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FOREWORD 

This is the fourth Annual Report to  be  publ ished by the  Cen te r  for 

Human Radiobiology. A t  the  end of t h i s  volume is a complete list of 1346 

radium c a s e s  with de ta i led  exposure da ta  I including body burdens , updated 

to December 3 1 ,  1 9 7 2 .  The list inc ludes  114 c a s e s  measured only by the  

New Jersey  Radium Research Project which were added  during the  p a s t  year  

t o  our "measured c a s e s "  a f te r  examination of the  a n a l y s i s  to d a t e .  T o  the  

b e s t  of our knowledge,  the list now inc ludes  a l l  exposed  radium cases 

measured by one or more of the  three principal ear l ie r  projects  @NL/ACRH, 

MIT , and NJRRP) and/or CHR. 

From 1 July 1972 t o  30 June 1973 medical examinat ions and radio- 

ac t iv i ty  measurements  of 302 radium pat ients  were made a t  the  Center ;  83 

of t h e s e  were  made a t  our s a t e l l i t e  laboratory in  MIT and 219 a t  Argonne. 

During the p a s t  year  the  Center  has added to i t s  s tudy  two indi-  

v idua ls  who received plutonium internal ly ,  one in  1945 and the  other  i n  

1947.  These  individuals  were s tudied in  a hospi ta l  for two-week per iods 

with complete  excre ta  col lect ion and medical examinat ions ,  

of t he  excreta  co l lec t ions  will  be reported in  the next  i s s u e  of the  Annual 

Report. In  addi t ion I one individual internal ly  contaminated with the  e lement  

berkelium has  been added to our s tudied pa t i en t s .  A report  i n  t h i s  i s s u e  

g i v e s  the  retent ion r e su l t s  obtained by in  v ivo  radioactivity measurements  

and excreta  s tud ie s  of t h i s  individual over a period of approximately one  

y e a r .  

The r e s u l t s  

The b e s t  way of express ing  and evaluat ing the  toxici ty  of radium in 

man is a matter of cons iderable  concern to u s  a t  t h i s  t i m e .  An often used  

method af express ing  toxici ty  is a d o s e  response  function or a d o s e  

response  plot which shows the number of mal ignancies  in  a given d o s e  range 

a s  a funct ion of d o s e .  Evans and his  co-workers have published d o s e  

response  plots  , using those  c a s e s  deemed t o  be epidemiological ly  su i t ab le  

in  h is  a n a l y s i s  (see pp .  157-194 in  Delayed Effects of Bone-Seekinq Radio- 

nuc l ides ,  Ed. C .  W .  Mays ,  e t  a l . ,  Univ. Utah P res s ,  Sal t  Lake C i t y ,  1969; 
i IO0 I c t ' d 4 2  



pp.  431-468 i n  Radiobioloqy of Plutonium, Ed. B . J .  Stover and W .  S . S . Jee) 

J .  W .  Press  , Sa l t  Lake C i t y ,  1972) .  In previous issues of t h i s  Annual Report, 

we  have published d o s e  response  curves  der ived by uti l izing all  of t h e  radium 

cases with measured body burdens whether they  were epidemiological ly  

su i tab le  or  not (cf. ANL-7760, Part 11, pp. 1-17;  ANL-7860, Part 11, PP. 1- 

8) .  
Both of t h e s e  types  of a n a l y s i s  show the  same genera l  pa t te rn .  A 

re lat ively high number of radiogenic  tumors a r e  induced a t  cumulat ive ske le -  

ta l  d o s e s  grea te r  t han  about 1000 rads , but no  tumors a r e  y e t  seen i n  the  

grea t  number of cases lying s igni f icant ly  below 1000 r a d s .  Evans h a s  inter- 

preted t h e s e  da ta  a s  indicat ing the ex i s t ence  of a prac t ica l  threshold or  very 

sharp  sigmoid configuration of the  dose  response  funct ion,  whereas  we  have 

chosen  to charac te r ize  the  d o s e  r e sponse  a s  one in  which the  prevalence of 

malignancies  i n c r e a s e s  approximately with the square  of the  d o s e  i n  the  

low d o s e  region.  

W e  a r e  now quest ioning t h e s e  in te rpre ta t ions ,  for we have  d iscovered  

tha t  most of the  low d o s e  cases have been  added to the s tudy s i n c e  1957 

by radioactivity measurements  of l iving persons (for de t a i l s  see ANL-7960 , 

Part 11, p p .  6 - 2 2 ) .  Whi le  it is  true tha t  a lmost  a l l  of the  cases have carried 

their  radium for many y e a r s ,  t h o s e  c a s e s  only recent ly  measured for the  

f i rs t  t i m e  may b e  cons idered  to be the  survivors  from the  group of persons 

who received radium years  a g o .  Therefore,  w e  a s k  the  quest ion:  From 

observat ions mostly of c a s e s  tha t  survived 20 years  or more a f t e r  exposure ,  

is it proper t o  conclude  tha t  d o s e s  below 1000 rads have not induced malig- 

nanc ies  ? Could it not  be  tha t  others who received the  same quant i ty  of 

radium a t  the  same  time died before development of recognizable  s i g n s  of 

radiation damage and thus  were eliminated from the  s t u d y ?  

W e  a r e  now searching for a means to eva lua te  properly the  number of 

patient yea r s  a t  r isk in  e a c h  of the  d o s e  l e v e l s .  Since only pa t ien ts  with 

measured burdens of radium a re  included in  a n a l y s e s  of r e sponse  v s .  d o s e ,  

one def in i t ion  of pat ient  years  a t  r isk is to cons ider  a patient a t  r isk only 

a f t e r  w e  have ident i f ied the  individual and measured h i s  or her  body burden.  
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Thus,  those  years  the  patients carried radium before entering the  s tudy  

would not be considered in  our a n a l y s i s  of r isk; only a f te r  they  entered 

t h e  s tudy would they be considered to  be a t  r i s k .  

Dose response  plots which take  into account  the number of pa t ien t  

years  a t  r isk in e a c h  d o s e  category may wel l  resul t  in  l o s s  of some s ignif i -  

cance  for t h e  large number of c a s e s  with low d o s e s ,  for they will  be s e e n  to  

represent  a relatively small  number of patient years  a t  r i sk .  As a much t o  

be preferred a l te rna t ive ,  increased  emphasis  will be placed on examinat ion 

of medical records of those  radium c a s e s  who died with no measurement of 

body burden and on exhumations i n  order t o  measure radium in  the  remains .  

Successfu l  completion of t he  la t ter  program would remove the  implication 

that  survival until measurement was  a necessa ry  criterion for entry in to  the 

radiilm s t u d i e s ,  

0 0  I 9 4 4 4  iii 
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INTERFERENCE FROM INHALED RADON IN THE MEASUREMENT 
OF LOW LEVELS OF RADIUM IN VIVO 

F .  Markun and D . R.  Huff 

A case s tudy  is presented which i l l u s t r a t e s  the  effect of high radon 
l eve l s  i n  a i r  on  the  determinat ion of 226Ra body content .  Ques t ionable  
226Ra measurements  of some low-level radium c a s e s  a r e  cons idered .  

Introduction 
226 The Ra content  of a l iving person is obtained from sepa ra t e  deter-  

minations of the  retained radon and  t h e  emanat ing 226Ra. The former is 

B i  measured by ex terna l  gamma-ray counting of the  

(RaC), and  the  la t te r  is determined from the  radon exhala t ion  ra te .  

2 26 2 1 4  
Ra daugh te r ,  

Control sub jec t s  a r e  measured under the  same condi t ions  a s  radium 

pat ients  and t h e  r e su l t s  a r e  used  a s  "background" cor rec t ions .  However,  

the  apparent  exhaled  radon fract ion exhib i t s  much la rger  f luc tua t ions  than  

the  retained radon for r easons  which have been  d i s c u s s e d  in  de t a i l  e l s e -  

where .  A major cause of t h e s e  f luctuat ions is the  var iab i l i ty  of t h e  

radon concentrat ion in  the  a i r  to which sub jec t s  were  exposed  prior to 

measurement .  

cur  i n  the  ca lcu la t ion  of the  

l eve l  is s ignif icant ly  higher than  the  leve l  cons idered  to  be  t h e  normal back- 

ground based  upon measurements of control s u b j e c t s .  

The following s tudy  i l l u s t r a t e s  d i sc repanc ie s  which may oc- 
2 2 6  Ra body content  when t h i s  natural  radon 

C a s e  Study 

Subjec ts  for background measurements  a r e  c h o s e n  mainly from the  

RER Divis ion ,  and they  a r e  a s s igned  case numbers prefixed wi th  50- .  C a s e  

50-025 w a s  expec ted  to be a su i t ab le  control sub jec t  b e c a u s e  he had worked 

a t  A N L  for only a short  t i m e  and had had no contac t  wi th  radioact ivi ty  other  

than  tha t  f r o m  natural  s o u r c e s .  He w a s  f i r s t  measured on the  afternoon of 

1 4  February 1 9 7 3 ,  according t o  the  normal procedure,  i . e . ,  a whole-body 

gamma-ray count  i n  the  t i l ted cha i r  for two 20-min periods I followed i m -  

mediately by the co l lec t ion  of radon from the  s u b j e c t ' s  exhaled  breath.  

0 0  I 9 4 4 8  
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There appeared t o  be  a large d iscrepancy  between the gamma-ray and  radon 

breath r e s u l t s  (Table 1 , l ine  1). The ratio of re ta ined radon t o  total  radium 

based  on t h o s e  resu l t s  (0 .10 f 0.06)  was  qui te  different from va lues  of about  
2 2 6  

0 .3  to  0 . 4  found for high-level Ra c a s e s  20 yea r s  or more af ter  i n t ake .  

A background correct ion based  on 0 . 2 7  pCi/l  Rn a s  t h e  es t imated  

"average"  radon l e v e l  of a i r  is appl ied to  a l l  ca lcu la t ions  of emanat ing 

226Ra.(1) I t  was  suspec ted  that  this subjec t  had been exposed to  a much 

higher radon concentrat ion prior t o  enter ing the vau l t  for the above measure-  

ments .  Consequent ly ,  a i r  samples  from a few s t ra teg ic  loca t ions  were 

analyzed and  the ana ly t i ca l  da ta  are presented in  Table 2 .  Apparently, when 

the sub jec t  w a s  a t  home, he  w a s  inhaling radon a t  a concentrat ion some 20 
2 2 6  t i m e s  that  assumed i n  t h e  ca lcu la t ion  of the body content  of emanating Ra. 

The following week ,  c a s e  S i - 0 2 5  cooperated in  a one-day deemana-  

t ion s tudy .  

were co l lec ted  a f te r  he had been  breathing vaul t  a i r  for one hour, and  a 

whole-body gamma-ray measurement w a s  made immediately af terward.  He 

remained in  the vaul t  the ent i re  d a y ,  and radon breath co l lec t ions  followed 

by a gamma-ray measurement were repeated twice  during t h e  day .  Table 1 

(l ines 2 -4 )  shows the dec rease  in his exhaled radon, and thus  the equ iva len t  

dec rease  i n  emanat ing Ra content  , although the  deemanation w a s  not 

complete a f t e r  7 hours.  Equilibration with the radon concentrat ion of vau l t  

a i r  a t  that  ra te  would have taken  more than  2 4  hours.  

He entered the vaul t  a t  0830 ,  t h e  f i rs t  radon breath samples  

2 2 6  

The retent ion of inhaled radon c a n  be  expressed  by a s u m  of f ive 

exponent ia l  funct ions of t i m e  of breathing radon-free a i r ,  and the c o n s t a n t s  

T o  more (coeff ic ients  and half-t imes) a r e  given by Lucas and Markun. (1) 

fu l ly  represent  the experimental  situation, a n  express ion  for t he  radon exhala-  

t ion ra te  a s  a function of t i m e  should cons i s t  of t h e  s u m  of the exponent ia l  

funct ions plus  a cons t an t  term. The la t ter  represents  t h e  exhala t ion  ra te  of 

the radon in t h e  a i r  which t h e  subjec t  i s  breathing in  the period during which 

the breath samples  a re  being co l l ec t ed .  

In Figure 1 t h e  nine measurements (three groups of three) of t h e  radon 

exhalat ion ra te  D f  sub jec t  50-025 are  shown a s  a function of t i m e .  The 

I 
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2 26 
TABLE 1 .  222Rn and Ra Measurements for Case 50-025(a) 

RaC E uivalent total  Total 226Ra content 222b Emanating 

T i m e  breathing exhalation 226Ra content.  content. 2'6Ra content,  based on RaC only,(b) 
Date vault  a i r ,  hr r a t e ,  pCi/rnin nCi nC1 nC i nC1 

2/14/73 1 0.926 f 0.069 7.4 f 0.6 0 . 8 0  *0.49  8.2 f 0 .8  ' 2 . 1  f 1.3 

2/22/73 1 0.848 * 0.075 6.81 5 0.60 0.60 f 0.76 7.41 * 0.97 1.6 * 2.0 

2/22/73 7 0.353 i 0.018 2.84 f 0.15 0 .20  f 0.50  3 .04 * 0.52 0 .5  f 1.3 
2/22/73 4 0.453 f 0.024 3.64 f 0.19 0.98 f 0.48 4.62 f 0 . 5 2  2.6 * 1.3 

(a)Errors shown a re  standard deviations based on counting s ta t is t lcs  and estimated systematic errors.  

"Assume that total 226Ra = RaC/(O.38 f 0.06).  

TABLE 2 .  Radon Concentration of Ambient Air Samples for C a s e  50-025 

Rn concentrat ion (a 1 
Date Location p c  i/l 

2/14/73 af ternoon shower room outs ide  vault  0 .30 f 0.07 

2/14/73 afternoon s u b j e c t ' s  office a t  ANL 0 .11  f 0.05 

2/14/73 evening s u b j e c t ' s  bedroom 6 . 9  f 0 . 3  

2/15/7 3 morning 5 .0  * 0.2 

2/2 1/73 evening  6 .3  f 0 .3  

2/2 2/7 3 morning 4 . 1  f 0 . 2  

I, 

II 

II 

. .  

(a)Errors shown are s tandard devia t ions  based  on ccunt ing s t a t i s t i c s  and  
es t imated  sys t ema t i c  errors .  

FIG. 1 .  --Radon exhalat ion ra te  
of case 50-025 a s  a function of 
t i m e  a f te r  leav ing  a room con- 
taining radon a t  a concentrat ion 
of 5 . 2  pCi/l.  The curve represents  
the Lucas-Markun retention equa-  
t ion plus  a cons t an t  (see text). 

T I Y E  SINCE LERVING BEDROOM. YTN 
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smooth curve represents  the  Lucas-Markun equat ion p lus  a c o n s t a n t ,  for 

which t h e  in te rcept  a t  zero  t i m e  and the  va lue  of the  cons tan t  were f i t ted to 

the  da ta  by l eas t - squa res  a n a l y s i s .  The in te rcept  obtained w a s  2 7  f 3 pCi/ 

min and the  cons t an t  term w a s  0 . 2 4  f 0 . 0 3  pCi/min. If the  sub jec t  had been  

i n  equilibrium with the  radon i n  the  a i r  of h i s  room when he left it, we  should 

expec t  a va lue  for t he  intercept  of 33.8 pCi/min from t h e  product of t he  radon 

concentrat ion of 5 . 2  pCi/l and the  breathing ra te  of 6 . 5  l/min. The ag ree -  

ment is qui te  good.  

Interpretation of the  cons tan t  term is l e s s  obvious .  T h e  va lue  of the  

cons tan t  we  would predict  for inhalat ion of the  a i r  i n  t h e  underground v a u l t ,  

wi th  a csncent ra t ion  of 0.C2 pCi/l ,  is 0.13 pCi/min. However,  the  Subject  

breathed aged  tank a i r  with a radon content  of about  0.002 pCi/l for  10 min 

prior t o  and during e a c h  sampling sequence  Df three 10-min samples .  Thus , 

radon from vau l t  a i r  would have been reduced by about  a fac ta r  of four on the  

average  for  three consecut ive  samples .  I t  seems most l ike ly ,  t hen ,  t ha t  the  

I 

cons tan t  term primarily served a s  a n  ad jus tab le  parameter t o  correct  the  

s tandard deemanat ion curve appl ied t o  th i s  sub jec t .  A similarly good fit 

w a s  obtained by al lowing the  coeff ic ient  of the longest- l ived component to 

vary.  

Results on other control sub jec t s  3n whom radon breath and/or whole-  

body measurements have bezn made a re  l i s ted  i n  Table 3 .  T h e  va lues  shown 

for emanat ing Ra con ten t ,  obtained from radon exhalat ion r a t e s ,  were  

corrected for  the  effect of previous radon inhalat ion of C . 2 7  pCi/ l .  This  

va lue  was  determined empirically from the  r e su l t s  of t h e  f i rs t  nine measure-  

ments l i s t ed .  

2 2 6  

(1) C a s e  50-022 m a y  cDntain a measurable  amount of radium, 
226 

desp i t e  no known exposure .  The weighted mean of the  emanating Ra 

content  for the  other s i x  measurements is 0 . 2 5  + 0 . 3 6  n C i .  

halation equiva len t  to t h e  high emanat ing 

a typ ica l .  

T h u s  radon ex- 

Ra found for c a s e  50-025 is 2 2 6  

The RaC re su l t s  i n  Table 3 were obtained af te r  subtract ion of back-  

ground counting r a t e s  observed in  the a b s e n c e  of human sub jec t s  and  

phantoms. T h e  res idua l  va lues  shown a r e  not s ignif icant  in  individual c a s e s  , 



194 

226 (a ) TABLE 3.  Measurements  of Ra in Unexposed Subjec ts  

C a s e  N o .  Emanating 226 Ra con ten t ,  nCi  RaC con ten t ,  nCi  

I 

50-001 
003 
007 
008 
009 
010 
01 1 
012 
013 
014 
01  5 
016 
017 
018 
019 
020  
02 1 
022 

M e a  n (b) 

0.33 f 0.56 
0.94 f 0.38  

-0.13 f 0.48  
0.17 f 0.42 
0.19 * 0.66 

-0.38 * 0.45 
-0.48 f 0 . 4 7  
-0.34 f 0.49 
-0.39 f 0.50 

--- 
-0.L6 f 0.51 
-1.30 * 0.90 

1.01 f 0.55 
-0 .04  f 0.50  

--- 
-0.84 * 0.72 

1 .15  f 0 . 4 4  
2 . 0 8  f 0.44 
0 .11  * 0 . 1 3  

0.66 f 0 . 4 7  
1 .0  f 0.50 

-0.42 f 0.60  
0 .78  f 0.50 

0.07 f 0.48 
0.31 * 0.51 
0.99 f 0.57 

-0.30 f 0.46 
0.81 f 0.67 
0.54 f 0.76 
0.60 f 0.47 
0.58 f 0.49 

-0.75 f 0.62 
0.87 f 0 . 4 7  

-0.22 f 0.47 
0 .47  f 0.49 
1.52 * 0 .55  
0.35 * 0.13 

-0.17 f 0.50 

(a)Errors shown a r e  s tandard 

(b)Exc!uding c a s e  50-022. 

devia t ions  based  on count ing statistics and  
es t imated  systematic errors .  

4 
i 

but the posi t ive va lue  for the  average  ind ica t e s  the  presence  of addi t ional  

1 "background" of unknown origin when sub jec t s  a r e  being counted .  

Relevance t o  the  Radium Studies  

The above  control s tudy emphas izes  t h e  importance of proper back-  
226 ground correct ions in  the  ca lcu la t ion  of 

l eve l s .  The b e s t  procedure,  usual ly  imprac t ica l ,  would be  to have a control 

subjec t  from the  same house a s  the  pat ient  and  to measure the  two con-  

secu t ive ly .  An a i r  s a m p l e  from the  s u b j e c t ' s  environment would be use fu l ,  

and t h e  f eas ib i l i t y  of obtaining such  samples  for cases of usua l ly  low ra t ios  

of retained-to-emanating radon is being cons idered .  

Ra body con ten t s  a t  very low 

P 

I 

1 1 0 0 1 9 4 5 2  



An examinat ion of t h e  measurements made on radium pa t ien ts  a t  

Argonne during the  p a s t  yea r  (1 March 1972 - 2 9  February 1973) revea led  t h a t  

1 6  out  of 233 cases (7%) showed unusual ly  high v a l u e s  for emanat ing 

These  " susp ic ious"  cases a r e  l i s t ed  in  Table 4 ,  where t h e  RaC v a l u e s  have  

been  corrected for the  background determined from measurements  of control 

s u b j e c t s .  

226  
Ra. 

Air s amples  were  obtained from the  home of one  pat ient  (case 10-313) 

one  month a f t e r  s h e  w a s  measured; the  average  radon content  w a s  3 .2  pCi/l .  

The s u b j e c t ' s  measurement may also have been  complicated by a s lower 

elimination of radon than  normal b e c a u s e  s h e  w a s  o b e s e  (weight:  9 8  kg; 

height:  153  c m ) ;  it is thought tha t  radon is more s lowly deemanated from fat 

than  from other  parts of the  body.  (3) Compare case 50-025,  who weighed 

76 kg and w a s  171 c m  in  height.  

Although the  observed fraction of cases with low ra t ios  of RaC to total 

2 2 6 R a ( a )  TABLE 4 .  Low-Level Radium C a s e s  w i t h  Apparent ly  E x c e s s i v e  C o n t e n t  of Emanat ing  

2 2 6  Ra C/ 2 2 6  
Emanat ing  Ra RaC c o n t e n t ,  To ta l  226Ra 226 Ra c o n t e n t  b a s e d  

C a s e  N o .  c o n t e n t ,  nCi  nC 1 c o n t e n t ,  n C i  Tota l  ?.a or. RaC o n l y ,  nCi(b) 

03-409 
03-537 
03-570 
03-695 
03-188 
03-838 
10-081 
:0-111 
.3-145 
10-1 1 9  
10-206 
10-225 
1 0 - 2 9 1  
10-292 
10-313 
10-322 

7.2 * 0 . 6  
4 . 9  5 0 . 5  
3 .1  * 0.6 
5 . 8  f 0.6 
4 . 6  i 0.5 
6 . 6  i 0 . 4  
1.5 i 0 . 6  
3.5 f 0.3 

1 3 . 3  * 0 . 7  
3 . 7  i 0.6 
5 . 2  i 0 . 7  
3 . 8  * 0.6 
4.0 i 0 . 6  
6 . 1  * 3.5 
8 . 8  * 0.6 
3 . 4  * 0 . 6  

1 . 1  r 0.6 8 . 3  r 0.9  0 . 1 3  2 0 . 3 6  2 . 9  f 1 . 6  
1 . 2  r 0.6 6 . 1  f 0 . 8  0 . 2 0  t 0 .08  3 . 2  * 1 . 7  
0 . 7 7  2 0 . 6 1  3 .9  i 10.8 0 . 2 0  i 0 . 1 3  2 .0  2 1 . 6  
1 . 3  i 0 . 6  7 .1  2 0 . 9  0 . 1 8  * 0 . 0 7  3 . 4  i 1 . 7  
9 . 1 7 f 0 . 7 6  4 . 8 ~ 3 . 9  0 . 0 4 r 0 . 1 7  0.412.0 
0 . 7 7  i 0 . 5 9  7.4 r 0 . 7  0 . 1 0  -- 0 . 0 7  2 . 0  * 1 . 6  
0 . 6 7  i 0 . 5 9  5 . 2  i 3 . 3  0 . 1 3  t 0.10  L.8 * l . 6  
0 . 8 6  2 0 . 6 2  4 . 4  2 0 . 8  ? .LO * 0 .12  1 . 3  f . . 7  
1 . 7  0.8 1 5 . 2  r 1.0 0 . 1 1  r 0.95 4 . 5  r 2 . 2  
0 . 6 7  2 0.61 4.4 f 0 . 9  0 . 1 5  i 9.12  1.8 i 1 . 6  
0 . 9 6  i 0.60 6 . 2  i 0 . 9  0 . 1 5  * 0 . 0 8  2 . 5  i 1.6 
0 . 5 7  i 0 . 6 1  4.4 t 0 . 9  0 . 1 3  r 0 . 1 2  1 . 5  f 1 . 6  
0 . 2 5  f 0 . j 8  4 . 3  -t 0 . 8  0 . 0 6  i 0 . 1 3  0 . 7  * 1 . 5  
0 . 2 5  r 0 . 6 0  6 . 3  f 0 . 8  0 . 0 4  i 0 . 0 9  0 . 7  * 1 . 6  
0 . 3  i 1.0 9 . 1  i 1 . 2  0 .03  * 0 . 1 0  0 . 8  t 2.6  

__--- - 0 . 5  t 1 . 7  - 0 . 2 0  f 0 . 6 4  3 . 2  * 0 . 9  

(a )Errors  snown a r e  s t a n d a r d  d e v i a t i o n s  b a s e d  upon c o u n t i n g  s t a t i s t i c s  a n d  e s t i m a t e d  s y s t e m a t i c  

(b)Assume t h a t  t o t a l  226Ra = R a C / ( 0 . 3 8  f 0 . 0 6 ) .  

e r r o r s .  
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Ra is grea te r  than would be expec ted  from statistical f luctuat ions a l o n e ,  
2 26 

it is not  clear t h a t  time-consuming s tud ie s  of previously absorbed radon for 

e a c h  case is warran ted ,  a l though the  da ta  d o  s u g g e s t  t ha t  an estimate of 

the  total Ra body content  of a low-level case should not be  accep ted  a t  

face v a l u e .  I t  is f i r s t  n e c e s s a r y  to a s s e s s  the  r e s u l t s  of both the  radon 

breath and the whole-body measurements .  Because low v a l u e s  of radon 

retent ion could be the  r e su l t  of e i ther  recent  exposure  to 226Ra or of high 

l e v e l s  of environmental  radon,  considerat ion should be given to both pos-  

sibilities. 

2 26 
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LETENTION AND ELIMINATION OF BERKELIUM-249-CALIFORNIUM-249 
FOLLOWING ACUTE ACCIDENTAL INHALATION* 

J .  Rundo and  J .  Sedlet** 

A case of acc iden ta l  inhalat ion of a small quant i ty  of an ignited mix-  
ture of 249Bk and  its decay  product,  249Cf ,  w a s  s tudied  by body radioact ivi ty  
measurements (for 249Cf)  and  excre t ion  a n a l y s i s  (for both n u c l i d e s ) .  The 
resu l t s  obtained t h u s  far cover  the  f i r s t  year  a f te r  i n t a k e .  External measure- 
ments of the  gamma rays  from the  249Cf indicated a n  approximate c h e s t  
content  of 3 nCi of th i s  nuclide a t  t h e  t i m e  of t h e  f i r s t  measurement (day 7 ) .  
The 300-fold more abundant  parent ,  249Bk,  could not b e  d e t e c t e d .  Subsequent  
measurements  of the  ac t iv i ty  of the  249Cf could b e  reasonably  w e l l  descr ibed  
by the  sum of two exponent ia l  components ,  17% having a half-time of 2 5  days  
and the  remainder a half-time of 1210 d a y s .  Except for a n  in i t ia l  rapid 
c learance  via  the  feces during the  f i rs t  10 d a y s ,  the  urinary and  f eca l  excre-  
t ion r a t e s  of both nucl ides  increased  wi th  t i m e  unt i l  a maximum w a s  reached 
6 0  to 7 0  d a y s  a f te r  intake and thereaf ter  dec l ined .  If t he  ea r ly  f eca l  excre-  
t ion w a s  neglec ted ,  the  resu l t s  could b e  reasonably  we l l  descr ibed  a s  the  
difference be tween two exponent ia l  components ,  one  wi th  half-t imes of 1 5  
to 30 d a y s  represent ing t h e  in i t ia l  increase  and  one  wi th  half-t imes between 
90  and 1 2 0  d a y s  represent ing the subsequent  d e c r e a s e  in  excre t ion  r a t e .  
The inc rease  sugges t s  some change in  the  inhaled material  a f te r  in take ,  
possibly a n  inc rease  i n  i t s  ra te  of d isso lu t ion .  

Introduction 

This paper presents  the  r e su l t s  of the  f i r s t  y e a r ' s  s tudy  of a n  inhala-  
2 4 9  t ion in take  of 249Bk and 

t ion of the  two nucl ides  on a n  ion-exchange column.  A so lu t ion  of the  two 

nucl ides  w a s  evaporated on a tantalum d i s c  and  heated in  a g a s  flame in  

preparation for count ing.  

borne while  it w a s  being handled by the  chemis t ,  a s  ev idenced  by t h e  ear ly  

de tec t ion  of ex tens ive  surface contamination in  the  a r e a .  Feca l  and urinary 

co l lec t ions  began immediately,  and body radioact ivi ty  measurements were 

begun one  week l a t e r .  The c i rcumstances  of t h e  incident  s t rongly suggested 

a n  inhalat ion exposure .  

Cf by a chemis t  during a n  experimental  separa-  

Subsequent ly ,  ac t iv i ty  on t h i s  d i s c  became a i r -  

* 
A condensed  vers ion  of t h i s  paper wi l l  appear  i n  t h e  Proceedings of the  
3rd Internat ional  Congress  of t he  Internat ional  Radiation Protection Associ-  
a t i o n ,  September 9 - 1 4 ,  1 9 7 3 ,  Washington ,  D .  C .  

Occupat ional  Heal th  and Safety Div is ion .  
** 
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A smear  of a contaminated sur face  w a s  co l lec ted  to obtain a sample  

of the  airborne mater ia l .  T h i s  ac t iv i ty  was  used to prepare s tandards  for 

the  body radioact ivi ty  and excret ion measurements .  The Bk/Cf ra t io  in  t h i s  

smear  is a s sumed  to  be  the same a s  in  the  inhaled mater ia l .  The berkelium- 

californium preparation contained only t r a c e s  of sol id  material  a s  impuri t ies  

and  s ince  it w a s  ign i ted ,  probably ex is ted  a s  the finely-divided ox ide .  The 

possibi l i ty  of its admixture with a small  amount of tantalum oxide may e x i s t  

s i n c e  tantalum becomes s l ight ly  discolored when flamed. 

Berkelium-249 d e c a y s  with a 314-day half-l ife,  principally by ernit- 

t ing a beta  par t ic le  with a n  end-point energy of 0 . 1 2 5  M e V ,  to 

a lpha  emit ter  whose  principal par t ic les  have energ ies  of about  5 . 8  MeV.  

The californium iso tope  a l s o  emits 333-  and 388-keV gamma rays  i n  16% a n d  

72% of its d e c a y s ,  respec t ive ly .  

2 4 9  
C f ,  a n  

(1 i 

This case conta ins  some unusual  and in te res t ing  f ea tu res .  

l i t t l e  reported information on the behavior of californium in  the  body,  and 
2 52  

for human exposure exists. Since the  ac t ive  material  i n  t h i s  incident  w a s  

igni ted before in t ake ,  it w a s  presumably highly inso luble .  T h e  behavior of 

insoluble  forms of the  ac t in ides  in the  body is of cons iderable  i n t e r e s t ,  aga in  

because  of t h e  potent ia l  widespread u s e  of t h e s e  e l emen t s .  

parent-daughter re la t ionship of the two nucl ides  , coupled with t h e  very long 

half-life cf the  daughter ,  p resents  some interest ing problems in da ta  inter-  

preta t ion.  

There is 

Cf may find wide u s e  a s  a neutron source .  If t h i s  o c c u r s ,  the  potent ia l  

Final ly ,  the  

Body Radioactivity Measurements  

Seven d a y s  a f te r  the contaminat im inc iden t ,  a measurement of the  

radioact ivi ty  in  the  sub jec t  was  made with a c rys t a l  of NaI(T1) , 1 5 2  m m  i n  

diameter by  2 0 3  m m  long suspended  over t h e  sub jec t  s i t t ing i n  the  t i l t ed  cha i r .  
40 In addi t ion to the  normal contributions from K and 137Cs  a t  1 . 4 6  MeV and 

0 . 6 6  MeV,  r e spec t ive ly ,  the  gamma-ray spectrum revealed a smal l  peak a t  

about  0.39 MeV, which  w a s  at t r ibuted to 2 4 9 C f .  
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Because  inhalat ion w a s  the  presumed mode of in take  of the  contam- 

inan t ,  further measurements  were made with two d e t e c t o r s ,  e a c h  292 m m  i n  

diameter by 1 0 2  mm th i ck ,  posit ioned above  and  below the  sup ine  subjec t  

and placed a l te rna te ly  a t  the l eve l s  of t h e  mid-sternum and  of t h e  lower 

abdomen. The former pair of spec t ra  showed the  peak a t  0 .39 MeV, while  

the la t te r  did not.  

c rys t a l  behind the  s u b j e c t ' s  b a c k ,  a t  the  t i m e  of t h e  f i r s t  measurement (day 

7 ) .  The spec t r a  a r e  s imilar  i n  shape  above about  0 .48  MeV; below th is  

energy the  peak due  to the  gamma rays  from 

from the  c h e s t  region and not de tec tab le  in t h e  other  spectrum. The same 

pattern w a s  observed in the  spec t ra  from both de t ec to r s  on a l l  subsequent  

occas ions  tha t  the  subjec t  w a s  examined.  The spec t ra  measured with the 

counter i n  the  abdominal region were  u s e d ,  af ter  appropriate  normalization , 

a s  "backgrounds" for  the  spec t ra  from the  c h e s t  region.  

In Figure 1 a r e  plotted the spec t ra  obtained wi th  the  

2 49 Cf is prominent i n  the  spectrum 

Cal ibrat ion measurements were made with a source  of 249Cf which 

had been s tandard ized  by alpha-part ic le  counting. I t  w a s  placed i n  turn in  

e a c h  of t h e  six s p a c e s  of a lung phantom similar  to  that  dev i sed  by Mil ler ,  

and t h e  gamma-ray spec t ra  were summed t o  give a n  ave rage  cal ibrat ion 

spectrum from a simulated dis t r ibuted source .  

485 keV, a ca l ibra t ion  factor of 5 . 6 1  pCi/cpm w a s  obtained when the  re- 

s p o n s e s  from both de tec tors  were combined,  but there  is some uncertainty 

about  the  rel iabi l i ty  of th i s  va lue .  After subtract ion of the  sub jec t  back- 

ground, the  count ing r a t e s  in  th i s  same energy band in  t h e  spec t ra  from the  
-1 

subjec t  7 d a y s  a f t e r  the  exposure to ta l led  (two de tec to r s )  480  f 1 5  min . 
From the  ca l ibra t ion  fac tor  above ,  the  lung content  on th i s  occas ion  w a s  

2700  f 84 pCi .  The ra t io  of the  counting ra tes  in  the  two de tec to r s  w a s  

1 .82 f 0 .13  , with  the  de tec tor  below the back giving the  higher r a t e .  

t h e  measurements  of 249Cf i n  the  phantom, the  ra t io  w a s  1 . 4 3  , and i t  is 

th i s  d i f f e rence  which casts doubts  on the  accuracy  of t he  ca l ibra t ion .  During 

the  year  following the  inc ident ,  t e n  addi t ional  inves t iga t ions  were  made of 

the  s u b j e c t ' s  radioact ive conten t .  The experimental  t echnique  with the two 

large c r y s t a l s  presented a l te rna te ly  t o  the  c h e s t  and  to the  abdomen w a s  

(2) 

For the  energy band 2 9 5  to 

For 
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FIG. 1. --Gamma-ray spec t r a  
from the  sub jec t  on the  7 th  day  
af te r  i n t ake .  
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used  on e a c h  occas ion .  The total  counting ra tes  were corrected for " s u b j e c t  

background" a s  descr ibed  above before ca lcu la t ing  the  c h e s t  content  of 2 4 9 C f .  

i 
Radioc hem i s try 

The smear  sample w a s  d i s s o l v e d ,  and  evaporated a l iquots  were  

s tandard ized  by counting i n  cal ibrated alpha-  and beta  -particle counters  . 
The Bk/Cf ac t iv i ty  ra t io  i n  the  contaminant ,  measured two days  a f te r  t he  

incident ,  was 306 ,  and  the  rat io  at other  t i m e s  w a s  ca l cu la t ed  from t h i s  va lue  

and from the  ha l fd l ives  of t he  nuc l ides .  The ratio of t h e  l a t t e r ,  41 8 for 

Cf/Bk, is s imi la r  t o  the  ini t ia l  act ivi ty  ratio (Bk/Cf) in the  contaminant ,  so 

tha t  the  complete  decay  of the  original berkelium wil l  nearly double  t h e  

californium ac t iv i ty .  

Samples of urine and feces were ana lyzed  by spec ia l ly  developed 

radiochemical  techniques  and  liquid scint i l la t ion count ing of both nuc l ides  

s imul taneous ly ,  a s  we l l  a s  by sepa ra t e  a lpha-  and  beta-par t ic le  count ing in  
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low-background instruments .  De ta i l s  of the  techniques  wi l l  b e  descr ibed  

e l sewhere ,  but  one  point must b e  mentioned. From f ive  d a y s  a f te r  the  in- 

ha la t ion ,  fecal samples  contained suf f ic ien t  natural  thorium ac t iv i ty  (ca . 2 

to 4 pCi/sample) to  require a californium-thorium separa t ion .  The latter was 

based  on the  ex t rac t ion  of both e lements  in to  di(2-ethylhexyl)  phosphoric 

a c i d  from di lu te  ac id  and the  back-extraction into s t rong a c i d  of the  cali- 

fornium a l o n e .  

Results and  Di scuss ion  

The r e s u l t s  for  the  urinary excret ion of both nuc l ides  and for t h e  

f eca l  excre t ion  of 249Bk a r e  plotted i n  Figures 2 and 3 .  The berkelium re- 

s u l t s  have been  corrected for radioact ive decay  from the  time of exposure .  

The californium da ta  have been  corrected for the  growth of 249Cf from 249Bk 

in  v ivo  by methods to be  descr ibed  below in  order t o  examine the  excret ion 

of inhaled californium only.  In the  interpretation of the  r e su l t s  , a urine 

volume of 1500 m l  (overnight samples  were  usual ly  obtained -one  requested 

24-hr s a m p l e  contained 1350 ml ) ,  and a s ing le  fecal sample a re  assumed to 

comprise the  da i ly  e l iminat ion.  The a n a l y s e s  of the  fecal samples  for 249Cf 

have not been  comple ted ,  but  the elimination pattern shown by the  ava i lab le  
da ta  is s imilar  to tha t  of 249Bk 

4 The excre t ion  ra te  i n  the  feces dec reased  by a factor  of about  10 

during the  first week  wi th  a half-time of about  0 . 5  d a y .  After about  10 d a y s  , 

a n  increase  in  the  fecal excret ion ra te  s imilar  to tha t  found for urine became 

apparent ,  and  i n  the  case of 

maximum occurs  a t  the same t i m e  a s  for urine.  The curves  drawn through the 

excret ion da ta  points i n  Figures 2 and 3 a r e  weighted leas t - squares  fits to 

the  da t a  of the  d i f fe rence  be tween two exponent ia l  t e rms ,  represent ing the  

in i t ia l  i nc rease  and the  subsequent  d e c r e a s e  in  excre t ion  r a t e s .  The da ta  

for  the  fecal excret ion of Bk for t h e  f i rs t  2 1  d a y s  were  ignored in making 

the  l ea s t - squa res  a n a l y s i s .  The parameters of the  excre t ion  equat ion , 

2 4 9  Bk, for which the  da t a  a r e  comple te ,  t he  

249 

t) (1) 
0 .693  0 A 9 3  

E(pCi/l500 m l  or  pCi/sample) =-C exp(-- t)  +C2 exp(  -- 
1 TI T, 



2 1 1  

i 

I I I 1 1 1 1 /  I ! I I I I I i  

o 3K/CF RRTIC= 

100 

103 

U a. 
30 

,- IO 

r 

x 

w 
u 
u 

3K/CF R R T I O 4  - 0 

- 
300 
200 

a 

a 
3 

BERKELiUM-249 
X 

, I / i , , l  . , , , l , l l ,  , 1 \ 1 [ / 1  ) , , , ! U  3-L 
I K ' .  ! 30 13' 102 103 

TIME W'ER EXPCSUPE. 3RYS 

FIG. 2 .  --Urinary excre t ion  of the  two T I M E  Q F i E S  EXPOSURE. ORYS 
nucl ides  (x and 0)  and t h e  curves  fit- 

ted by l eas t - squa res  a n a l y s i s .  The FIG. 3 .  --Fecal excret ion of 
dashed  curve shows the  predicted 
behavior of the  rat io  of the  ac t iv i -  
ties of the  nuc l ides  i n  the  contami- 
nant;  experimental  v a l u e s  of the  ra t io  
in  urine a r e  shown a s  points (+) for 
comparison.  

berkelium-249 (x); the  lower d a s h e d  
c u m e  is the  resu l t  of a least- 
squa res  f i t  to the  points from 2 1 . 5  
days onwards. The calculated 
249Bk/249Cf ac t iv i ty  ra t io  in  the  
contaminant  is plotted a s  i n  Fig.  2 ,  
and  experimental  va lues  of the  r a t io  
in  feces a r e  included ( 0 ) .  

a re  given in  Table 1.  The symbols T I  and T a r e  the  half-time periods (in 

days )  for t he  increas ing  and decreas ing  portions of the curve ,  respec t ive ly ;  

C1 and C a r e  the  corresponding coef f ic ien ts  represent ing the  va lue  of e a c h  

term (in t h e  same uni t s  a s  E)  a t  zero t i m e ,  and t is the t i m e  s i n c e  in t ake .  

Note tha t  C and C should be equal  to m e e t  the  cr i ter ion of zero  excre t ion  

ra te  a t  ze ro  t i m e .  In v iew of the  ana ly t ica l  errors and  the  biological  var ia -  

t ion  in  excre t ion ,  the  equat ions  represent  the  da ta  reasonably w e l l .  The 

C,/C ra t ios  are a l l  unity within the s t a t i s t i c a l  e r rors ,  as  required.  The 

same p r o c e s s e s  appea r  to control the  excret ion of both nuc l ides .  This is 

r eas su r ing  al though not particularly surpr i s ing ,  s i n c e  the  nuc l ides  were  in- 

haled i n  t he  same form and  have similar chemical  properties.  

2 

2 

1 2 

2 
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(a) 
TABLE 1. Excretion Equation Parameters from Least-Squares Fit t ing 
-- 

Sample T1 c 2  T2 

249Bk, urine 396 * 40 16 * 2 410 f 42  132 i. 1 2  

2 49 Bk ,  feces 1255 i 300 1 3  f 7 1100 f 340 91 i 13 

2 49 C f ,  urine 2 . 2  * 1 . 0  3 0 i  10 2 . 4 *  1 . 0  1 0 9 *  36 

(a)See Eq. (1) for explanat ion of symbols .  

The body radioact ivi ty  measurements a l s o  appea r  capab le  of re- 
249 presentat ion by exponent ia l  terms.  When the 

ted a g a i n s t  t i m e ,  the  trend of the  points sugges ted  a two-component expo- 

nent ia l  func t ion ,  and a nonlinear weighted leas t - squares  f i t  w a s  made of 

such  a func t ion .  The resu l t s  a r e  shown in the  upper par t  of Figure 4 ,  where 

the  smooth curve  drawn through the  points  has  the  equat ion  

Cf  c h e s t  conten t  w a s  plot- 

0 .693  t) + 2350 e x p ( - x t )  . 0.693 Content  (pCi) = 480 exp(-- 
2 5  

The 25- and 1210-day components account  for 1 7  and 8 3 % ,  r e spec t ive ly ,  of 

the  in i t ia l  c h e s t  con ten t .  If th i s  were a true representat ion of the  retent ion 

in the  c h e s t ,  t h e  f i r s t  der ivat ive of th i s  equat ion (with a negat ive sign) would 

desc r ibe  the  excre t ion  r a t e ,  and in  the  lower part of Figure 4 th i s  is plotted 

a s  the broken curve .  The points a long  t h e  curve a r e  the  measured total  

californium excre t ion  (uncorrected for growth) on those  d a y s  for which mea- 

surements  a r e  complete. After the  ea r ly  mass ive  f eca l  c l ea rance  is comple te ,  

there  is r e spec tab le  agreement between the predicted and observed excret ion 

r a t e s .  This s u g g e s t s  tha t  our concern over the  rel iabi l i ty  of the  cal ibrat ion 

fac tor  w a s  largely unfounded , al though addi t ional  da ta  may indica te  that the 

agreement  is due partly to a fortuitous combination of d i f fe ren t  ha l f - t imes  

t ha t  r e s u l t  i n  agreement  over a l imited t i m e  in te rva l .  

of the  growth of new 249Cf from the  

However ,  t h i s  representat ion may be  a n  over-simplification because  
2 49 

Bk. By the  t i m e  of the  l a s t  rneasure- 
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FIG. 4 .  --Apparent c h e s t  re ten-  
t ion  (x) of t h e  249Cf, b a s e d  on 
ex terna l  gamma-ray counting: 
the  regress ion  equat ion  is drawn 
a s  a smooth curve ,  and  its first 
der ivat ive is a dashed  curve. 
For comparison wi th  the  l a t t e r ,  
observed total excre t ion  d a t a  a r e  
shown ( 0 ) .  

2 49  ment so  fa r  made (day 388) a n  addi t ional  1 . 2 5  nCi of Cf would have been  

formed and t h e  ques t ion  a r i s e s  as  to  wha t  ex ten t  t h i s  remained in  the  c h e s t  

o r  w a s  excre ted  preferentially.  This ques t ion  cannot  be  answered  y e t .  

In order to inves t iga te  a poss ib le  change i n  the  dis t r ibut ion of 249Cf 

in  the  c h e s t ,  t he  s tab i l i ty  of the  rat io  of the  count ing r a t e s  from the  front 

and back was s tud ied .  The mean va lue  w a s  1 . 9 0 ,  and the  s tandard dev ia -  

t ion of 0 . 1 6  may be  compared with the  s t a t i s t i c a l  s tandard errors on  t h e  

individual  count ing ra te  ra t ios;  t h e s e  ranged from 0 . 1 2  to 0 . 1 7 .  ThLs I the  

ra t io  was  cons t an t  (within s t a t i s t i c s )  I which ind ica tes  t ha t  there  w a s  no  

major change  i n  t h e  dis t r ibut ion during the  f i r s t  yea r .  

There a r e  some differences between the  excre t ion  behavior  of t h e  two 

nucl ides  t h a t  c a n  b e  seen from the  Bk/Cf r a t io s  plotted in  Figures '2 and 3 .  

If t h e  249Bk and  249Cf ,  including the  249Cf produced in  t h e  body by d e c a y  

of 249Bk,  a r e  excre ted  a t  the  same r a t e ,  then  the  Bk/Cf ra t io  in  e a c h  sample  

should be  t h a t  ca lcu la ted  from the  in i t ia l  ra t io  in  the  smear sample .  For t h e  

f i r s t  three urine s a m p l e s ,  the  observed ra t io  w a s  s ignif icant ly  lower t h a n  
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tha t  c a l c u l a t e d ,  which  ind ica tes  a n  excret ion mechanism favoring californium; 

however,  the  ra t io  increased  wi th  t i m e  unt i l  the  ca l cu la t ed  va lue  w a s  reached 

about  5 d a y s  a f te r  in take .  The rat io  in  the  f eca l  s amples  showed a different 

behavior.  The first few samples  had a ra t io  close t o  the  ca l cu la t ed  one 

(except  for a high va lue  in  the  second sample ,  possibly d u e  to ana ly t ica l  

error) ,  a s  expec ted  i f  the  excreted ac t iv i ty  had not  undergone any  c h a n g e s .  

Thereafter t he  ra t io  dec reased  very sharp ly ,  to ind ica t e  excre t ion  favoring 

californium: then  it increased  t o  va lues  somewhat grea te r  t han  t h o s e  ca l cu -  

l a t ed .  The da ta  a r e  insuff ic ient  a s  ye t  to e s t a b l i s h  a pa t te rn .  

In order to correct  for  the  contribution of 2 4 9  Cf from the  decay  of 

Bk a f t e r  i n t a k e ,  some assumpt ions  a r e  necessa ry  s ince  the  excre t ion  r a t e  2 49 

of the newly-generated If t h e  Bk/Cf r a t io  

in  the excre t ions  remained the  same  a s  that  ca lcu la ted  from the  half- l ives ,  

which is apparent ly  the  s i tua t ion  in  the urine a f te r  5 d a y s ,  then  i t  is reason-  

a b l e  t o  a s s u m e  t h a t  a l l  the  californium is excreted a t  the  same r a t e ,  and  the  

fraction of californium produced in  vivo in  any  sample c a n  be ca lcu la ted  

from the  in i t ia l  ra t io .  Another method of making th i s  correct ion is to a s s u m e  

tha t  i n  e a c h  sample  the  difference between the  excre ted  249€3k ac t iv i ty  and 

the  amount tha t  would have been  excreted had i t  not decayed  w a s  ac tua l ly  

excreted a s  For t h e  samples  tha t  required cor rec t ions  i n  excess of 

5 %  of t h e  amount excreted ( s a m p l e s  a f te r  40 d a y s ) ,  the  d i f fe rences  between 

t h e  two correct ion methods ranged from 0 . 5  to  1 2 . 5 % .  The b igges t  difference 

occurred in  the  l a s t  sample .  The agreement  be tween the  two methods is 

considered good.  

used  in  making the  correct ions were val id  and i f  there  were  no measurement 

e r rors .  The correct ion is not y e t  l a rge ,  amounting to 2 5 %  of the  excreted 

ac t iv i ty  a t  one y e a r ,  but it wi l l  i nc rease  with t i m e .  

2 49 
Cf is not independently known.  

249 
Cf .  

Perfect agreement would be expec ted  i f  the  assumpt ions  

Integration of the  excret ion equat ions  g ives  tha t  portion of t h e  orig- 

ina l  body burden to b e  excreted with the biological  half-times thus  far ev i -  

dent  i n  the  excre t ion  r a t e s .  T h e  future appearange of longer-l ived components 

would inc rease  the  amount ca lcu la ted  i n  th i s  way ,  and  it is poss ib le  tha t  a 
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s ignif icant  f rac t ion  may exist as  a s ta t ionary pool i n  the  body. 

i f  the  exe rc i se  is carried out  , the  r e su l t s  i n  Table 2 a r e  obta ined .  

shown a re  t h e  measured c h e s t  burden of 249Cf and the  249Bk c h e s t  burden 

ca lcu la ted  from th is  v a l u e .  

the  249Cf burden (2.8 nCi) and  2 0 %  of t h e  ca l cu la t ed  249Bk burden (870 n C i ) .  

However,  

Also 

The integrated excret ion accoun t s  for 25% of 

TABLE 2 .  Comparison of Total Excretion Based on Integrated Excretion 
Equations with Body Con ten t s .  

Body content  , (a ) Sample E (Tot .) , 
nC i nCi 

249Bk ,  urine 

Bk,  feces 
2 49  

69 

106 

Sum 1 7 5  

C f ,  urine 0.28 

C f ,  feces (0.43)  

2 49 

2 49 (b) 

(870) 

Sum (0 .71)  2 .8  

co 
(a )Calcula ted  from E = -Cl/X1 + C2/X2 . 

0 

Calcula ted  with the  assumpt ion  that  Bk(urine)/Bk(feces) =Cf(urine)/Cf (feces) . 
Bk va lue  b a s e d  on Cf va lue  and in i t ia l  Bk/Cf ra t io  of 308 .  

(b ) 

(C) 

This appea r s  to be  a reasonable  fraction of an  inha led ,  insoluble  mater la l  to 

be el iminated wi th  half-times a s  short  a s  9 0  t o  130 d a y s .  

The excret ion pat tern is cons i s t en t  with the  hypothesis  t ha t  the  a c t -  

ivity w a s  t aken  into the  body in  a n  "unexcre tab le"  form and t h a t ,  wi th the  

ear ly  c l ea rance  neg lec t ed ,  it required conversion t o  a second form before it 

could be  exc re t ed .  If both the  conversion and the  excre t ion  a re  exponent ia l  

wi th  ra te  cons t an t s  , XI and X2 , r e spec t ive ly ,  then  the  observed excret ion 
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r a t e ,  E ,  w i l l  be  

A. exp(-X2t) , A. exp(-Xlt) - - X1 x2 

x2 -l1 
X1 X2 E =- 

where A 

material inhaled (B ) w a s  originally i n  the  excre tab le  form, then  the  observed 

is the  amount of unexcre tab le ,mater ia l  inha led .  If a portion if t h e  
0 

0 
excret ion becomes  

A. exp(-X t) - (- l l X 2  A 0 - B o )  exp(-X2t) . (3 )  
XI  l 2  

X2-X1 
E = -  

X2 % 1 

The equat ions  a r e  ana logous  to those  that  desc r ibe  two s u c c e s s i v e  radioact ive 

d e c a y s .  This model is similar to tha t  proposed by Healy for the  excre t ion  

of plutonium from inso luble  depos i t s  i n  the  lung,  and differs  from h i s  only in  

tha t  he used  a power funct ion to desc r ibe  t h e  excre t ion  portion rather  than a n  

exponent ia l  func t ion .  

excret ion E q .  (1) , the  parameters A 

X (or 0.693/T) v a l u e s  obtained from the  l ea s t - squa res  fit (Table 1) .  The 

r e su l t s  obtained i n  t h i s  way a re  given in  Table 3 .  (or A. + 0 0 
B ) should b e  the  same a s  the  integrated excret ion va lues  i n  Table 2 ,  and 

they differ only b e c a u s e  the  average of C and C was  used  t o  eva lua te  A 
from Eq. (2) and  b e c a u s e  only C w a s  used  t o  eva lua te  A. from Eq. ( 3 ) .  The 

amount presumably inhaled in  "excre tab le"  form (B ) is small compared t o  

A o ,  and within experimental  error ,  it may be  t aken  a s  zero .  Although t h e  

val idi ty  of the  model is not e s t ab l i shed  by the  d a t a ,  it d o e s  accoun t  for the  

inc rease  in  e x c r e t i m  ra te  with t i m e .  

a f t e r  inhalat ion of inso luble  par t iculate  material  have a l s o  been observed by 

In t h e s e  c a s e s  the  contam- Wood and Sheehan  

inant  w a s  plutonium, and  the  i n c r e a s e s ,  which  cont inued up to seve ra l  

hundred d a y s  a f t e r  i n t ake ,  were at t r ibuted to the low solubi l i ty  of the  plu- 

tonium compound. 

(3 1 

Since Eqs.  (2)  and (3) a r e  i n  t h e  same form a s  the  

and B 0 0 c a n  be  eva lua ted  f rom the  C and  

The va lues  of A 

0 

0 1 2 

1 0 

0 

Inc reases  in  excre t ion  ra te  with time 

(4) (5) and by Campbell  e t  a l .  

Evidence for t he  insolubi l i ty  of the  inhaled contaminant is obtained 

from the  chemical  behavior of the  material  excreted in  the  feces. In the  
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TABLE 3 .  Evaluation of Excretion Parameters 

E q .  (2) E q .  (3) 
Sample A O ,  nCi A o ,  nCi B o ,  nCi  

249Bkl  urine 67 

Bk, feces 106 

Cf ,  urine 0 . 2 6  

2 49 

2 49  

66 0.014 

113 -0.16 

0 .26  2 

f i rs t  few f e c a l  s a m p l e s ,  a subs t an t i a l  portion (25% t o  70%) of the  ac t iv i ty  

could not b e  d i s so lved  by  our conventional nitr ic ac id  t rea tment ,  but  it re-  

quired addi t ional  vigorous treatment with hydrochloric a c i d .  

which w a s  inso luble  in  nitric ac id  dec reased  in  l a t e r  samples  and w a s  never 

higher t han  2 %  in  the  samples  co l lec ted  af ter  day 1 0 .  Further,  the  ac t iv i ty  

i n  the  nitric ac id  so lu t ions  of the  ear ly  feca l  s amples  w a s  only poorly 

extracted in to  di(2-ethylhexyl) phosphoric ac id  , al though it could b e  copre-  

c ipi ta ted with nonisotopic  car r ie rs .  A t  the  same t i m e ,  t racer  solut ion added  

to a l iquots  of such  samples  w a s  eff ic ient ly  ex t r ac t ed .  The ac t iv i ty  could 

be rendered ex t rac tab le  by boiling with strong hydrochloric a c i d .  Evidently 

t h e  ac t iv i ty  , al though homogeneously dis t r ibuted in  t h e  ac id  so lu t ion ,  w a s  

not i n  a s imple ion ic  form that  permitted ex t rac t ion .  Subsequent  fecal 

samples  contained ac t iv i ty  tha t  I based  on its ac id  solubi l i ty  and ex t rac t ion  

behavior ,  had undergone a change  to a more so luble  form. 

The fract ion 
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PRELIMINARY ANALYSES OF SOME MEASUREMENTS OF ' 3 l ~ a  IN VIVO 
* 

J .  Rundo and  C .  J .  Male tskos  

The radioact ive conten t  of a 6 7 -  ear-old man w a s  provisionally 
es t imated t o  be 71  nCi  231Pa, 51 nCi 2J7'I'h, and 39 nCi  223Ra 4 5  years  
a f te r  exposure  to protactinium. Scans  with a n  uncollimated counter  sugges ted  
tha t  the  parent 231Pa w a s  confined to the  lung.  

Introduction 

In th i s  report  w e  present  preliminary a n a l y s e s  of some measurements 

made in  the  Radioactivity Cen te r ,  M a s s a c h u s e t t s  Ins t i tu te  of Technology, of 

radioact ivi ty  in  c a s e  30-021 , a 67-year-old man who had been  exposed  t o  
231 Pa some 4 5  years  previously.  

Protactinium-231 is the 32,500-yr daughter  of 235U; it e m i t s  5-MeV 

a par t ic les  , and  it heads  the  remainder of the  actino-uranium , or  4n + 3 ,  

decay  cha in .  The maximum permissible  body burden for occupat iona l  expo- 

sure  is 0.02 yCi , with bone a s  t h e  organ of re ference .  

greater  than  tha t  of t h e  a lpha-part ic le  emitt ing isotopes of plutonium , but 

i t s  a s s a y  in  v ivo  is much s impler  b e c a u s e  it emits 300 keV-gamma rays 

a lbe i t  in  only 6 %  of the  d is in tegra t ions .  A complicat ing fac tor  is the  e m i s -  

s ion  of gamma rays  by  seve ra l  members of the d e c a y  cha in  subsequent  to  the  

Its toxici ty  is thus  

2 2 7Ac daughter , 2 1 .6 -yr . Not only a r e  the  in tens i t ies  of t h e s e  gamma rays 
231 s imilar  to ,  or  even  greater  t han ,  t hose  of the  

energ ies  a r e  not  very different ,  being mainly in the  range 230 t o  400 keV.  

Diff icul t ies  c a n ,  therefore ,  be ant ic ipated in  the  a n a l y s i s  of gamma-ray 

Pa e m i s s i o n s ,  but their  

23 1 spectra  of a mixture of the  parent Pa and the  daughters  of 2 2 7 A c .  T h e s e  

diff icul t ies  c a n  be  appreciated from a s tudy  of Figure 1 , which  shows the 
231 gamma-ray spec t ra  of equal  ac t iv i t i e s  of Pa unaccompanied by daughters  , 

2 2 7  of its granddaughter 

11.4-day 223Ra with i t s  d e s c e n d a n t s ,  a l l  of which have much shorter  half- 

Th (18.  2 d a y s ) ,  and  of a n  equilibrium mixture of 

* 
Consul tan t ,  Radioactivity Center  , M a s s a c h u s e t t s  Ins t i tu te  of Technology, 
Cambridge, M a s s .  02139.  
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FIG. 1 .  --Gamma-ray spectra of 
e ual  a c t i v i t i e s  of 2 3 1 ~ a  (+) , 
' j7Th (a), and 223Ra (X), dem- 
onstrat ing the  difficulty of 
ana lyz ing  by gamma-ray spectrom- 
etry a non-equilibrium mixture of 
the  th ree .  The 223Ra w a s  a c -  
companied by all  its short-l ived 
daughters  i n  equilibrium. 

l i v e s .  Leas t  squa res  a n a l y s i s  is the  only method capab le  of giving useab le  

r e su l t s  for a non-equilibrium mixture a t  low l eve l s  of ac t iv i ty .  We have 

used  the  v e r s a t i l e  computer program GASP(') in  t h e  a n a l y s i s  of t h e  measure-  

ments reported here .  

As wi l l  be  s e e n ,  t h i s  c a s e  has  some s imi la r i t i es  t o  the  c a s e  descr ibed  

but  there  a r e  some important d i f fe rences .  (2) by Newton, Rundo, and  Sanda l l s ,  

Experimenta 1 Measurements  

A s  nothing w a s  known about  the  leve l  of ac t iv i ty  in  the  sub jec t  or 

its dis t r ibut ion in  v ivo ,  a large number of measurements  of the  s u b j e c t ' s  

radioact ivi ty  w a s  made with a n  NaI(T1) c r y s t a l ,  11-1/2 inches  i n  diameter  

by 4 i nches  th i ck ,  i n  the  iron room a t  the  Radioactivity Cen te r ,  M . I  . T .  The 

following s e r i e s  of examinat ions were made: 

a )  Two measurements  with the  sub jec t  in  a r c  geometry (radius  1 . 2 5  m)  

wi th  the c r y s t a l  a t  the  a r c  cen te r  and the  sub jec t  a l te rna te ly  facing toward 

and away from the  de t ec to r .  

b) a measurement with the  sub jec t  s e a t e d  i n  the t i l ted cha i r  and  

0 0  t 9 4 b 8  
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the  de tec tor  suspended  above with t h e  f a c e  of the  de tec tor  43 c m  from the  

seat and 47 c m  f r o m  the  back of t h e  cha i r ,  and 

c) two 7-posit ion scans with the  de tec tor  above  the  long a x i s  of t h e  

s u b j e c t ,  lying a l te rna te ly  supine  and prone; t h e  posi t ions were  spaced  a t  

25.4-cm in t e rva l s ,  and  in  posit ion 4 the  c rys t a l  w a s  over  t h e  mid-point Of 

the  body.  

The importance of the  poss ib le  se r ious  effects of s m a l l  changes  i n  

the  ga in  of t he  spectrometer  w a s  recognized ,  and a spectrum f r o m  a source  

of Ra w a s  accumulated whenever  t h e  de tec tor  w a s  moved to a new posi-  

t ion .  In addi t ion  to measurements of the counter  background,  measurements 

2 2 6  

were made in  t h e  same geometries of the  r e sponse  to  a n  uncontaminated 

"background" sub jec t  of e s sen t i a l ly  the  same height and we igh t .  

Standardized sources  of Pa (free of daugh te r s ) ,  " 7 A c  (with a l l  
2 2 3  

daughters  i n  equi l ibr ium),  and Ra (with a l l  daughters  i n  equilibrium) were 

suppl ied by R.  Sjoblom of the  ANL Chemistry Divis ion.  These  sources  were 

counted i n  a phantom in  the  geometries of s e r i e s  b) and c) a b o v e ,  and a l s o  

behind the  s u b j e c t  in t h e  a r c  geometry of s e r i e s  a ) .  

Re s u l t  s 

Measurements  i n  Arc Geometry 

The ac t iv i ty  proved to be too low to  measure in the  a r c  geometry: 

counting r a t e s  were  observed from the sub jec t  of 2 2 6  counts/min and 248 

counts/min in  excess of the counter  background of 2150  counts/min. Approx- 

imately half of the  ne t  ra te  could be  at t r ibuted to  the  subject's content  of 

*OK and  
1 3 7  C s ,  a s  determined from t h e  measurement on the  uncontaminated 

s u b j e c t ,  for whom a ne t  ra te  of 1 1 5  counts/min was obse rved .  These r e su l t s  

w i l l  not be considered further.  

Measurement  in  Tilted Chai r  

After subtract ion of the  counter  background,  the gamma-ray spectrum 

of the  s u b j e c t ' s  radioactivity a s  measured i n  the  t i l t ed  cha i r  w a s  analyzed 
231 

by the  least squa res  method. Gamma-ray spec t ra  of pure Pa ,  of 227Ac 
223 

with a l l  daugh te r s ,  of Ra with a l l  daughters  i n  a phantom, and  Of t he  
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40 1 3 7  K and Cs  i n  the  uncontaminated sub jec t  were  used  i n  the  a n a l y s i s .  

The computer program GASP determined the f rac t ions  of t h e s e  spec t ra  wh ich ,  

when  combined i n  a l inear  manner,  gave  the  best fit in  the  least s q u a r e s  

s e n s e  to t h e  spectrum from the  contaminated s u b j e c t .  In the  upper par t  of 

Figure 2 t h e  measured and fitted spec t ra  a r e  plot ted.  In the  lower par t  of 

Figure 2 ,  t h e  difference spectrum is plotted i n  uni t s  of s t a t i s t i c a l  s tandard  

e r rors .  Fit t ing w a s  confined to channe l s  19 to 160.  

t ions  in  t h e  fi t ted spectrum above  channel  46 a r e  d u e  to the  fact t h a t  t h e  

Relatively la rge  f luctua-  

40 spectrum which  was  used  a s  t h e  s tandard for K and  137Cs (i .e , t h a t  from 

the  uncontaminated subjec t )  w a s  only measured for 30 min. I t  should b e  

noted tha t  u s e  of the  above-mentioned s tandards  i n  the  l e a s t  squa res  f i t  is 
223 expected to indica te  a negat ive contribution from Ra i f  the  l eve l  i n  v ivo  

223 
Th. T h e  true conten t  of Ra is , t hen ,  2 2 7  is lower than  tha t  of its parent ,  

2 2 3  
the  a lgebra ic  sum of the  computed conten ts  of 2 2 7 A c  and Ra, whi le  the  
r e su l t  for t he  227 A c  is a measure of the  content  of 227Th ,  s ince  227 A c  d o e s  

2 2 7  not e m i t  g a m m a  r ays .  The true content  of A c  may be  higher.  
231 

The a n a l y s i s  indicated conten ts  of 7 1  f 8 nCi Pa, 51 i 3 nCi 2 2 7 ~ h  

Ra; t he  val idi ty  of t hese  r e su l t s  depends  s t rongly on how 2 2 3  and 39 f 10 nCi 

i 
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FIG. 2 .  --Gamma-ray spectrum 
from the  contaminated Subject  i n  
the  t i l ted cha i r  (experimental  
points)  and  the  spectrum f i t ted by 
least squares  a n a l y s i s  (curve) .  
In the  difference spectrum plotted 
i n  the  lower par t  of the  d iagram,  
the  counting rates a r e  e x p r e s s e d  
in  uni ts  of standard e r rors .  
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we l l  the  a c t u a l  geometry (i .e .  , the  dis t r ibut ion i n  vivo) w a s  matched i n  t h e  

measurements  of the  s tandards  in the  phantom. This wi l l  be d i s c u s s e d  l a t e r .  

S c a n  Measurements  

The '/-position s c a n  g ives  s o m e  information on  the  dis t r ibut ion of t h e  

ac t iv i ty  in  v i v o ,  a l though the  spa t i a l  resolut ion is not par t icular ly  good be-  

c a u s e  the  de t ec to r  w a s  not col l imated.  Even without ana lyz ing  the  spec t ra  

for its components ,  we  c a n  obtain some information by plot t ing the  total 

counting r a t e s  (counter background subtracted)  a s  in  Figure 3 , which  inc ludes  

the  r e su l t s  for the  uncontaminated sub jec t .  The curves s u g g e s t  a marked 

concentrat ion i n  the  region of posi t ion 2 ,  and the  asymmetry of e a c h  peak 

ind ica tes  t h a t  the  cen te r  of ac t iv i ty  is a l i t t l e  further down the  body than  t h e  

l eve l  of pos i t ion  2 .  

there  is nothing to indica te  whether  t he  ac t iv i ty  is i n  lung or i n  the  t racheo-  

bronchial  lymph nodes .  

This region is ident i f ied a s  the  thorax, a l though 

Before a n a l y s i s  of the  7 spectra observed in the  scan ,  the  ga in  of 
2 26 the  spectrometer  w a s  determined from the  measurements of the  

a t  e a c h  of t h e  7 pos i t ions .  Least  squa res  fits were made to gauss i ans  of 

the  peaks  a t  0 .609  MeV and 1 . 7 6  MeV,  and the  channe l  width w a s  ca lcu la ted  

from the i r  pos i t ions .  The r e su l t s  a r e  of suff ic ient  i n t e re s t  t o  warrant pre- 

sen ta t ion  here ,  and they a r e  plotted in  Figure 4 .  Because of (known) res idua l  

magnetism i n  t h e  w a l l s  of the  iron room,(3) the  ga in  increased  a t  t he  e n d s  of 

the  s c a n  a s  the  de tec tor  approached the  w a l l s ,  d e s p i t e  the  fact tha t  e a c h  of 

the  s e v e n  photomultiplier t ubes  had a magnetic sh i e ld .  The maximum change  

i n  ga in  w a s  2 . 6 %  (posit ion 3 to posit ion 7 ) .  

the  background were  measured i n  posi t ion 4 ,  and the  ga ins  of the  gamma-ray 

spec t ra  t aken  in  the  other posi t ions were  changed to correspond to tha t  a t  

posit ion 4 before subtract ion of t h e  background and  a n a l y s i s  by least squares  

f i t t ing .  

Ra source  

The s tandardized sources  and 

Q 
Q 
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J 
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The r e su l t s  of the  a n a l y s e s  a r e  shown in Table 1 and  i n  Figure 5 

where the  s tandard  errors of counting are shown.  The totals of the  en t r ies  

i n  e a c h  column of Table 1 m u s t  be  overest imates  of the  true conten t  because  

no a l lowance  h a s  been  made for the  contributions to a spectrum in  a g iven  
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FIG. 3 .  --Counting ra tes  observed 
(counter background subtracted)  
from the contaminated subjec t  i n  the 
two 7-posit ion s c a n s  compared with 
a s c a n  of a n  uncontaminated subjec t  
i n  the  supine  posi t ion.  Contam- iron room. 
inated sub jec t  (prone) D ; Contam- 
inated sub jec t  (supine) A; Normal 
subjec t  0 .  

FIG. 4 .  --The channel  width (inversely 
proportional to gain) of t he  gamma- 
ray spectrometer i n  t h e  7-position 
s c a n ,  showing the effects of res idua l  
magnetism i n  the  end wal l s  of t h e  
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FIG. 5 .  --Results of a n a l y s e s  by 
the  least squares  method of the  
measurements made i n  the  two 7-  
posit ion s c a n s .  On t h e  l e f t ,  
subjec t  supine;  on t h e  r igh t ,  subjec t  
prone. 
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TABLE 1. Resul ts  (* Standard Errors) of Analyses  by  Least Squa res  of t h e  14. Spectra  
Accumulated i n  t h e  Two 7-Position S c a n s  

Sub jec t  s u p i n e  Sub J ect prone 

posi t ion 2 3 1 ~ a ,  227Th, 2 3 1 ~ a ,  227*h, 2 2 3 ~ a ,  
S c a n  

223Ra, 
no .  nC  i nCi  n C i  n c i  nC i nCi 

1 1 2 . 9  f 3.1 1 0 . 5  f 1 . 2  6 . 8  f 1.9 10.2 i 3 . 3  13.2 f 1 . 2  6 . 3  i 2 . 0  

2 3 1 . 1 i 4 . 3  2 6 . 9 i 1 . 6  1 4 . 8 i 2 . 6  4 6 . 3 f 5 . 5  3 4 . 4 * 2 . 1  1 9 . 9 f 3 . 3  

3 7 . 4  f 3 . 6  1 4 . 8  f 1.4 6.9 f 2 . 2  25.2 i 4.7 21 .1  f 1.8 10.2 i 2.9 

4 - 3 . 4 f  3 . 3  5 . 9 f  1 . 3  4 . 0 i  2 .1  -1.2 f 4 . 1  10.5 i 1 . 5  4 .6  i 2 . 5  

5 3 . 4 +  2.9 0 . 5 f  1.1 2 . 4  f 1 . 8  6 . 4  f 3.1 2 . 5  i 1 . 2  1 . 6  f 2.0 

6 2 . 9 f  2 .4  1 .7  f 0.9 1.1 1 . 4  -1 .2  f 3 .0  4 . 2  f 1.1 0 . 5 f  1.9 

7 0.9 * 2 . 3  2 . 0 f  0 .8  0 .8  f 1.4 0 . O i  2 . 5  0.7 i O . 9  0.9 f 1.5 

Total  55.2 i 8.5 62.3 f 3.2 36.8 * 5.2 85.7 f 10.2  86.6 f 3.8 44.0 f 6.3 

posi t ion from ac t iv i ty  in  a n  ad jacen t  one .  

s c a n s  wi th  the  sub jec t  supine  and prone show the  subs t an t i a l  differences 

tha t  would b e  expec ted  from the  higher counting r a t e s  observed from t h e  

back (Figure 3 ) .  The means of the  sums of the  two sets of r e s u l t s  may re- 

present  be t te r  estimates of the  ac tua l  conten ts  of the  three nuc l ides .  They 

In any  e v e n t ,  the  r e su l t s  for  t he  

a r e  70.4 i 15.2 nCi for 231Pa ,  7 4 . 4  f 1 2 . 2  nCi  for 227Th,  and 4 0 . 4  * 3.6 
223 nCi for R a .  

D i scus  s ion  
231 223 Pa and The agreement  between the  r e su l t s  for Ra derived from 

t h e  measurements  i n  the  t i l ted cha i r  and the means of the  to t a l s  from the  

s c a n  measurements  is perhaps largely fortuitous , but  it d o e s  sugges t  t ha t  

the  true con ten t s  a r e  not  radical ly  different from t h e s e .  

that  the  227Th content  cannot  b e  grea te r  than  the  
23 1 af te r  growth from pure 

therefore  of 

would require  t h a t  no L 2 7 A c  or 227Th were excre ted .  The r e su l t s  from t h e  

It should be noted 
23 1 Pa content ;  indeed 

Pa for 4 5  yea r s  , the  ac t iv i ty  of the  2 2 7 A c ,  and 
2 2 7  

Th,  could hardly exceed  0 . 7 5  of t h a t  of the  parent ,  and t h i s  
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measurement in  the  cha i r  geometry would ,  therefore ,  seem to be' more r e l i ab le .  

The r e su l t s  in  Figure 5 and Table 1 indica te  tha t  there  w a s  Little, if 

Pa farther down the  body than  the  l eve l  of posi t ion 4 and  t h a t  t he  231 
a n y ,  

223 
ac t iv i ty  i n  the  lower half  of the  body w a s  due to 227Th and Ra, t he  former 

2 2 7  
presumably being supported by 

The plotted r e su l t s  for 

A c  i n  the  same loca t ions .  

Pa shown in Figure 5 for the  s u b j e c t  i n  231 

supine and prone pos i t ions  a r e  cons i s t en t  with ac t iv i ty  dis t r ibuted throughout 

the  Lung. Although by no means conc lus ive ,  the  supporting ev idence  may be  

summarized a s  fol lows:  

a )  higher ac t iv i ty  observed from the  back than from the  front 

b) m a x i m u m  ac t iv i ty  nearer the  ver tex when measured from the  front 

than  when measured from the  back ,  and 

c) a broader peak in  the s c a n  of t h e  ac t iv i ty  measured from the  back .  

These a re  a l l  cha rac t e r i s t i c s  which c a n  be predicted from a cons idera t ion  of 

the  s i z e ,  s h a p e ,  and posit ioning of t h e  lungs i n  t h e  thoracic  cav i ty .  I f  the  

concentrat ion in  th i s  region were due to depos i t ion  in the  t racheobronchial  

lumph nodes ,  we  should not expect to  observe  t h e s e  fea tures .  In t h i s  respect 

the  present  c a s e  differs  radical ly  from the  one s tudied  by Newton et a l .  ( 2 )  

231 I f  it is accep ted  tha t  the Pa conten t  is confined ta the  l u n g s ,  then  

the counting geometry of the  measurement of the  s tandard i n  the phantom w a s  

a )  reasonable  from the  point of view of the  d is t r ibu t ion ,  bu t  b) bad from t h e  

point of view of absorpt ion s ince  the phantom w a s  of unit dens i ty  mater ia l .  

W e  should,  therefore ,  not expec t  the s h a p e  of the  spectrum from the  s tandard  

to match tha t  from the sub jec t ,  e spec ia l ly  a t  low ene rg ie s .  Somewhat s imilar  

Ra; however,  there  2 2 7  2 2 3  
A c  and arguments could apply  t o  the  s tandards  of 

appears  t o  be ac t iv i ty  due to  t h e s e  daughters  in  loca t ions  other than lung so 

that  the  count ing geometry for t h e s e  s tandards  w a s  poorer. A s  s e e n  i n  the  

lower part of Figure 2 ,  the  synthes ized  spectrum did not match the  observed 

spectrum we l l  a t  low ene rg ie s ,  below t h e  band of channe l s  (19-160) used  for 

the  l e a s t  squa res  f i t .  

There is a l s o  a poor match in a region of the  spectrum where none of 

the contaminants  cont r ibu tes ,  v i z . ,  be tween  channe l s  1 2 0  and 1 4 0 .  T h i s  is 
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4 1  
due  to interference from 

higher concentrat ion w a s  probably present  i n  the  a i r  in the  iron room when 

the  background w a s  measured than  when the  contaminated sub jec t  w a s  mea- 

su red ,  so t h a t  a negat ive peak appeared  in  the  ne t  spec t rum.  The oppos i te  

s i tua t ion  may have prevailed when t h e  uncontaminated s u b j e c t  w a s  measured , 

but to a smal le r  ex ten t ,  so  tha t  t he  va l l ey  be tween the  Compton edge of the  

1.46-MeV quanta  and t h e  to ta l  absorp t ion  peak w a s  f i l l ed .  Because t h e  

difference d u e  to 

A r  from the  reactor  on  the  M .I  .T .  campus .  A 

41  
Ar is small  compared to the  contr ibut ions from the  con- 

taminants ,  its omission is not thought to  have had a s igni f icant  effect on 

the r e su l t s  of the  a n a l y s i s ,  but  t h i s  needs  confirmation. 

From the  upper two pairs  of cu rves  i n  Figure 5 ,  it seems tha t  t he  

dis t r ibut ions of the  Th and  the  Ra may have been  s imi la r .  In t h i s  2 2 7  223 

c a s e ,  t h e  e s t ima tes  of the con ten t s  from t h e  a n a l y s i s  of the  measurement in  

the  cha i r  geometry a r e  probably i n  about  the  correct  ra t io ,  even  i f  the  abso lu te  
2 2 7  

va lues  a r e  i n  error .  The 223Ra content  w a s  0.76 f 0 .20  of the  Th content ,  
2 2 7  

and therefore probably also of the  A c  conten t .  This is very similar t o  the 

va lue  of 0 . 7  found in  the case s tudied  by Newton et a l . ,  (2) where the 227Ac 

w a s  concentrated i n  t he  l iver  and the ske le ton .  The body contents  of 

51 nCi 227Th and  39 nCi  

log ica l  half-life of 

of 

223 
iia c a n  b e  used  to  ca l cu la t e  the  apparent  bio- 

Ra produced i n  v ivo  and the  expec ted  excretion ra t e  
223 

223 
Ra. The r e su l t s  a r e  37 d a y s  and  730 pCi/day, respec t ive ly .  

2 2  7 
Because the  counting geometry for  the  s tandards  of A c  and  223Ra 

w a s  a poor match to the presumed dis t r ibut ion of t h e s e  nuc l ides  in  v ivo ,  their  

t rue  conten ts  must be somewhat higher than 5 1  nCi  and  39 nCi respec t ive ly .  

I t  is a s i m p l e  matter to ca l cu la t e  t h a t ,  in the  a b s e n c e  of excret ion of e i ther  
231 Pa or 2 2 7 A c  would have grown i n  45 years  to  0 . 7 6 4  of the  23 1 Pa con ten t ,  

i . e . ,  to  54 nCi .  However, the  provisional resu l t s  of s o r e  a n a l y s e s  by 

F.  I lcewicz and  R. B .  Holtzman of one  or  two samples  of urine and feces 

from th is  s u b j e c t  showed tha t  there  w a s  def in i te  excre t ion  of both nuc l ides .  

The very low l e v e l s  found indica te  that  the biological  half- l ives  a r e  very 

long ( tens  of y e a r s ) .  Again,  t h i s  is i n  agreement  wi th  the f indings of 

Newton et a l .  (2)  
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Further Work 

From the  results so far obta ined ,  we c a n  m a k e  some sugges t ions  for 

future s t u d i e s ,  which  should enable  u s  to re-analyze the  da ta  and p l ace  more 

fa i th  i n  the  r e s u l t s .  

Measurements  of the  s tandardized sources  in  a more r e a l i s t i c  phantom 

would be a re la t ive ly  s imple matter.  Now tha t  w e  know tha t  the  major part of 
231 

the  

the 2 2 7 A c  and 

Pa is i n  lung ,  w e  should u s e  a phantom of su i tab ly  low d e n s i t y .  For 
223 

Ra, the  s i tua t ion  is not so  c learcu t ;  it is doubtful i f  the  

l ea s t - squa res  a n a l y s i s  could give sens ib l e  r e su l t s  i f  the  program were  sup-  

plied with two spec t ra  for e a c h  s tandard ,  one measured in  a phantom of unit  

dens i ty ,  the  other in a lung phantom. 

The conclus ion  tha t  the 2 3  1 Pa is still i n  the  lung even  af te r  45 yea r s  

is a s ta r t l ing  one  t h a t  needs  experimental  ver i f icat ion.  When the  subject 

becomes ava i l ab le  for further measurements , t h e s e  should include determina-  

t ion of two profile curves  i n  the region of the  thorax,  i .e. I s c a n s  wi th  the  

de tec tor  f i t ted with a slit coll imator,  f i rs t  down the length of t h e  body wi th  

t h e  slit perpendicular t o  the  long a x i s ,  and then  a c r o s s  the body a t  the  point 

of maximum ac t iv i ty .  The la t te r  should show two peaks  on e i the r  s i d e  of the  

midline i f  the  ac t iv i ty  is indeed in  the lung.  A s ing le  cent ra l  peak would b e  

ev idence  for concentrat ion in  t h e  tracheobronchial  lymph nodes .  

F ina l ly ,  complete  col lect ion of excreta  for a period of about  7 d a y s  
223 and careful  a n a l y s i s  for 23 1 Pa, 2 2 7 A C ,  227Th,  and Ra would yield m o s t  

va luable  information on the  metabolism of t h e s e  nuc l ides  a t  very long t i m e s  

a f te r  i n t ake .  
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THE MEASUREMENT OF "MOCK PLUTONIUM" I N  VIVO 
* J .  Rundo, K .  F .  Eckerman, R . . E .  Toohey and  M .  A .  Essl ing 

Three volunteers  inhaled a n  inso luble  ae roso l  labe led  wi th  lo3Pd and 

Our measurements of the i r  rad ioac t ive  conten t  provided 
51Cr a t  H a m e l l ,  England,  and they  v i s i t ed  a number of laborator ies  in the  
U.  S . A .  and  Europe. 
u s  wi th  a preliminary cal ibrat ion for the  external  count ing of plutonium i n  lung. 
The method used  to determine the  51Cr conten t  is descr ibed  i n  d e t a i l ,  and  
some s t u d i e s  are presented on the  effects of geometry and  on the  emis s ion  
of the  x and  gamma rays from smal l  ( 2 5  c m 2 )  a r e a s  of t h e  c h e s t  of one sub jec t .  

i 
i 

Introduction 

One of the  three steel rooms i n  the  underground vaul t  is intended for 

the measurement  of low energy (< 100 keV)  photon emi t t e r s ,  and we have in- 

s t a l l ed  two de tec tors  in  it. 

f i l led to a tmospher ic  pressure  wi th  a 90/10 mixture of xenon and methane 

and with a built- in an t ico inc idence  s e c t i o n .  The other  de tec tor  is a n  8-in 

diameter  " p h o s w i c h , "  i . e . ,  a composi te  of a 3-mm thick c rys t a l  of NaI(T1) 

backed by a 51-mm thick c rys t a l  of Cs I (T l ) ,  t he  whole being viewed by a 

s ing le  7-in diameter  photomultiplier t u b e .  The major use for t h e s e  de tec tors  

wi l l  b e  the  measurement in  vivo of transuranium e lements  which e m i t  only 

low energy electromagnet ic  radiat ion.  The most important of t h e s e  i s ,  of 

c o u r s e ,  plutonium, which  is a (not very prolific) source  of the  charac te r i s t ic  

L x rays  of uranium. The energ ies  of these  quanta  a r e  approximately 1 3 . 6 ,  

1 7 . 2 ,  and 20 -2 keV, and their  a t tenuat ion  in  sof t  t i s s u e  from a source in  

vivo is seve re ;  the  half-value th i ckness  is about  7 m m .  Thus cal ibrat ion for 

ex terna l  count ing of plutonium in  the human lung is a cha l lenging  problem. 

** 
I t 
I 

t 

One is a 7-in diameter  proportional counter i 
1 
I 

I 

f 

i I 

I 
I 
I 
i 
I 

~ 

W e  were fortunate enough t o  be  a b l e  to par t ic ipate  in  the  fall of 1 9 7 2  

i n  a n  I .A .E .A.  -sponsored and funded experiment involving t h e  measurement 

i n  v ivo  of "mock plutonium. I' This term w a s  proposed i n  1962 by Rundo and 

* 
E nv ir o nm e n ta 1 S t a t e m e n t Pro j e c t . 

Issy- les-Moulineaux,  France.  
**Type CPX 180 MI ,  ava i l ab le  from Compagnie Generale  d e  Kadiologie, 
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(1 1 Taylor 

t ha t  of plutonium, but  su i tab le  for inhalat ion by volunteers  by v i r tue  of the  

use  of short-l ived nuc l ides  which decay  by e lec t ron  capture  and  e m i t  char -  

a c t e r i s t i c  K x r a y s .  The radiat ion d o s e  to the  lung of a volunteer  wou ld ,  

therefore ,  b e  accep tab ly  small  (less than 100 t o  200 mrem) . An i so tope  which 

h a s  been success fu l ly  used  in  such  work (2-4) 1s . 103pd , which d e c a y s  by 

e lec t ron  capture  wi th  a 17-day half- l i fe ,  emitt ing the  cha rac t e r i s t i c  K x rays  

of rhodium a t  20 .2  keV (KJ and 22 .8  keV (K ) i n  approximately 80% of the  

d is in tegra t ions .  

gamma-ray l abe l  is a l s o  necessa ry  , and the  27.8-day electron-capture  

nuclide 

to desc r ibe  a radioact ive ae roso l  with a n  x-ray output -s imi la r  to 

P 
In order t o  determine the  amount of ae roso l  i n  the  lung , a 

5 1  

The ae roso l  i n  the  present  experiment w a s  s imilar  to tha t  used  pre- 

C r ,  which  e m i t s  320-keV quanta , w a s  u s e d .  

v ious ly ,  v i z . ,  5 ym-diameter microspheres of polystyrene , l abe led  wi th  

lo3Pd and  

a measurement by gamma-ray spectrometry of the 

t ion of t he  known ra t io  of ac t iv i t i e s .  Thus ,  a n  external  de tec tor  of the  x rays  
103 from the 

could be  determined.  T h e  aerosol  w a s  prepared and  inhaled i n  the  Heal th  

Physics and  Medical  Divis ion of the Atomic Energy Research Es tab l i shment ,  

Harwell ,  England. Three volunteers ,  represent ing sma l l ,  medium , and la rge  

bui lds  , v i s i t ed  a to ta l  of 1 4  laborator ies  (including ANL) i n  Europe and North 

America. Their v i ta l  statistics a re  shown in  Table 1 .  

51 C r .  The amount of lo3Pd in  the  lung could be  determined from 

Cr conten t  and  app l i ca -  51 

Pd could be cal ibrated;  by ca lcu la t ion  a cal ibrat ion for plutonium 

TABLE 1 .  Vital S t a t i s t i c s  of the Three Volunteers 

C h e s t  C h e s t  t h i ckness  
Age I Height ,  Weigh t ,  circumference , a t  mid-sternum, 

Subject  yr c m  kg c m  c m  

DN 35 169 60 .8  91 2 1 . 4  

JR 47 178 8 0 . 6  100 2 3 . 5  

KB 50 1 7 4  89 .9  111 26 .1  
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51 The amount of Cr inhaled by e a c h  subjec t  w a s  es t imated  a t  H a m e l l ,  
51 5 1  C r  and of and sources  of 

were left a t  e a c h  laboratory v i s i t e d .  

s tandard count ing and cal ibrat ion procedures a s  for  a c a s e  of contamination 

by plutonium to determine the  amount of Cr  and Pd contained by  e a c h  sub jec t  

and t o  send  the  r e su l t s  to Harwell for  intercomparison.  

counters  for measuring lung burdens of plutonium were only recent ly  ins ta l led  I 

we did not have a s tandard cal ibrat ion procedure.  Consequen t ly ,  w e  dec ided  

to u s e  the  r e su l t s  of t h i s  experiment as  a preliminary cal ibrat ion;  t ha t  is ,  by 

determining the  response  of our de t ec to r s  t o  a known amount of lo3Pd in  the  

s u b j e c t s '  l u n g s ,  we  could ca l cu la t e  t h e  response  to a given lung burden of 

plutonium. Never the l e s s ,  w e  have made e s t ima tes  of the  lo3Pd contents  for 

comparison with the  va lues  d ic ta ted  by the  

rat io  of a c t i v i t i e s .  

C r  plus lo3Pd were ca l ibra ted  a t  Harwell and  

The par t ic ipants  were then  to u s e  their  

However,  s ince  our 

51 Cr  con ten t s  and the  known 

51 Measurements  of Cr  

Large c r y s t a l s  of NaI(T1) were used  for es t imat ing  body contents  of 

Cr .  Measurements  were made in  a r c  geometry (radius 1 . 5  m)  with a 6-in 

The sub jec t s  were counted in two pos i t i ons ,  diameter  by 8-in long c rys t a l .  

facing toward and away  from the  de tec tor .  
51 The body contents  of Cr  were ca lcu la ted  from t h e  equat ion 

- 
where R is t h e  geometric mean of the  photopeak count ing r a t e s  observed 

from t h e  sub jec t  i n  the two posi t ions in  the  a r c ,  

is the  experimentally determined l inear  a t tenuat ion  coeff ic ient  
-1 51 ( c m  ) for Cr  gamma r a y s ,  

is the  th i ckness  (cm)  of t i s s u e  which contr ibutes  to a t tenuat ion ,  

is a d imens ionless  factor  to correct  for the  effect of forward 

s c a t t e r  i n  the  determination of the  a t tenuat ion  coef f ic ien t ,  

is the  e f fec t ive  d i s t a n c e  (cm)  from the  ac t iv i ty  i n  vivo t o  the 

CL 

d 

f fs 

e d 
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center  of the  de t ec to r ,  
51 

is the  d i s t ance  (cm)  from the  s tandardized source  of 

the  cen te r  of the  de t ec to r ,  
5 1  

is the  ac t iv i ty  (pCi) of the  s tandardized source of 

is the  counting ra te  from the  s tandardized source of 

When ac t iv i ty  is dis t r ibuted widely through the  body ( a s  i n  the  measurement  

of 

th ickness  of the  whole body,  and d 

de tec tor  cen te r ,  less d .  

Cr to 
S 

d 

R 

C 

C r ,  
51 S 

S 
Cr .  

226 
Ra) , d and d a r e  c lose ly  re la ted .  Thus , d is t aken  as  half t h e  ave rage  

e 
is the d i s t ance  from the  a r c  bed to the  

e 
In the  present  ins tance  , the  ac t iv i ty  is confined to 

the lungs , and  d is made up of two components ,  d l  and d 2 .  These a r e  the  

average  th i ckness  of lung t i s s u e  of low dens i ty  be tween the  e f fec t ive  cen te r  

of ac t iv i ty  and  the  inside of the  chest wa l l  (d ) and the  th ickness  of the  

c h e s t  wal l  covering t h e  lung (d ) .  If w e  a s sume  tha t  the dens i ty  of lung 

tissue in v ivo  is 0.25 g c m  

of uni t  dens i ty  is 

1 

2 -3 , then the t s t a l  equiva len t  t h i ckness  of t i s s u e  

d = 0 . 2 5 d  + d  
1 2 '  

W e  have made a n  indirect  approach t o  the  determination of d 

culated a va lue  for d 

et a l .")  for the  average th ickness  of the chest  wal l  external  to  the rib cage :  

m e  f i r s t  ca l -  
l '  

from the  empirical  express ion  derived by Ramsden 
2 

d 2  = 15 .3  W/H - 0.01C - 3 . 5 5 ,  

where W is the  s u b j e c t ' s  weight  i n  k g ,  H is the  height i n  c m  and C is t h e  

c h e s t  circumference in c m .  By subtract ing th i s  va lue  from half the  c h e s t  

t h i ckness  a t  mid-sternum, w e  obtain a va lue  which we cons ider  t o  be  our 

b e s t  e s t ima te  of d 

th i ckness  w a s  2 3 . 5  c m ,  so  tha t  

Thus , for subjec t  J R ,  d w a s  2 . 3 8  c m ,  and  the  chest 1' 2 

d = 0 . 2 5  ( 1 1 . 7 5  - 2.38) + 2.38  

= 4 . 7 2  c m  . 
Cons tan t s  in  the  express ion  for the  conten t  a r e  the va lues  of 

-1 p(0.0804 c m  

The var ious fac tors  i n  the  ca lcu la t ion  and  t h e  r e su l t s  a r e  set out  in  Table  2 .  

), f f s  (1 .076) ,  ds  (150 c m )  and R /C (0 .00559 pCi/count/min). s s  

In making t h e s e  ca l cu la t ions ,  we have tac i t ly  assumed tha t  the  u s e  of t h e  

0 0  I 9 4 8 0  
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51 
TABLE 2 .  
Three Subjec ts  and the  Results 

Data Used  i n  the  Calcu la t ion  of the Lung Contents  of C r  for the  

Cr  conten t  51 

e 
extrapolated 

C r  con-  from Harwell  
S t e n t ,  pCi d a t a ,  VCi 

51 - 
d 

e d2  I Pd d 
- 
R 

Subject  c/m c m  e 

DN 288.9 1.04 1.320 140.3 0.875 1.74 1 .86  

73.5 2.38 1.462 139.25 0.862 0.48 0.67 

233.3 3.25 1.580 138.0 0.846 1.62 1.88 
J R  

KB 

geometric mean of the  counting r a t e s  from e i ther  s ide  of  e a c h  sub lec t  cor- 

rectly a l lows  for the  fact that  the cen te r  of act ivi ty  may not be  in  the mid- 

plane of the  body.  The counting ra te  fram the  back of e a c h  sub jec t  was  higher 

than  tha t  from the  front ,  and the  da ta  can  be  t reated in a n  a l te rna t ive  way .  

From the  ra t io  of the  two counting r a t e s ,  t h e  depth  of the  effect ive center  of 
(6 ) 51 

ac t iv i ty  w a s  e s t ima ted ,  and two va lues  for the  

culated from the  individual counting r a t e s  f rom the  front and from the  b a c k ,  

with the  appropriate  va lues  for d and d . 
mates were  equa l  and the  same a s  t h e  v a l u e s  i n  Table 2 

t ha t  the  counting-rate ratio ranged from 1 . 0 9  for J R  to 1 .2 2 5 for KB. 

Cr content  were c a l -  

For e a c h  s u b j e c t ,  the  two e s t i -  

d e s p i t e  the  f a c t  
e 

Our estimates range from 72% to  94% of t h e  Harwell e s t i m a t e s ,  and  

the  r eason  for t h e s e  d i f fe rences  is under inves t iga t ion .  I t  should be  noted 

tha t  if  the  ca lcu la t ion  of the  conten ts  is repeated with no a l lowance  for the  

low dens i ty  of the  lung ,  the  absorpt ion correction fac tors  become much big- 

ger .  The conten ts  would then be 2 . 9 8 ,  0.82, and 2.82 pCi for sub jec t s  D N ,  

J R t  and  K B ,  respect ively;  t h e s e  va lues  a r e  a l l  about  7 0 %  grea te r  than  the  

r e su l t s  in  column 7 of Table 2 .  They a r e  a l s o  greater  t han  the  Harwell esti- 

mates but  by a more var iable  amount (22% to 60%). Thus , it is very impor- 

t an t  to a l low for the  lower absorp t ion  in  lung. However ,  we may not have 

est imated correct ly  the  three v a l u e s  of d for E q .  (1). A change  of 1 c m  i n  
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the  va lue  of d ,  changes  the  r e su l t s  by 8 .4%.  

incorrect by t h i s  amount ,  but  it would not  b e  enough to  bring a l l  the  r e s u l t s  

into l ine  wi th  those  of Harwell .  While  we should not  necessa r i ly  expec t  

perfect  agreement ,  it would be  comforting i f  t h e  two estimates for e a c h  sub- 

ject were in the  same ra t io .  

some c a u s e  for concern ,  and which demonst ra tes  t he  need for further s tudy .  

Cr  were a l s o  made 

Our estimates might we l l  b e  

It is the  fact tha t  they  a r e  not which g i v e s  

51 
Some measurements of the  gamma rays from the  

with the  CsI(T1) part of the  phoswich de tec to r .  The e lec t ronic  equipment 

w a s  not optimized to give minimum background, but t h i s  w a s  not important 

because  of the  high count ing r a t e s  observed f r o m  t h e  s u b j e c t s .  T h e  counter  

was  useful  for s imultaneous measurements of the  x rays  from the  Io3Pd and  
51 the  g a m m a  rays  from the  Cr .  

The group a t  A . E .  R.E. , Harwell ,  has  a phoswich which is nominally 

ident ical  to c u r s .  

sponse  to 

s te rna l  notch of subjec t  J R ,  in  order a )  to compare de tec tor  e f f i c i enc ie s ,  and 

b) to make a n  extended retent ion s tudy poss ib l e .  Provisional r e su l t s  a r e  

shown in Figure 1.  A l e a s t  squares  f i t  w a s  made of a s ingle  exponent ia l  

function of t i m e  t o  the da ta  ( 

dica ted  a n  effect ive half- l i fe  of 18.4 * 0 . 5  d a y s  , which  is considerably 

shorter  than  tha t  indicated by the  Harwell  da ta  a lone .  This may be  a con-  

sequence  of differences i n  the  resolut ions of the two cgun te r s ,  and further 

inves t iga t ion  is needed .  

Measurements  were made a t  both laborator ies  of the  re -  
5 1  Cr  with the edge  of the f a c e  of the  de tec tor  2 0  c m  above  t h e  

51 Cr peak count ing r a t e s )  , and the  r e su l t s  in -  

In the  cour se  3f t h e s e  measurements w e  noted a reduct ion,  amounting 

to seve ra l  percent ,  i n  the  counting rate a s  t he  sub jec t  relaxed under the  

counter .  On one o c c a s i o n ,  a s e r i e s  of 100-sec  measurements w a s  made to  

s tudy t h i s ,  and  the  r e s u l t s  a r e  plotted , on a n  expanded s c a l e  , i n  Figure 2 .  

The horizontal  l ines represent  the  mean * one s tandard error for the l a s t  f ive 

observa t ions .  There is c lear ly  a s igni f icant  d e c r e a s e  in the  count ing r a t e ,  

which is complete in about  10 min. S ince  the  counter-body separa t ion  w a s  

20 c m ,  i t  is apparent  that  the  effect would b e  much more pronounced for the  

more usua l  arrangement of a short  counter-to-body d i s t a n c e .  The last f ive 1 
! 

' 0 0 1 9 U 8 2  



FIG. 1 .--Retention of 51Cr in  subjec t  J R  
as  determined by the  photopeak counting 
rate measured with two detectors .  
f i r s t  f ive points were measured a t  
A . E . R . E . ,  Harwell ,  the  last two a t  
ANL. The s t ra ight  l ine corresponds 
to exponential  decay  with a n  effect- 
ive half-life of 18 .4  d a y s .  
a r e  provisional and subject  t o  con- 
siderable revision. 
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observations d o  not show sig-  

nificant deviations from the  mean, 

but it is interesting to note the 

suggest ion of a n  increase be- 

tween 10 a n d  35 min. 

Measurements of O 3  Pd 

The principal detector  

used for the measurement of the 

x rays from Io3Pd w a s  the pro- 

portional counter with a 7-in 

diameter beryllium window 1 mm 

thick and operated with internal 

ant icoincidence and pulse shape 

discrimination. Under these  

condi t ions,  the  counter back- 

ground (15.6 t o  23.9 keV) w a s  

4.13 * 0 . 0 9  count/min , while a 

typical  subjec t  gave a n  addi- 

t ional  1 . 6  counts/min. The 

energy resolution of th i s  de-  

tector is i l lustrated by the 

spectrum i n  Figure 3 from the  

c h e s t  of the thinnest  subject .  

The near resolution of the K 

l ine a t  22.8 keV may be noted. 

Increased absorption i n  the 

heavier subjec ts  has  the  effect 

of increasing the prominence of 

th i s  l ine relative t o  the Ka peak. 

This spectrum was measured 

with the proportional counter 

B 



, FIG. 3.--X-ray spectrum taken 
with the proportional counter 
centered over the sternum of 
subject DN. 
contribution from the 320-keV 

rl 

quanta from 5k r .  

Note the very small 
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centered over  the  sternum of t h e  supine s u b j e c t ,  a posi t ion which w e  have  

provisionally adopted a s  s tandard .  Similar measurements  on a l l  th ree  sub-  

jects were cal ibrated in  the  followzng manner.  

The counting ra te  i n  the  x-ray energy band w a s  corrected for contr i -  

137cs. 51 butions from sca t te red  and degraded gamma rays  from 

The correct ions for 

under var ious  absorber  t h i c k n e s s e s ,  while t hose  for 'OK and 

determined from nieasurements of the radiat ion from a n  uncontaminated sub-  

ject of s imilar  bui ld .  

C r ,  40K,  and  
51  Cr were determined from measurements of a sou rce  

C s  were  
137 

Nex t ,  a n  e f fec t ive  t i s s u e  th i ckness  w a s  determined for e a c h  s u b j e c t  
(3) in the  manner sugges ted  by Rundo et a l . ,  

obtained for  the  a t tenuat ion  coe f f i c i en t  for the  x rays  from '03Pd (and one  

for t hose  from 

various t h i c k n e s s e s  of t i s sue-equiva len t  mater ia l .  

from the  sub jec t s  were then corrected for a t t enua t ion ,  and  va lues  for t he  

'03Pd contents  were ca lcu la ted  from the  response  to a s tandardized source  

measured a t  a d i s t ance  of 10 c m  from t h e  counter  window. The r e su l t s  a r e  

set out  i n  column 2 of Table 3 ,  and they  m a y  be  compared with the  v a l u e s  in  

column 3 der ived from our estimates of the  

the  known lo3Pd/  

is much be t t e r  if w e  compare wi th  the Harwell e s t ima tes  of the  Pd con ten t .  

In view of t h e  rather  crude method of ca l ibra t ion  and  of the  l imited exper ience  

and  a n  experimental  va lue  w a s  

239 Pu) , from measurements of the i r  t ransmiss ion  through 

T h e  ne t  count ing r a t e s  

51 Cr conten ts  and appl ica t ion  of 
5 1  Cr ac t iv i ty  ra t io .  The agreement  is only fa i r ,  b u t  it 

103 
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we  have had wi th  the  proportional counter ,  the  r e su l t s  a r e  grat i fying.  
239 

W e  c a n  der ive provisional cal ibrat ion fac tors  for count ing  Pu i n  

sub jec t s  of the same s i z e s  by ca lcu la t ion  from the  observed count ing  r a t e s  

Pd i n  v ivo .  T h e  re l iabi l i ty  of t h e  r e su l t s  depends  on t h e  accu racy  
103 

from 

of the  in t ens i t i e s  of the x rays emitted by lo3Pd and 239Pu (we used  va lues  
(8) of € I Z % ( ~ )  and 4 . 6 %  

of the  lo3Pd s o u r c e s .  

used for  the  la t ter .")  T h e  resu l t s  i n  column 5 of Table 3 should be a s s e s s e d  

with t h e s e  l imitat ions i n  mind. 

and  e spec ia l ly  on t he  accu racy  of the  s tandard iza t ion  

There is some ques t ion  about  the va l id i ty  of the  v a l u e s  

I u 3  TABLE 3 .  Est imates  of the  
imate Counting Efficiency for 239Pu,  Derived from the  Resul ts  i n  Column 3 .  

Pd Contents  of the  Three S u b j e c t s ,  and Approx- 

E st ima ted 
count ing ef- 
f ic iency  for 

Estimated lo3Pd A N L  e s t ima te  of Harwell  "Cr 239Pu ,  c / m  

lo3Pd content  in ~ C I  

Subject  con ten t ,  pCi 5 1 ~ r  content  e s t ima te  per pCi 

DN 1 .95  1 .61  1.73 57  

J R  0 .69  0 . 4 9  0 . 6 7  2 2  

KB 2.36 2 .06 2 .36  8 .9  

In ca lcu la t ing  these  r e s u l t s ,  we corrected for t h e  different  absorp-  

t ions a t  the  respec t ive  x-ray ene rg ie s  by interpolat ing i n  experimental  a t t enua -  

t ion curves  a t  the  appropriate effect ive t i s s u e  t h i c k n e s s e s ,  and for the  

higher counting eff ic iency for uranium L x r a y s .  

Effects of Geometry 

In the  cases of sub jec t s  DN and K B ,  who were only ava i l ab le  for 

limited t i m e s ,  w e  s tudied the e f fec ts  of counter  posi t ion and of arm posi t ion.  

The uncollimated proportional counter  w a s  centered over  t h e  mid-point of the  

s t e r n u m  and the  counting rate  w a s  observed a l te rna te ly  wi th  the  s u b j e c t ' s  
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arms bes ide  h is  body and with h is  hands under h is  head .  Similar measure-  

ments were made wi th  the  counter  d i sp laced  longitudinally 2 c m  and 4 c m ,  

both towards the  ver tex  and towards the  feet. The r e su l t s  a r e  plotted i n  

Figures 4 (DN) and 5 (KB), and there  a r e  some surpris ing differences be tween 

them. 

45%) i n c r e a s e s  i n  the  count ing r a t e s  a t  all pos i t i ons ,  whereas  the  r e s u l t s  

for t he  heavier  sub jec t  (KB) show only smal l  i n c r e a s e s  a t  most posi t ions and  

none a t  the  mid-sternum. There a r e  a l s o  s t r iking differences be tween the  

s h a p e s  of the  p lo ts .  For the  l ighter  sub jec t  there  is a peak i n  the r e sponse  

at mid-sternum, whereas  the  l a rges t  response  in  the  case of the  heavy sub-  

ject is 4 c m  nearer  t he  h e a d ,  and no maximum w a s  observed .  

In t h e  case of the  l ighter  sub jec t  (DN),  there  a r e  subs t an t i a l  (20 to  

T i m e  permitted the  determination of some "profile" curves  with the  

proportional counter  i n  the  case of sub jec t  K B .  The counter  w a s  sh ie lded  by 

two s h e e t s  of aluminum 5 c m  from the window with a 2 . 5 - c m  wide gap  be-  

tween  the  s h e e t s  and along a diameter .  A longi tudinal  s c a n  (Figure 6) with 

the  slit a t  r ight  a n g l e s  to the  long a x i s  of the body revealed a peak a t  35  c m  

from the  ve r t ex ,  and  a la te ra l  s c a n  (Figure 7) a c r o s s  the  body with the  slit 

paral le l  to the  long a x i s  showed the  asymmetry expec ted  from anatomica l  

cons idera t ions .  

Detai led Study of Emission from the  C h e s t  

In t h e  case of sub jec t  J R ,  t i m e  permitted a de ta i led  s tudy of the  e m i s -  

s ion of both the  x r a y s  and the  gamma rays from the  surface of the  c h e s t .  

The window of the  phoswich w a s  covered wi th  lead  13  m m  th i ck ,  which t r ans -  

mits less than  1% of 320-keV gamma r a y s ,  with a 5-cm square hole a t  the  

cen te r .  

ject with the  window paral le l  to t h e  sternum. T h e  f i r s t  observat ion w a s  made 

wi th  the  counter  (and the  hole) centered over t he  s t e rna l  no tch ,  and no an t i -  

co inc idence  w a s  employed,  so tha t  both x and gamma rays  could be recorded.  

The counter w a s  moved i n  steps of 5 c m  to le f t  and right of cen te r ,  and  t h i s  

procedure w a s  repeated a t  three other l eve l s  along the s ternum, separa ted  by 

5 c m .  

The counter  w a s  posi t ioned 1 c m  from the  c h e s t  of the  supine  sub-  
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FIG. 4 .  --Longitudinal s cans  with 
the uncollimated proportional counter 
for subject DN with the arms beside 
the body (X) and with the hands under 
the head (0). The subject ' s  head is 
to the left. 

FIG. 5.  --Longitudinal s cans  with 
the uncollimated proportional counter 
for subject KB with the arms beside 
the body (X) and with the hands under 
the head (0). The subject ' s  head is 
to the left. 
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FIG. 6 .  --"Profile" curve for subject 
KB taken with the collimated propor- 
tional counter with a 1-in slit per- 
pendicular to the long axis. 

FIG. 7 .--Lateral I' profile" curve 
for subject KB a t  35 c m  from the 
vertex. 
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The results of these measurements are  presented in Figures 8 and 9 

for t h e  x rays and gamma rays. The data show some interesting similarities 

and differences. Thus, while the Cr results show a broad but substantial  

peak at the level of t h e  sternal notch, t h e  corresponding scan  for the lo3Pd 

is much flatter,  The scans  a t  the other three levels show asymmetry for 

both emitters,  but it is more pronounced a t  the 5-cm level for the  

for the Io3Pd. 

51 

5 1  
Cr than 

The counting rate observed a t  any position is a function of both 

activity i n  the field of view and absorption in overlying t i s sue .  The la t ter  
5 1  effect , i s ,  of course,  much more important for the Io3Pd than for t h e  Cr .  

To a first approximation, we can eliminate much of the effect of activity 

variations by examining the ratio of the  counting rates from t h e  two emitters.  

This  ratio will have a strong dependence on absorption and a much smaller 

dependence on activity in the field of view. The results are plotted i n  

Figure 10 .  

uncertainty on each  point is not negligible , amounting, a s  I t  does ,  to be- 

tween 6 and 16%. The asymmetry in each of the plots of Figures 8 and 9 

a t  the 5-,  l o - ,  and 15-cm levels has largely disappeared and is replaced 

by a dip a t  5 c m  left of center over the heart, while the  broad peak a t  t h e  

level of the sternal notch has become a broad depression. The most i m -  

portant conclusions we can draw from these plots are  that the variations i n  

counting rate per unit area (i .e. , 25 c m  ) are not excessive over the 6 2 5 

c m  

tively small. 

the increased counting rate observed from t h e  right s ide ,  both in JR and K B  

(Figure 71, is due to  variations in the amount of activity rather than in 

absorption. 

placement of the 18-cm diameter propotional counter seems an  entirely 

reasonable one ,  

In a s ses s ing  this plot, we must bear i n  mind that the s ta t i s t ica l  

2 

studied, and that t h e  variations i n  attenuation over this area are  reLa- 
2 

It is  of particular interest to note that ,  except m e r  the heart ,  

Thus , our choice of mid-sternum a s  a reference point for the 

We are  grateful t o  t h e  International Atomic Energy Agency and to  t h e  

Health Physics and Medical Division of t h e  Atomic Energy Research Establish- 

meth, Harwell, England, for the oportunity to participate in this experiment. 
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