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ABSTRACT 

The d i s t r i b u t i o n  of  239Pu was s t u d i e d  i n  bone from a woman who re- 

ce ived  an in t ravenous  i n j e c t i o n  of  0 . 3  v C i  239Pu i n  1945 a t  age 18 and 

who d ied  1 7  months l a t e r  with Cushing ' s  Syndrome. The average depth a t  

which 239Pu  was buried,  by a p p o s i t i o n a l  bone growth i.n t r abecu lae  ranged 

from 40 t o  60 urn i n  seven bones.  

s t u d i e d  was 52 urn. Sur face  and volume concen t r a t ions  i n  bone which cov- 

e red  bu r i ed  s u r f a c e s  i n  t r a b e c u l a e  ranged between 0.26 and 0 .63  pCi/cm2 

and 56 and 160 pCi/cm3 r e s p e c t i v e l y  i n  seven bones.  The mean va lues  of 

t h e  d a t a  f o r  t h e  seven bones were 0.39 pCi/cm2 and 94 pCi/cm3. 

ume concentrat ion c o n t r i b u t e s  only  about 4% of t h e  t o t a l  t e rmina l  dose 

The average f o r  a l l  s i t e s  of b u r i a l  

The vo l -  

a 
R ra te  i n  a layer o f  ce l l s  10 vrn t h i c k  l i n i n g  t h e  endos tea l  s u r f a c e s  of  
1 

t r abecu lae  i n  t h e  6 th  t h o r a c i c  v e r t e b r a .  In  o t h e r  bones t h e  c o n t r i b u t i o n  

from bone volume would be  even l e s s .  

endos tea l  and Haversian cana l  su r f aces  i n  t h e  s h a f t s  of  s i x  long bones 

ranged between 0.18 and 0.64 pCi/cm2, 0.14 and 0 .31  pCi/cm2, and 0.13 

and 0.59 pCi/cm2 r e s p e c t i v e l y .  These concen t r a t ions  a r e  cons iderably  

l e s s  than those  observed on bu r i ed  s u r f a c e s  a t  t h e  same s i t e s .  

Concentrat ions on t h e  p e r i o s t e a l ,  

- *  INTRODUCTION 

The Center  f o r  Human Radiobiology has  obta ined  t h e  remains of  one 

case  from t h e  s e r i e s  of human plutonium i n j e c t i o n s  r epor t ed  by Langham 

and h i s  co l leagues  (Langham e t  a l .  1950) and reviewed by Durbin ( 1 9 7 2 ) .  

We r e p o r t  he re  measurements of  t h e  depth  a t  which plutonium i s  b u r i e d  by 

a p p o s i t i o n a l  bone growth, and measurements o f  bone s u r f a c e  and volume con- 

c e n t r a t i o n s  ,of 239Pu made us ing  au to rad iog raph ic  methods. 
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THE SUBJECT 

The s u b j e c t ,  known a s  HP-4 i n  t h e  e x i s t i n g  l i t e r a t u r e ,  i s  a woman 

who was i n j e c t e d  a t  age 18 with 0 . 3  v C i  239Pu i n  c i t r a t e  s o l u t i o n  and 

who d ied  17 months l a t e r  from t h e  e f f e c t s  of Cushing's Syndrome. She had 

su f fe red  from Cushing's Syndrome f o r  s e v e r a l  yea r s  p r i o r  t o  h e r  death and 

t h e  d i s e a s e  was i n  an advanced s t a t e  a t  t h e  time of i n j e c t i o n .  

Cushing' s Syndrome a f f e c t s  bone, producing secondary osteoporosis, 

depos i t i on  may have been a f f e c t e d  by t h e  d i s e a s e  s t a t e .  

METHODS 

Since 

39Pu 

Bone p i e c e s  from s e v e r a l  s i t e s  w i t h i n  t h e  s k e l e t o n  were embedded i n  

methyl methacry la te  and c u t  i n t o  s e c t i o n s  which had nominal t h i cknesses  

of 100 vm.  
t r a c k  method (Schlenker and Oltman 1973) with Lexan p l a s t i c  as t h e  d e t e c t -  

i ng  medium. I r r a d i a t i o n s  were made i n  t h e  Argonne Nat iona l  Laboratory 

CP-5 r e a c t o r .  

DEPTH OF SURFACE BURIAL 

Autoradiographs were made of t h e s e  s e c t i o n s  using t h e  f i s s i o n  

A t y p i c a l  au toradiograph  of t r a b e c u l a r  bone i s  p resen ted  i n  Figure 1. 

The l i g h t  gray area r e p r e s e n t s  bone, t h e  dark gray a r e a s  r e p r e s e n t  marrow 

spaces and t h e  boundary between t h e  l i g h t  and dark gray r e p r e s e n t s  t h e  

bone s u r f a c e .  

depos i ted  on a s u r f a c e  which was b u r i e d  by a p p o s i t i o n a l  bone growth. 

average d i s t a n c e  between such a band of t r a c k s  and t h e  bone s u r f a c e  was 
determined us ing  t h e  formula 

Arrows p o i n t  ou t  a band of f i s s i o n  t r a c k s  produced by 239Pu 
The 

D = A / L  

where D i s  t h e  d i s t a n c e ,  A i s  t h e  a r e a  inc luded  between t h e  band and t h e  

bone s u r f a c e ,  and L i s  t h e  length of t h e  band between t h e  p o i n t s  a t  which 
it i n t e r s e c t s  t h e  s u r f a c e .  The d i s t a n c e  D i s  t h e  depth o f  b u r i a l  f o r  the  

p o r t i o n  of  t h e  b u r i e d  s u r f a c e  r ep resen ted  by t h e  band. 

Table I p r e s e n t s  t h e  r e s u l t s  o f  b u r i a l  depth measurements i n  bone 
The minimum va lues  observed i n  t h e  va r ious  bones, 14-31 vm, t r a b e c u l a e .  

probably ove res t ima te  t h e  t r u e  minima, because i t  i s  d i f f i c u l t  t o  make an 

accu ra t e  a r e a  measurement when t h e  b u r i e d  band l i e s  nea r  t h e  bone s u r -  

face .  

as w e l l .  

A s  a r e s u l t ,  the  average va lues  a r e  probably s l i g h t  ove res t ima tes  
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Table I .  Bur ia l  depths  o f  t r a b e c u l a r  su r f aces  covered by a p p o s i t i o n a l  

bone growth 

Depth, pm Number 
Bone measured Range Average 

Cerv ica l  v e r t e b r a  10 18- 86 54 

I 
I 

v 

Lumbar v e r t e b r a  1 4  14- 120 57 
Thoracic  v e r t e b r a  18 27- 76 50 

I l i a c  c r e s t  4 8  31- 100 50 

Pubis  37 31- 160 60 

Humerus 9 21-  80 40 

Femur 4 2  15-110 49 

Average ? s tandard  e r r o r  o f  a l l  measurements 52 +- 2 

For comparison wi th  observa t ions ,  t h e  range of  239Pu a lpha  p a r t i c l e s  

i n  bone, computed us ing  Kolenkow's and Manly's (1967) q u a d r a t i c  approxi-  

mation t o  t h e  range-energy r e l a t i o n s h i p ,  i s  2 3  pm. I n  some bones t h e  

minimum depth i s  less than t h i s  b u t  i n  a l l  bones t h e  average depth i s  

about 1 . 7  times t h i s .  Thus a l though some bur i ed  s u r f a c e s ,  o r  p o r t i o n s  

t h e r e o f ,  can i r r a d i a t e  s u r f a c e  ce l l s ,  most l i e  deeper than an alpha p a r t i -  

c l e  

of  bone s u r f a c e  c e l l s  r e s u l t s  p r i n c i p a l l y  from d e p o s i t s  on t h e  e x i s t i n g  

s u r f a c e  and from d e p o s i t s  i n  t h e  volume between t h e  e x i s t i n g  and bu r i ed  

s u r f a c e s .  

TRABECULAR SURFACE AND VOLUME CONCENTRATIONS 

In o r d e r  t o  estimate t h e  r e l a t i v e  c o n t r i b u t i o n s  of  volume d e p o s i t s  

range and produce no s u r f a c e  dose.  Thus it appears  t h a t  i r r a d i a t i o n  

and o f  e x i s t i n g  surface d e p o s i t s  t o  t h e  te rmina l  dose r a t e s ,  w e  have 

measured t h e i r  concen t r a t ions .  Our s u r f a c e  measurements have been l i m i -  

t e d  t o  bone which covers  b u r i e d  s u r f a c e  d e p o s i t s .  I n  our  au toradiographs  

I 
I 

i 

such bone appears  t o  c a r r y  no more i n t e n s e  a s u r f a c e  l a b e l  than  bone 

which does n o t  cover a s u r f a c e  depos i t .  I 
Concent ra t ion  d a t a  and dose ra tes  are presented  i n  Table  11. The 

concen t r a t ions  have a f r a c t i o n a l  s t anda rd  dev ia t ion  of  about 25%. The 
dose rates a r e  averages  throughout a 10 u m  t h i ck  c e l l  l a y e r  assumed t o  

l i e  a d j a c e n t  t o  t h e  239Pu d e p o s i t .  

concen t r a t ion  va lues  f o r  seven bones given i n  Table  I1 and t h e  equat ions  

of Mays and Sea r s  (1962). 

They a r e  computed using t h e  mean 

i 

I 
I' 

1 0 0 0 0 4 8  



325 

Table 11. Average 239Pu concen t r a t ions  on t h e  s u r f a c e  and i n  t h e  

volume of bone which covers  bu r i ed  s u r f a c e s  i n  t r abecu lae .  

Surf ace Volume 

Bone measured pCi/cm2 pc i / cm3 

Cerv ica l  v e r t e b r a  10 0.47 160 

Lumbar v e r t e b r a  14 0.32 89 

Thoracic  v e r t e b r a  18 0.26 120 

I l i a c  c r e s t  48 0.33 56 

Pubis 37 0 .63  100 

Proximal .humerus 9 0.29 67 

Proximal femur 29 0.41 64 

Mean f o r  seven bones 0.39 94 

33 5 Average dose r a t e  i n  10 u m  t h i ck  
c e l l  l a y e r ,  mrad/day 

I f  a l l  cel ls  were i r r a d i a t e d  by both s u r f a c e  and volume 239Pu depos- 

i t s ,  they  would r e c e i v e  about  33 mrad/day from t h e  s u r f a c e  and 5 mrad/day 

from t h e  volume. However, volume d e p o s i t s  occur  only  where a p p o s i t i o n a l  

growth h a s  b u r i e d  a l abe led  s u r f a c e  s o  t h a t  much o f  t h e  e x i s t i n g  s u r f a c e  

has  no volume d e p o s i t  ad j acen t  t o  i t .  Thus t h e  dose r a t e  i n  a 10 I.rm t h i c k  

l a y e r  would be 33 + 5 f mrad/day where f i s  t h e  f r a c t i o n  of  t h e  e x i s t i n g  

s u r f a c e  which has  a volume d e p o s i t  ad j acen t  t o  i t .  Measurements i n  t h e  

6 t h  t h o r a c i c  v e r t e b r a  i n d i c a t e  t h a t  about 30% of  t h e  e x i s t i n g  s u r f a c e  has  

an a d j a c e n t  volume d e p o s i t .  Thus t h e  d a t a  h e r e  would p r e d i c t  a t o t a l  

dose r a t e  o f  33 + 5 x 0 . 3  = 34.5 mrad/day. The volume d e p o s i t s  t hus  con- 

t r i b u t e  only  1 .5 /34 .5  o r  about 4% of  t h e  t o t a l  dose.  The v e r t e b r a e  appear  
t o  have experienced more remodeling than o t h e r  bones s o  t h a t  t h e  c o n t r i -  

bu t ion  of volume d e p o s i t s  t o  t h e  t o t a l  dose i n  o t h e r  bones would b e  even 

l e s s  than i n  t h e  v e r t e b r a e .  Thus l i t t l e  e r r o r  would r e s u l t  i n  any d o s i -  

me t r i c  computations i f  t h e  dose c o n t r i b u t i o n  from volume depos i t i on  were 

ignored a l t o g e t h e r .  

HAVERSIAN CANAL, ENDOSTEAL SURFACE, AND PERIOSTEAL SURFACE CONCENTRATIONS 

Number 
b u r i a l  s i tes  concen t r a t ion ,  concen t r a t ion ,  

Monomeric plutonium i s  known t o  be depos i ted  i n  h i g h e s t  concentra-  

t i o n  on endos tea l  su r f aces  i n  t h e  midshaft  r eg ions  of mouse long bones a 

few days a f te r  i n j e c t i o n  (Rosenthal and Lindenbaum 1969).  The next  

1 0 0 0 0 4 9  



326 

h i g h e s t  concen t r a t ions  a r e  observed on Haversian canal s u r f a c e s  and t h e  

lowest concen t r a t ions  a r e  found on p e r i o s t e a l  s u r f a c e s .  

termine whether o r  not  such a g rada t ion  i n  terminal  surface concent ra -  

t i o n s  occurred i n  t h i s  case ,  we measured Haversian cana l ,  endos tea l  s u r -  

f a c e  and p e r i o s t e a l  s u r f a c e  concen t r a t ions  i n  t h e  midshaf t s  of t h e  r a d i u s ,  

ulna,  humerus, femur, t i b i a ,  and f i b u l a .  Data are p resen ted  i n  Table 111. 
The concent ra t ion  va lues  have f r a c t i o n a l  s t anda rd  d e v i a t i o n s  o f  about 25%, 

but  t h e  r e l a t i v e  concen t r a t ions  between t h e  d i f f e r e n t  types of s u r f a c e  

wi th in  each bone are accura t e  t o  10%. 

Table 111: 

In o r d e r  t o  de- 

239Pu s u r f a c e  concen t r a t ions  i n  long bone midshafts .  
~ ~~ ~ 

Con c e n t r a  t ion ,  pc i/ cm2 
Bone P e r i o s t e a l  Haversian canal  Endosteal 

Humerus 0.30 0.31 0.59 

Radius 0.38 0 .25  0.32 

Ulna 0 .28  0 . 2 2  0.13 

Femur 0.64 0 .26  0 . 2 3  

T i b i a  0 .18  0 . 2 3  0.17 

F ibu la  0.27 0.14 0.16 

There i s  no tendency f o r  p r e f e r e n t i a l  depos i t i on  on any one of t h e  

bone s u r f a c e  types i n  t h i s  case, i n  c o n t r a s t  t o  t h e  obse rva t ions  i n  

mouse. 

endos tea l  s u r f a c e s .  F igure  2 i l l u s t r a t e s  t h i s  g r a p h i c a l l y  wi th  p l o t s  of 

t h e  d i s t r i b u t i o n s  of  concen t r a t ions  on t h e  Haversian c a n a l ,  p e r i o s t e a l ,  

e x i s t i n g  endos tea l  and bu r i ed  endos tea l  s u r f a c e s  i n  t h e  t i b i a  midshaft .  

There i s ,  however, a p r e f e r e n t i a l  d e p o s i t i o n  of 239Pu i n  b u r i e d  

The average concen t r a t ion  observed on t h e  b u r i e d  su r faces  i s  1 2  t imes t h e  

average observed on the e x i s t i n g  surfaces. A simple exp lana t ion  of t h e s e  

si tes i s  t h a t  t h e y  were forming a t  t h e  t ime of  i n j e c t i o n  and p r e f e r e n t i a l -  

l y  concent ra ted  t h e  239Pu producing h igh  concen t r a t ions  similar t o  those  

produced i n  growing bone fo l lowing  i n j e c t i o n  of a l k a l i n e  e a r t h  elements.  

THE EFFECT OF CUSHING'S SYNDROME 

Cushing's Syndrome is  b e l i e v e d  t o  dep res s  t h e  amount of a p p o s i t i o n a l  

bone growth below normal and t o  i n c r e a s e  t h e  amount of bone r e s o r p t i o n  

above normal (Jowsey e t  a l ,  1965). The imbalance between removal and r e -  

placement t h u s  c r e a t e d  produces o s t e o p o r o s i s .  If a l t e r a t i o n  i n  t h e  bono 

1 0 0 0 0 5 0  
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Figure 2. Re la t ive  frequency d i s t r i b u t i o n  o f  239Pu concen t r a t ion  
on p e r i o s t e a l ,  Haversian canal  and endos tea l  s u r f a c e s  
i n  t h e  t i b i a  midshaft .  
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1 remodeling rates i s  t h e  s o l e  e f f e c t  of Cushi.nR's Syndrome, then one would 

o x p c c t  bono from il r ior i~lul  pursoti of tho SUIIIO age as t h i s  case  t o  show t 
h ighe r  mean s u r f a c e  concen t r a t ions  duc t o  lower r e s o r p t i o n  rntcs and t o  

show more b u r i a l  o f  239Pu due t o  more f requent  a p p o s i t i o n a l  bone growth. 
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