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PART V 

E X C R E T I O N  M E T H O D S  

THE 3PPLlCATION OF EXCRETION AKALYSES TO 
THE DETERMINATION O F  BODY BURDEX OF 

RADIOACTIVE ISOTOPES 

.- 

. By WRIGHT H. LANOHAY, Ph.D. 
bs Alomos Scient& Laboratory, Uniwrsib ojCdifoornia, Lor Mainor, .Vm Mexico 

i .\pplication of excretion analyses to the quantitative estimation of total body burden n q u i r a  a 
prior knowledge of the excretion rate, prcrcnbly by man, of the material in question. The excretion 
rate of specific radioactive nuclides by man is not always available, so that it is neceuary to UK data 
collected from experimental animals. Extrapolation of animal data to man is subject to considerable 

I criticism. There is no way to  circumvent such criticism, however, until adequate experimental data 
1 have been coliected from human subjects. 

RELATION B E T W E E N  U l l N A I l Y  A N D / O R  FAECAL EXCRETION 
AWDTO'TAL BODY B U R D E N  

! 
' Urine analyses are usually uscd as the basis for the determination of body burden, although, 

theoretically, faecal analyses may be used once the relationship between total body burden and the 
h e u l  excretion rate is atabiishcd. Faecal a ~ l ~  are seldom wed, however, h w  ofthe greater 
difficulry m d  inconvenience of collecting a mmple representing 8 spcCik time incmment, and 
because procaaing the samples is usually much more difficult than Tor urine rpccimcns. 

For mrthenmtical convenience, or ~ U K  of lack of adequate data, it is usually customary to 
express urinary and/or faecal excretion as simple exponential functions of time. In  thia way the 
convenient concept of tidogid half-time of materials in the body may be employed. The calcula- 
tions of vdua for maximum permissible body burdens given in Handbook 52 of the National 
Bureau of S t a n d a d  (1953). and in the Rctommendations of h e  lntermtional Committee on 
Radiation Protection (rg55), embody this concept. Simple exponential excretion m u m a  that once 
the radioactive material enten the body it is retained in a single compartment, or that the rate of 
elimination from one of several compartments controls the overall excretion rate. In  man). case 
experimental data indicate that there assumptions are not strictly m e ,  O\TT infinite time, even For 
materials for which the elimination process may seem on first appearance to be relatively simple. 

Figure I shows the urinary excretion of tritium by the mouse following a single injection of a rela- 
tively high dose of tritium in the form of HTO (Pinson, 1952). These data show that the tritium er- 
cretion followed a simple exponential with a half-time of 1-9 days until the activity in thc urine had 
dropped to approximately 0 . 1  per cent of the original value, beyond which the urinar). excretion 
rate became slower, the biological half-time changing to approximately 12 days. Thompson (1952, 

19j3) has followed the excretion ratc of injected tritium still further and has demonstrated the 
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exirtence of tritium compartments in the body with biological turn-over t ime of 90 days or longer. 
It ir reasonable to assume from the data in Fig. I that the I ‘9 day haIf-time repmenu the cpte 

elimination of tritium from the body water compartrncnt and, therefore, represents the rate of 
turnover of the total body water. The longer biologica1 half-timer repment the mobilisation and 
cxcretion of tritium that has exchanged with organically-bound hydrogen of the tiuuer. These dah 
demonstrate clearly that the rate of excretion of tritium cannot be represented by a single exponcn. 
t id  over infinite time. Under these conditions the determination of total body burden from a single 
urine analysis can be certain only provided the entire urinary excretion cuwc (over the period of 
interest) and the time between e x p u r e  and collection of the sample are known. In  many irutanca 
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(as in the example given above) the assumption of simple cxponmtial excretion d o a  not produce 
I&OW error. In the cue ofucpurc to HTO, the sue of the body water compartment ia 10 large, 
compared to those comp.mncnu with slower turnover tima, that the hitiurn in the total body 
water comprisu the mrjor contribution to the total radmtion dou. It is not likely one would build 
up  enough tritium activity in the organic components of the tisues to contribute significantly to the 
total d a c  before the source of contamination was di~avucd and corrected. 

Plutonium, unlike tritium, is a material for which the rate of urinary and faecal excretion m- 
tinues to change with time. Fig. P shows the percentage of the original d m  of plutonium excreted 
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per day b\ human subjects as a function or days aftcr cxpasure, over a period of fi\.e !cars (Langham, 
Bassett, Harris and Carter, 1950). 

These data show that about 0.8 per cent of the intravenously injected dose was cscrctcd on the 
first day, and that only during finite periods of time could the excretion cuncs be represented by 
simple cxponentials. Even aftcr five years the rate of elimination of plutonium from the bod\ still 
seems to be changing. For calcdating integrated radiation dose and diagnosing body burden the 
excretion rate of plutonium over long periods would appear to be expressed most convenicntly as a 
power function of the type 

where Tis the excretion rate in fraction of injected dose excreted per day, f is the time after exposure 
in days and u and c are constants. 

One might justifiably ask why such data are not expressed as a series of exponentials in preference 
to the power function. The choice of expression depends on the specific application of the data.* If 
one is interested in applying the data to a study of the fundamental processes that take place in the 
body, ;.e. analysing the system in terms of compartments and rata ,  assuming first order kinetics, then 
mathematical analysis leads to exponential exprcssioru. In an analysis of this kind the power 
function has no simple meaning. If, however, one is interested in applying the data over long periods 
of time to make calculations and estimates in problems similar to those from which the original data 
were obtained, the power function has certain advantages. I t  can be integrated and difkrentiated 
easily which, in the specific case of internally-deposited radioactive isotopes, facilitates the calcula- 
tion of integrated radiation dose and the prediction of body burden from excretion data. 

: O n  the basis of the above general power function orpression, the best curves of fit to the data 
' shown in Fig. 2 were established and constantr a and c evaluated by a method of successive least- 
, q u a m  approximations. The specific expwions  for the ra tu  of urinar). and urinary plus faecal 
' excretion of plutonium by man over a period of 5 years are 

2- = a r c  . . . . . . . . . .  4 (1) 

' 

' 

r, = o.ocMt3" . . . . . . . . . .  (1) 

where r, and Ta+, arc the/racr;onr of the injected dosc of plutonium excreted per day in the urine 
and the urine plu, E;ieca, rcllpectively, and I ia the time after exposun in days. It should be em- 
phuivd that the errors in the constants of the e x p d o r u  may bc of the order of 10 per cent. 

Integration of equation (3) for urinary plus faecal excretion betwren limits of 0.57 and x + 0 5  
gives the total excretion of plutonium o m  time I = x. The data in Table I ahow the total amount of 
plutonium excreted during periods of time ranging from IO daya to p yam. The olculated valuer 
agree well with the experimental data. From the wlua in Tabk I it appears that the concept of a 
biological half-time cannot k applied in the case of plutonium and solution of the integrated 
expression for the 50 per cent excretion time suggests that about zoo yeas may be r e q u i d  for man 
to eliminate one-half of hir body burden. 
The fractional retention of plutonium (R,) at the end of any time I may be obtained by subtracting 

the integrated expression for fnctional rate of excretion (equation I)  from unity, in accordance 
with the following expression: 

' 

; 

The author is indebted to Mr. C. J. Malecrlra and Dr. E. C Anderson for a major p n  d rhb intnprctath. 
7 Arbitrarily chosen u a lower limit of intgtuion because the power function is diversent for r d l  d u e s  of 1. 
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According to the above equation, total retention becoma negative for very large valuu of t, 
which is physically impossible. The mathematical divergence, however, occurs far bqond the 
point of biiogical intetat  since the retention kcornu neg8tive only when 1 > IO** days. 

For a large number of o t h u  materials body retention and U ~ M I ) '  and faecal orcirtion u functions 
of time fail to conform to single exponential uprarionr oyer rhe entire period dinterest. Studia d 
the retention and excretion of radium by man were rrponed by Norria, Speckman, and Gwtalron 
(19%). They were able to measure the amount of radium administered and retained by patienb in 
the Elgin State Hospital, Elgin, Illinois, who wen given several weekly injections of radium chloride 
in 1931. 

On the bari of certain assumptions drawn from animal experimental data they expreucd the 
retention function for radium in man by a general power function of the type 

. . . . . . . . . . .  R , = A r - ( .  w 
where R, is the fractional retention of radium I days aRa injection, R k a constant which it qual to 
the fi-action of the injected dose retained when I k qua! to I ,  and b b a constant. \\'hen they applied 
the above expression to their data they obtained the following r&!k expression for the retention 
Function of radium in man: 

R, = o * * - ~ ' ~  . . . . . . . . . . .  (6) 
Differentiation of equation (5) with respect to time gave the expression: 

F r t  c 
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\\.hich -' is the rate of change i n  fractional retclttion W I I ' L  ttnw. Thc csprc\.\lon i q  nrgatiLe tinct 

,tic fraction retained must alwa1.s drcrcasr. As cscretion is tttc rate of ch,inyr of rrtenrion and is 
cc;lrsidered positive when retention is decreasing, the ratc of fractional exrrr t l l l l l ,  prc\ iously dcfirlcd 

ar r, is equal to - _J and, thercfore, 
dR 
dt 

Y = Abt-"+" . . . . . . . . . . ' (8) 

Y = 0 ~ & 1 - ~ ' 5 *  , . . . , . . . . . ' (3) 

Substitution of the appropriate constants from equation (6) into the differentiated Firm of the 
rrtention function gave 

4, the expression for the fraction of the injected dose (r) of radium excreted per day as a function of 
time. The similarity between equation (3) for the rate ofexcretion of plutonium and equation (9) for 
radium is evident. 

Fro. 1. Urinary and u r i n q  plw fKcd ncc& of plutonium (ova  five y a n )  drninisterrd i n t r a v m d y  to maw 

A better way of comparing the excretion and retention of substances for which the functions arc 
known is to compare their coefficients of elimination ( L e .  the fraction of the total retained body 
burden excreted per day). 

Nor&, Speckman, and Gustafsan derived the coefficient of elimination by dividing equation (8) 
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1 -*-an r. A comparable calculation of tht  coefficient of elimination of plutonium gives 

4 
a d  tcca, 1 

pol equal tc 
r*f E 8.5 x IO-) I - *  . . . . . . . . 
4 

&cause of the uncertainties in the conrtmts for the excretion equation (of the order d to 
cent), the above expression was derived empirically by solution of the excretion and retenti- 
equations using various values for up to 1 0 4  days. Thex  values were plotted and qu l t ion  (11 )  

obtained by a leut-squares fit. The fitted curve w u  found to have a dope approGmatcly qual to - I .  I t  may be shown mathematicr~y that the ratio of excretion rate to mention m y  bc reprrxnted 
by an infinite series in which t-1 appean in the fint term and succeeding term, may or may not be 
neglected, depending on the absolute values of c and a. 

Comparison of the coefficients of elimination for radium and plutonium show that the fractional 
rate of dimination of the retained body burden of plutonium is only 0.016 that of radium, even 
though the fractional rate of excretion on the basis of injected dose appean to be significantly hrgw 
at later times. 

1 
I 

1 
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~ o .  3. Urinary, t d  a d  u-, plus f.e~d -tics of plutonium (over I* days) &inistcmI intmvcno+ (o maa 

It h possible a b  to develop catpressions for coefficients of urinary md faeerl elimination in the 

specific expmsiom for the coefficients of dimination of plutonium, based on the excretion data 

' 
i n n p k a t  

manner used in equations (IO) and ( I  I)  when cxprruioru for the rata of excretion arc known. The !3uMtl 
i , , d t m  

shown in Fig. 3 (Langham, r t  al., 1950) for the first 138 days, are u follows: I 8 t h t f  
1 r. cion give1 

- = 2'3 x lo-'"*'' . . . . . . . . . (12) j 
4 1 
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I \\l)ere and - represent the f rac t iw  of thc rctaiiiril I d ,  t i i irdet,  cxcrtted pcr cia!. ~ I I  t h e  urine 

a:id faeces, respectively. The slope constants for the coefficients of ur inary  atid faecal clirniriation arc 
I l o t  equal to each other and not equal to --I (as in  the cnze for the coeficietit of total e,imiiiatian 
5l\own by equation ( I  I ) ) ,  because the urinary to faecal excretion ratio is changing with time. I t  is 
possible, however, to develop an equation for the variation of iirinar), to faecal ratio with rime by 
dividing equation (12) by equation ( 1 3 ) .  

i 1 Solution of the above expression for t = IO days, and 10,000 days show that the urinary to faecal 
excretion ratio for plutonium varies from 0.37 to 7 when extrapolated over a period of about 
30 yean. 

The above treatment of the relation between excretion and total body burden of plutonium and 
radium provides a general method of approach to the problem of the internal radiation hazard 
associated with body deposition of radioactive materials when the excretion and retention functions 
cannot be exprwtd as single utponentiah over the entire period or interest. From either excretion 
or retention data, it i s  parsible to develop expressions for the retention and excretion functions and 
the coefficient of elimination of any systemically-deposited radioactive material. These expressions 
provide a basis for the determination of total exposure and./or retained dose from excretion analysis 
and a knowledge of the exposure conditions. They also provide a basis for the calculation of maxi- 

1 mum permisibk lwek. 
i 

D L T C R Y I N A T I O N  OF BODY E U U D E N  FROM U R I N A R Y  O R  F A E C A L  ASSAYS 

UNDER CONDITIONS OF A C U T E  A N D  C H R O N I C  EXPQIOltL 
If the expmionr  for the Pea l  or urinary excretion of any radioactive material arc known, it is 

possible to d e t m i n e  the degm ofcxpmure from excretion analyses. In the following dircuuion the 
exprusiom developed Gom the data given in Fig. 2 are used to demonstrate geaml m e t h d  for the 
determination of body burden from urine analyses following single acute, variable chronic and 
chronic invariant expure, when the urinary excretion faih to follow a simple exponential pattern. 
htmnination ofbody burdm /ifowing cxpQsuII muwing d known time. Following a single acute 
exposure occurring at a known time the body burden of plutonium (DE) at the time of expns~rr 
may bc calculated from the auay of a q-hour  urine specimen collected I days later using equa- 

tion (2). If r, = 0.00lt-*~4 and r, = - where U is the amount of Pu found in I 24-hour urine 

sample at time 1, then 

u 
4 

D E = p U P "  . . . . . . . . . * * (15) 

Substitution of the proper valucs for t and U givu the total body burden at the time of expurr 
in whatever  unit^ (c/m, d/m,pc, or%) arc wed taexprcs~ U. Ukewiu, the remind body burden DE 
a t  time 1 following a single acute exposure may be calculated from the coefficient of urinary elimina- 
tion given by equation (IZ), since 
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. 
then D, = R,DE = 435L74.r6 . . . . . . . . .  (16) 
in which the retained body burden is again expressed in the same units as U. 
Drlcrminalian of body burdtn fdlowing uariable chronic exposure of known duralion. The exposum d e  
received by an individual as a mult  of chronic variable cxposiitc of known duration (Le. the time 
worked since the last negative urine assay) may be approximated from the assay of a singk 2 4 - h ~ r  
urine specimen by the same expression u x d  for acute exposurc occurring at known time ( q u a t h  
15). One may assume that the individual obtained all his M y  burden 011 the frnt day durposurc 
in which casc f becomer the elapsed time from the beginning of work to the time of collection dthc  
urine sample. Unless the individual actually did accumulate his body burden on the fint dry rf 
work, such an estimate will be too high. One may aUurne a h  that the body burden wu obtrined 
on the last dry of work in which case t becoma the elapsed time between the last day of work and 
the time of collection of the urine specimen. In this caw the estimate may be too low. One m y  ?tro 
average the m u l u  obtained on the basis of the two assumptions made above. The average m u k ,  of 
coum, has the grratest chance of carrying the m a l l a t  error. 

A theoretically more exact method of estimating the exposure dose following chronic variable 
exposure is based on the assay of two 24-hour urine samples collected sufficiently far apart (with no 
exposure in between) to give significantly d i fkent  results. This method is based on the mumption 
that the exposure dor may be represented by a single cJecfire d m  occurring at some flch'oc time 
intermediate to the Limiu of e x p u r e .  

If DE i s  taken as the &he doe, then the radioactisrity excreted in the first urine sample collmcd 
q days after the efectiue exposure is 

U, = 0 . 0 0 2 D g ~ - ~ 7 *  . . . . . . . . . .  (17) 

and the radioactivity in the second urine sample taken q + a days after the (dictiw u~parurc is 

Dividing equation (i7) by equation (18) and solving for q giva 

0 

q then ir the effective time of e x p u n ,  and its substitution in quation (17) giva the ef'tiirr dost, 
Db, a3 follows: 

The above expression gives an approximation of the body hiirden at time q. The body burden is 
given in the aame units as U, and L\+# and is expressed as a single cJectiiuc dosr occurring at x ~ n t  

effective time intermediate to the l i d u  of exposute. 
A similar treatment of the problem of determining retained body burden following chronic 

to2 
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,‘.triable exposure can Ix made startiilg \ * i th  Ihc r o e l k i r r i r  1 1 .  iir!riar) cliirlin.ltiol1 expressed b! 
cquation (t2). 

3, tive materials might be cxpccted to occur iiiider conditions $\here air cor~centratioris arc rigidly 
controlled, the work is highly routine and the nature of the material being worked ivith is such that 
i t  is more or less uniformly distributed throughout the atmospheric environment (as for example, a 
radioactive gas). 

Although equation (2)  for the urinary excretion rate of plutonium is used as a basis for the 
following theoretical treatment, it is probably unrealistic to expect the results to have much practical 
application to plutonium processing, where the material is not usually distributed uniformly .~ 

throughout the working environment. 
Starting with the equation for the urinary excretion rate of plutonium following a single dose 

(equation z) ,  

and letting m = time of exposure in days, n = days from the beginning of an exposure to the time 
a urine analysb is made with n > m (preferably by more than ten days), and assuming a constant 
daily e x p u r e  D-, then the counts per minute in the urine excreted on day R is: 

L: may also bc evaluated by the following intcgrat:on: 

U, = 0 ~ ~ 0 2  0, [ (Ts + Z)-*’‘ d< 

where Tr = :/I, T, = m + I / Z ,  and T, = n - m, the value r/n is w d  becaw the K ~ C S  diverges 
badly as To +o and n = m. Salution of the above expression gives 

or 

Since To. = m 0, = total intake, then 

Agreement between the seria and the formula (no) is good to 2 parts in 50 for a one-term ‘ k e r j e ) ” ,  
and to better than I part in 1000 for a scrier with more than five t e n .  

A specific example of‘ the application of the above dosage calcuIation is given below, using the 
expression for reven exposure days per week. In fact, the seven-day exposure formula may bc valid 
fir eirher the five or rix-day week. Such would be the case if one conriden that absorption from the 
lung is the primary source of contamination and that the equilibrium between the alveolar and 
blood plutonium concentration is not radically altered by the one or twoday period of no exposure 
each week. 
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For purpom of presenting a specific example, one may assume the following conditions: 

Duration of exposure (m) = 330 days. 
Duration of time from beginning of esporurr until urine 

Counts per minute ol' urine sample (C;) = z c,'m. 
The total body dose 7D. may be calculated from the 

sample taken (n) = 360 days. 

formula : 

O n  substitution: 
130 x 330 x 2 8-58 x 104 

7& = - -= = 3.9 x I O ~ C , ' ~  (360*5)0'" - (30'5)* 2.19 

Assuming a 50 per cent counting geometry was used ( I p g  = 7 x 10' c,'m), 

7-D. = 0.56pg 

S P E C I F I C  E X A M P L E  OF T n e  APPLICATION os C R I X E  AxALYsLs 

TO T H E  D E T E R M I N A T I O N  OF I N T E R S A L  E X P O S U R E  

The Lor Alamos Scientific Laboratory has been processing relatively large quantitia of lr*Pu 
since r g r ~ .  It was essential, therefore, that methods be developed to determine e x p u r e  of per- 
sonnel. The iusay of q-hour urine samples for a activity, although difficult and time consuming, 
proved feasible. 

From 1% to 1950 over 6ooo urine analyses were made on persons working with plutonium 
(Hemplcmann and Langham, 1953). Urine u y r  showed that 1 7  ofthc ~MON examined exacted 
murureable amounts of plutonium which indicated body burdens ranging from about 0-  I to 1 - 3 ~ .  
All positive c x p u r e s  occurred during the period 1944-1946. Thae data were supplemmtcd by 
data collected by the nasal swab technique,. the purpo3c of which wu to detect qualitatively 
whether or not individuat had been exposed to the inhalation ofcontamination. Table I1 shows the 
approximate avenge date of exposure, the estimated plutonium body burden, m d  the total number 
of high nose swab counts. It should be e m p h d u d  that the estimated body burdens are perhaps not 
accurate to greater than f50 per cent ixcept in nine cues for which repeated urine assap woe 
obtained. The rather hrge error associated with the estimates resulted from the extremely )ow a 
activities being detected, and the paor counting methods available at that time. 

Nine of the positive expaurn  occurnd in the same proceu which involved working with uater- 
soluble plutonium salts in dilute solutions and under conditions favourable to the production of. 
fine spray. Urinary excretion curves for these nine individuals are shown in F i .  4~ and 46. Cye I 
(W.B.) show1 the typical urinary excretion curve following what may be considered a datively 
acute exposure. The urinary excretion rate row rapidly to approximately 23 c/m per q-hour 
sample (counting geometry approximately 50 per cent), at which time he w u  removed from further 
exposure. Upon k i n g  removed from further exposure hu urine assay dropped sharply and began to 
show a plateau after 30 to 60 days. Cases 2 (F.C.) and 4 (G.F.) show urinary excretion curves which 

The -1 swab procedure, in brief, corubu of swabbing the extenul narer m d  rubwgwntly counting the omc m b  
for radiwtivity. The method is applicable not only to plutonium but to any puticutuc dioact ivc m a t e d .  Using 
tbii technique. the p-ce of radioacri\e material in the nasal vestibule can k detccd.  
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may In: considemd characteristic of prolonged chronic exposure. These individuals did not show 
sharp peaks in their urinary excretion and upon removal from esposiire their urine assays did no( 
drop sharply. 

TABLE I1 

:)(ow110 m n v r  U ( ~ C R @  
R U U L ~  01 URlWt ASSAYS AND NQC SWAB COUNn OZSDC'L'ILD 0% LOT .4l4.Wol PLIJTONUY OFLMTOU 

w. c. 
W. 6. 
D. D. 
D. W. 
H'. A. 

R. D. 8. 
F. C. 

w. s. 
T. M. 
H. L. 
T. E. 
R. A. E. 
M. W. 

' C. F. 

n. R. 

D. R. 
D. H. 
K. E. 

C. H. 
N. D. 
J.  0. 
C. D. I A. B. 

body burden Toid Ka 

14 
37 
55 
31 
11 

con 

(a) Incompkce rtcorb were available for chew cam. 

I I 1 

The curves in Figs. + and 4B further e m p h u i  the fact that the positive urine valuer in the aim 
unquationahle c a s a  were pmedad by or occurred simultaneously with periods of high ncu n n b  
counts. Because some p e m  were more co-operative than othen, no quantitative significance t.n 
be attached to the absolute numben d h i g h  nosc swabs for the various indiGdud8 during m y  given 
period. Both the urine amaya and the number of high nae  swab counts comlrte roughly with the 
scrk of relative amounts ob plutonium p& per month by this p u p .  T h e  data suggest ch.t 
the nine operators accumulated their plutonium burdtnr largely through respiratory exposure. 

R A D I O A C T I V E  M A T E R I A L  IN THE L U N G  

It must be cmphariscd that urinary excretion analyla do not measure unabsorbed radioective. 
material deposited in the lung and cannot, therefore, be directly applied to the detcnninahn of 
lung e x p u r e .  Urinary excretion is an index of the "sysyrtemic burden" only, ia. the amount d 
material that has ken taken into the blood stream and subsequently deposited in the tisuer. 

.?\ttempts were made at the h Alamos Scientific kboratov to apply urinary to he~lrl ntica as 
a measure of lung burden. If the urinary to faecal ratio as a function of time after exposure, c x p r d  
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cqrtation (14)~ is a mc.wire of tlic rrliirivr amniinfi ~ ~ T ~ ~ ~ ~ ~ m i r : l l l ! - t l r p o s i r r d  plrlcollium excreted 
, . I r ~  uriric arid faeces, then cxtrcrnel) l u u  ratios (high faecal cscrction) would indicate thc praertce of 
pltitonium in the faeces that must havc btcn cxcrctcd From the lung by ciliary clirnination and 
,,,\,,cqi~ently swallowed. The data in Table  111 show the urinnr). and  facnal excretion of plutonium 
11, [.os Alamos worken in rclatiori to thcir mode of exposure. Instcad of thc urinar) 10 faecal ratios 
k i l l g  in agreement with the values indicated by equation (14) they werc on occasion as low as  IO-^, 
C'lldoubtedly these data establish qualitatively the presence of a lung burden in several of the 
t s p c d  subjects. 

TABLE 111 
C!OMPARlSON 01 IAECAL AND URlYARY EXCRCTIOX 01 ?LVTO?IICU RY LOS ALA\l(n \\'ORKLIS I V  REIATION 

Subjecta 

Average of is 
D. L. 
S. H. 
v. s. 
w. s. 

----- 

k. . z.** 
E. F. 
L. D. R 
T. A. E.** 
F. C.** 
W. A. B.** 
D. D. 
W. B. G." 
G. F. 

TO MODI! 01 LXWdURE 

Type of 
CKpO¶UrC 

No aposure 
Slight, general 
Moderate, general 
High. general 
Dry box explosion 
Dry Box Explosion 
Burning Pu mrtal 
Burning Pu metal 
Burning Pu metal 
Burning Pu metal 
Burning Pu metal 
Spray OF PUO+SO,)~ 
Spray ofPu(hO,), 
Spray of Pu(NO,), 
Spray of Pu(NO,), 
Spny or PUWO,), 
spray or P~(ISO,),  

Aqproximatc 
time after 
e x p u r c  
(months) - 
- 

I 
I 
6 
6 
6 
6 
6 
I/? 
0 
r/o 

9 

sa 

I 

10 

I 1  
IO 

Urine 
2 f m  fq hwr) 

0.7 0.4 
1.1 
1 ' 0  

0'9 
0'7 
0 
0.z 

3 
0.5 

0 6  
5 0  
P.6 
7'3 
4 9  

"2 3' . " 

Counts dlrr than one have no S t l t i S t k d  rignificmnce. 
** Uad (0 dculate valun for lung burden given in Table tV. 

The quantitative atimation of lung burden from excretion analyses, as well u the calculation of 
lung e x p u r e  horn non-absorbed radioactive material, nmssitata prior knowledge of the kinetics 
of lung retention and elimination. The problem appean almost hopelessly complex. Lung retention 
and elimination have been shown to k &pendent on particle size (Van Wijk and Pattenon, 
Drinker, Thornpeon, and Finn, 1918; Brown, IgSIr. b; Hatch and Kinbatter, 1947; W i h n  and 
LaMer, 1948; Hatch and Hemcon, I&); solubility (Drinker, Shaw and Drinker, 1923); h y m  
scopicity (Landahl and Hcrrimann, 1918); wetting (Brown, 1931b) ; concentmion rad respiration 
rate (Drinker et ai., 1928; Brown, 19318, b); particle density (Brown, rggrb; Hatch and Kinds- 
vatter, 1947; Wilson and LaMer, 1948; Hatch and Hemeon, 1 ~ 8 ;  flocculation (Hatch and 
Herneon, 1 ~ 8 ) ;  and on the chemical nature of the material inhaled (Abrams, Scibm, Pottc, Lohr 
and Pastel, 1 9 6 ;  Abrams, Seibert, Potts, Forker, Grcenbcrg, Postel and Lohr, 1 9 7 ) .  The various 
aspects of dust retention in the lungs of man arc reviewed by Drinker and Hatch (19%). 

Insufficient data arc available to permit satisfactory ~Iucidation of the kinetics of lung retention 
and elimination for a single radionuclide under any specific set of conditions. Some data, which may 
permit generalisation, arc available from the excellent work of Ahrams, et ai. (1946, r947), and 



SCott, Axelrod, Crowley and Hamilton ( i ~ g ) ,  on the fate and depmition of plutonium and various 
fission products inhaled as aerosols by rats. 

Figures 5,6, and 7 are taken from the work by Abram et ol. to illustrate the t y p  of elimination 
and distribution patterns found rollowing inhalation of aerosols. Their data, which were reported 
on the basis of amouht retained in the lungs as 100 per cent, hast been converted to inhakd dose 
assuming 75 per cent retention. This auumption may be in considcrable error because of thc veq 

I 
10 30 40  rtu'r"wna LXPOSURL 1 naa i 

FIO. 5. FIB. 6. 
ho. 5. Dntributioa of& u 8 function of time a h ?  inhahtiou ora "SrCI, a c n o l  (rau) (Abrun, d af., IM. 
FIG. 6. Distribution d Pu u a function of time rRu hhahlion or I PuO, IC& (ma) (Abmm d d., 1947). 

Pm. 7. Ditribution d Ce u I function of time dta inhalation 
of. *"Ceol d (?sa) (Ab- d rl., 1926). 



I,>t\gcr, components ofroughly P O  arid 180 d ~ y s  seem indtvntrd,  a,~:l .I sinall ammint ( < I O  per cent)  
r.lpidly re.iched the liver and skcletoii. This very rapid c n t n  of a \Inall .irni:iunt of supposedly 
irisoluble material was always evident. In fact, the majiir arn(wnt  of material entering the s)stemic 
circulation did so within a matter of hours or a few dabs. Dirert mlution, phagocytic solution, oc 
direct passage ofvery fine particles into the body fluids before flocculation may provide a n  cxplana- 
tion. That physical transport out of the lung is involved i s  confirmed by the excrction data. During 
the period from 50 to 150 days the faecal excretion was 100 t i m a  the urinary excretion. An inter- 
mediate case is illustrated in Fig. 7 for an arced aerosol of IC4Ct. The half-tima observed were very 
similar to those found with PuO,, but in this case there was a rapid significant entry into the 
skeleton. Faecal to urinary excretion ratias were again very high compared with those found 
following intramuscular or intravenous injection, so removal from the lung must be by ciliarj action 
and subsequent swallowing. In this case there may bc significant uptake into the system from the 
gut. The long half-tima associated with ciliary transport are confirmed by the studies of Marinelli 
and co-workers (1953) on RaSO, accidentally inhaled by humans. They found lung elimination 
times of from 30 to 140 days with an average half-time of about 120 days over the first year. 

It is clear that the elucidation of the kinetics of lung retention and climination is an extremely 
complex problem and requires much detailed information on the rate of nuclides of interest 2~ a 
function of chemical form, particle size, etc. However, even with the preliminary data now available 
certain generalisations arc suggested: 

( I )  If the material u truly soluble in body fluids (r .g.  a*SrC4), removal from the lung b essentially 
instantaneous and no lung hazard persists. In this case urinary excretion data may be uscd to 
determine total body burden. 
(I) "insoluble" particla (i .c.  PuO,) are removed with half-timer of a few weeks and about six 

months presumably by two different mechanisms. Both mechanisms apparently involve transport 
through the GI tract. About 5 to IO per cent of the inhaled dose may enter the blood stream rapidly 

(3) “Slightly soluble” particles act in general like particles of insoluble materials, except a higher 
percentage may enter the systemic circulation and contribute to the systemic burden. 

(4) While urinary excretion data arc a measure of rptcmk burden, faecal excretion may be 
quantitatively related to pulmonary elimination of relatively insoluble materials and to the burden 
ofsuch materials deposited in the lung. Beyond ten days after exposure the lung excretion data given 
in Fig. 6 may be represented by a single hyperbolic function 

whert C, is the fraction of the initial dose remaining in the lung and t is the time in d i p .  

derivative d this expression gives the faecal excretion rate as 

and constitute the systemic burden. : I  

. . . . . . . . . . .  C, = 6.4t-e’ * (21) 

Since the amount excreted from the lung aRer this time appears in the fa-, the negative 

where E, is the raw of h a 1  excretion in fraction of the lung dose excreted per day. The urinary to 

faecal excretion ratio following intravenous injection is given by equation (14). This ratio is an 

index of the excretion pattern for systemic plutonium and a decrwe in the ntio at any time after 
exposure r e k b  the pracnce in the raeca of plutonium from a non-systemic source, most likely the 
lung. 
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It should be possible, therefore, to estimate both the systemic burden and the lung burden from 
the assay of urine and faecal sampla taken at known tima after exposure. Starting with the ex- 
preuion for the systemic urinary to faecal excretion ratio (equation 14) 

r" r, = __ t-0'". 

0.37 
If the total faecal count on day t after exposure is r,, and the total urine count is ?',,, then the 
portion of the total faecal activity (r,) due to lung contamination h given by the following 
expression: 

. . . .  * (33) 

and it follows from equations (22)  and (13) that 
- rk *-ea1 

where C, is the lung burden at IO dayr port-exposure e x p d  in the same units as were used for 
r, and r,. Since at ten days - IO per cent of the original lung burden has entered the lyrtcmic 
circulation (I"* =I I day) the amount in the lung at time of exposure is 

- =  r.rcL, . . . . . . . . . .  - (25) 
0'9 

If the data in Fig. 6 are applicable and approximately IO per cent of the lung burden is 8brorkd 
within a few daya, the amount of material in the lung at the time of e x p u r e  m y  be estimated by . 
multiplying the syrtcmic burden by ten. Table I V  shows a comparison of the lung burdens of five of 

TABLE 1V 

the individuals listed in Table 111, when calculated from the sptemic burden and from the urinvp 
to faecal excretion ratios. The agrement between the values derived by the two differrnt metho& 
is surprisingly good. 

Becaw of the extreme complexity of the problem, the lack of specific data and the need Gor 8 

basis for calculating maximum pcrmirrible air concentrations from lung e x p u r e ,  a general model 
for the fate of radioactive particles in the lung has been proposed.* Thc model is bYed IargeIy on 

AEC Harriwn Merenee, Hamman, New York, 195% Pnrriciymu, K. 2. Morgan, J. C. Hamilton, W. H. L.+m 
L. D. Mirinelli and otlrcn. Many or the lcatura of e mode as shown were added by the author. 
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rhc data of Abrams t f  al .  (1946, 1947) 2nd Scott et al.  (1%:)) liir rats and ci!mplrteI! ignores mOst of 
the factors mentioned earlier as aff,cting particle retention in the l u n g .  ’The assumption is made 
that the particle size distribution of the inhaled aerosol is such that the total lung retention i s  75 per 
tent of the inhaled dox.  It is quantitatis-e only to the extent the specific conditions of exposure 
coincide with the general pattern on which the model i s  based. 

According to thc model shown in Fig. 8, when coo particla are inhaled. 25 arc exhaled without 
deposition in the rapiratov system. T h a c  do not contribute to the production of a health hazard. 
Of the 7 j particles deposited in the lung, 50 deposit in the upper bronchial tree and are excreted by 
ciliary action and swallowed. The half-time ofelimination of these 50 particles is - 2 0  days rcgard- 
less of solubility. Of the 50 particla entering the gut from the lung, 10-20 per cent of the soluble 

FIO. 8. Gmcnl modd Tor the retentian, dttributiw and excretion of inhaled md.di&ve 8 e d  

particla, < 0 5  per cent of the rlihtly duble and <on01 per cent of the i m l u b k  mated& m y  be 
absorbed and end up in the ryrtem. The 25 particks remaining in the lung arc assumed to k 
dcposited on the alveolar surfaces. If these particles arc “insoluble“ 15 (15 per cmt of the Oziginrlly 
inhaled dose) are phagocytised or otherwise removed up the bronchial tm and eliminated Pia the 
gut with an elimination half-time of about six months. The other remaining 10 per cent or the 
material p a w  through the alveolar wall into the systemic circulation with a half-time of a few days 
at most. 

If the 25 particles in the alveoli are “slightly soluble”, the kinetics of retention and excrrtion may 
be usentially the same as for “insoluble particles”. A slightly higher percentage m y  be absorbed 
and contribute to the sy~temic burden and a slightly lower perccntagc may be r e m o d  by bronchial 
elimination with a somewhat shorter half-time. If the particles a n  soluble, all 25 are abaorbed into 
the systemic circulation with a half-time of an hour or SO. 



The data in Fig. 5 for a soluble aerosol (8'SrC4) do not fit the general pattern. This may 
explained on the basis of the exceedingly small particle size (0. I p )  which would result in much l o w e  
deposition in the upper bronchial t m  and much higher in the alveoli (Hatch and Hemeon, 19Ca). 

It should be c m p h u i d  that the niimbcn given in the model are only crude generalirationr based 
on obviously inadequate data and future research should be directed toward obtaining specific 
numben for specific nuclides. 

The model posa two different radiation hazards: ( I )  d i m t  radiation of the lung by the deposition 
of 75 per cent of the inhaled radioactivity, taking into account the respective abundancer and the 
half-times of the three components of the elimination proceu, and (2) the systemic d i a t i o n  b u d  
produced by absorption and subsequent deposition of a fmction of the inhaled doac in the liuk 
The model may be of some value in estimating (in the general cue) the magnitudes or t hee  h u u b  
fmm isotopes for which inadequate data exist. 

AVAILABILITY O F  H U X A N  E X C R E T I O N  A N D  U E T E N T I O N  D A T A  
A N D  T H E  APPLICATION O F  WHOLE B O D Y  COLISTINC 

Excretion and retention data for rats and mice (and cccuionally other species) are available for 
B large number of isotopes. Data for humans, however, arc available for only a very few maU%ds, 
among which are **Vu (Langham et al., 1950), ***Ra (Noms et of., 1955).  PO (Fink, rgp), 
la11 (Hamilton and Soley, 1940; Hamilton, x941), **Rh (Burch, Threefoot, and Ray, 1955; Ray, 
Threefoot, and Burch, 1955),4*K (Ray, Threefoot, and Burch, 1955; Hevay, 1912), *%a (Hcvay, 
1942), **Na (Threefoot, Burch, and Reascr, 1g4g), atP (Lawrence, Scott, and Tuttle, 1939; Erf, 
'SI), "Sr (Harrison, Raymond, and Tretheway, 1g55), 'H (as HTO) (Andenon, 1950; Pirwmn, 
1951, 1952a, b, c, d), 1 W a  (Woodward, Richmond, and Langham, 1959, and isotopa OCU. 
Human data for some ofthe above isotopa are fragmentary and only extend over very short periods. 
Some human data are available for other nuclides, but since they were collected incidental to itudia 
unrelated to the prucnt problem they are essentially valueless for the calculation of maximum 
permissible leveb and the determination of body burden from excretion analyses- 

The development of h vice whole body counten such as thosc discussed at thC Conference may 
facilitate future collection of much needed retention and excretion data for a large number of 
radioactive nuclides. 
The Los Alamos Scientific Laboratory has constructed a large 4 w  liquid scintillation counter for 

the determination of y-emitting nuclides in man (Andenon, Schuch, Pemngs, and Lmghun, 1956). 
T h t  instrument has been discussed by Dr. Andenon at this Conference. Its rnaitivity permits 
measurement of quantities of y emitten in the human body as low as I .'tooth to i/toooth ofthe 
maximum permisrible levels in only 200 seconds of counting time. lu high sensitivity and its frrt 
operation time will enable rapid experimental collection of excretion and retention data for humans 
without having to subject them to near maximum permissible levels ofradioactivity. This m y  well 
be one of the most important applications of the in vim whole body counters. 

IR uioo counting tcchniqum, u a means of determining internal body burdens of radionuclides, 
are subject to the following linlitations: 

( I )  They do not differentiate between intemdly-deposited material and SUrf8Ce contlminath,  
although this limitation may be overcome in part by making a xria of measurements intenparcd 
with surface decontamination procedures. 

(2) Abaorption of the radiations within the body prevents external measurement when the radb  
nuclide is a pure a or fl emitter, although Bremsstrahlung counting, in some casu, has been men- 
tioned as a remote possibility. 
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lida, 

r d i o -  
men- 

\?)  High immcdiarc capital Outla\ ~ r i c l  ~ I I A C ?  rcqtt:rcl ! lci l [> \ \ I  I ~tr.thr ~ I I C  r w c f i < A r }  rqiiiprnent 
in%ccr%sihle to many potential usen. 

&cause of the above limitations, it ic haTd\s like!? tltnt l r i  : i i o  courltitlg will rep\,icc cornpletcly 
cscretion analyses as a rncthod oldemmining internal hod! ljtirdens of rndiotiuclidcs. 

The possibility of determining plutoriiurn by in t i l Q  counting of its I 7 keV X ray was discussed at 
this Conference as being theoretically possible. Because of the difficulty of determiriing plutonium 
Imdy burden by urine analysis, that possibility should bc explored. I t  should be pointed out also 
that a collimated, Xfarineili type crystal counter may bc the method of choice for the determination 
of lung burden of y-emitting isotopes. 

A C KN 0 !V LED C H E N  TS 
This paper is b u d  on work done ilndrr the o u p i c n  of the U.S. Atomic Energy Cumrniuion. The  ma‘or portion of 

it \vas prcrcntcd at  the Annual Meeting of the Arncrican Industrial Hygiene Auochtion in Philadelphia. $enlu).lvania, 
in April 1956. and appcarcd in the Scptembcr 1956 issue of the A.I.H.A. Quarterly. 

T h e  author is indebted to Dn. Payme S. Harris and E. C. Andcnon, for many of the concepts and mathematical 
dcrivatioru given in thit repon. 
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