws tha t  t h e  f rac t i i2n  sf t h e  gA-oup samgled 
each  t i n e  car, be, CL;: in h a l f  if ;he i n t e r v a l  between sarrpl ing 
i s  a l s o  re5uced frm i30 days t c  50 days w i t h  no i n c r e a s e  i n  
t h e  b i o a s s a y  I a b c r a t e r y  work l o a d .  (Wi i le  t h e r e  i s  no 
i n c r e a s e  i n  t h e  work load ,  t h e r e  i s  a l s o  no r e d u c t i o n  caused 
by d e c r e a s i n g  F. Therefore  c c n s i d e r a t i o n  based on psycho- 
l o g i c a l  ar,d a d m i n i s t r a t i v e  r easons  skould be g iven  t o  
Sanp l ing  a l l  members sf a g r m p  a f t e r  each  i n t e r v a l . )  A 
similar p l a t e a u  i s  r.ot s een  i n  t h e  l e v e l  of Table  iII. 
a l l  employees ic t h i s  group shculd be saxpled eve ry  431 days 
t o  reduce t h e  work lsac, Eoth  t a b l e s  i l l u s t r a t e  tha t  t h e  
work load  cf a b ioassay  l a b o r a t o r y  can be reduced by 
i u d i c i o u s l y  r e d e f l z i n g  the  d e s i r e d  coverage.  

Thus, 

The above d e r i v a t i m s  and examples provide  methods f o r  
e x s r e s s i z g  t h e  crJversEe - z f f c r d e d  by aE?y b i o a s s a y  sample 
c o l l e c t i c r .  prDg;.ex. Tke p r o b a b i l i s t i c  method i s  not  
r e s t r i c t e d  tr, ?:!~$s~L-zx, b u t  hzs ger .e ra l  a T p l i c e b i l i t y  t o  
a l l  sam;;ling p r s2e5xres .  Chzr,ges i n  t h e  i n t e r v a l  between 
u?ir;alyses c r  t h e  f r a c t i c r .  cf t h e  grou? saxpled  can be 
r e l a t e d  t o  t h e  x:rk l cad  ~f t h e  l a b c r a t o r y  and, with s m e  
knowledge of zke xeteC3lisn GI' t h e  r a d i m u c l i d e ,  t o  the 
p r c t a b i i i t y  cf eet.ect2r.g an a s s i m i l a t i o n .  Sazqle  c o l l e c t i o n  
pr0gYarr.s can ROX c~ir.sareG , appra i sed ,  o r  t a i l o r - n a d e  
t,? n e e t  d e s i r e i  s ? e c l f l c a t i o n  of  ecmomy'of  cpe raz i an ,  
p rokaS i lL ty  cl" Ge 'cez z i~"1 ,  az?. l e v e l  of a s s i m i l a t i o n .  

11 1. C .  M. West zr.5 G. r?. Zeavis ,  Use o f  S t a t i s t i c s  i n  an  
Applied Iieelt:? 3ky'sics Trogram", Health Pkys lcs  lo, 
345-351 (13% ) , 
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A K  AGE-DEPENDENT MODEL 

FOR THE BODILY RETENTION OF CESIUM" 

E. L. Fisher, Jr. ,** and W. S. Snyder 
Health Physics Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 

A Ss t r  a c t 

After an intake of cesium, th is  element is eliminated over a period of time. 
It  has been found by Richmond -- et al. that a one-or two-exponential retention 
function i s  usually sufficient to f i t  the observed data. This retention model 
is valid for adults and children, but the elimination rates are different in each 
case. In this report a mathematical compartment model is proposed which 
allows compcrrtment size or growth to be included naturally. This model is 
applied to the retention of cesium-137 by humans from birth through adult 
life. The biological hclf-times predicted wi th  this model are compared to 
experimental values wi th  favorable results although there is s t i l l  much variation 
of the observed half-times wi th in  an age group. The implications of th i s  model 
in regard to dose from single and continuous intakes are examined. 

The retention of radioelements by humans was initially determined for the adult since 
the protection of radiation workers wos a problem of paramount importance. 
cident cases as well as from pianned experiments had also accumulated for the adult more 
than for individuals of other ages. 
retention pattern of a radioelement migh t  vary greatly wi th  age. 
for cesium. 
partmental model and apply  it to the retention of cesium. 

Data from ac- 

However, as datc accumulated, it was apparent that the 
This  appears to be the case 

It is the purpose of th i s  paper to present one theoretical, age-dependent, com- 

(1) Richmond -- et al. used a two-exponential retention function to f i t  the observed 
retention of cesium-137 by normal adult males for a period of 550 days after a single oral 
intake. 
tributing more than 99% to the total areaunder the retention function. 
purposes of dose estimation, or equilibrium level estimation in the adult, the retention of 
cesium may be considered to be given by a single exponential. 

Except for the first 10 days after intake, the second exponential is dominant, con- 
T.herefore, for 

* 
Research sponsored by the U. S. Atomic Energy Commission under contract wi th  

On loan from the U.  S. Public Health Service. 

Union Carbide Corporatjon. 
** 

lOb8593 174 



I t  Is well known thct a single compartment wi th  an elimination rcte that i s  p rop  
tional to i t s  contents i s  described by Eq. 1: 

d - A(t) = -A A(t) 
dt 

where A(t)  i s  the amount of material in the compartment and X i s  the decay constan 
This equatiun has a single exponential as i t s  solution. The retention o f  cesium by the a( 
apparently may be considered to be retained in a single homogeneous compartment and 
eliminated in the manner just described. 

To introduce the age dependence into the retention function, consider a single E 
Let the size o f  this compartment vary w i th  timc 

In  order to write a differential equation governing the kinetics of this compar 
Let us assume that the rate of  change of c quoni 

partment wi th  a definite size or volume. 
however. 
i t  i s  necessary to make one assumption. 
o f  material introduced into the compartment is  proportional to the concentration of the 
material in the compartment. The k inet ic equation i s  then 

where 
partment, and m i s  the constont o f  proportionality. 

A ( t j  i s  the amount of material in  the compartment, W(t) i s  the volume of the co 

There i s  now the 7rcc:;cal problem of determining what should be used as a measu 
of compartment size. Mcny d i f f e red  measures might be proposed; examples of some of ti 
might be we igk ,  muscle m s s ,  body water, or potassium content. Since cesium is rather 
uniformly distributed throughout the body, let us take body mass to be a measure o f  compc 
ment size for cesium. This i s  not to say that mass has physiologicol significance in cesiun 
retention. 'Nhct should be inferred i s  that the true compartmental volume for cesium i s  
assumed to be proportional to body mass. 

Although Eq. (2) may be applied directly, there i s  a simplif ication that can be mc 
for 137Cs retention. I f  at time t, the change in the compartmental hcl f - l i fe wi th  time is  
small compared to this half-l i fe, the compartment may be considered to have a constant h 
I i fe for material introduced 

After this s'impl i i i cs t  ion, i t  

into the compartment at time t .  Therefore, 

- W(t) In  2 - 
T1/2 m (3) 

follows that for a singie intake at any time, the elimination i s  
exponentlai w i t h  a half-l i fe determinable frcm the volume o f  the cxnpartment at that time 

I f  W(:) i s  a known function, then after determining the propor:ionality constant, r 
the time dependence oi the compartmental hal f - l i fe w i l l  be determined. - 8  ine constant, m, 

l O b 8 4 9 4  175 
DOEIHQ 



determined by us ing  :ne experimentz!ly%erermined biological half-l iie for cesium in the 
. a&lt male and his b d y  m c s .  

The adult values fer bDdy weight and half-life of cesium are used since they have 
The mcss of the 

Although there is a wide range of biological half-times 
Seen the topic of many more experiments and are known more precisely. 
adult male is taken to be 70 kg. 
reported in the literature for cesium in adult males, a representative value of 100 days has 
been  chosen, Having determined m from 5,. 2, the relationship between biological half- 
life for cesium and body mass is given by 

This equation was not derived by considering individuals but was determined for the 
average of populations of various body masses. The equation should only be used to determine 
the average biological half-life of a group of grossly normal individuals. 
as percent body fat, environmental temperature, or work activity may greatly influence the 
biological half-life. 
hove an average biological ha!f-life for cesium given by Eq. (4). 

Such parameters 

However, c group of people of the same age chosen randomly should 

The growth curve for body mas: from infancy to adulthood is given in Fig. 1. The 
-urve for males is that given by Mitche!1;(2) the one for females is taken from reference 3. 

i sing these curves, the biologiccl kif- l i fe  for cesium was determined. 

In Fig. 2 is a comparison of the biological half-life of cesium predicted by the model 
wi th  some experimental results. 
newbrn  of about 5 days, 
the adult. 
age through odulthood. 
as well as the urinary excretion is determined. 
assuming equilibrium conditions, the biological half-life may be determined. 
values determined in t h i s  way, the range of values about the meon is f 50%. 
given here predicts a half-life atnut twice as large as h i ' s  results in the 5-to-10-year- 
age group. 
curve for the average half-life. 
age group. 
McGraw's curve is quite large. 

The mjiel  predicts a cesium biological half-life for the 
From t h i s  value i t  increases to the assumed value of 100 days for 

His method is one in which the body burden of fallout cesium-137 
Boni(4) has deterrrined :he cesiur,i biological half-life of humans from 5 years of 

From the single exponential model and 
For the adult 
The model 

However., McGraw(5) has surveyed the literature and given a representative 

It should be pointed out that the variation of the experimental values about 
His  curve is qu i t e  close to the model in the 5-to-10-year- 

By applying Eq. (4) and using the body weight for females, the half-life of cesium 
in females was determined and is given in Fig. 3. 
half-life of cesium in females. As shown, the model predicts a half-life for females of 
about twice that observed by Boni.  

Boni also has measured the biological 

Using measurements of stable cesium i n  tissue, the daily intake of cesium, and the 
ngle exponentiol model under equilibrium conditions, Snyder and Cook have produced 
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estimates of  the biological  hal f - l i fe wi th  age which are given in  Fig. 4. During the first 
5 years, the agreement of the model w i th  their values i s  good. There is agreement for the 
adult values also; however, the model gives somewhat higher values during the adolescent 
period. 

In  this paper we have examine;‘ a cqnceptually, very simple, age-dependent, com- 
partmental model. Appl ication of ihe model to cesium retention has not been any more 
successful nor less successful than prior models. 
logical hzlf-l i fe wi th in an age group. 
However, the model has been derived theoretically w i th  few assumptions, and there i s  only 
one arbitrary constant to be oetsrnined. 
part of the variation in half-lives between the various age groups. 

I t  has not explained variation of the bio- 
Other parameters besides age are evidently important. 

T te  model i s  capable of accounting for a large 

I f  individuals of various ages take in 1 pCi  of  cesium-137, the total dose delivered 
The total dose i s  d i rect ly 
By the model, half-l i fe 

Therefore, total dose i s  independent of hal f - l i fe or body mass. 

to the body of each has been calculated and is given in Table 1. 
proportional to half-l i fe and inversely proportional to body mass. 
and mass are proportional. 
This i s  true when 100% of the emitted energy i s  absorbed. 
fraction of the gamma energy absorbed by the infant i s  slightly less than half that of the 
adult as w i l l  be shown later. 
intakes of  cesium-137, the infant w i l l  receive a beta-plus-gamma total dose of about 75% 
that of the aduit. 

Beta dose i s  on example. The 

Therefore, .we see the model predicts that for identical single 

The dose delivered from an internal body burden o f  cesium-137 w i l l  now be con- 
sidered. Given a uni t  source of cesium-137 in the body of man, what is  the dose rate at 
various positions in his body? Since i t  i s  relatively easy to determine the beta dose rate, 
‘ s t  us dispose of this part before we examine the gamma-dose-rate problem. I n  Fig. 5 i s  
)own the raaiologiccl decay scheme of cesium-137. The rcnges o f  both the emitted beta 

; 
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. 

particles and the slecfrcn are less :han 0.6 cm in tissue. 
to the dimensions c! the 'xdy,  we w i l l  assume, as is usually done, that the entire k inet ic 
energy of these pcrticjes is ,absorbed locally. The surface skin is an exception however. 

Since this range is  small compare( 

TOTAL DOSE DELIVERED TO THE BCDY 

FROM A SINGLE INTAKE OF '37G 

C ' 2680 lOI0 3720 

1 2680 1450 4 130 

5 2680 1650 A320 

IO 2680 1900 4580 

15 2660 2!*0 4820 

20 26ic 2290 5070 
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Figure 5 .  

Using an effective energy of 0.26 Mev/dis for the betas and the electron, a dose rate o f  
550 prads,/hr results from a 137Cs concentration in the b3dy of  1 pCi/kg. 
tribution of cesium-137 in  the body i s  assumed, every part of the body except the surface 
will  be receiving a beta dose rate of 550 prads/hr for each pCi/kg concentration of cesium- 
137. The surface w i l l  receive a b u t  one-half of the dose rate. 
total-body gamma dose rate for the adult i s  about 580 prads/hr per pCi,/kg as we shall see 
later. 

I f  a uniform dis- 

By way of  comparison, the 

The problem of determining the gamma dose rate delivered to the body i s  not as easily 
resolved, because the mean range in tissue of the 0.662-Mev gamma photon i s  12 cm. This 

ylue i s  not small compared to the dimensions of the b d y ,  so we have the problem of deter- 
,ining the amount of energy that escapes from the body or, conversely, .the amount that is’, 

absorbed. The theory of gornma photon interaction w i th  matter has been known for some time. 
However, to apply this theory to other than thin slabs and simple geometrical shapes involves 
elaborate mathematical calculations. 
gamma dose rate usually hcve not rel ied on this well-developed theory but have instead 
employed simpl ifying assumptions for the purpose o f  performing the calculations. 
method uses the effective radius concept of  the ICRP. (6 )  The body or organ is assumed to 
be a sphere of tissue of a given radius w i th  the entire organ burden located at i t s  center. 
A first-collision calculation of dose to this sphere of tissue i s  then effected. This method 
conservatively estimates the gamma dose to the body from cesium-137 to be a b u t  twice as 
high as has been found in this report. 

Understandably, previous attempts a: estimating the 

One such 

Through the use of the high-speed digi ta l  computer, i t has become practical to apply 
the well-developed theory of gamma photon interaction w i th  matter and dispense with many 
simpl i fy ing assumptions. However, we s t i l l  need to specify the shape o f  the human body. 
I n  Fia. 6 i s  shown the type of phantom and coordinate system we have chosen. The head 
cnc’ neck are represented by the upper e l l ip t ica l  cylinder; the trunk and arms compose the 
e l l ip t ica l  cylinder of  the center section; and the legs below the buttocks form the el l fpt ical  
cone of the phantmn. This form of the phontom is  the same for a l l  ages. O n l y  the heights 
and axes of the e l l ip t ica l  cylinders and e l l ip t ica l  cone are varied to provide a phantom 
approximating t5e b d y .  size of  grossly normal individuals ranging in age from infancy to 

,, 1, 5, 10, 15 and 20 years were constructed. The weights and dimensions completely 
julthood. For this problem, six phaqtoms representing body sizes of  human males of ages 
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WANTOM DIMENSIONS AND DOSE REGIONS 

'1 5 '2 4. Weight Hi H2 t$ H4 Ai 

(7) (Lg) (cm) (cmi (cml (cm, (em) fcm) (em)  (cml 

0 3.413 23 13 I5 20 5.5 5 4.5 5 

1 10. 171 33 16 27 36 8 7 6.5 7 

5 1 9 . U  45 20 16 57.5 1 1  7.5 6.5 1.5 

IO 31.- 54 21 44 80 I4 8 6.5 e 

15 Y.Ul a5 23 73 97.5 18 P 7 9 

m ~ 1 . 0 3 7  ;u 14 eo 100 20 IO 7 10 

Figure 6. 

specifying the phantoms are given in  Fig. 6. 
data on body weight, ler.atf.., brecdth, and circumference of body parts obtained from the 
Biological Handbock by Aitman. 
constructed by Hayes and Brucer. (8) Data on the relative volume of body parts were obtained 
from "Growth of ManR in Tabulae Biologicae by Krogman. (9) 

These dimensions were chosen after considering 

Reference material also was obtained from the phantom 

As shown in Fig, 6 the phantom was divided into over a hundred subregions in which 

However, in phantoms for 

Inside the trunk the 

the dose rate was determined. 
calculated. 
ages 0, 1, and 5 years, the trunk was divided into three, three, and four layers; respectively, 
in order to obtain a reosoncbly accurate estimate of dose rate in each. 
layers are further subdivided into five concentric bands. 
t ical  cross planes to give the final and smallest volume elements in  which dose rate was 
determined. The heod section was sectioned into either two or four layers, depending on 
head size. W i th  this subdivision of the phantom, the vertical variation c f  dose rate could 
be determined as well cs the side-to-side and frcnr-to-back variations. 

There are four layers in the legs i n  which the dose rate was 
There were usually f ive layers in the trunk section. 

These bands are further cut by ver- 

A Mcnte-Ccrlo-rype method of calcularing the dcse rate was used. This code i s  
similar to the one used by Ellett, Ccllahan, anc Brownell,('O) but :he phantom used here 
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different The garr,ma-ray-artenualio~coefficients for the medium were taken trorn 
‘Grocstein. ( 1  1 )  T h i s  methoc rezjires thai the fiight of a photon is mathematically followed 
between inte:a=tion sites. I n r x g h  ?mffibiIistic rules, the energy depas;+ion of the photon 
a: an interPCtior, site i j  recorded. 
have been calculated, the average energy deposition per photon in a region is then estimatei, 
and the dose per photon may be calcuiated. 
randomly generated uniformly in the phantoms as follows: 80,000 in the phantoms for ages 
of 15 and 20 years; 100,033 in the phantoms for ages 1, 5, and 10 years; and 160,000 in 
the phantom for the newborn. 
The flight distance to the f i r s t  interaction site was determined randomly using the cross LCC- 

tion of the medium at the enersy of the photcn. 
emanaring from t h i s  interaction site przbabll istically from the Klein-Nishina distribut:on, 
the energy deposition at th is  site car, be determined. The process of photon flight is r 3w 
repeated but w i t h  a decreased energv. Let n - 1 ,  n, and n + 1 be consecutive intt:r- 
action sites for a phntc7. The rna:hemctical photon is characterized by eight independent 
quantities-x, y,  and z, the coordinotec of the present interaction site; a and b, t k  direc- 
tion cosines specifying the direciion ; i  flight to the next interaction site; L, the length of 
the photon’s flight path to the nex: interaction site; E ,  the energy of the photon during its 
flight; and W, the weight of the c4::cn during its flight. 
photon is the probability the phors? exists and tokes on all values from zero to 1. It is set 
equal to 1 for a photon just  started i r 3 7  the :>urce. However, a real photon ha: a weight 
-f either zero or 1 at al l  timec. j c p m s e  c pinton, 

- ,  

After a large number  of such sirnulared photon histc ties 

Photons of initial energy 0.662 Mev were 

For each photon the direction of flight was selected randmnly. 

After selecting a new flight direction 

The weight of a mathematical 
‘ 

’n- 1 

is in flight between points n - 1 CI ;C  rn. 

and the location of the poir?t r; - :, v/hI:h may be found if  we f ind Pn and use it i -  conjunc- 
tion wi th  Pq- l .  The coordina:ss x n ,  yr,, and rn may be found by applying algeb.-ic 

We wish to know the energy deposition at point n 

’ geometry using 

The new direction of f l ight ,  a 
.P garnn * photon scattering dis:riDution. 

scatier, which involvcs an -  , b n - l ,  an,  and bn. 

and bn, is determined by using E n - l  and the Klein-Nishina 
The new energy E n  is calculated from the angle of 

Length Ln is calculated as follows: 

where o(En) is the attenuation c ra s  section of the med ium and N is a random number chosen 
.In:formly on 0 <= N <= 1. The weight W n  is given by 
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1 

where  o,(En) is t h e  cross sec t ion  for t he  Compton process,  The energy  deposit,ion at poin t  I 

I S  

where  u (En!, ac(En), a n d  opp(En) a r e  t h e  cross sec t ions  for t h e  photoe lec t r ic ,  Compton,  
a n d  pair  product ion processes, respect ively,  a n d  e is t h e  rest mass of a n  e l ec t ron  in ene rgy  
units.  The to ta l  f l ight  history of a photon may end  in o n e  of th ree  ways. 
escaping  from t h e  phantom, or when its energy  fal ls  below 2 kev,  or when its weight  falls 

P 

It may e n d  by 

- -. h iow 10-5. 

Let us look brief ly  a t  t h e  restrictions of this method as  we  a r e  using it. O t h e r  t h a n  
the  obvious inaccurac ies  tha t  the  shape  of the  phantoms o n l y  roughly approximates  the shape  
of the  human body and  tha t  the  phantom remains in a f ixed  s tanding posit ion a n d  is in f r e e  
s p a c e  from which  no backsca t te r  occurs ,  there  is o n e  restr ic t ion tha t  should be emphas ized .  
This phantom i s  homogeneous throuyhout.  There is no low densi ty  a n d  low cross-sect ional  
area for the  lungs, n o r  is there  a high densi ty  a n d  modif ied cross-sectional a r e a  for bone. 
To take these into accoun t  would  involve a rewri t ing of the  en t i r e  code.  Although the resul 
ob ta ined  wi th  the  constant-densi ty  phantom wil l  need  to  be ref ined in the  future,  the results 
presented here a r e  a n  improvement ove r  pact ones.  

In Fig. 7 is a graph of the  total-body gamma dose r a t e  vs. a g e  from a '37Cs source  
uniformly dis t r ibuted in the  phantoms. The units of the  ord ina te  are in dose r a t e  ( p r a d d h r )  
p e r  uni t  a c t i v i t y  concent ra t ion  in the body (pCi/kg). Dose rctes for t h e  different  phantoms 
a r e  g iven  per  uni t  concent ra t ion  of ac t iv i ty  in the  phantoms, but o n e  may conver t  the va lues  
g iven  to o the r  bases of comparison. Throughout this  paper w e  will  use the units just de- 
scr ibed.  From this  graph  w e  s e e  tha t  t h e  total-body dose r a t e  for the infant  is sl ight ly  less 
than  one-half  thot for t h e  adu l t .  This is d u e  to  the  f a c t  t ha t  the  0 .662-Mev  gamma rays 
have  a higher probabi l i ty  of escaping  from t h e  infant  phantom than  from the a d u l t  phantom 
which  is 20 times larger  in t h e  total mass. The total-body dose r a t e  for  :he adu l t  as de ter -  
mined by this Monte  Carlo ca l cu la t ion  is abou t  one-half  tha t  ob ta ined  by a n  !CRP e f fec t ive  
radius ca l cu la t ion .  At this point  l e t  us refer  to t he  gamma-plus-beta dose rate .  The  to ta l  
dose ra te  from cesium-137 may be ob ta ined  by add ing  550 t o  the va lues  g iven  o n  this g r c p h  
or  on  a n y  succeed ing  dose r a t e  graph  for a uniformly dis t r ibuted source presented in this  
report .  This is t rue  for all of the  phantoms. 
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Since a Monte Carlo computation i s  an involved and time-consuming procedure, i t  
i s  more ef f ic ient  to store the results of the cclculation for application to other problems. 
The results have been stored in  three modes-graphically, in table:, and in  approximating 
'3rmulas. As seen in  the graph, the gamrn=r dose rate vs. age has been approximated by 
NO I inear functions. There i s  no theoretical significance to these approximating functions. 

They are used cs a convenient means of storing the data simply and for retrieving them 
wi th in  a certain range of error, 

To show the variation of dose within the phantoms, we have chosen the results for 

I n  Fig. 8 is a graph of the average 
the infant and adult phcntoms o n l y .  
We shall examine results from the adult phantom first. 
dose rate in horizontal layers from head to foot of  the phantom. The error bars on the Mai tq  
Carlo points are one sfcrndard deviation due to the'statistical var iabi l i ty  involved in Monte 
Carlo calculations. We note particularly that the average dose rate along the trur.:. is  nearly 
constant and i s  about 15% greater than the average dose rate for the total body. 
the head and bottom of the feet receive the lowest dose rate, being about a factor of 3 below 
the trunk average. The Monte Carlo points above those for the layer average are the dose 
rates along the vertical axis of the trunk. A t  this location, in the interior, are found the 
highest dose rates in the body. These are higher than the layer average by about 30%. 
Let us examine the approximate gonadal gamma dose rates. The ovaries, which would be 
located near the vertical axis of the trunk, receive this central dose r d e .  The testes rec t ive  
a dose rate that i s  approximately that of  the trunk overage. As a point o f  perspective, t.,e 
vertical distribution of  gamma dose rate in the infant has been plotted on this same g-apii. 

Results for the other phantoms are similar to these ?..'e. 

The top o f  

The variation of dose rate from the center of  the trunk to i t s  surface for the adult 
Because l i t t l e  variation in dose rate exists among'the layers Thantom i s  given in Fig. 9. 

.f the trunk, we may average the values from a l l  layers to obtain better statistics. This 
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was done, and the iwo cxves seen here are the dose rates from the center to the front sur- 
face and from the center to the side surface. Of course, the dose rate from center to back 
is identical wi th  the center to front dose rate and has been included. Similar remarks apply 
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the variation of dose from lef: ts right. From the Monte Carlo estimctes, i t  was noted 
,nat  the dose rate at the front surface was not very different from that at the side surface. 
Considering that the trunk i s  e l l ip t ica l  and twice as wide as i t  i s  thick, this result was a 
l i t t l e  surpiising. The other phantoms are not as highly ell!ptical, and this result is val id  
for them also. The dose rate at the surface is about one-half the central dose rate. 

In Fis. 10 i s  shown the vertical variation of dose rate in the infant phantom. 
cppears that the relative changes observed from head to foot are about the same as for the 
adult phantom, However, the entire graph is located at a lower dose rate than the one for 
the adult. The variation of dose rate from center to surface of the infant phantom is given 
in Fig. 11. Since the infant trunk i s  nearly cylindrical, being only 1 cm wider than i t  i s  
thick, there i s  practically no difference in the center to front and center to side data. 
Again, the surface dose rate i s  about one-half the central dose rate. 

1t 

Results from the other four phantoms are similar to the ones already shown. Results 
from a l l  phantoms are shown in  Fig. 12; also shown here i s  the normalized dose rate for each 
phantom, Zero on the abscissa is  the center axis of the trunk, whi le the value 1 i s  the sur- 
face. 
that phantom. 
a b u t  10% after normalization in the manner described. 

To normalize the dose rate for a phantom, we divide by the t o t a l - b d y  dose rate for 
I: may be observed that the variation of dose rates among the phantoms i s  

The equations approximatins the data you have seen in the preceding graphs are tools 
lot a l low one to retrieve w i th  sufficient accuracy the results found by the Monte Carlo .. 

method. All of these equations are Given compactly in Table 2. The fir& function relates 
age to total-body gamma dose rate; the second function permits calculation of  the average 
gamma dose rate from foot to head of the phantom; and the third function gives the gamma 
dose rate at any position inside the trunk, 
function 6 i s  the beta dose rate. 

’ 

Functions 4 and 5 are derivable from 3, whi le 
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Let us now consider a nonuniform distribution of cesium-137 in the phantom. I t  has 
been found by Yanogata(l2) that the cesium c'oncentration of  muscle is a b u i  twice that of 
other soft tissues, the latter being fairly uniform.. To simulate this distribution in the adult 
Dhcntom, the volume 3f the i e s  sec?ion and a b u t  one-half of the trunk volume nearest the 
surface were token to represent muscle. The equation sepcrating these volumes i s  

I 
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/ 1 .2  I 1 2  2 (a) l 2  + \' I +,q ' =  1. 

In this muscle section the source concentration of cesium-137 was twice the remaining 
sections. Surprisingly, this distribution o f  the source did not produce any large change 
in the Qamma dose rate anywhere i n  the body when compared w i th  the uniform distriktion 
o f  the same body burden. For example, the total-body dose rate for the nonuniform distri- 
bution was 2?6 less than that for the uniform case, while the dose rate along the central 
axis of the trunk for the nonuniform case was 90% of  that in the uniform case. However, 
the beta dose rate would be twice as large in  the muscle as in other soft tissue since a l l  
beta energy was assumed to be absorbed locally. 
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METABOLIC DATA ON INJECTED AND INGESTED 234Th 
IN HUMAN BEINGS* 

T 9 
C.J. Maletskos , A.T.  Keane, N.C. Telles , R.D. Evans 

Radioactivity Center 
Department of Physics 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 0 2 1 3 9  

Abstract 

In the cmrse of an experiment to determine the relative 
absorption of Ra anC Tn from the gastrointestinal tract of nor- 
mal human beinqs, information on the metabolism of soluble 
234Th after intravenous injection, and on the metabolism of 
234Th (SO4) after oral administration has been obtained. 

Five elderly human subjects, 3 males and 2 females, were 
injected intravenodsly with carrier-free 234Th in isotonic 
citrate. Bioassay techniques used in the metabolic studies 
include radioactivity measurements on blood, urine, and feces, 
as  w e l l  as wnole-body y-ray measurements (chair and scan), and 
partial body (u??ez 207: , including head an2 arm) measurements 
using a new "skcll and crossbones" (SXB) position, by means of 
which the gasizrointestinal tract is shielded with Pb. 

Whole hody retention of Th is -96% at 1 day, -94% at 5 
days, and -90% at 2 months, the Th 3eins excreted mainly in 
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i. ,ne trine. The cumulat ive ur ine- to- feces  r a t i o  a t  5 days i s  
-12 f o r  mzles and -24 f o r  Females. The SXB measurements also 
. i n e i c a t e  a sex d i f f e r e n c e ,  t he  amaunt of Th measure5 i n  t h e  
c2per 20% of the body f o r  t h e  females be ing  -1.6 t imes  g r e a t e r  
t han  t h a t  f o r  t h e  males. T o t a l  b lood  r e t e n t i o n  of Th i s  
-10% a t  1 day, -1% a t  5 days ,  and -0.3% a t  10 days.  

X second group of  e l d e r l y  subjects, 3 males and 3 females ,  
were adminis te red  o r a l l y  
224RaS04, an6 EsSO4 c a r r i e r ,  depos i t ed  on ZnS phosphor t o  s h u -  
l a t e  o r i g i n a l  Ra d i a l  p a i n t s .  
i n  t h e  metabol ic  s t u d i e s  a f t e r  i n j e c t i o n  of 234Th, which pro- 
v ided  c a l i b r a t i o n  d a t a  f o r  t he  abso rp t ion  s t u d i e s ,  w e r e  used 
t o  determine t h e  t r a n s p o r t  of 234Th a c r o s s  t n e  g u t  w a l l .  The 
average va lue  f o r  f r a c t i o n a l  234Th t r a n s p o r t  i s  s0.0003, t h e  
most probable  va lue  be ing  0.0002. I n d i v i d u a l  v a l u e s  range from 
0.0001 t o  0.0006.  Cumulative f e c a l  e x c r e t i o n  of 234Th i s  >98% 
of t h e  a h i n i s t e r e d  dose f o r  4 subjects, and >90% f o r  t h e  
remaining 2 subjec ts ,  a t  4 days.  Whole body y measurements 
show t h a t  cumulat ive e x c r e t i o n  a t  8 days i s  >99.8% f o r  5 sub- 
j ec t s  and -9e% f o r  1 sub jec t .  

g e l a t i n  capsu le s  con ta in ing  234Th (SO4) 2 

The same b ioassay  t echn iques  used 

The i m p l i c a t i o n s  of these f i n d i n g s  t o  t h e  i n t e r n a l  dosimetry 
. an6 r a d i a t i o n  p ro tecc ion  a u i d e s  f o r  thorium i n  man a r e  d iscussed .  

Th i n  Human Beings 234 
Metabol ic  Data on I n j e c t e e  and Inges t ed  

IhTRODUCTION 

Informat ion  on t h e  metabolism of  thorium by human be ings  i s  
e s s e n t i a l l y  non-exis ten t .  What in format ion  is a v a i l a b l e  had 
been ob ta ined  f r o n  s t u d i e s  on human s u b j e c t s  w i t h  long term bur-  
dens o f  T h o r o t r a s t .  The metabolism o f  t h i s  c o l l o i d a l  m a t e r i a l  
can be cons ide rab ly  d i f f e r e n t  from thorium ion  or thorium com- 
p l e x  i o n  a n i  can be i n a p p l i c a b l e  to t h e  assessment of i n t e r n a l  
r a d i a t i o n  dose f o r  r a d i a t i o n  p r o t e c t i o n  purposes .  

I n  c a r r y i n g  o u t  a n  experiment on t h e  r e l a t i v e  a b s o r p t i o n  
of radium and  thorium on human s u b j e c t s  (l), it was necessa ry  
t o  o b t a i n  c a l i b r a t i o n  informat ion  by i n j e c t i n g  human subjects 
w i t h  thorium. Some o f  t h e s e  

, . ‘-0 t h e  metabolism of thorium 
-1on9 w i t h  t h e  r e s u l t s  of an 

- 
r e s u l t s  a r e  d i r e c t l y  a p p l i c a b l e  
i n  human be ings .  These r e su l t s ,  
experiment on t h e  a b s o r p t i o n  of  
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thorium, a r e  presented he re  i n  a form use fu l  for bioassay needs,  
and a r e  t n e  f i r s t ,  t o  our knowledge, r e l a t i n g  t o  t h e  metabolism 
of tho r iun  i n  man. 

For s t u d i e s  i n  human subjects 234Th is t h e  best choice 
s i n c e  o t h e r  thorium i so topes  have e i t h e r  ha l f -per iods  which 
a r e  too  s h o r t  o r  have longer  ha l f -per iods  and hence produce a 
l a r g e r  i n t e r n a l  r a d i a t i o n  dose. 
longer  than  t h a t  of 234Th would be d e s i r a b l e  f o r  longer  term 
s t u d i e s ,  b u t  t h i s  i s  R o t  p o s s i b l e  and t h e r e  is l i t t l e  choice 
i n  t h e  ma t t e r .  

An i so tope  wi th  a ha l f -per iod  

MATERIALS AND AETBODS 

Car r i e r - f r ee  234Th i s  prepared by so lven t  e x t r a c t i o n  and 
ion-exchange techniques from 23% s l a g  (enriched i n  234Th) ob- 
t a i n e d  from melts  i n  g r a p h i t e  crucibles. 
t h e  Th i s  converted t o  c i t r a t e  a t  pH 3.5 and prepared i n  a way 
t o  y i e l d  a s t e r i l e  and pyrogen-free product.  
t r a t i o n ,  a mock radium d i a l  p a i n t  conta in ing  both 234Th and 224Ra 
is  prepared by an adap ta t ion  of a method developed by Stover  (2) 
The adapta t ion  i s  concerned wi th  t h e  p repa ra t ion  of a s i n g l e  dose 
a t  one time, and t h e  r e s u l t  is  Th (SO412 and RaSO4 c a r r i e d  on 
BaS04 in t ima te ly  mixed i n  ZnS phosphor. 
contained i n  a s e l a t i r ;  capsule  f o r  adminis t ra t ion .  

For i n j e c t i o n  purposes 

For o r a l  adminis- 

The d ry  mock p a i n t  i s  

Standard izz t ion  of t h e  234Th a c t i v i t y  i s  c a r r i e d  out  a g a i n s t  
spec t roscop ica l ly  pure u308 by comparing t h e  g a m a  spectrum from 
a 234Th c i t r a t e  s o l u t i o n  and t h a t  of  a soluxion of,U308 d i s so lved  
i n  HNO3. The a c t i v i t y  of t h e  238u is  c a l c u l a t e d  from i t s  h a l f -  
pe r iod  of 4.51 x logy and i t s  abundance of 99.376 ( 3 ) .  Standardi-  
z a t i o n  of 23%h i n  t h e  mock radium d i a l  p a i n t  is .made b f i r s t  
s t r b p i n g  t h e  spectrum of mock p a i n t  conta in ing  only  22xRa from 
t h e  mock p a i n t  containing,  both nucl ides .  
234Th determined during t h e  experiment is  c o n s i s t e n t  with.. t h e  
va lue  of 24.1 days ( 3 ) .  

The ha l f -per iod  of 

Figure 1 shows'a gamma spectrum of 234Th. The 1.00 MeV 
ga.ma ray  g ives  a b e t r e r  s i g n a l  t o  noise  r a t i o  than  does t h e  
combination 02 0.77-1.00 MeV and i s  used f o r  s t anda rd iza t ion  
purposes and f o r  s e v e r a l  o t h e r  measurements. The lower enersy 
gamma rays  ( 6 3  and 9 3  k e V )  a r e  u s e f u l  because of t h e i r  10-fold 
g r e a t o r  abundance even thouah g r e a t e r  s e l f - abso rp t ion  r e q u i r e s  
mcre c a r e f u l  exser imental  c o n t r o l .  

1 O b 8 5  I2 
193 

DOEIHQ 



I I 1 I I I I I I I 
’L 

64 keV (2.6 :!,) 234 Th 

i i-- 93 keV (2.E”/,) 234 Th 
-I 
u !  [ (0.5% 234 p0 

(0.06% 2 3 4  Po 

a i  r 1 0 0 k e V - K - X r o y  

IT 1 (0.13%) 

Po 234 m -765 keV (0.36%) 
0 

126 keV (0.03%) 254 Po r 1000 keV (0.59 %) Po 2 3 4 m  

I 

CHAIR,HB S XB 
ARC ,SCAN 

0 203 435 c;”.‘ r c / r  8 0 0  loo0 1200 1400 
E n e r g y ,  k e V  

Fxgure 1. S w l i f i c c  Decay S c h a e  urd Camma Spse=nam of 23STh. 

This spec:=&? b a s  obtained w i t h  an 8” x 4. NaI(T1) 
crystal  (reso:sricr - 6.55, f o r  1 3 7 c r ) .  
comporlte spe:-.r~- w:t>. the po.tion k l o v  200 keV made at  a 
g a i n  10 t - s  hicaer  than the romaurdor md approprrately 
replotted tc chob a l l  t h e  d e t a i l s  on one frgurc. Abundance6 
urd eneroxes of :he paz:.a rays are t a k e n  from B3drnholm an2 
Nlelser.  ( 4 ) .  h e  t b t  ranocs 8 h m  arq use2 for body urd  
r u r p l e  mearutaraentc. 

me cume shown xc a 

Body ?/ count ing  i s  c a r r i e d  o u t  i n  t h e  c o n t r o l l e d  background 
f a c i l i t y  o r  whole body counzer desc r ibed  i n  t h e  IAEA D i r e c t o r y  ( 5 )  
under U . S . 6 . 1 .  Standard c n a i r  measurements a r e  made us ing  a 
t i l t i n g  metal  c h a i r .  Whole body measurements a r e  a l s o  made w i t h  
t h e  a r c  method developed by Evans ( 6 ) ,  us ing  an arc of 1.25 meters. 
The r e p r o d u c i b i l i t y  of t h e s e  two whole-body count ing  methods is 
PJ 2-3%. 

Since  whole body y count ing  of subjects a f t e r  o r a l  adminis- 
r a t i o n  of 234Tn would i n c l u d e  the c o n t e n t s  of t h e  g a s t r o i n t e s -  

. h a 1  t r a c t ,  and s i n c e  t n e  abso rp t ion  of 234Th was a n t i c i p a t e d  
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t o  be  very l o w ,  a new p a r t i a l  body counting p o s i t i o n  was de- 
v i sed .  The " s k u l l  and crossbones" (SXB) method is  a body 
counting technique by which measurements of body burden are 
made from t h e  unshielded upper ( , 20 -25%)  p a r t  of t h e  body, 
wni le  t h e  G.I. t r a c t  and t h e  lower p a r t  of t h e  body are s h i e l d e d  
from t h e  d e t e c t o r .  Thus, t h e  e f f e c t s  of v a r i a b l e  d i s t r i b u t i o n  
of 234Th i n  t h e  body a r e  minimized by measuring a s  much of the ,  
body as  p o s s i b l e  while  adequately excluding t h e  G.I. t r ac t .  

F igure  2 i l l u s t r a t e s  t h e  subjec t -de tec tor  configuration 
i n  t h e  SXB p a s i t i o n .  
and i s  pushed forward so t h a t  t h e  ches t  is a g a i n s t  t h e  Pb s h i e l d ,  
which c o n s i s t s  of a 12" x 12" x 1 2 "  s t a c k  of b r i c k s ,  an a d d i t i o n a l  
l a y e r  of two b r i c k s  (8'' x 8" x 2 " )  and second l a y e r  of one b r i c k .  
The s u b j e c t ' s  arms embrace t h e  8" x 8" l a y e r ,  w i th  t h e  ch in  
r e s t i n g  on t h e  top  b r i c k .  A p o s i t i o n i n g  guide (block of s t y r o -  
foam 2 . 5  i n .  t h i c k )  a t t ached  t o  t h e  c r y s t a l  serves t o  maintain a 
f i x e d  d i s t a n c e  from t h e  c r y s t a l  f a c e  t o  t h e  nasion.  

The s u b j e c t  s i ts  on an a d j u s t a b l e  c h a i r  

The s e n s i t i v i t y  and r e p r o d u c i b i l i t y  of t h e  method w e r e  
checked using human s u b j e c t s  (Ra d i a l  p a i n t e r s ,  Radithor drinkers, 
e t c . )  whose Ra and Th body burdens w e r e  measured wi th  t h e  c h a i r  
and/or a r c  method. The r e s u l t s  i n d i c a t e  t h a t  t h e  e f f e c t s  of 
r e p o s i t i o n i n g  a r e  s u f f i c i e n t l y  small  t o  be considered i n s i g n i f i -  
c a n t ,  and t h a t  t h e  e f f i c i e n c y  f o r  determinat ion of body burden 
i s  comparable t o  t h a t  of t h e  s tandard  c h a i r  pos i t i on .  

Phantom s t u d i e s  ind ica t ed  t h a t  a r e s i d u a l  1 pCi ' 234Th i n  
t h e  G.I. t r a c t  would not  be i n t e r p r e t e d  a s  a s i g n i f i c a n t  body 
burden, and a l s o  i nd ica t ed  t h a t  t h e  measurement of an expected 
t r a n s p o r t  of ac ross  t h e  g u t  wall would r e q u i r e  t h e  o r a l  
admin i s t r a t ion  of a t  l e a s t  100 pci 234Th. 
using t h e  64 and 9 3  keV 234Th y r ays  (49-116 keV). a r e  denoted 
by t h e  code "L8S;cB", whi le  those using t h e  1.0 MeV ' 2 3 4 m ~ a  y ray 
(0.9-1.1 MeV) a r e  denoted by t h e  code "HBSXB" . 

E X 3  measurements 

Scan measurements a r e  made wi th  t h e  s u b j e c t  l y ing  supine  
o r  prone on a t a b l e  30 c m .  below t h e  f a c e  of t h e  c r y s t a l .  The 
c r y s t a l  i s  t racked  a t  a cons tan t  r a t e  over a d i s t a n c e  of 7 5  i n .  
along t h e  midl ine of t h e  s u b j e c t ' s  body. Since t h e  count ing 
r a t e s  a r e  l o w  l i v e - t i n e  c o n t r o l  of t h e  scan is  not  necessary and 
t h e  counting r a t e  i s  determined from t h e  t o t a l  counts d iv ided  by 
t :?e counting per iod .  

Tdenty-four hour  u r i n e  and f e c e s  samples a r e  c o l l e c t e d  ia 
i n d i v i c k a l  2 l i t e r  ?olyethylene S o t t l e s ,  preserved wi th  HNO3, 
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t i g u r e  2 .  I l l u s t r a t i o n  of A Sub jec t  in t h e  .Skull  and Cross- 
bones” (Sm) Pos i t ion .  

The photograph shows a s u b j e c t  Boated A t  t h e  SXB 
The lead s h i e l d  i s  arrembly w i t l i n  t h e  whole-body counter .  

supportec! on an angle-iron d o l l y  which prmits t h e  whole 
structu:e t o  be mDved iri ane out of t h e  room. The 8” X 4. 
c r y s t a l  is mounted on A c r y s t a l  t r a c k m q  assrmbly which allows 
t h e  posi t ionxnq of t h i s  crystal uryvhere v i t h i n  the r o o m .  The 
vhole  boly counter  rom. i s  laned with l ead .  The Ceil ing,  i n  
addiction, i s  L n e d  w-th copper a& tin. The ahield behind t h e  
e n a i r  c c n s i s t s  of copper m d  t i n  an2 this, in a d d i t i o n  t o  the 
copper an t  tin which i s  mounted on the top  s u r f a c e s  of the lead 
s h i e l e ,  c o n s t i t u t e s  :he rhxeld f o r  reducinq t h e  l ead  f l u o r e s c e n t  
x-ray con t r rbuuc r .  to the  c r y s t a l  v i thout  havmg to line t h e  
whoie roo0 w i t h  *Aese t w o  elements.  The s u b j e c t  sit. on a 
Chair,  used by Craftsmen, vhAch &s a d j u s t a b l e  i n  he igh t  urd has  
a folr;. seat  anC backrest .  
t h a t  the  c h e s t  i s  up aqainst  t h e  lead s h i e l d ,  the  subjeCt’8 chin 
r e s t i n $  or, the top l e d  b r i c k  and the  axma surroUndAng t h e  sh ie ld .  
The d a s t m c e  between the  s u b ~ a c t ’ s  head m d  t h e  C v s t A l  i s  con- 
t r o l l s 6  by a block of styrofoun 2 . 5  in. t h i c k  placed betvaen them. 

The sub jec t  is pushed forward so 

and made t o  volume. 
compared t o  t h a t  of s tandard  s-olut ions of t h e  same volume. 

T h e  gamna a c t i v i t y  of t h e s e  samples is 

Blood samples a r e  drawn i n  hepar in ized  p l a s t i c  disposable  

The ash i s  
sy r inges .  Aliquots  a r e  d r i ed  i n  po rce l a in  c r u c i b l e s  and ashed, 
t h e  Fe i n  blood a c t i n g  a s  a c a r r i e r  f o r  t h e  234Th. 
+.aken ur> i n  HNO3, t r a n s f e r r e e  ‘ t o  p lanchets  and counted i n  a l o w  

sckground p ropor t iona l  f l o w  counter .  
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Control  sam?les were obtained from each s u b j e c t  and c o n t r o l  
measurements weze made on t h e  s u b j e c t s  p r i o r  t o  t h e  s t a r t  of t h e  
experiinent . 

Xealthy male and female s u b j e c t s ,  ranging i n  age from 63 
t o  83 yea r s ,  volunteered f o r  t h e  experiment, All underwent a 
complete h i s t o r y  and phys ica l  examination, and w e r e  r equ i r ed  t o  
be f r e e  from any r e n a l  or G . I .  d i s e a s e ,  any endocrine or meta- 
bol ic  d i sease ,  any s e r i o u s  r ecen t  i l l n e s s ,  any s k e l e t a l  d i s -  
o r d e r s ,  o r  ufiusual d i e t a r y  o r  bowel h a b i t s .  C l i n i c a l  labora- 
t o r y  s t u d i e s  were conducted and x-rays of t h e  long bones and 
s k u l l  were taken.  The subjects p a r t i c i p a t e d  e i t h e r  i n  t h e  
i n j e c t i o n  o r  i nges t ion  s t u d i e s ,  b u t  no i n d i v i d u a l  was used in 
botn .  During t h e  experiment t h e  subjects were housed f o r  t h e  
c o l l e c t i o n  of exc re t ion  samples and a t r a i n e d  nurse was i n  
a t tendance  t o  i n su re  t h a t  no inadve r t en t  contamination occurred  
during t h e  c o l l e c t i o n  of e x c r e t i o n  samples. 

I n f e c t i o n  of 234Th c i t r a t e  i s  made i n  an a n t e c u b i t a l  ve in .  
The a c t i v i t y  aC-xiriistere2 is determined by measurements on t h e  
sy r inge  con ten t s  ke fo re  and a f t e r  admin i s t r a t ion .  Oral 
admin i s t r a t ion  of 234Th and 224Ra mock radium d i a l  p a i n t  i s  
made by s w z L 1 a w i q  t h e  c e l a t i n  capsule ,  using water  i n  s e v e r a l  
s t e p s ,  t o  insure  t h a t  t h e  capsule  en ters  t h e  stomach. 
i s  v e r i f i e d  w i t h  a survey meter. 

The e n t r y  

Table I s h ~ w s  sone of t h e  phys i ca l  c h a r a c t e r i s t i c s  and t h e  
6ose schedule f o r  each s u b j e c t .  

RES'L'LTS 

The c a l i S r a t i o n  f a c t o r s  ( n e t  cpm/pCi r e t a i n e d )  f o r  t h e  c h a i r  
H8SXB, and L 8 S D  p o s i t i o n s  a r e  shown i n  Fig.  3 .  The r e t a i n e d  bod 
burden is c a l c u l a t e d  from exc re t ion  da ta .  

The c n a i r  c a l i b r a t i o n  shows a decrease of -20% over t h e  
f i r s t  two days then remains cons tan t  a t  ( 6 0  3%) cpm/wCi  r e t a i n e  
over t h e  2 4  day observa t ion  pe r iod ,  with no s i g n i f i c a n t  different, 
bersween males and females. I n  con t r a sc  t o  t h e  c h a i r  r e s u l t s ,  t h e  
c a l i b r a t i o n  f o r  t h e  H8SXB pos it ion s h w s  a 10-30% increase  dur ing  
the f i r s t  day. 
p o s i t i o n s  show a d i f f e r e n c e  bet-deen t h e  sexes ,  wi th  t h e  females 
having t h e  h i s h e r  va lues .  
va lue  f o r  t h e  females  is (80 + 3%) cpm/+Ci, and f o r  t h e  males 
(50 5 4%) c?m/LCi .  

The c a l i b r a t i o n  f a c t o r s  f o r  t h e  H8SXB and L 8 S D  

For t h e  Ht3S:a p o s i t i o n ,  t h e  average 
- 

The r e s p e c t i v e  va lues  f o ~  t h e  Li3SXB p o s i t i o n  
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a r e  (1150 F 3%) a 2  (720 + 5%) cpm/pCi. However, s i n c e  t h e  r a t i o  
L8SXB/H8SXB i s  -15 for both  males and females a f t e r  t = 1 day, 
it is concluded t h a t  234Tn and 234pa a r e  p re sen t  i n  t h e  same r a t i o  
.n both males and females,  a t  l e a s t  i n  t h e  upper 20-.25"/:, of t h e  - 

body. 

N o  reasop is known f o r  t h e  apparent d i f f e r e n c e  i n  d i s t r i b u -  
t i o n  of 234Th between males and females,  a d i f f e r e n c e  which might 
be expected to manifest  i t s e l f  i n  t h e  c h a i r  measurements, b u t  
which does not .  Arc measurements made wi th  Pb b r i c k s  s h i e l d i n g  
t h e  body from just above t h e  sternum t o  t h e  h i  s ,  and conducted 
t o  determine whether a s i g n i f i c a n t  excess of 294Th was p resen t  
i n  t h e  l i v e r ,  i n d i c a t e  no excess i n  t h i s  reg ion  (average counting 
r a t e  w i t h  s h i e l d  i s  75% of counting r a t e  wi thout  s h i e l d )  wi th  no 
s i g n i f i c a n t  d i f f e r e n c e  between males and females.  

The excretion d a t a  are g i v e n ' i n  Table 11. The total exc re t ion  
of 5 6 %  i n  5 days i n d i c a t e s  t h a t  t h e  exc re t ion  of 234Th is l o w .  
The e x c r e t i o n  is  predominantly by t h e  u r ina ry  r o u t e  ds shown b y .  
t h e  high cumulative u r i n e  t o  f eces  r a t i o  of -12 f o r  males and 
- 2 4  f o r  females. The two va lues  i n  t h i s  r a t i o  become a second 

p o i n t  of d i f f e r e n c e  between t h e  sexes b u t  it is  no t  known whether 
t h i s  d i f f e r e r k e  i s  r e l a t e d  t o  t h e  sex difference,observed i n  t h e  
SXB c a i i b r a t i o n .  The d a i l y  u r ina ry  exc re t ion  of 234Th is not  
Tropor t iona l  t o  t h e  amount of  234Tn i n  t h e  blood, as shown in ,/ 

ig .  5. The curves appear t o  meet a t  t h e  end of t h e  experimental  

fob85 f 1 198 
DOEIHQ 



IO0 1 . I  I I I  1 1 1  1 1 1 1  
CHAIR 

8ot 8 - 
70 f 

I '  

60k 7c 1 
I 

A Average Female 

A Averoge Male 

SC I Lesxs  

1 
1 1000 I- 

I 
SGC c 

& 

I 1 1  I l l  I 1 I ! !  I 

Time after Administrotion (days 1 

r r n  I '  I 

C L U  - 
0 2 4 6 8 10 12 14 I6 18 20 22 24 

Figure  3. C a L b r a t i o n  f o r  Chai r  and 'Skull  and Croaabonea" Cse) Poai tzons  Following Intravenoua Adminis t ra t ion  

The c a l i b r a t i o n  measurements n r e  c a r r i e d  ou t  over  a 

of -34fh 

24-day p r i o d  u n t i l  t h e  w e r e t i o n  meaaurementt wre stopped. 
r e t a i n e d  ?'h AS c a l c s l a t e d  aa *be d i f f e r e n c e  be tvcan  t h e  m o u n t  
a h i c i s t e r e d  and t h a t  cumula t ive ly  e x c r e t r d  up to t h e  p a r t i c u l a r  
tzme i n d x a r e C .  Af t e r  t!!e f i r s t  5 days Only u r i n e  WAS c o l l e c t a d  
m r x d x a l l y  i i n c e  the  excze t ion  m the f e c c r  was n e y l i g i b l e .  
?he sex d i f f e r e n c e s  f o r  the S W  zmaauraments a r e  d iscuaaed  ia 
the t e x t .  

The 
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per iod ,  b u t  whether they  cont inue p a r a l l e l  t o  eacn o the r  or cross 
i s  unknown a t  t h i s  tine. Wnether t h e  reason f o r  t h i s  non- 
p r o p o r t i o n a l i t y  i s  due t o  an increase  i n  the Tn plasma c learance  
w i t h  time o r  t o  an exchance of Th between plasma and r ed  cel ls  or 
t o  other f a c t o r s  i s  a l s o  unknown at t h i s  t i m e .  

The r e t e n t i o n  results a r e  q i v e n  in F i g .  4 .  The r e s u l t s  are 
a corn2osite of exc re t ion  measurements and of measuzements made 
w i t h  t he  c h a i r  and L 8 S z  p s i t i o n s .  

-93% a t  2 0  d and then  changes very slowly through t h e  100-day 
o h e r v a t i o n  per iod .  E f f o r t s  t o  c a l c u l a t e  t h e  long-term disap- 

The r e t e n t i o n  drops t o  

pearance r a t e  a r e  shown in' Table I11 

A 

2 c 

l a  0.061 - 4 . 0 0 5  

lb 0 . 0 5 5  - +0.005 

ia 0.026 - 4.005 
2b 0.0245 - 4.0067 

E 

T a X e  I::. Parmererr  f:f T.7 Retention 

- -  .- - i . , t  
K- - c , e  A + 0.e - -  

a s  sums of exponent ia l  terms 

a f t e r  T.V .  Administratior. 

3.0 G.047 0.213 0.527 5 x 10-5 
+0.005 212 x 10-5 - - 4.0 2C.005 +.06? 

0 3 .0  0.0465 0 . 2 3 2  0.929 
4.002 - +3.1 20.0064 20.055 - 

Constraints 
on Least Squarer 

Cmputer F a t  

4-paruneter model 
n 2 - 1 - o 1  

4-parameter model 
data for  subject  
TTvFi  not w e d  

6-parameter m o d e l  

Graphical Analysis 

~ o n g - ~ e r n  
Half Period 

( y r r  . ) 
9.2 2 7.3 

4.2 2 1.7 

3e 2 52 

CD 

A: data ca icu larc l  with P . L .  Dear. a: Lor A h n o s  S c i e n t i f i c  Laboratory. 

k: d a t a  CaiCAlatec by 3. h .  C a r L n e r ,  k'. J. Blot ,  ani S. R .  BernarC a t  Oak Ridge National Laboratory. 

- 0.83 
at 40  yrr. 
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f i5ure  4. Retention of Intravenously Admrnistered 234Th. 

The points indicate individual values without sub- 
?ect designation. The line represents a weighted average of 
measurements around selected days. Results up to t - - 2 0  d 
are base? on excretion, from t - -20-60 d on cnair and LBSD 
neasurencnts; the remaming values are based solely on L8SxB 
ieascrenetts. 
parz:cJlaz t2.m anl occasionally two values (charr and USxB)  
appear for the aaqe subject. The calculations for Table 111 
t u e  there factors into proper account. The variations in the 
data are canaistent wit!: the standard deviations of each m a -  
suremen=. 

All subjects do not necessarily appear at a 

an2 a s  a p o w e r  f:r.ction. While it i s  d i f f i c u l t  t o  determine 
accuracely a lor.5 na i f -per iod  from a short-term experiment, the 
b e s t  i n d i c a t i o n  from t h e  p re sen t  r e s u l t s  i s  t h a t  t h e  ha l f -per iod  
is probably > 5 yea r s .  

Figure 5 shows t h e  r e s u l t s  cn t n e  blood measurements ex- 
pressed  as a percentage of t h e  a i h i n i s t e r e d  dose i n  t h e  esti-  
mated wnole blood volume, t h e r e  being no convenient way t o  ex- 
pres s  a thqrium s p e c i f i c  a c t i v i t y .  The blood a c t i v i t y  is -10% 
a t  1 day and -0.3% a t  JO days. For' comparative urposes,  t h e  
shape of t h e  234Th blood c u r v e  i s  s i m i l a r  t o  t h e  524Ra blood 
curve i n  human beings (1) , b u t  t h e  abso lu te  l e v e l s  of 23d.rh i n  
blood a r e  about 10 t imes higher .  

* 

The scan d a t a ,  p l o t t e d  a s  n e t  c F m / u C i  r e t a i n e d  10 days a f t e r  
admin i s t r a t ion  a y a h s t  t h e  subjec t ' s  weight (kg) t o  he ight  ( c m )  
ratio', a r e  shown i n  Fic;. 6 .  The r e s a l t s  i n d i c a t e  . t h a t  t h e  
a c t i v i t y  of t h e  grone scan is -15% g r e a t e r  than t h a t  of t h e  

20 1 
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- - .  
Figuze 5 .  ''-- ... in Eszamated T o t a l  Blood Volume Pol lwins  

Intravenour A a ! m i s t r a t i o n .  

E r r c r s  z n  t h e  blood v a l u e s  are +30-4M a t  t = 10 d 
a n i  iac:ease t~ >:lOC% a: t - 24 d .  The d a i l y  ur ine  excre-  
t i o r .  r e s u i t s  e r e  in=luoea  2'. the  figure for comparrson to t h e  
olooC res -?rs .  E r r i r r  for the  u r m e  data are c o n s i a t e n t  w i t h  
:he va:iaL.-or.s betweer. s - x - ) e c r s .  . 

supine ,  perhaps due t o  234Th depos i t i on  i n  t h e  ske le ton .  
scan measurements a r e  somewhat less s e n s i t i v e  than  t h e  c h a i r  
measurements, b u t ,  i n  c o n t r a s t  t o  t h e  c h a i r  r e s u l t s ,  bo th  a r e  
e s s e n t i a l l y  independent of t h e  subject's th ickness .  

Both 

The 1.25-meter a r c  measurements were made on t h e  s u b j e c t s  at 
t = 6h, 2d, and 4d. The r a t i o  of body burden determined by t h e  
arc measurement t o  t h a t  determined from exc re t ion  r e s u l t s  shows 
an unexplained t r e n d  wi th  t i m e ,  averaging 0.87 t 0.05 a t  6h, 
1.08 0.05 a t  2d, and 1.16 + 0.06 a t  4d. Red i s t r ibu t ion  of t h e  
234Th i n  t h e  body with  t ime is not  a l i k e l y  explanat ion s i n c e  
t h e  a r c  method i s  q u i t e  accu ra t e  even f o r  a h igh ly  non-uniform 
' i s t r i S u t i o n  such a s  224Ra a c t i v i t y  contained i n  a s u b j e c t ' s  
tomacn (1). The grand average of t h e  above r e s u l t s  is 
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Frccre 6. -‘-- .fi Body Scan and Chair Xeasuruncn=a a t  10 Daya 
A f t e :  Intravenous Administ:atron. 

1.04 - + 0 . 0 5  a n 5  t h e  a r c  method CE? be use.2 to measure a b s o l u t e  
b u r d e n s  of T;? wi::?in 5 1 S s S .  

The resclts on w n o i e  body r e t e n t i c n  and exc re t ion ,  following 
o r a l  a h h i s t r a t i o n  of 234Th i n  mock radium p a i n t ,  a r e  shown in 
Table IT?. E s s e 2 t i a l l y  a l l  tne  234Th i s  accounted f o r  i n  t h e  f eces  
a t  4d a f t e r  admin i s t r ac ion .  V e r y  l i t t l e  a c t i v i t y  is  obse-wed i n  

2c3 

tmu1ar l V *  

Urine  
(% a! 

3ra1 X r e )  
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le ur ine  i n z i c a t i n g  t h a t  only a small amount of 234Th has  
crossed t h e  s u t  w a l l .  
v a r i a S l e  because t h e  intravenous c h a i r  c a l i b r a t i o n  i s  used t o  
measure 234Th a c t i v i t y  moving along t h e  G.I. t r a c t ,  wnere most 
of t h e  r e t a i n e d  234Tn is l oca t ed ,  and because of counting 
s t a t i s t i c s .  consider ing these condi t ions ,  t h e  r a d i o a c t i v e  
balance i s  gooz. 

The whole body r e t e n t i o n  is somewhat 

The 234Th whicn has crossed t h e  g u t  wa l l  or r a t h e r  t h e  frac- 
t i o n  t r a n s p o r t e d  (usinq t h e  word t r a n s p o r t  t o  imply no p a r t i c u l a r  
mechanism) i s  shown i n  Table V. Since t h e  amount t r anspor t ed  
is  so  l o w ,  t h r e e  2 i f f e r e n t  Parameters a r e  used  t o  determine t h e  
t r a n s p o r t  and t o  show t h a t  inadver ten t  r a d i o a c t i v e  contamination 
has not  taken p l ace .  
parameter a c t i v i t y  following o r a l  admin i s t r a t ion  t o  t h a t  obtained 
a f t e r  I V  adminis t ra t ion .  
curves  frorr, o r a l  experiments w i l l  be e s s e n t i a l l y  p a r a l l e l  i n  
t i m e  t o  those from IV experiments long a f t e r  t h e  t r a n s p o r t  pro- 
cess  is  complete2. The u r i n e  and SXB r e s u l t s  i n  Table v a r e  
determined long enough a f t e r  t h e  o r a l  adminis t ra t ion  t o  be re-  
l i a b l e .  T h e  blood samples were taken soon a f t e r  t h e  adminis- 
c r a t i o n  i n  o rde r  t o  ger. s u f f i c i e n t  a c t i v i t y  f o r  counting s t a t i s -  

i c s  m d  t h e s e  r e s c l t s  would be expected t o  underestimate t h e  
t r a n s p o r t ,  a s  t h e  da ta  tend t o  show. Taking a l l  f a c t o r s  i n t o  
account t h e  most prcSable value f o r  t h e  t r a n s p o r t  of 234Th i s  
0.0002. 

Transport  i s  c a l c u l a t e d  by comparing t h e  

Blood, u r ine  and p a r t i a l  body (SXB) 

T a t l o  V .  ?racz:cna: Transpor t  Across the  Hw,an - - .  
GS:.= of --'*?h i k  S m c l a t e c  D i a l  Paint  

Parameters 

Subject  

TR P 3 t C  

TRPOKZ 

. TRP0.E 

TRPOF1 

TRP3FZ 

TRFOF4 

Averaces 

t O b 8 5 2 3  

Body Meas 
L i s a  

-< C.OOC3 

0.0006 

5 O.OOG? 

0. O O O i  

5 0. O O O i  

0.0001 

5 G . PO02 

Urine Blood 

5 0.0006 5 0.0001 

0.0003 0.0009 

0.0003 .<0.0001 

0.0002 0.0003 

0.0003 0.000: 

0. oooa 0.0001 

0.0002 O.OOC5 

.. 
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DISCUSSIOh7 .) 

A convenient  sumnary of  t h e  r e s u l t s  u s e f u l  f o r  p r a c t i c a l  b: 
assay purposes  i s  shown i n  Table  VI. The gut t r a n s p o r t  of 
i s  l o w .  S ince  t h e  t r a n s p o r t  of 224Ra i n  t n e s e  s u b j e c t s  was 
-2O%, t h i s  would i n d i c a t e  t h a t  t h e  ZnS of t h e  mock p a i n t  was 

d i s s o l v e d  i n  t h e  H C l  of t h e  stomach and t h e  " i n s o l u b l e "  RaS04, 
even i n  t h e  presence  of BaS04, became ion ized  s u f f i c i e n t l y  t o  
a l low 20% t o  be t r a n s p o r t e d .  S ince  Th(S04)2 is much more Solu- 
b l e  than  RaS04, it m y  be presumed t h a t  t h e  v a l u e  of 
t h e  t r a n s p o r t  of 234Tn a p p l i e s  e q u a l l y  t o  s o l u b l e  Th a s  w e l l  as 
t o  t h e  supposed " i n s o l u b l e "  T h ( S 0 4 ) ~  s t a r t i n g  m a t e r i a l .  i t  
would appear than  t h a t  tne  t r a n s p o r t  of Th would be l o w  (loa2%) 
under most c o n d i t i o n s .  

for 

c _  . a b l e  V I .  i3+h 9lOaSSay Parameters for Human Beings 

G G ~  transport 10.4 

i.V. r e t e n t i o n  nigh  (-100%) 

3Lc13?scal T1,Z probably > S  j r  

'*inale blood/whole body - -1/300 (2-20 d) 

l;rL:e/feces = -10(d) t o  20 ( 3 )  
Whole 

I 

S c l y  p e a s .  5x3 I Scan 

When Th icr. 52ts into t h e  blood s t ream,  t h e  r e t e n t i o n  of 
Th i s  hi5.h ( -19G: i )  a s  i n d i c a t e d  5y the  d a t a  ob ta ined  from t h e  
intraveRous a d z i n r s t r a t i o n  of 224T'.;1. 
long ha l f -pe r iod  b u t  t h e  bes t  numerical  r e s u l t  from t h e s e  data  
is  t h a t  t h e  ha l f -pe r iod  has  a probable  va lue  > 5  y .  
p e r i o d  i s  long ercuGh t h a t ,  f o r  p r a c t i c a l  purposes ,  only t h e  
p h y s i c a l  ha l f - aez iod  of  ,Z8Th need be cons idered  i n  t o x i c i t y  
s t u d i e s  invo lv inc  t h i s  nuc l ide .  

Tne r e t a i n e d  Th has  a 

The half- 

i 

The whole blood t o  whole body r a t l o  i n  t h e  f i r s t  20 days 
is " c o n s t a n t "  a t  -1/300 w i t h i n  a f a c t o r  cf 3 ,  a f t e r  t h e  f i rs t  
day o r  t w o .  
r e s u l t  In a convenient  e s t i m a t e  of body burden wher, o t h e r  mea- 
surements ;;1z;. n c z  be Foss i5 l e  dc r ing  an emersency. Exc re t ion  
cf Th f r o m  t h e  L o ~ : J  i s  rnain1.l by t h e  u r i n a r y  r o u t e ,  rnakiac 
f e c a i  analyses ucnecessary .  

Measurement of t h e  a c t i v i t y  i n  whole blood can 
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B ~ d y  burciens can be neesure6  us ing  e whole body count.  
p a r t i a l  body ( S m )  nezsurenent  can  r e s u l t  i n  a l e t e r m i n a t i o n  o f  
aSsorbe6 Th a t  a s e n s i t i v i t y  equal  t o  t h a t  of t h e  c h a i r .  I f  
t h e  a c t i v i t y  i s  non-uniformly C i s t r i b u t e 6  i n  t h e  body, such as 
be ing  p a r t i a l l y  o r  all i n  the  G.I. t r a c t ,  t h e n  a scan  measure- 
ment can g i v e  d a t a  which a r e  n e a r l y  independent of t h e  d i s t r i -  
b u t i o n  and bod). s i z e  and shape and aga in  w i t h  a s e n s i t i v i t y  a l -  
most t h e  same a s  t h e  c n a i r .  F i n a l l y ,  t h e  arc measurement can 
be used f o r  a b s o l u t e  burden measurements, e s p e c i a l l y  fo r  p u r -  
poses  Qf c a l i b r a t i n g  whole body coun te r s  when t h e  burdens are  
l a r g e  enough f o r  goo6 s t a t i s t i c a l  measurement. 

A 

There appears  t o  be a g e n e r a l  s i m i l a r i t y  i n  t h e  handl ing  
of thorium by hunan b e i n 5 s  and by otner animals  such a s  dogs 
r a t s ,  r a b b i t s  and guinea p i s s  (6,9), t h e  closest s i m i l a r i t y  
o c c u r r i n g  w i t h  dogs. On t h e  o t h e r  hand, t h e r e  a r e  enough d i f -  
f e r e n c e s  between t h e s e  s p e c i e s  so t h a t  no simple e x t r a p o l a t i o n  
can be made t o  man. 

(7), 

The present d a t a  provide  information on t h e  metabolism of 
thorium by man b u t  it i s  clear t h a t  more e x t e n s i v e  d a t a  a r e  
? e s i r a b l e ,  p a r t i c u l a r l y  i n  e s t a S l i s h i n g  t h e  long-term r e t e n t i o n  

f thorium and t h e  s e x - r e l a t e d  metabol ic  d i f f e r e n c e s .  From a 
p r a c t i c a l  s t a n d p o i n t ,  t h e  , g ros s  metabolism of thorium by 
human be ings  c u r r e n t l y  assumed f o r  t h e  deduct ion  of r a d i a t i o n  
p r o t e c t i o n  g u i e e s  (10)  i s  s i i n i l a r  t o  t h a t  i n d i c a t e d  by t h i s  s tudy .  
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Ethical Coqsidera:ions in Human Experimenration* 

G. A .  Andrews 

During the past three o r  four years scientific journals and popular magazines 
~ 

have contained an increased number of articles about the ethics of human experi- 
.mentation. Most of the writers "point with alarm" expressing concern that investi- 
gators, in their zeal, are  being careless of the rights of the patient who serves as 
an experimental subject. This concern has been precipitated by publicity given to 
certain research activities. The Congressional investigators of the drug industry 

' 

revealed some serious abuses, When the experimental injection of cancer cells into 
aged patients in a New Sork charity hospital received widespread condemnation in 
print, organized medicine felt the need to go on record a s  disapproving the method 
in which the study was carried out. The attention given to this problem has been 
greatly accentuated by Dr. Henq- K. Beecher, of Harvard Medical School, who has 
written extensively about it. 3, 
in an intensely emotion-laden mission, has on occasion made misleading and exagger- 

In my opinion, Dr. Beecher, like most men aroused 

ated statements. 5 

Although there is recent emphasis on this problem, i t  is quite erroneous to' suggest, 
' . AS some lay science writers have, th3t i t  was largely neglected in the past and that 

until recently investigators have given little thought to the ethical aspects of human 
experimentation. Furthermore, it is incorrect to assume that, because a publication 
of scientific data makes no reference to consent from experimental subjects, such 
consent was not obtained. 

Nevertheless, it is widely recognized that a serious problem does now exist and 
we may well seek the reasons for  it. One is, obviously, the great increzse in 'research 
of all types that is now being done and the corresponding increase in possible abuses. 
With this has come the growth  of institutions and, in some projects staffed by a large * 

group of physicians, a reduction in personal contacts between the individual physician- 
investigator and the patient. With the progress of medicine away from simple trials 
of therapy toward a search for basic knowledge, we find that a larger share of the 
investigations are  concerned with studies not directly related to a practical trial of 
therapy; thus the subject may have little to gain directly. There is, o r  is believed 
to be, a growing intensity of competition among investigators, a desire for  recog- 
nition, and a desire for academic posts that a re  filled on the basis of research 
achievement. Thus we have the opportunity for the investigator to let selfish interests 

*From the Medical Division, Oak Ridge Associated Universities, Jnc. , 
3ali Ridge, Tennessee, operating under contract with the United 
dates  Atomic Energy Commission. 
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predominate over his  concern for the experimental subject Whether o r  not such a 
trend exists, there i s  no doubt that the public has decreasing faith in the nobility Of 

their physicians for malpractice, real o r  alleged. (Incidentally, escept in connecti( 
with the tr ials of new drugs, there have been few if any lawsuits against physicians 
on the basis of acts performed in the course of clinical experimentation.) Quite 

selfish motives becomes so  fervid in his desire to help manldnd that he uses poor 
judgement in relation to the r isk to the individual patient-subject. 

Y motives of physicims, ana that patients a r e  showing an increasing tendency to  sue 

\ different from the unduly ambitious investigator is the one who with completely un- 

Whatever the reasons and explanations may be,  there is no doubt that s o m e  
experiments not ethically justifiable have been performed in recent years. Yet, an 
unresolved question is,  How extensive is this problem? It is a truism that in all 
large fields of human endeavor one could, with careful search, find some examples 
of unsavory conduct. There is always the danger that a worthwhile activity will be 
discredited o r  destroyed because some publicity seeker dramatizes the exceptional, 
evil cases and gives the impression that the practices represented are typical. A 
balanced assessment of the whole field - ". . ,on the one hand this is good, while on 
the other hand the weaknesses are.. . " - never attracts the attention that the muck- 
raking approach czn yield. 

No one really knows how much of experimental medicine is open to challenge on 
ethical grounds; cerxaialy this cannot be clearly evaluated without more intimate 
knowledge of what goes on thar can be obtained from the published scientific litera- 
ture. Furthermore, to put the findings in perspective one might need to compare 
them with some other activities; for example, the ethics of behavior toward patients 
of physicians not engaged in research. Lacking the hope of any such informed 
appraisal we must rely upon opinions. My own is that we a r e  not facing an appalling 
situation but that we have a clear need for improvement. 

h considering codes of ethics €or investigators we need to be conscious of the 
various relationships that may exist between the investigator and the person who is 
the subject of the esperimear. Subjects of experiments may fall in the following 

. categories (and possibly others) : 

1. Independezt normal volunteer (paid o r  donating service), 
2. 'Volunteer" who is in employ of laboratory, in military service, o r  in prison. 
3. Self-experimenter, 
4. Patient volunteers - 

a) Research directed towzrd diagnosis o r  therapy needed by subject, 
bj Research directed toward advances in diagnostic o r  therapeutic 

methods in general, o r  toward basic scientific advancement, un- 
likely to be helpful. to the volunteer, ' 

c) Subjects serving a s  controls, 
5. Healthy person taMng new preventive material (i. e.,  vaccine) that 

n a y  be potentially useful to him, 
6. Tissue donor; research directed toward direct  benefit to another 

'person, related o r  unrelated. 

This,list .c!eariy shows that etMcsl aspects of r e s e s c h  vary greatly from ex- 
periment IO experiment. Xo simple set of rules can deal specifically with all ' 

possible situations, but some rather general codes have beer, presented that give 

2G3 
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;efd guidelines. F o r  background, the ancient Hippocratic Oath, and the inter- 
 sting writings of Claude B e r n ~ r d ,  in the middle of the las t  century, may prove 
usefd.  Re1,ativelg recent, carefully elaborated statements include the Nuremberg 
Code (1947): the Declaration of Helsinki (World Health Organization) 1964,7 and 
the statement by the British Medical Research Council, 1964.8 Of these, the last 
seems to me the most useful because it attempts to cope in some detail with the 
subtleties involved. Beecher4 has also stated general principles. 

Among the considerations that are important in these codes and in our thinking 
about the subject a r e  the following: 

Iniormed Consent - Great emphasis is plzced on the effort to have the subject 
truly understand the meaning of the experimental procedure in which he is to partici- 
pate. Those who have dealt with this problem in practice realize that it is an ideal 
tcr be aimed at rather than an objective that can be achieved. Even a relatively simple 
experiment may be quite beyond the ability of the average patient to evaluate. Risks 
are never known with great accuracy, and the patient often decides on the basis of 
some intentional o r  unintentional signal from the physician he trusts,  even if the 
experiment is being done by another physician. 

Nevertheless, consent can be clearly given or  refused, and i t  is important'to have 
i t  documented. Whether i t  will often be really informed consent is another matter. 

The Qualitv and Competence of the Research - The more hazardous the procedure, 
.' .he more important it is that adequate prelimicary work (i. e., animal experiments) 

fi  done, that relevant previous publications are known and considered, and that suit- ' 

able precautions a r e  taken. The potential value of the research must be thoroughly 
~evaluated. Often the participation of a group of investigators is needed, as is the 
evaluation by independent physicians having no direct interest in the research and 
enlisted specifically a s  the protectors of the patient's welfare. * 

In our culture the supremscv of the rights of the individual is much stressed. 
Thus we a r e  reminded that we must not take the responsibility of sacrificing, even 
to a small extent, one person's rights for'the sake of helping many people even to a 
great extent. I am in agreement with this principle; I do not always find it easy to 
interpret in relation to specific research situations. 

While performing a valuable sen'ice, those who have sounded the alarm about 
improper research practices need to be on guard against making unfair judgements 
and impairing research progress. They should remember that hindsight is a danger- 
ous thing. For example, five years  ago one could say, with a good deal of experi- 
mental data in support, that when cancer cells were taken from one person and 
injected into another, genetically different persob, they would never survive and pro-' 
duce clinical malignancy in the recipient. Now there a r e  reports of rare but definite 
exceptions to this rule. This new information may tempt us to change our evaluation 
of the ethical soundness of some previous research. It has been quite rightly pointed 
out, however, that research is either ethical o r  not at its inception. 

'hey do not wish  o r  intend to res t r ic t  productivity. It should be clear, however, that 
lenial of intent to restr ic t  research zccomplishrnents does not indeed prevent the 

Those who establish controls on any human activity often assert repeatedly that 
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J impairment in productivity that, may result when the fears engendered in administra- 
tors lead to new reguiations. One might concede that some restriction on achieve- 

should pay it knowingly. 
. i s  a fa i r  price to pay for increased protection to experimental subjects; if so we 

I have not attempted to even suggest the positive benefits that may accrue to the 
J person who voiunteers as  an experimental subject. This is a topic that deserves 

much more attention than it has received in recent publications. 

It i s  worthwhile that we have had our attention directed to the ethics of human 
experimentation. The main responsibility for dealing with it should be in the hands of 
the investigators, and future standards will depend.largely on their integrity and 
conscientiousness. Scientific journals can perform a useful service by requiring 
that manuscripcs indicate the nature of consent obtamed from experimental subjects. 
It is to be hoped that if scientific administrators feel impelled to react to recent 
criticism with increased restrictions, the new rules will be carefully planned so as 
not to unduly inhibit good, desirable, ethical research. 

l a .  

ib. 

2. 

3. 

4. 

- - 
Y .  
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Claude W. S i l l  

Health mi Safety Division 
U. S. Atomic Energy Commission 

Idaho Falls, I h h o  

The Zealth a d  Safety Laboratory of %he U. S. Atomic Energy Comission 's  
I h h a  OperaLions OZfice provides a rout ine invivo whole boiy counting program 
f o r  the protect ion of the nezrly 6,000 employees at the  National Reactor Test- 
i n g  Stat ion i n  southeastern I k h o .  
throuE;h. 1965, 7 , 1 3  invlvo deterninations were =de. Foreign a c t i v i t y  has bee 
detected 4,625 tizes cn 2,276 individuzls including fo l low-q  measuzernents mad 
on The s21ce i n c Z v i 5 a l s  wher: s l g n i f i c m t  exposuze has occurred. I n  a l l ,  a tct  
of 41 di f fe ren t  ra&ionucl.ides have been detected i n  humsns, i n  addition t o  t h e  
na tca l ly-occurr ing  potassLun-kO and cesiun-137.' Vir tual ly  a l l  of the expo- 
sures have been received icakvertent ly  &zing ti-3 routine performance of t h e i r  
ckties.  
I m t e r  of WLcokll p a - t i c k - s i z e  t i istr i3utlon under uncertain circumstances. 

During the five-year period from 1961 

The e q c s u r e s  5ave gerera l ly  occumed from i n h l a t i o n  of pa r t i cu la t e  

O f  tke k ,&5  t i z e s  :?,;a; foreign rafiionuclides have been observed i n  human. 
not =ore tkax a hlf dczer, have involved a c t i v i t i e s  greater  r ;kq  about 1 UC. 
I n  ~ e r h 2 ~ s  9570 05 the cases,  tne a c t i v i t y  preseat  was l e s s  t h y  C.l UC., most 
of wkich was e l L L x c e 5  Y i + % n  a very few k y s .  Since the w - i r m u n  pemiss iS le  
bo&/ buder:  cf zest Se',a-gl-rr;l ez i t . t e rs  i s  several  microcuries or  greater  f o r  
continuous e q o s c z ,  SGC? l eve l s  %we of very l i t t l e  phgsloloFLcai s i m i f i c s z c e  
t o  the hcs:.. expense cf reducing tht 
cmplex g- s c e z t r i  e i rher  r z a r ~ a l l y  or by a c o q u t e r  p r o p a n ,  body kurdens 
Icxer than abozt. 0.1 uc. a re  merely recordec? qua l i ta t ive ly  es being present  an: 
me cot  even qzq:ifieC. Yer., i n  almost every case, because cf the extrexe 
sensiti\r;,ty of moderz izs t ruoestat ion,  w e  have been eb le  to detcmine the mo& 
of excret icz  f r c z  the jociy, the  e f fec t ive  h a l f - l i f e  of the 'sDecif ic  nuclide 
izvolveC, ane other valuable i.?-tormation from such ninute ant2 physiologically 
Ins igz i f icznt  a_uzntlr,ies of radioac%ive materials. 
~ ~ r t l c u l z r  iapcrtance because it. has been ob tahed  0;1 ac txa l  n m  beings mder 
2 r a c t i c s l  cac&tlccs ant consequeatly i s  m c h  mere infornat ive an.? r e a i i s t i c  
tkm other k t a  of t h i s  Und,  wEch i s ,  usuaily obtai5ed by exyrizpc1atd.m frcm 
~ i l z a l  data. 
derived t o  k t e  f roz  our rout ine whole body counting p r o g a n  h a s  beec the  gener 
,ohiloso?hy t h a t  u r ina lys i s  i s  p c s s l y  inadeqaate as a rou+.ine m n i t 3 r i r g  tech- 
nique f o r  i n t e rna l  contamination i n  .k.'clc;2ns where icha1at.i on of insoluble parr.ic 
l a t e s  i s  concerned. Sicce OUT exper ience has also in6icste2 tkt, inhalst.icn cf 
insoluble per t ic lAates  i s  the mst l i k e l y  source of con tmin2 t ion  t o  'os eL tTm-  

la5crat.ary as a m n i t c r i n g  tecb,n,ique exce?t f o r  det,erzinerLon ~f ?.he txgan Base 
s'ror S ; . ? S : ~ ~ C P ~ ~ - J  ee>ositec nuc;i<.es cr detec~.+sn 09 certair ,  sFec l i ic  srl.&lc 

As 2. - -*-  &-.er cI' fsct , ,  t o  save t.he t.ime 

This i d o m t i o r !  I s  of 

For exaq le , ,  m e  of the most inportarlt pieces of infomatic3 

c "ered lerzu.z5 =erazing =eac:crs, rcuoine ur ina lys i s  h2.s 3 e ~ x  z5andoneci ir? 0'. 
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Ir. vier; of t i e  ~ i ~ ~ i f i c & . ? t  accxmlzt ion of very valueble inZormation con- 
cerning the a e t z j o l i c  chzrzc te r i s t ics  of a lL-ge number of r a d i o n u c l i k s  that  
h=s bees obtLine6 fro-, the zinute q u t i t i e s  of materials received inadvertently, 
dPilberzte eqosa-e  of ~ W T  volunteers t o  similar minute quant i t ies  of radio- 
ae=ive materiels ur.6er coztrolled cozditions woulC p e a t  a mzrked increase i n  
t i e  r a t e  of acc-mdet ion of szch funciamentally insor tan t  biological  Cata. 

o r  heve heard others 
describe, has conteLr-eci 
&?ended on vkezher o r  not cer ta in  a s s u q t i o z s  used i n  the celculations were 
correct.. In nzny ceses, those a s s u p t i o n s  were y e s s e s  a t  best ,  o r  were derived 
by extrepolation frcz .mi=,& ckta and t h e i r  veli&ity i s  cer ta in ly  open t o  gues- 
Uios when apgIleB $0 h m s .  Most of the  ac tua l  human data present ly  avai lable  
wes obteined froc evaluazlor. of huma? accidents involving intake of radio- 
isotopes. I n  .v',ew of the extremely ~ s u t e  quant i t ies  of materials required aad 
the very big3 sensi tFvi ty  of m&rr. instrunen*ation f o r  t h e i r  detection, why do 
Ke continue t o  penelize o z s e l v e s  w i t h  half  t ru ths  and calculations t h a t  a t  
t i n e s  border on the rlrZic*;locs when far b e t t e r  k t a  i s  avai lable  for the taking 
from 6 i r e c t  itlr;z? s t u s e s  vi thout  s ig . i f icen t  harm t o  the individual volunteer? 
%hers hsvf also poln=eC c s t  t5Ls need for  r e s e a x h  p r o p a a s  involving humens 

o prov2de 3e;ter tetz t h z  Fs 3:resentl.y avai la5le  f o r  assessment of the dose 
received f ron  i.n.?;erselly dqosLted redonucl ides  (1). 
E. "Principle of Cozp~~ebiX: ;~"  t h a t  it i s  both l o e c a l  md prudent that we 
shoulii 3e w i l x n g  t o  plaze e t  leest es much a t  r i s k  t o  understand the  fuda- 
E n t a l  effects  of in te rne l  rzSe;ion or: humans as we do rout inely i n  developing 
e nucleer t e c k o l o a .  
day O?era?;iOn of e reach:  s h c d d  e l s o  be acceptzble f o r  s tudies  t o  determine 
the e f f ec t  of i n t e rne l  e ~ r . ; e r s  iE me?. 

* -os% '1- every b s e  ce lcdaz ion  tkt I have ever made, 
e p o l o a  or a h e e e  t h a t  the va l id i ty  of the  answer 

A 

; 

1. 
I would l i k e  t o  suggest 

1- oz9er worcs, e-osures that are a c c q t a b l e  f o r  day-to- 

The use of hurm su'c2ects i n  s c i e n t i f i c  experimentation has generated much' 
co3troversy concerzhg t h e  e t5 ics  invclved, pL-ticularly i n  the  meziczl profes- 
sion. 
ples of good conduct t o  @de then i n  t h e i r  r e i a t ions  with their pa t ien ts .  Many 
of these precepts epgly S r e c t l y  t o  hman s tudies  involving radioact ivi ty .  
Thou& by no rems the  o lces t  of pagan medical oaths, the oath of Hippocrates i s  
the  b e s t  known end the most enduring. 
t inue  to be used as a profession pledge of e t h i c a l  behavior. 
Meciical Association was founded i n  1847, it adapted the oath of Hippocrates i n  
i t s  pagan form. A t  the s m e  time, it adopted a code of medical e th i c s  published 
i n  1803 by t he  English physician, Thorns Percivel.  I n  1947, the first General 
Assembly of the World Me&cal Association eppointed a c a m i t t e e  t o  dreft an 
wdeted wordins of the Hippocratic oath. Aft.er minor changes, t h i s  was adoptee 
Fn 1?& ez Geneva by the secone General Assembly as the "Declaration of Genevz." 
4 3 e r  World W e w  11, the Nuzez5erg Code of Ethics i n  Meciical Research was framed 
F'y a task g x q  of the h e r i c e ?  Medical Associatioa t o  guide the a l l i e d  mi l i ta ry  
z ibunzl  i n  %e prosecution of 23 nezi physicians accused of brutal expesimnts 
02 ? o l i t i c a l  p i s o n e r s .  Tzis code i s  pe=haI;s the oae most freqaeat ly  q-uted shere  

~ 

Throughout much 02 recorded his tory,  men of medicine heve set dam pr inc i -  

Traditional and modernized versions con- 
When the American 

i 
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h u a  e q e r i m e x a t l m  is coccerned.. Most r e c m t i y ,  &?other c d e  of e t h i c s  On 
k.; --ct .. . - a r k  ~ - 2 s  
X o r l l  NeS.cG Asses5l;i I n  J11-.e of l96& i n  Helsizki, F F r ~ l a c i . ,  as t h e  I k c i a r a r i c n  
of Zielsiaki. 
M e s c a l  Associatlon, reccnrmerCz~fons ir t h e  Declaretior. gf Hels laki  "ere @ffere 
t o  a l l  rne&ical ~3 zr.6 t h e i r  colleagues I n  other  &scip l ines ,  vho uadertelrc 
s c i e n t i f i c  ~d c l i n i c a l  inves t iga t ions  involving human beisgs." 
Delegates of the  Anerican Medical Association has s ince  enbrse.2 the  Decl-atig 
of E e l s i e  as an e t h i c a l  &de t o  c l i n i c a l  medical i n v e s t f p t i m .  Representa- 
t i v e s  of t h e  h e r i c a ?  MecScal Associatiotl e r e  currenr,ly meeting v i t h  embers  Of 
t h e  Anerira? Fede.-z:.icx, far C Z i r L C Z l  Research m5 t h e  h e r i c s  Ssc ie ty  fo r  
Clinical Ir,vestig;atLc? i r -  ac e i f z r t  r8c  pre?are a mode,r; czde ~f ethics fcr 
?.rxazn e ~ e - r i ~ ~ a x t i c z .  

s ; c t c S  f e l i o v l n g  Wcrld War I1 was adoDte:! by The Eig3eenT-h 

A c c o r Z r r ~  t o  D r .  Eierq S, Gear, Secretary General of the World 

The HOUSE Of 
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One cf t h e  gear.est. re tar t i in€ inflcezccs r ) ~ i  the  accmdEt.ioz. cf h u w  ,&&,a 
has beec the feel ing,  pe..xl=.*Jlarly Frevelent. ir scm- cf t.k ce r l i e r  e ~ i d ? ~ :  that 
e ~ e r l n e n t e t i o n  nu", n c .  be c z r i . e 5  :#-at. cn h m  su1jcct.s wAIFss the 61~bJ5ct. 
E n s e l f  eqxct . s  t c  beneflt .  
reser-ch witk Trgfessional CE?, the 05 jeckivs being the acquisitior2 of new 
ne6icel knmledge, only t o  t.ke extes t  that c l in i ce l  resezrch is j u s t i f i ed  by 
i t s  thera2eutlc velue f o r  the pe:..iezt. Not only is this cmt.rzry to the  spir i t .  
of sacr i f ice  for  the 6ood of ones' fellow man s o  p?evale,rrt i n  mziy part's of the 
v o r l d  but is t zve l ly  c r e a l i s t . i c  . m k  *undesirable wher governed by sound e tb i ce l  
and rcorsl prlncl-,ies. 
of both the Itzrezkerg Coie L??< the Decleration of Helsinki but we submit tha t  it 

s ey.tlrely ap?rqrLzte for nazc s.&jects t o  accept smll r i sks  t o  thenselves 
-3 help 6evelor, i s f c r z t i o r ?  tl-iiz; -L11 be of value t o  others. 
vher! the sG3ject h ime l2  6oes nat s t a d  t o  beaef i t  by the experiment being per- 
folrzeC, tke  izte,Tal dose perz i t teS  shall not exceea the  occupational exPosure 
p e - e t t e d  wcrkers ir: t k e  & t o k e  energy i n i u t r y ,  as specified i n  T i t l e  10 Part 
20 of t h e  Code cf Federel Re,-Llletlons f o r  l icensees and i n  AEC Elanuzl Chapter 
0524 f o r  AEc m2 Coctr&ci.cr personzel, 

Fsr  ex2zrple, the dec+-.cr CZA cmbine c l in i ca l  

Tae p r q o s e 6  gLde l i nes  scknwledge end accept the spirit 

Qec i f i ca l ly ,  

The per t inent  viilues are  j r e3  per q x t e r  or 5 rem per year fo r  the whole 
b o Q  or 10 re= per  querter an5 3Oren per year f o r  the t k q ~ o i C .  
of s i w x c i t y  212 t o  elix5z:ete the neeZ for  factu21 infornat ion concerning which 
or- is c r i t i c a l ,  which may i t s e l f  be the pr inciple  reason f o r  the experiment, 
the  hi&er levels  permitted fo r  single organs other than the  t h F o i d  a r e  n o t .  
pe-raitted a t  present end the  dose received is considered t o  be t o  the whole 
bo6y. 
weeks, the basic uIl-lt p r q o s e e  for  a single exposure i s  0.3 rep  for t he  first 
week, a value only s l i a t l y  la rger  than the  everage velue of 0.23 rem permitted 
for each of If consecutive weeks. 
to produce a dose of 0.3 r e a p e r  week t o  the  c r i t i c a l  or- from a s ingle  
eeosuz-e has bee3 p d l i s h e d  ( 2 )  
ing the  aa5m p e - a s s i b i e  dose t o  be used as well es fo r  adniais t ra t ive check- 
ing. 
equations from'which they were calculate5 have been prepare6 3y e well ham 
authori ty  i n  t i e  f i e l d  of in te , rx l  dosirze',=y, have been published in the q e n  
I l t e r e t x e  e z d  &re ezsliy ceiie!,le t o  others. 

For the sake 

Althoug3 the  3 rem per q w t e r  f o r  whole body nzy be averzgee over 13 

A n  extensive tab le  of a c t i v i t i e s  r e q u r e d  . 

is most helpfhl and mcvenient in determin- 

b o t h e r  s i m f i c m t  point i n  t E s  connection i s  that these values and the  

Another similar an2 m r e  recent 
eTer ent ic led " R e r 5 2 ~ i o n  b s e s  fro= A k h i s t e r e d  L%ao Nuclides" CS also V € r y  
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One cf the  S i g d . i l ' i C a n t  S f fe rences  betveen doses administered f ' m m  
or i n t e r l l a l  sodrces is t.ke inab i l i t y  t o  terminate the l a t t o r  on demand by rex 
of the  s o u c e .  Bo+,n ccmcn prudence and most of the medical codes suggest t h  
the  lcng-terz 6.cse c o d c m e ~ t  should be r e s t r i c t ed  t o  ?errnit e i t he r  the e w e r  
E n t e r  or the v a l - a x e r  tc reconsider his decision t o  continue tne t e s t .  Con 
sequeztly, l i ~ d t e t i c n s  a re  iaposed on t,ie effect ive hal? l ives  that can be 
errployed a t  2 e v e n  l eve l  of zc t lv i ty  so  That m r e  than one Wpo-rtunity is 
?resented t o  s t q  YLe eqerxcent  before even e 2.-yeez's mxicrun Ferrmssible 
dose w i l l  have beer. c c , & t t E i  irrevocably. 

A s'um2ry cf the mlm 'permissible intake for  a single e-qcsdre as a 
f u c t f c n  of 5215 l i f e  2-.2 dose received i s  givea i n  TaSle I. 05V;,ously, xhen 
the k l f  life i s  i e s s  :.baa ThbS s h ~ m  i n  +he table ,  the dose receive2 will a1 
be l e s s  thzc 5%: s k c z .  S e c i f i c  guide l i nes  a r e  2s fc l lms:  

1. The quzntity of r a soecz ive  mc l ides  t.0 be take2 i n  a single 6ag shall n c  
exzeed tha t  reyair2t  ; 3  deliver a dose t o  the c r i t i c a l  or-? of 0.3 rem f 
zke firs? week al'trr E , ~ ~ . S W F  as e v e n  i n  colums j md 8 of the publishel 
table  ( 2 ) >  f x  12gs~:on znd in,%lat.ion, respectively. These values have 
been ckoser. t c  ; e r e z  I r t e g x t i c r .  of t he  dose received over a t i n e  per icd 
of cne week. h:-ere r.e:essqJ, f5e values m t  5e 
latest. i n f o r - l t l z  evz iXsle .  

cF&teci to r e f l e c t  the 
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IJU=X&S with eifect lve ;c,ax l ives  lcnser 
pro\",&< t k e  q a v l i i t < e s  zre :e?xet ;o lie: t k e  lazg-zera codtzcen';. 
X x l l d e s  t,%-,h effec:ivc hsl: i ives  i n  excess of o3e ye= are  nc t  e q l o - p d  
2 -  --. ~ y j -  czse. LLZL s x l i d e s  hzvir.g hli? l ives  f r m  15 ciays irr, t o  13 weeks, 
t k e  values Gvez ii the p X l s i e d  t a X e  (2 )  a-e redwe6 by the f a c t x  4.3 
so %ha'; the dose per ye%- rill not exceed 1.25 re=. 
2e: ye== cre  ze,%zred t o  r e sz r i c t  the  yeerly dose to 5 r e 2  a ~ d  the t D t a l  
i-?tei;rzt.e? i d i k r y  dcse t 3  only s l i gh t ly  more. Fcs mrci ides  with half 
E v e s  of 13 weeks u.g :z ore ye== only one-testh the quaiitit.y mentisned 
i n  t h e  +.&le i s  pemLt te i  per tesz  a-,9 only one t.sst i s  pernicted per 
ye=- to be- tf?e dcse far t h e  rirsr y e s  dmn to absut 1 rem w d  the  t o t a l  
i e i n i t y  6ose doin t c  2.30-::t 2 reze 
excess of one ye= i s  ncz Ilkely t o  be necessery end is u d e s i r a b l e  
beczuse cf i n z b i l i t y  :.o :.errLna-,e the exposure withln 9 reascnable length 
cf . tine. 

i5 &ys c s  -5e use3 

Again, fmz tests 

?!se of zuc l i ies  with half l ives  in 

Jhclides for which tke  t.iy2:c2C is the  c r i t i c a l  orgm can be used ia  
Gumti t ies  t i r e e  t i ~ s  tt2: meci f ied  i n  t.he t ab le  as p e m i t t e d  3y f;EC 
Wm1 Cwter O52L. 
fo r  "cther o r g a s "  c c .  be u t i l i ze :  i f  t h e  c r i t i c a l  organ is ham with 
soine assurmce. W i e . r * t s e ,  tAe dosr, should ke l imited tha t  permitted 
f o r  the L-hole bc@-. 

C c r r e e o E S n g  increeses pe-tted by Marrltal Chapt-er 

Chenical toxicit;. i s  t o  be consi5ere6 spec i f ica l ly  in eecb case, an?. Kill 
become a l i d t i a g  faczcr wkei The tkroshold lid,: is, reacked. For e x q l e ?  
a solution of methyl i d i d e  csr,:nALing raCioact lve icaine t r ace r  could be 
P3re t o x i c  chemiczlly thg? ra&Dcbe&cally if t.he q e c i f i c  activ1t.y were 
svlfficiently low. Bmh the chemical and r s d i ~ c h r n i c s l  FuriTy of the  
a c t i v i t y  being aibLaist.erod must be established bzym3. qclest.ion. 
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contaczed, t k e  e.xperlzezC t~ >e u d e r t z k e s  zhorsughly e q l a i n e d  a d  E s  cansea 
?eel:: giver.. 
;hi lcsqh. j  05 hmzz s r d Z e s  being cazr ied out  I n  2 even lakctratory Lnrst have 
been S s c u s s e d  cpez1.r vi:? a d  c o n c c r e d  i n  by tke l o c a l  medical a u t h o r i t i e s  
witLoct the  sligktest suggcstion of a t t e n t e d  subterfuge. 
e e e r l n e n ;   ut be z2proved by at least ttn rep tab le  s c i e n t i s t s  with administ 
t i v e  r e s p o n s i b i l i t i e s  ant author i ty  i n  the o r w z a t i o n ,  one of whom must be a 
nedica l  o f f i c e r ,  and must be c e r r i e d  o c t  openly by t h e  experimenters a c t i n g  8s 
grow r a t k e r  tk2.n m y  s ingle  individual  going it d o n e .  III ouz laboratory;, tb 
Chief cf t k e  Me&icai BraxlLi epproves the  medical q u e l i f i c a t i m s  of the  volun*ei 
zr.d assures t h a t  211 n e e e s s a y  meciical sspec ts  of the proposal hwe been revfei 
adequately. E.e C"sef of t h e  AnalytictG. C h e d s t r y  Brmch apzroves the p r g J e c t  
from cfie stm@oi-?t of c h e 5 c s l  r e a o l o g i c a l  +,oxici t ies .  After  t n e  stu6y: 
bee2 c3rqleteC :ke r a e 2 2 ~ 0 2  e4qosure iata i s  entered on t h e  consent form en6 
~ - 1 ~ 2  i n  t h e  LzLv;_&azls medic21 rec3rd. 

S ~ X ~ Z - P ~ ,  t c  w s L d  my adverse publ ic  reactior.,  the general  

Each q e c i f i c  

f 2  

TAe a'mve g.2Ce l i n e s  r e f l e c t  the n u r - 9 ~ ~ ~  c_uzn t i ty  of raMoact ive materia: 
t h E t  c= be use6 cn ly  wit5 good a d  s*Zficiezit  S u s t i f i c a t i o n  are  thought ti 
5 e  rek:iveL:: cczser-setive. Even so, 2s a general  philosaphy, the a c t u a l  quan. 
b - b J  t3 be :sei i n  ar.y glven e,GeriaeZt shall not exceeC the  smliest quant i ty  
necesser:? t o  zc?Lsve ;he ic tecde? res.Lt.s. 
- <  --, 
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There a r e  three gene re l ly  recoanlzed methads a v a i l a b l e  for, t h e  assessment 
of organ or  whole body cioses due to t h e  i n t a k e  and depos i t i on  of r ad ionuc l ides :  

a) measurement of t h e  environment; 
b) measurement of the  e x c r e t a ;  
c )  d i r e c t  measurement of t h e  exposed worker. 

. .  

Environmental  p r o g r a m  provide  u s e f u l  d a t a  f o r  a s s e s s i n g  dose t o  workers in a 
gross manner, bu t  because t h e  quantity of r a d i o a c t i v i t y  taken  i n t o  t h e  body is 
not a c c u r a t e l y  known, t h e y  do not  l end  themselves t o  b r c c i s e  i n t e r p r e t a t i o n s .  
Neve r the l e s s ,  e n v i r o m e n t a l  data such as aerosol concen t r a t ions ,  p a r t i c l e  
s i z e  d i s t r i b u t i o n s ,  du ra t ion  of exposure and chemical fonn of t h e  contaminant 
c e  of prime importance as suppor t ive  information for  o t h e r  modes of dose 
assessment.  

: e) TCl6 paper is  base2 on work perfo,-ed under United S t a t e s  A C O d C  Energy 
Co&88io11 Contracr AT(k5-1)-1i33!2. 
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Measurexent of r a d i o a c t i v i t y  i n  exc re t a  i s  another aethod of i n d i r e c t  
assessment. Here again,  t h e  r e s u l t s  may be h p r e c i s e  because of b i o l o g i c d  
v a r i a b i l i t y ,  inadequate saapl ing  techniques and l a c k  of models responsive t o  
t h e  exposure condi t ions  experienced by t h e  worker. 

Di rec t  measurenents of t h e  exposed worker, of which t h e  autopsy program 
become a component par t ,  provide t h e  b e s t  a v a i l a b l e  nethod f o r  asses 'sing OrgE 
r e t e n t i o n  and dose, 
l i m i t a t i o n s ,  
assessment of i nd iv idua l  organ doses can be masked o r  impossible t o  d e t e r m h e  
i n  t h e  case of t r y i n g  t o  de te rn ine  sepa ra t e ly  t h e  con t r ibu t ions  from the 
lungs an2 t h e  pulzlonary l p p h  nodes. h f o m t i o n  obtained from autopsy sal@ 
can he lp  considerably i n  f x t u r e  assessments made of t h e  r e t e n t i o n  c h a r a c t e r i s  
and doses t o  s p e c i f i c  organs by t h e  " in  vivo" external measurement techniques 

"In vivo" measurements, however, have t w o  se r ious  
?hey are r e s t r i c t e d  t o  e x t e r n a l  counting techniques and t h e  

When i n  t h e  e a r l y  lgbO's, employees a t  t h e  Hanford Atomic berm Plan t  
i n  Richland, k'ashington beg= t o  work with - , l u ton iw  i so topes  i n  var ious  
chemical f o r x ,  su rve i l l ance  programs were k i t i a t e d  t o  determine t h e  a i r  con 
c e n t r a t i o n  of plutonium, d e t e c t  and con t ro l  environmental contamination and 
es t imate  t h e  i n t e r n a l  depos i t ion  i n  t h e  plant  enployees. The ch ief  mechanism 
used t o  e s t h e t e  t h e  bociy burden of plutonium was t h e  evali iation of b ioassay  
data .  It  was recognizer? t h a t  t h e  s o l e  mathematical model developed f o r  t h i s  
t n e  of eva lua t ion  was predica ted  on t h e  r e s u l t s  obtained f r o n  t h e  administre 
t i o n  of only one cbexica l  f o r z  an2 by one aethod of ada in i s t r a t ion . '  Aeces- 
s a r i l y  t h e  ex t r apo la t ioz  of t h e  i n t e r p r e t a t i o n s  f o r  a p p l i c s t i o n  t o  var ious  
o the r  chernical f c n  o r  t o  o the r  nethods of -Azi inis t ra t ion would be of 
quest ionable  va - i d i t y .  

Through the  cooperat ioc of t h e  l o c a l  pa tho log i s t  and personnel of  t h e  
medical department, r. modest autopsy prograzl w a s  s t a r t e d  i n  1949 t o  o b t a i n  
var ious t i s s u e  sa+ies f r o n  both f o m e r  ez@oyees and res ider . t s .  By analyz in  
t h e  s m p l e s  an i  segrega t izq  t h e  r e s u l t s  between those  who forner l j r  worked w i t :  
plutonium ar15 t h o s e  wkc d i 3  n o t ,  w e  had a mechanism f o r  d e t e d n i n g  t h e  exten 
cf depos i t ion  a t t r i b n t a b i e  t o  occupat ional  exposures and r e l a t i n g  t h i s  t o  t h e  
t h e o r e t i c a l  models tha: had been used e a r l i e r  t o  e s t i n a t e  t h e  deposi t ions.  

Considering t h e  l eng th  of t i n e  t h a t  t h e  p r o g r m  has been e s t ab l i shed ,  
t h e  t o t a l  n u b e r  of 286 cases  seems somewhat slllall, This  is  s t i l l  a rather 
l a r g e  nuzber,  however, consider ing t h e  s e n s i t i v e  na tu re  of  t h e  progrem and 
t h e  informal a rymqenents  necessa r i ly  u e d  t o  keer, t h e  p r o p a n  supporte6. 
t h e  t o t a l ,  242 represea t  non-occupationaliy eGosed  personnel and 4L represent 
personnel  p o t t n t i a l l y  occupat ional ly  exposed t o  plutonium a t  Hanford. 

O f  

?he types of samples co l l ec t ed  have va r i ed  according t o  partic-alar 
i n t e r e s t s  prevaient  a t  t h e  t ime %he sarr.?les were taken ,  but  i n  all cases  
l ? n g ,  l i v e r  and bone san?les were obtained altkough occas iona l ly  some of  these 
r e s u l t s  were l o s t ,  Tke r c u t i n e  c o l l e c t i o n  of  puhonary  l p p h  nodes was 
i n i t i a t e d  i n  1960 when s t u a i e s  comenced t o  a s ses s  t h e  ex ten t  of plutonium 
de?osi?ions i n  these  saqits, e s p e c i a l l y  fo i lowi rg  chronic occupat ional  
e q o s u r e  t o  low a c z i v i t y  aer3sols .  Also c o l l e c t e d ,  but on sn i m e r n i t t e n t  
b a s i s ,  a3d analyzed f o r  PJ were blood, pancreas ,  p r o s t a t e  end s e a i n a l  
v e s i c l e  s a q l e s .  ?e s c e c i f i c  l o c s t i o n  f o r  t i s s u e  sa=?,lia~ was not s p e c i f i t 6  
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t h e  pe tno log i s t ,  a3c as  8 r e s u l t ,  t i s s u e s  were taken from t h e  most convenient 
I rmc iody  s e l e c t e d  a reas  of t h e  designste5 organ. 

' The sazpie  weights v s r i e e  coosiderebly;  f o r  i n s t ance ,  t h e  lung samples 
va r i ed  froo. 10-300 gres ls ,  t h e  l i v e r  s m p l e s  from 15-300 grama, end bone 
saqles ,  vhich were taken fron! t h e  r i b ,  var ied  from 4-25 grams. 
of t h e  l w p h  no2es, although r e f e r r e d  t o  i n  some of t h e  da t a ,  have l i t t l e  meaning 
inasmuch as t h e  nocies were not  s t r ippei  clean of assoc ia ted  t i s s u e .  

The weights 

The chenicai  procedures used i n  analyzing t h e  t i s s u e  were t h e  s tandard 
procedures used f o r  t h e  separa t ion  of Pa i n  excre ta ,  end t h e  de t ec t ion  of t h e  
r e s i d u a l  ?u w a s  by coucting t r a c k s  i n  IiTA f i lm  exposed t o  t h e  depos i t ion  of  
FJ on s t a i n l e s s  s t e e l  d l sc s .  I n  recent  yea r s ,  s e n s i t i v i t y  of about 0.05 dpm 
w a s  obtaine2 using t h i s  procedure. However, only average or expected y i e l d s  
from t h e  chemical procecures coul6 be used because t h e  f i b  de tec t ion  technique 
i s  u n s a t i s f a c t o r y  for t h e  d iscr imina t ion  of var ious  i so topes  of plutonium. 

The pa tho log i s t  whea s u b r i t t i n g  t i s s u e  sanples  avoided, where poss ib l e ,  
s w l e s  evidencing v o s s  abnormali t ies  although it was not  always poss ib l e  t o  
do sor I n  each case t h e  coroner ' s  statement of death w a s  obtained and included 
with t h e  d s t a  so t h a t  t h e s e  i r r e g u l a r i t i e s  may be considered. 
r e s u l t i n g  da%a oa 1'mg depos i t ions  may n0.t be considered normal in t h e  case of 
pulmona2y e q h y s e x  or ce rc inom.  

For i n s t ance ,  

The radiochemical a n a l y s e s  of t i s s u e s  f ron  f o m e r  Hanford plutonium 
{ >rke r s ,  presented i n  Ta'Sle I ,  shox t h a t  for a number of t h e  fermer long-tern! 

. ~ ~ ~ f o r d  workers, small but neesnrable i n t e r n a l  depos i t ions  of plutonium were 
found. 
p lu ton iua  during t h e  course of t h e i r  work with t h i s  material. 
bioassay r e s u l t ,  i . e .  sa33les  ~ 5 t h  a c t i v i t y  g r e a t e r  than  0.05 dpm, was ob- 
t a i n e d  f o r  cnly one e q l o y e e  where t h r e e  p o s i t i v e  u r ine  samples appeared 
fol lowing t h e  acc iden ta l  i n h d e t i o n  of plutonium oxide dus t .  
eva lua ted  as having i n d i c a t e s  no s i g a i f i c a n t  depos i t ion ;  less than  1: of t h e  
maxim p e m i s s i b l e  body burcien of O.Oh v C i  with bone es a reference ,  had 
occurred. The d a t a  presented i n  Table I a r e  i n t e r e s t i n g  i n  t h a t  t hey  dunon- 
s t ra te  t h e  presence of small bady depos i t ions  of plutonium i n  plutonium 
workers whose depos i t ions  a r e  below de tec t ion  with present  bioassay surveillance 
techniques. 
i n s u f f i c i e n t  t o  obta in  s t a t i s t i c a l l y  good results f o r  bone and t h e  lymph 
nodes. 
d a t a  with which some of t h e  cur ren t  ideas  of r e t e n t i o n  versus  excre t ion  could 
be t e s t e d .  

For t h e s e  ind iv idue l s  some 523 ur ine  samples were analyzed for 
A p o s i t i v e  

The r e s u l t s  were 

The da ta  a r e ,  however, d i sappoin t ing  i n  t h a t  the s e n s i t i v i t y  WBS 

Another d i sappoin t ing  f e a t u r e  i s  t h e  absence of more p o s i t i v e  u r i n a l y s i s  
, 

A review of t h e  da t a  shows t h a t  t h e  l a r g e s t  deposi t ion of 130 X 10°3d/m/g 
Assuming 

Since 
occurred i n  an employee who w a s  not  involved i n  any known accidents .  
s tandard  man parameters,  t h i s  concentrat ion impliesOalnCi i n  t h e  liver. 
15; of t h e  plutonium i n  t h e  blood reaches t h e  l i v e r ,  again us ing  ICRP para- 
meters ,  a b lood 'conten t  of0.7nCi Depeading on t h e  t i m e  of 
s a q l i n g  a f t e r  i n t ake ,  such a depos i t ion ,  i f  occurr ing a l l  a t  once and if 
excre ted  according t o  t h e  Lmghm model, would be de tec t ab le  according t o  

i *ese=lt p r a c t i c e  f o r  about 9 months a e t e r  in take .  The worker i n  quest ion w a s  
,=pled mostly on R q u a r t e r l y  b a s i s  but a t  no time d id  u r i n a l y s i s  y i e l d  p o s i t i v e  

is indicated.  
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c 
;ul ts. Recent experirn5zts vith Inhelat ior .  of plutocium oxides by dogs 

- 3  
a Jnducted by Drs. Beir Perk- at S a t t e l l e  Northwest i nd ice t e s  t h a t  t h e  

3 
exc re t ion  r a t e  as a percentage of body burden msy be consiaerebly smaller than  
tht given by t h e  Lmghm nodel and depending on t h e  s t a t e  of t h e  plutonium 
inha led  may preclude de tec t ion  by u r i n a l y s i s  of t h e  autopsy r e s u l t s  repor ted  here.  

Bearing i n  d n d  t h e  l i s i t a t i o n s  of  t h e  program, p a r t i c u l a r l y  i n e x t r s p  
o l a t i n g  saxuple a c t i v i t y  t o  t h e  t o t a l  a c t i v i t y  f o r  t h e  organ concerned, t h e  
da t a  i n e i c a t e  t h a t  t h e  lung and t h e  l i v e r ,  for t h e  major i ty  of cases ,  a r e  
t h e  f a v o r i t e  s i t e s  for depas i t ion .  
t h e  l i v e r  i s  p o s i t i v e  and i n  19 of t h e s e  29 cases  t h e . l i v e r  contained a higher  
concent ra t ion  of Pu t h m  diZ t h e  lung. The f a c t  t h a t  t h e  l p p h  nodes do not  
'seem t o  conta in  high concentrat ions of PU can be r e l a t e d  t o  both t h e  unce r t a in ty  
of t h e  sample s i z e  and t o  t h e  unce r t a in ty  as t o  whether o r  not  t h e  lymph nodes 
t h a t  were obtained r e p r e s e n t e i  those  having t h e  h ighes t  concentrat ion.  
of i n t e r e s t ,  however, t h a t  t h e  bone depos i t ions  do not  show t h e  order  of 
a c t i v i t y  expected. 
i s  t h e  rou te  of in t ake ,  one n i g h t  expect f i v e  times t h e  amount i n  bone as t h a t  
i n  l iver.  
beagles  s a c r i f i c e d  soon a f t e r  i n t ake ,  t h a t  about t h e  same amount of plutonium 
oxide w i l l  be seen i n  t h e  ske le ton  as i n  t h e  l i v e r .  Park has repor ted  about 
four times t h e  amount of PU oxide i n  t h e  l i v e r  as  t h a t  i n  t h e  bone f o r  dogs 
s a c r i f i c e d  at 900 days a f t e r  i n k i c e .  Lmghm..5 r e p o r t s  about t h e  same i n  t h e  
ske le ton  as i n  t h e  l i v e r  f o r  e r a t i a t i o n  worker exposed occupat iona l ly  t o  
hoth oxide -6 n i t r a t e  f o r  1 2  yee-s ? r i o r  t o  e r a d i a t i o n  accident  a t  Los Alamos. 

le autopsy r e s u l t s  show tht q u a l i t a t i v e l y ,  i n  1 0  cases  out  of 23, t h e  amount 
df Pu i n  t h e  l i v e r  i s  at l e a s t  t h r e e  times t h a t  i n  t h e  bone, assuming t h a t  

?here a r e  29 cases  where e i t h e r  t h e  lung  o r  

It i s  

T'ne t e 3 u l a t i o n s  of t h e  ICRP3 suggest t h a t  when inha la t ion  

However, t h e  data of Bair, e t  e l , 4  suggest f o r  t h e  acute  cases ,  

i s  U i f o m l y  d i s t r ibu teC  through t h e  mass of t h e  organ ( s tandard  m a n  parameters). 

Larigham, e t  a l l  re??orte? t h e  results of meesurements of plutonium con- 
c e n t r a t i o n  i n  t i s s u e s  ohta inee  et a~topsp f r o c  nine ch ron ica l ly  exposed \ 

workers at Los Alanos. 
t i s s u e  conecnt ra t ions  t i r e ,  i n  6ecreasing o rde r ,  r e s p i r a t o r y  lymph nodes 
'lungs > l i v e r  >bone. 
d a t a  c l e a r l y  follow t h e  s q g e s t e d  p a t t e r n .  

T h e i r  measurentnts show q u a l i t a t i v e l y  t h a t  t h e  r e l a t i v e  

IC ocly  one in s t ance ,  t h a t  of c&se 31, does t h e  present  

For comparison, da t a  -??OIL t h e  l i t e r a t u r e  regarding plutoniun d i s t r i -  
bu t ion  i n  t h e  h m a a  body and i n  dogs a r e  presented i n  Table 11. The frequency 
of cases  as a func t ion  of amount of  depos i t ions  and work experience are 
presented f o r  t h e  i n d i v i d u d s  l i s t e d  i n  Table I t o e e t h e r  with non-occupational 
cases  i n  Table 1x1. 

Qualitatively it can be concluded from t h e  t a b l e  t h a t  t h e r e  is a 
greater l i k e l i h o o d  of a larger  depos i t ion  with inc rease  i n  exposure t i m e .  
unknown i s  whether t h i s  i s  caused by longer  exposure t o  a chronic  low-level 
concent ra t ion  of plutoniun or  expresses  t h e  increas ing  l i ke l ihood  of  involvc- 
ment wi th  a minor o r  unnoticed accident  w i t h  i nc reas ing  t i m e  or assoc ia t ion  
Kith t h e  element. 

S t i l l  

As t h e  7rogre.z hes evolved, bot5 co r rec t ab le  and uncorrec tab le  de f i c i enc ie s  

Recent 
w e  appeared and should be noted. 
rocedur-es needs t o  be kz~own zore p rec i se ly  f o r  each ind iv idua l  sam?le. 

The percent of yielC of t h e  chercical 
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Respiratoy~ 
L y q 5  4oces 2 

Spleer 3 . i  0.2 

?a.tlent 
BeaPle h s s C  b h d i  a t  i o n  

Yorker ?U Citrate In.!ecrion PUO I o h i l . t i ~  - 
Reierence irnghm LUigkrm5 Stover et a ~ 6  Park u' 
Skeleton 66 36 58 0.h . 

l i v e r  22 L9 11 1.7 

Lunqr :3 25.3 

1b.O 

!=' 3iatr:Sution data at death, 900 d a y s  .?.er i i t s k e  
eqresse-l aa a percentaqe oi i n i t i a l  i z t d e .  

?ercentaie cf C u e 3  

?be t i s thc t  break betveei the zuatcr of c u e s  at a c e 5 a i n  burden Level 
+Or the  ? lutoni*a  vcrker and the a3n-plutoni.m wcrker and tke  environmental 
r e s i d e i t  suggest t h a t  t t e  l a t t e r  t-ao belcnq to the  s m e  class as Cavrsg receitct 
;lU:Oni'YI precoainmtly w worlwide  i s i l o - t  :?3m Ve6pOCS t e s t i n g .  

>e irequency oi occurrtn-e oi s l s u r a b l e  3r;m 3epsit:ons as 6 ? u c t i o n  
0: :he worrisg et& ;2itoni*a i s  yesenred  IC Table 7 1 .  
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m i m e l  da t a  Ind ice t e  - r e r i a b i l l t i e s  as high as a f a c t o r  of 3 between i d e n t i c a l  
s m p i e s  processe:! using N T A  fil- analysis technique. 
t a ~  t h e  s cq le s  x i th  Plutoniu: 236 and use d 9 h a  spectrometry in s t ead  of hTA 
fi lr t ,  t h u s  t h e  percer.t of y i e l d  f o r  each saTple will be knom. 
v a r i e t i o n s  i n  t h e  t o t e l  weight of t h e  lung, p a r t i c u l a r l y  as assoc ia ted  with t h e  
cause of deatn,  prevente? e x t x p o l a t l o n  from a saqple  weight to an estimate 
of t h e  a c t i v i t y  i n  t h e  t o t a l  lung. To s t n d a r b i z e  t h e  resalts, t h e  e n t i r e  
l e f t  lung, i nc - luunq  t h e  h i l e r  lynp:? no6e s e c t i o n ,  i s  now being used for analys is .  
The l i v e r  sanpies  a r e  no-.: talker-. i n  s i z e s  t h a t  weigh at least 200 g r a ~ s . .  There 
has been m c h  discuss ion  corxerzing t h e  s e l e c t i o n  of t h e  bone s a q l e .  Various 
a z t h o r i t i e s  i n e i c a t e  t h a t  t h e  bone beposi t ion f o r  PU seems highes t  i n  var ious 
l o z a t i o n s  such as t h e  r i b ,  s t e r n r . ,  ve,c,e>rae, f e m r ,  e t c .  
3dd i t ione l ly  e n t e r  in%=, the s e l e c t i o n  of t h i s  sample such 8s convenience for 

\e coroner o r  t h e  pe thologis t  t o  ohte lc  t h e  des i r ed  samples e i t h e r  due t o  
, m a t i o n  or becatlse of i n t e r f e rence  with f u r t h e r  processing o f ’ t h e  cadever by 
t h e  undertakers .  
fu tu re  c o l l e c t i o n  and antilysis. 
noses i s  not being r o u t i z e l y  ude-r’Yaken clue t o  t h e  d i f f i c u l t y  of l o c a t i n g  them. 
They w l l l  only be taken vher, c l e z r l y  abnormal s i t u a t i o n s  e x i s t  wkich make 
then: r e a d i l y  observable o r  they appear t o  t h e  pa thologis t  t o  be of pa.?.?icular 
i n t e r e s t .  

It is now p3ss ib le  t o  

Tne l a r g e  

q t h e r  f a c t o r s  

. 

After  m c h  d e l i b e r a t i o n ,  t h e  sternum has been se l ec t ed  for 
The s t r i p p i n g  of t h e  t racheobronchial  lymph 

Autopsy prograzs ,  l i k e  o t h e r  measurement programs, r equ i r e  p rec i se ly  
s p e c i f i e d  and con t ro l l ed  i n p u t  fro3 o the r  sources  i n  o rder  t o  secu:re t h e  
m x i m u m  in fo rna t ion .  ?he most d i f f i c u l t  and least  p rec i se  information i s  t h e  
occupat ional  exposure h i s t o r y  on t h e  e!~ployee. Typical of requi red  d a t a  Eire:. 
l eng th  and t m e  cf exposures,  d e t a i l s  on known r a d i a t i o n  inc iden t s ,  aerosol  
concent ra t ions ,  p a r t i c l e  s i z e  d i s t r i b J t i o n s  and chemical forns  and r e s u l t s  Of 
s u r v e i l l a n c e  prograns such as whole body counting an2 biziassay eva lua t ion .  . 

I n  conclusion, an autopsy progre? can become a u s e f u l  adjunct  t o  t h e  .. 
t h r e e  d i f f e r e n t  measureEent techniques used t o  assess organ doses due t o  
i n t e r n a l l y  deposi te6 ra2ionucl ides .  
&e t h e  number of p o t e n t i a l  exposures t o  new end l a r g e r  q u a n t i t i e s  of 
contmdnants  i nc reases .  
i n c r e a s e s ,  so 6oes t h e  age of t h e  occupat ional  worker who has perhaps drea&y 
rece ive2  prolonged low-level exposures. 
t h a t  such prograns can portray vary according t o  S t a t e  l a w ,  company p o l i c i e s  

h e  inves t ige to r .  

’3e irzportance of t h i s  program increases  

Addi t iona l ly ,  as t h e  age of  t h e  nuc lear  i ndus t ry  

D i f f i c u l t i e s  and t h e  s e n s i t i v e  na ture  

I 3: Z>erha?s t h e  ex ten t  of personel  a s soc ia t ion  between t h e  pa tho log i s t  and 
Ir. s r i t e  of  t h e  problems a$soc ia ted  with a progresl of t h i s  
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%=e, it i s  a h igh ly  r e c o n e n d e d  source of i n f o m a t l c n  wnich c m  be developed 
i n t o  l a r g e r  p r o q m s  t l -ough-the inereesed  p a r t i c i p a t i o n  of hospital, other 
medical Fersonnel ,  an2 c the r  s i tes  without adverse  p u b l i c i t y .  It certainly 
gives i r r e f i t a b i e  i n f o m e t i o r :  as t o  t h e  concen t r a t ions  ard l o c a t i o n s  of the 
depos i t i ons  of c o n t a i c e t e s  i n  P&Z as a result of  envircnmental  pollution. 

I 
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