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Abstract - ResUm6 - Annorapen - Resumen 

ON THE ESTIMATION OF A SYSTEMIC BODY BURDEN OF PLUTONIUM. Several computer programmes 
have been described in the literature which use the complete urinalysis record of employees to estimate their 
systemic body burden of plutonium-239, i. e. the body burden exclusive of plutonium-239 in the lungs or 
in the contents of the gastro-intestinaluact. For each successive sample date such codes use an excretion 
model, suggested by Langham. to estimate the urinary excretion that would be expected to result from prior 
intakes that have been estimated. Any excess i n  the sample is considered to indicate an additional intake, 
or is rejected as being the result of anerroneous determination, Ao examination of excretion data taken under 
controlled conditions indicates that there is considerable fluctuation about the smoothed c w e s  used in the 
excretion model, that the deviations are by less than a factor of two in the majority of casu.  and that much 
of this fluctuation must be accepted as of biological origin and not merely the result of faulty sampling 
techniques. This suggests that a mathematical treatment should accept small fluctuations as not necessarily 
indicating additional exposure or artifacts of sampling. Such a computer code has been written and tested 
on the few cases where the body burden is considered to be w e l l  established. These cases suggest that this 
technique may be an improvement over earlier methods. The code uses one index as specifying a level below 
which data are not considered to be significant. and a second index specifies the degree of excess over the 
general trend which u considered to be due to additional intake to blood. 

hrALUATION D'UNE CHARGE CORFORELLE SYSTeMlQUE DE PLUTONIUhL On trouve. dam des publiu- 
tions sp6cialisees. la description de plusieun programmes de calculauices qui. d'aprtr les resultarc compleu 
d'aMlySeS d'lchantillons prel€v€r sur lu u M u  de travailleun. permenent d'dvaluer chez ces demien la 
charge corporelle systtmique de plutonium 239. c'ert-A-dire la charge corporelle a l'exclusim du plutonium239 
Prhent dam lu ~oumons ou dam le  contenu du tractus gasuo-intestinal Pour chacune d u  d a t u  de &live- 
ment successives. lei c o d a  font fond& sur un modele d'excretion. su&6 par Langham. qui permet de pr€- 
voir l'excr6tion dans lei urines i laquelle 00 peut s'attendre. i la suite d'absorprionr anterieurer de quantitk 
estirnles. Tout excedent dans I'lchantillon u t  consid&€ comme ddnotant l'abrorption d'une quantitd rup- 
pl6mentaire. ou €carte comme &ant le  resultat d'une dCtermination drronde. Ler comtatations suivanter 
reuortent de l'examen sous conuble des donn6es relativu a l'excrbtion de plutonium: il existe der variations 
comiddrables de part e t  d'autre des courber ajustdes utilirecs dam le  mod&le d'excrftion: lu Ccaru sont, dam 
la plupan d e  cas. de l'ordre d'un facteur .inferieur deux; les variations ne sont pas dues simplement A Vim- 
perfection dm techniques de pr€l&vement, mais doivent en grande panic etre attribuees 1 une cause biologique. 
Pour traiter ce p r o b l h e  mathdmatiquement. il faut donc admertre. semble-t-il. que d e  faibles variations 
n'impliquent pas n€cessauement une exwaition supplhentaire ni un phenomhe artificiel qui serait la con- 
sequence du pdlkvement d'bchantillons. Sur cette base, on a &labor6 un code pour calculatricer, dont on a 
fait l'essai sur lei quelques cas 06 la charge caporelle est consideree comme connue. Il resson de ces cas 
que cette methode peut constituer une amelioration par rapport 1 c e l l a  qui etaient a p p l i q d u  auparavant. 
Dam le code ainsi &labore. un indice delinit le niveau en deuous duquel ler donn6es ne sont pas considdrCu 
comme significativer e t  un auue indice definit la valeur excedentaire par rappon a la tendance gbnerale. 
qui est considdree comme impliquant une absaption supplementaire de plutonium dam le  sang. 

06 OnPEAEJIEHHW COAEPXAHHX nnYTOHWX B CHCTEMAX OPrAHHJMA. B nure- 
parype y n e  6unu OnucaHbi pa3nnu~s re  cuerno-8uYHcnnrenbHue nporpaMuu ,  ~ c n o n h 3 y ~ r n n e  non- 
H b l e  naHHble a ~ a n u 3 a  M o w  pa6ounx nnn onpenenewn conepacanna n n y r o ~ m - 2 3 9  B cwcrehtax op- 
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r a n n 3 ~ a .  nanpnuep  TonbKo B nerKnx Hnn B conepnnMoM xenynovno-nfmeqnoro rpaKra .  Ilnn 
Kannoii nocnenyomeii npo6bi B TaKHx Konax ncnons3yercn uonenb eblneneunn. npennoneunan JIaHr- 
X ~ M O M ,  ann onpenenennn orHnaeMoro KOnHvecrea Bunenenns c MOvOU nocne nepenusoro e c a -  
CblBaHHI, Koropoe 6uno  noncvHrano. n w6oe noBbimenne yposnn ~30TOna e npo6e paccMarpHaaercn 
Ha nononnnrenbnoe ecacueanue  unn or6pacsisaercn K a K  p e ~ y n b r a r  o m ~ 6 o v ~ o r o  onpenenennn. 
H ~ y v e n n e  nannbix BblBenenun. nonyqewubix B KonrponnpyeMux ycnoennx, no~a3b ieae r .  vra m e e t -  
cn 3nawrenbnan  @nynryaunu Bne sbmpnMnennblx KpnBbIx, n c n o n b 3 y e ~ u x  8 Monennx ebleeneunn, 
w o  raKoe OrKnonenne nMeer no KpaCineR Mepe ~ 0 3 @ @ n u n e ~ r  2 B 60nbUIHHCTBe cnyqaee  H vro 
bonbluan vac rb  ranon @nyrryaunn mueer  6 ~ o n o r n v e c x o e  nponcxonaenme, a He nennercn pelyns-  
T ~ T O M  oun6owoA MeronnKn B ~ R T H ~  npo6. M3 3 r o r o  cnenye-r, vro MateMarnvecKan 0 6 p a 6 o t ~ a  
nonycKaer ~ e 6 o n b l o n e  a n y r r y a u n n  nan n e o 6 n 3 a r e n b ~ o  y r a ~ ~ e a w m n e  na nononnnrenbnoe o6ny- 
qewe nnn apre@aarb i  npn B ~ R T U H  npo6. nono6nue  cverno-pemawmne K O ~ U  6brnM coc raaneuu  
H onpo6osa~b i  B necKonbKnx cnyuanx, Korna cvmanocb.  v t o  conepnanne p a n ~ o n 3 0 r o n o s  B opra- 
H H J M ~  M O X ~ T  6 u r b  row0 y c t a n o s n e n o .  3 r u  cnyvau ~ O K ~ ~ U B ~ D T .  vTo nannui i  Meton  Moxer 
cvnra rbcn  donee cosepmenuuhd, veM panee npntdeunemnecn . 

B  TOM Kone vnorpe6nnetcn onnn nHneKc. onpenennomuii ypoeenb. HHxe aoroporo n o n a ~ a -  
r e n n  He n u e w r  3 ~ a q e n n n .  a BTOPOL nnnexc rovno v n a 3 b i e a e ~  c r e n e n b  n36birKa c B e m  o 6 m e R  
r ennenunn .  qro paccMarpnBaeTcs K a K  p e 3 y n b r a r  nononnwrenbnoro nornomeunn B Kpoen. 

E V A L U A C I O N  DE LA CARGA GENERAL DE PLUTONIO. Se han ducri to  en la literatura erpcializads 
variar claver  de cdrnputo que utilizan lor resultador cornpletor del aniliris d e  orina para calcuhr  la carga 
general de plutonio-239. esto u ,  la carga corporal con exclusidn del plutonio-239 presenre en lo, pulrnonu 
o en el  contenido del tracro gastrointestinal. Para cada fecha suceriva de rnuerueo, dichar claver aplicsn 
un  rnodelo de eliminactbn por excrecibn. propuerto por Langharn, para calcular la excrecidn urinaria que 
resulrarfa de amorciones anteriores ya evaluadar. Todo excero en la rnuestra se  considera corn0 indlcio de 
una nueva absorci6n. o se desprecia por estirnarse resultado de una deterrninaci6n errdnea. El examen de 
lor dator relarivos a la excreci6n. obtenidor en condiciones controladas. rnuestra que lar curvas corregidar 
que se utilizan en e l  rnodelo de eliminaci6n p o r  exueci6n. acusan considerable, fluctuacioner. que en la 
mayoria de Ios cas- lar desviaciones son inferiores a1 ZOW, y que debe aceptane que rnuchas de estas f luctW 
clones tienen un origen bioldgico y no son rnerarnente rerultado de t6cnicas de muestreo defectuorar. E l l o  
lndica que a1 aplicar un tratamiento rnaternltico debe aceptarse que far pequeiias fluctuacionu no supanen 
necerariarnente una exporicibo adicional ni anificim en la tecnica de rnuurreo. Dicha clave de cdrnputo re 
ha preparado y probado en lo, poco, casor en que la carga corporal re cowideraba bien conocida. Tales casa 
parecen indicar que esta tdcnica puede constituir un perfeccionamiento rupecto de rnLtodos anterioru. En 
la clave re utlliza un indice que define un nivel por debajo del cual la d a t a  no re cowideran rignificativor: 
un segundo lndice define e l  grsdo de excero robre la lendencia general que re cowidera debido a abaorcih 
ranguinea adicionoL 

internal exposure to  plutonium, particularly P U * ~ ~ ,  poses an important 
and difficult problem for the health physicist. N o  techniques of whole-body 
gamma detection have been devised that a r e  sensit ive enough to measure a 
systemic body burden at  the maximum permissible  level recommended by 
the International Commission on Radiological Protection (ICRP), and thus 
those charged with evaluating an employee's exposure must attempt to  base 
th i s  evaluation on interpretation of such data on excretion of the radionuclide 
a s  may be available. Whether the exposure is acute o r  chronic and whether 
the plutonium entered the body by inhalation, by ingestion, o r  through a 
wound, the problem posed is one of the most difficult for the healthphysicist. 

Several computer codes which use an erriployeels urinalysis data to esti- 
mate his systemic body burden of PuU9 have been described in the literature 
[ 1 , 2 ) .  These codes and other similar ones designed by the author a r e  based 
on the metabolic model devised by LANGHAM t o  r ep resen t  the excretion 
and retention in man fqllowing intravenous administration of PuZJy [3], 
Briefly, Langham analysed the excretion data of some eleven terminal patients - . - 
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who received injections of P ~ * ~ - c i t r a t e .  He found that power functions des- 
cr ibed the general trend of the excret ion data during some 1 3 8  d. By in- 
genious analysis he  was able t o  indicate that probably the same functions 
were adequate to represent  the t rend of excretion data of employees over 
periods of five years  o r  longer. However, the hospital cases  as well as  the 
data on employees show a considerable degree of fluctuation about the curves 
describing the trend of the data. 

The author h a s  designed a code which, to some extent, takes intoaccount 
possible fluctuations about the t rend  of the data.  Assuming S i  is the 
measured amount of P u Z d y  in urine on day t i  i= 1 . 2 ,  . . . , n, the problem con- 
s i s t s  of determining intakes Ii of Pu23y to  blood which will account for  the 
excretion record and be consistent with the metabolic model. The model is 
represented by a se r i e s  of constants Uj,  each Uj being the fraction of dose 
of Pu239 to blood which is excreted in  the urine j days la ter .  The constants 
U, may b e  computed by a formula or may be entered in the code as a table 
of constants. 

The computer f i rs t  selects  a t ime j, preceding the f i rs t  sample day t l  
and computes the f i rs t  intake 

I, = SJU 
t i - ] ,  . 

Thus the f i rs t  sample value is accounted for  exactly by 11. 
a l ready produces ur inary  excret ion 

The  intake 11 

on day t i .  and so  the computer calculates  reduced excret ions 

S \  = S i  -I ,Uri- , '  , i =  2 , 3 , .  . ., n. 

Because of inaccuracies in the model o r  because of statist ical  fluctuations 
of the data,  it may happen that some  St, a r e  negative. If th i s  is the  case, 
the machine will make a second choice of t ime  j1 for  the first intake.  In 
fact, the computer will systematically t r y  all choices of day j1 for the first 
intake and select that one as final choice which makes the negative values of 
the Si, if any, as large as possible, i. e.  as close to zero as possible. 

If Sb is below 
a certain pre-assigned value which represents  a reasonable estimate of ex- 
pected fluctuations of the data about the trend, the computer will ignore St, 
and consider that no new intake is required. If St2-exceeds the pre-assigned 
level of significance, a second intake is computed, the day j2 of this  intake 
being restr ic ted t o  lie between the  da t e s  of the first and second samples .  
Proceeding serially, the computer estimates all the intakes required to pro- 
duce the urine data according to the model. In principle, this code is es- 
sentially the same as that of LAWRENCE [ 11 but does not reject data points 
and does allow for some flexibility in choosing the t imes for  the intakes t o  
blood and in disregarding cer ta in  fluctuations of the data  as not being 
significant. 

To test  the code, data on dogs exposed to PuzJi at Hanford Biology Lab- 

Having determined 11 and j1, the computer examines Si. 

oratory have been used [ 4 ] .  BAIR et  al. injected three dogs with plutonium - , -  - 
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nitrate (0. 14 N_ HNOa), and the dogs were  sacrificed -30 d post-injection. 
The urinary excretion data are plotted in  Fig.  1 together with a cu rve  re- 
presenting an average of the data. It is apparent that there  a r e  very wide 
fluctuations from day to day and that the dogs differ rather markedly so far 
a s  day-to-day excretion is concerned. Nevertheless,  the code mentioned 
above w a s  used to estimate the intake. In Fig.  2 the daily intakes as esti- 
mated by the code a r e  shown in the f o r m  of a ba r  histogram. It is c l e a r  
that, despite the errat ic  character  of the excretion data, the code did cor- 
rectly find that the intake was confined largely to the first  day o r  two. The 
small intakes to  blood on succeeding days a r e  the resul t  of unusually high 
fluctuations of the excretion data.  Thus  the code did give a qualitatively 
correct interpretation so far a s  t ime of intake is concerned. The estimated 
total intake is shown together with the injected amount, and it is evident that 
the estimates a r e  within a factor of 2. In view of the e r r a t i c  character  of 
the data, this is considered t o  be encouraging. 

BAIR et a l .  [4 ]  also exposed dogs by inhalation, some to plutonium 
nitrate (0.1- H N a )  and others  to  Pu239 0 2 .  The urinary excretion data 
of those dogs exposed to the nitrate were analysed by the code also, and the - . - 
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estimated intakes to  blood a r e  shown in Fig. 3 .  Although the t ime sequence 
is e r r a t i c ,  significant intakes to blood do seem t o  occur over  a succession 
of days and tend to decrease with t ime. Thus the qualitative aspects a r e  as 
we might expect. However, the large number of days of no intake undoubtedly 
is a n  art ifact  produced by sporadic high excretions ea r ly  in the period of 
observation, The estimated total intake to blood is shown also on Fig. 3 to- 
gether with the difference oT lung deposition and the terminal lung burden a s  
estimated by the experimenters.  Again the resul ts  generally agree within 
a factor of 2 .  

It s e e m s  c l e a r  that the present methods cannot be relied upon to give 
more  than a very rough indication of the intake to blood. There a r e  a number 
of possible improvements that suggest themselves.  Some preliminary 
smoothing of data, perhaps by the computer, might reduce the e r r o r .  How- 
ever. it seems likely that marked improvements wil l  come only with abetter 
understanding of the metabolic model and of the probable source of the wide 
individual differences and day-to-day fluctuations of the excretion data. It 
would seem that carefully controlled experiments might help in understanding 
these difficulties and that even i f  the experiments did not enable us to over- 
come these difficulties, we might in this  way obtain a firmer est imate  of 
the uncerraintv of ou r  method of estimation. 
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