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SURVIVAL, CAUSES OF DEATH, AND ESTIWTED TISSUE DOSES 

Ig A GROUP OF HUMAN BEISGS INJECTED WITH PLUTONIU>!* 
R.E. Rowland** and Patricia W. Durbin t .  
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i i  i . :  ... 
TO determine t h e  r e l a t i o n s h i p  between u r i n a r y  excre t ion  and p lu-  

: ?~ iu rn  body content ,  18 persons of s h o r t  l i fe  expectancy were i n j e c t e d  . .  9 
! . - 3  ,+$ ; 4 $5 
. . .  

. -::h plutonium between 1945 and 1947. 

;:.i\-e been i d e n t i f i e d ;  e igh t  were found t o  have survived f o r  a t  least 
Seventeen of these 18 ind iv idua l s  

-~ 
' ' 

. ..:cht years  and four  a r e  still a l i v e  today (1975). The causes  of death ~. 

. . I <  13 of t h e s e  ind iv idua l s  have been determined from death c e r t i f i c a t e s ;  

. :.,we appear t o  be  r e l a t e d  t o  t h e  administered plutonium. 

. .  . . . .  . d  
: - I  

- ;. ! 
' : :I 
< .  

Doses t o  t h e  

::-:cr and t o  t h e  c e l l s  on t h e  sur face  of bone have been ca l cu la t ed  f o r  

r:cse plutonium cases. 
:.b be carcinogenic,  b u t  comparison of t h e  bone-suiface doses with radium 

' .  . 1 . _ .  

L .' 
I 
.! I -  . .  
-! a The l i v e r  doses do no t  appear  t o  be high enough 

. .  

. -  j 
. I  

. I  I 
. #  .idscs t h a t  have induced bone tumors i n d i c a t e s  t h a t  s i x  of t h e s e  cases . .  
.! I . .  - .  

I . .  . ,  . .  , .  '?,:!\*e received doses  high enough t o  be considered carcinogenic .  However, : ,  ; i:: 

. - !I  bone tumors have ye t  appeared. . .  I . , ;  ;: 

. .  _ . ,  , . I . $ j  

4 

. .  
. jST!IODUCTION 

In o rde r  t o  ob ta in  information r e l a t i n g  plutonium body. con ten t  t o  
krlutoniurn exc re t ion  i n  huaan beings,  h o s p i t a l i z e d  ind iv idua l s  of rela- 

t i ve ly  s h o r t  -l-P€e.expec-cam=y were given intravenous i n j e c t i o n s  of p lu-  , 

tonium i n  1945-1947, and exc re t a  were c o l l e c t e d  and measured fo r  as long 

3s they remained hosp i t a l i zed  (fangham e t  a l .  1950). Following t h e  i n i -  

t i a l  discovery by Durbin (1972) t h a t  some of t h e s e  ind iv idua l s  were s t i l l  

l iving, she  and, subsequently,  t h e  Center  f o r  Human Radiobiology a t  t h e  

-4r::onne National Laboratory made an e f f o r t  t o  i d e n t i f y ,  trace, and l e a r n  

the whereabouts o f  a l l  of t h e s e  unique cases. The purpose o f  t h i s  r e p o r t  

15 to d e t a i l  what is known today about t h e s e  i n d i v i d u a l s  and t h e i r  causes 

of death, and t o  es t imate  t h e  l i v e r  and bone doses  accumulated dur ing  

' .  

. .  
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. DOSE CALCULATIONS 

The ca l cu la t ed  r a d i a t i o n  doses t o  t h e  l i v e r  and t o  t h e  skeleton a r e  

based on t h e  assumption, i n fe r r ed  from ICRP (1972), t h a t  t h e  f r a c t i o n a l  

re ten t ion  o f  plutonium i n  t h e  organs of i n t e r e s t  is  

- a t  R(t)  = e . 
Here t i s  t h e  time a f t e r  adminis t ra t ion  of-plutonium and X is t h e  e f fcc-  

t i v e  e l imina t ion  constant ,  obtained from t h e  appropr ia te  r ad ioac t ive  de- 

cay and b io log ica l  e l iminat ion constants . .  

The organ dose is then given by 

D(T), = f I .Q Ji dt . ' R ( t )  , 

.where I 

f 

is t h e  amount of plutonium i n j e c t e d ,  i n  V C i ,  

is t h e  f r a c t i o n  of t h e  i n j e c t e d  i so tope  i n  t h e  organ, 

Q 
T is  t h e  time after i n j e c t i o n ,  i n  days, and 

D(T) is t h e  average a-ray dose i n  rad .  - . 

is t h e  appropr ia te  dose r a t e  pe r  u n i t  a c t i v i t y ,  i n  rad/pCi-dsy, 

Th'e va lue  of f used f o r  both ske le ton  and l iver  i s  0.45, as recom- 

The i n i t i a l  i n j e c t i o n  l e v e l s  were obtained from 
. 

mended by ICRP (1972). 

. t h e  o r i g i n a l  r epor t  on t h e  cases  by Langham e t  a l .  (1950), from Durbin's 

. reviews o f  t h e  data (1972) and, for case Cal-.I, t h e  o r i g i n a l  r epor t  by  

Crowley e t  a l .  (1946). 

viewed i n  Appendix A.  

The e x i s t i n g  information on t h i s  last case i s  re- 

The time T over which t h e  doses  were ca l cu la t ed  was from t h e  d a t e  

o f  i n j e c t i o n  t o  t h e  d a t e  of  dea th  or, f o r  those  cases t h a t  are st i l l  

a l i v e ,  t o  J u l y  31, 1975. The ca l cu la t ed  l i v e r  and bone doses are tabu- 

l a t e d  i n  Table I; t h e  complete d e t a i l s  of t h e  dose ca l cu la t ions  are 
shown i n  Appendix B. 

d a t e s  of i n j e c t i o n  and death.  

SURVIVAL AND CAUSES OF DEATH 

Table I a l s o  l ists  t h e  i n j e c t i o n  levels and t h e  

Survival  time was ca lcu la t ed  from d a t e  of  i n j e c t i o n ,  as given by 

Langham e t  a l .  (1950), t o  da t e  o f  death as  given on th,e dea th  c e r t i f i c a t e .  

O f  t h e  18 cases ,  one remains un iden t i f i ed ,  fou r  are s t i l l  a l i v e  (as  of 

7/31/75), and death c e r t i f i c a t e s  have been obtained f o r  t h e  remaining 

t h i r t e e n .  

The causes of death as given on t h e  death c e r t i f i c a t e s  are l i s t e d  

i n  Table 11. 

0 0 0 0 4 5 5  E -  
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The average endosteal  dose is thus  1310 r a d  x 0.45 = 590 rad .  

Table 111. Rela t ionships  between average skeletal  dose and bone 

surface dose f o r  224Ra, 226Ra, and 239Pu* 
2 2 4 ~ ~ * *  226~,t 23Spuft  

8.9 0.45 12.8 Sur face  dose rate 
Average skeletal  dose r a t e  

+From blarshall  e t  a l .  i n  p re s s .  
** 

224Ra and 100% of t h r e e  a-emit t ing daughters ,  26.46 MeV p e r  decay. 

t226Ra and 305 of t h r e e  a -emi t t ing  daughters ,  10.53 MeV p e r  decay. 

tt239Pu, 5.149 MeV pe r  decay. 

The c a l c u l a t i o n  €or 224Ra i s  somewhat more complex. The case t .i 
. l  with t h e  lowest  dose was inale with an assumed 7-kg ske le ton ;  t h e  recal- ' kg = 126 r ad .  However, i 

1 
3 
5 '  
t 

5 kg 
cu la t ed  average skeletal  dose is  thus  90 r a d  x 

the 90-rad v a l u e  was based on t h e  asswn2tion t h a t  20% of t h e  i n j e c t e d  
t radium decays i n  t h e  ske le ton ,  whereas hlarshall  ' s  conversion f a c t o r s  

fol lowed ICRP (1973), i n  which on ly  11.5% of t h e  i n j e c t e d  dose decayed v L 

i n  the  ske le ton .  

- 72 rad .  case t o  be 126 r ad  x - - 
72 r a d  x 8.9 = 640 rad.  

We thus  determine t h e  average s k e l e t a l  dose f o r  t h i s  , 

The average endos tea l  dose is then 11 506 
20% 

J 
i 
! 
i 

i : 

We thus expect ' the  lowest average endos tea l  dose a t  which plutonium 

might induce bone tumors i n  man t o  b e  of t h e  o rde r  of 600 rad .  Table I V  i 
lists t h o s e  cases surviving f o r  a t  l e a s t  f o u r  years ,  their  average ske le-  

t h a t  a l l  of t h e  plutonium r e s i d e s  o n  the -  bone su r faces .  

1 

tal  doses,  and t h e i r  average endosteal  doses  c a l c u l a t e d  on t h e  assuiiption 
I .  

. a  

I 

Table IV .  S k e l e t a l  r a d i a t i o n  doses i n  plutonium cases  surv iv ing  . ?  

Case (days) (rad) (rad) 4 

'_ f 
more than  fox r  years  . . - -  

Survival  Average s k e l e t a l  dose Surface  dose  
- .  4 

Cal-I 7,545 580 7,420 

Cal- I1 I* 10,240 

HP- 1 5,201 

HP- 3 10,838 

HP-6 10,772 

HP- S 10,756 

HP- 10 3,974 

€lP- 12 2,925 
- 

*See footnote (t) to Table I - -  
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Eigh t  of these  18 cases survived longer  than t h e  f.our-year per iod 

r>:ed above as t h e  s h o r t e s t  induct ion  i n t e r v a l  for  a radium-induced 

xczz tumor; indeed, a l l  of t h e s e  e i g h t  cases  a c t u a l l y  survived a t  least 
;.:ght years  and four  are s t i l l  a l i v e  28-29 years  a f t e r  r ece iv ing  plu-  

z,:nium. 
z..::v l a r g e r  than  600 r ad ,  while  two more received doses nea r  enough t o  

;).is value t o  b e  considered t o  be  a t  considerable  r i s k .  

c : ~ ~ s  one can g e n e r a l i z e  t h a t  about  30% of the  cases  who have accumu- 

is ted average endosteal  doses g r e a t e r  than 600 r ad  have a bone-related 

~.-:lignancy. S ince  a f e w  rad iu i - induced  tunors  have appeared as late as 
r ' i f ty  years  a f t e r  f i rs t  exposure, xhereas  the  longes t  exposures i n  t h i s  

s . x :  1 plutonium-inj ec t ed  group are now only  approaching t h i r t y  years ,  

x t  would p r e d i c t  t h a t b e t w s e n  a s i x t h  and a t h i r d  of t h e  s i x  cases a t  

. r i sk  should now have bone tumors. I n  v ieu  of the  small number of cases 

a: r i s k ,  t h e  f a c t  t h a t  no tumors have appcared is  c e r t a i n l y  not  conclu- 

si:-e evidence t h a t  t h e s e  r a d i a t i o n . d o s e s  from plutonium a r e  not  tumor- 

i ;?nit. 
- 

x s i t i o n a l  bone growth would p r o t e c t  t h e  l aye r  o f  c e l l s  on bone su r faces  

snJ thus  reduce t h e  r i s k  of bone-depositad plutonium. 

l y  trL;e, b u t  s i n c e  t h e  same process  occurs  i n  t h e  case of 226Ra i n  bone, 

Four of t h e s e  cases  rece ived  average endosteal  doses consider-  

From t h e  226Ra 

One might argue t h a t  b u r i a l  of surface-deposi ted plutonium by a?- 

This  is  undoubted- 

.e.> ..,.- p r i s k  estimate der ived  from experience with t h i s  r ad io i so tope  t akes  

aszbunt o f  t h i s  process .  

t!-:ese cases, t h e  bone-tumor r i s k  from plutonium is no g r e a t e r  than t h a t  

frm radium, and might b e  less. ~ 

We conclude, from the  lack  of bone tumors i n  
. 

- _  
Hurnan experience wi th  l i ve r -depos i t ed  alpha-emit t ing i so topes  seems 

t3  be l imi t ed  t o  t h e  r a d i o l o z l c a l  c o n t r a s t  medium, Thorot ras t .  I t  

appears t h a t  i n t r ave rous ly  i n j e c t e d  Thorot ras t  induces t h r e e  d i s t i n c t  

t:.;es of l iver tumors: hemangioendotheliomas, b i l e -duc t  tumors, and 

hesz t i c -ce l l  tumors (Swarm 1968; da S i l v a  Horta 1973). 

r e t r y  on a case-by-case b a s i s  is  not  a v a i l a b l e ,  b u t  some general  conclu- 
sions regarding l i v e r  dose can be  drawn from t h e  da t a .  L iver  dose rates 

ir! Thorot ras t  cases range from 13 t o  4 1  rad/year  (Kaul 1973); t h e  aver- 

a,-e l i v e r  dose i n  t en  cases  of l i v e r  cancer was 509 r a d ,  while t h e  aver- 

222 l i v e r  dose i n  t e n  cases  of  hemangioendotheliornas was 609 rad  (Faber 

S p e c i f i c  dos i -  

30001;bO t -- 



1973). 

greater than these  values ,  it is perhaps not  su rp r i s ing  t h a t  l i v e r  

tumors have not  been seen i n  these  plutonium cases. 

S ince  only one of t h e  cases  ' l i s t e d  i n  Table I had a l i v e r  dose 
) ,  

Therefore,  t h e s e  cases serve t o  demonstrate t h a t  plutonium does not  

appear t o  be more carcinogenic  than expected and, as far as bone is  con- 

cerned, may a c t u a l l y  be less carcinogenic  than  expected. 
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APPENDIX A 

The Plutonium I n j e c t i o n  for Cal-I 

There is  unce r t a in ty  about both t h e  amount and i s o t o p i c  composi- 

t i o n  of t h e  plutonium i n j e c t i o n  o f  p a t i e n t  C a l - E .  

(a )  Langham e t  a l .  (1950) quoted a c a l c u l a t i o n  by J.G. Hamilton: 

the  i n j e c t e d  dose of 238Pu and 239Pu was equiva len t  t o  103 pg o f  239Pu 

( 6 . 3  v C i  of t o t a l  a lpha a c t i v i t y ) .  Hamilton had used an i n j e c t e d  alpha 

a c t i v i t y  of 120,000 counts /sec as o r i g i n a l l y  r epor t ed  by  Crowley e t  a l .  

(1946), an unknown a lpha  counting e f f i c i e n c y  (probably O . S ) ,  and a 

238Pu h a l f - l i f e  of 50 y r ,  t he  b e s t  es t imte  a v a i l a b l e  a t  t h e  time 
{Seaborg e t  a l .  1932) .  

. 

(b) Durbin (1972) r eca l cu la t ed  the  Cal-I dose and obtained a va lue  

o f  5 . 2  pCi of a lpha a c t i v i t y  (Cal-I weighed 58 kg, so t h e  va lues  re- 

Torted were 0.0896 uCi/kg o f  238Pu and 0.002 pCi/kg of 239Pu). 

t i o n  of t h e  o r i g i n a l  d a t a  shee t s ,  rchich were s t i l l  i n  t h e  Lawrence 

Berkeley Laboratory f i l e s ,  revea led  t h a t  t h e  i n j e c t c d  dose had been 

5s ,000 counts /sec.  

(1946) had erroneously shown t h e  dose i n  u n i t s  o f  counts /sec r a t h e r  than 

d i s i n t e g r a t i o n s / s e c .  However, Durbin's  c a l c u l a t i o n  a l s o  contained sone 

f z l s e  assunpt ions-- the values  used f o r  t h e  238Pu h a l f - l i f e  (86.4 p) 

and f o r  a lpha  counting e f f i c i ency  (0.35) were modern values  and n o t  t hose  

Consulta- 

Evident ly ,  t h e  origin21 r e p o r t  o f  Crowley e t  a l .  

. a7propr i a t e  t o  t h e  time t h e  o r i g i n a l  s tudy was done (1945-1946), and it 

was er roneous ly  assumed t h a t  t h e  i s o t o p i c  composition of  t h e  plutonium 

s o l u t i o n  as s t a t e d  by Crowley e t  a l .  (1946) had been measured d i r e c t l y  

- . and was a c c u r a t e l y  known. 

A re-examination of  t h e  o r i g i n a l  d a t a  s h e e t s  and an inqu i ry  i n t o  t h e  

xethods used a t  t h e  t i m e  of t h e  s tudy  f o r  p repa ra t ion  of 238Pu and for 
ZlFha measurement revea l  t h e  following: 

v 

(1) The i n j e c t e d  dose is most l i k e l y  t h a t  s t a t e d  on t h e  o r i g i n a l  

da t a  sheets--68,000 counts /sec.  

(2) A t  t h e  time of t h e  s tudy,  alpha a c t i v i t y  was measured a t  t h e  

Cracker Laboratory with a p a r a l l e l - p l a t e  i o n i z a t i o n  chamber which has 

: I  - ? 
I! 

P 

. .  

. .  . 
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- 

a count ing e f f i c i e n c y  of  0.5 ( Jaf fey  1954). Sanples were mounted on 

-platinum d i s k s  from which t h e r e  i s  backsca t t e r ,  s o  t h a t  t h e  t o t a l  a lpha 

. counting e f f i c i e n c y  was probably 0.517 3s ca lcu la t ed  by Jaf fey  (1954). 

The 238Pu had most l i k e l y  been prepared i n  t h e  60-in. cyclo- (3) 
tron a t  t h e  Crocker Laboratory by deuteron bombardment of n a t u r a l  uran- 

ium (R.E. Connick, p r i v a t e  communication). 

beam was probably c lose  t o  16 MeV, because that beam energy produces 

the nost 238Pu with t h e  l e a s t  Contamination by o the r  plutonium iso topes  

( Jaf fey  1949). 

(4) 

The energy of t h e  deuteron 

According t o  J a f f e y  (1949), who r eca l cu la t ed  t h e  y i e l d  d a t a -  

of Seaborg e t  a l .  (1949) and Kennedy e t  a l .  (1949) f o r  t h e  r e a c t i o n  of 

16-MeV deuterons on uranium, t h e  r a t i o  of a lpha  a c t i v i t i e s  of t h e  i s o -  

topes  239Pu and 23RPu is 0.013. 

s e p a r a t i n g  t h e  plutonium iso topes ,  so t h e  i s o t o p i c  composition of t h e  

plutonium i n  t h e  Cal-I i n j e c t i o n  s o l u t i o n  would have been t h a t  of t h e  

i r r a d i a t e d  t a r g e t .  Furthernore,  a t  t h a t  t i m e  t h e  i s o t o p i c  composition 

A t  t h a t  , t i n e  t n e r e  was no method of 

of t h e  plutonium could have been cha rac t e r i zed  only by a n a l y s i s  of  t h e  

r a d i o a c t i v i t i e s - - t h e i r  kinds,  energ ies ,  i n t e n s i t i e s ,  and h a l f - l i v e s - -  * 

and any va lues  given f o r  t h e  masses o f  plutonium i so topes  i n  t h e  injec- 

t i o n  s o l u t i o n  must have been obtained fro2 c a l c u l a t i o n s  involving t h e  

alpha a c t i v i t i e s  and t h e  e s t i n a t e s  of t h e  h a l f - l i v e s  then  i n  use  (50 
and 24,000 yr, r e spec t ive ly ,  f o r  238Pu and 239Pu). 

Using t h e  a v a i l a b l e  facts and some assumptions t h a t  we be l i eve  are 

c o n s i s t e n t  with t h e  h i s t o r y  and circumstances of  t h e  product ion of t h e  

i n j e c t e d  238Pu-239Pu sample, w e  have r eca l cu la t ed  t h e  Cal-I dose as 
follows. 

The i n j e c t e d  alpha a c t i v i t y  w 3 s  68,000 counts /sec measured with 

an o v e r a l l  e f f i c i e n c y  of 0.517, so t h e  t o t a l  i n j e c t e d  dose was 

(68,000 c/sec)/(0.517 x 3 . 7  x l o 4  d/sec/uCi) = 3.55 pCi  of a lpha a c t i v i t y .  

If t h e  r a t i o  of t h e  alpha a c t i v i t i e s  was 239Pu/238Pu = 0.013, then t h e  

i n j e c t i o n  was 3.5 pCi  of 238Pu and 0.046 u C i  of 239Pu. 
? 

I 

i 

! 
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! 
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APPENDIX B 

Dose Calcula t ion  

. The organ doses were c a l c u l a t e d  by assuming an exponeat ia l  re- 
-At 

R[ t ) ,  as i n d i c a t e d  i n  the  t e x t - -  

:?ntion func t ion  R ( t )  = e 
T I - I Q 

and t h a t  t h e  d o s e - i s  given by D(T) = 

Io d t  
The appropr i a t e  dose ra te  p e r  u n i t  a c t i v i t y  is  ca l cu la t ed  from 

. 

:?,e expression 

--3ere Q i s .  the  average alpha-ray dose r a t e  p e r  u n i t .  a c t i v i t y  ( in  . 

rad/day-PCi) , 

m is t h e  organ mass ( i n  g), and 

E is t h e  appropr i a t e  average alpha-ray energy. ( i n  NeV/disinte-.  

g ra t ion ) .  

The values  employed fo r  t h e  r e l e v a n t  q u a n t i t i e s  are as follows. 
:i> Organ masses (TCRP 1974) 

Organ mass (g) 
For males For females 

. . Skeleton 5000 3400 

Liver 1800 1400 
- {Z) Alpha energ ies  

- -  
Isotope 'Aljha energy ' (>lev) Branching r a t i o  (%) 

238PL.I 5.499 72 

5.456 28 - 
E = 5.487 

. 239Pu . 5.157 73.3 . 

5.145 15.1 

' 5.107 . 11.5 - 
E = 5.149 

c 
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(3) Calcula ted  Q va lues  

Skeleton Male 0.0562 0.0527 

. 11 Female O.OS27 0.0776 

Liver Ma 1 e 0.156 0.147 
1 s  Fema 1 e 0.201 0.189 

(4) Hal f - l i ves  

Bio logica l  
' \:,,;-% * .. , 3 , w . : \ , ,  .('(, . 

...:, 
Radioact ive h a l f - l i f e  (yr) Effective 

Iso tope  h a l f - l i f a  (yr) (ICRP 1972) h a l f - l i f e  (yr) .,.% 

238Pu 87.7 Liver 30 27.5 

Skeleton 100 46.7 

239Pu 24,390 Liver  40 39.9 
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