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INTRODUCTION 

1.1 Purpose of t h i s  Report 

This report  f u l f i l l s  two purposes. It defines the  problems with which 

t h i s  project  i s  concerned and t e l l s  of the progress made i n  t h e  invest igat ion 

o f  these problems. 

1.2 Statement of t h e  Problem 

The problem i s  concerned with t h e  long-term radiological  e f f e c t  t h a t  en- 

riched uranium may have upon production employees who have inhaled dusts,  mists 

and fumes of uranium i n  t h e  processing and fabr ica t ion  of t h i s  material. It 

has been found t h a t  a c e r t a i n  number of these production employees have enriched 

uranium stored i n  t h e i r  bodies. These findings are based on extensive s tudies  

of t h e  air they breathe and analyses of t h e i r  excreta  - urine and feces  1 - '7 

Samples of airborne uranium taken i n  the  v i c i n i t y  of t h e i r  work show t h a t  var iable  

concentrations e x i s t .  

these aerosols are i n  the  range 6f l i k e l y  penetrat ion and re ten t ion  i n  t h e  lung. 

Samples of ur ine revea l  high and var iable  concentrations of uranium ana, when the  

employee i s  reassigned t o  work i n  other than uranium processing areas, these con- 

centrat ions w i l l  drop t o  about one-half i n  a period of one month; from then on they 

decrease more slowly over longer periods of t i m e  8 . All these data point t o  the  

conclusion t h a t  enriched uranium i s  s tored i n  the  bodies of these  employees and 

i s  being slowly eliminated. 

A l s o ,  it has been found t h a t  t h e  median p a r t i c l e  s i z e  of 

There i s  a p o s s i b i l i t y  t h a t  long-term b io logica l  e f f e c t s  may occur s ince 

enriched uranium i s  radioact ive and long-term storage of radioact ive substances 
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i n  the  body i s  known t o  produce serious and deleter ious e f f e c t s .  

of these e f f e c t s  depends upon the absorbed radiat ion dose i n  the organs and 

t i s sues .  

forewarn of the  e f f e c t s  of rad ia t ion  overexposure. Only the b io logica l  effect  

reveals i t s e l f  and t h a t ,  unfortunately, does not appear u n t i l  it is too  la te  t o  

do anything about it. 

The sever i ty  

There a r e  no sens i t ive  biological  indicators  yet  which can serve t o  

T h i s  e f f e c t  may be s a i d  t o  be a shortening of l i f e  span brought about by 

a l t e r a t i o n s  i n  t h e  normal metabolic processes induced by radiat ion.  The a l t e r a -  

t ions  i n  metabolic processes are not understood; f o r  that matter, ne i ther  a r e  

the fundamental mechanisms i n  normal metabolic processes. It i s  believed by 

- some invest igators  that an adequate understanding of these processes is  needed 
9 before an adequate explanation of these a l t e r a t i o n s  can be made . 

Figure 1 iil-usti.ates some of the  a l t e r e d  metabolic processes. 
..” 

Here, radium 

was the  source of radiat ion.  

body of two watch-dial painters .  

of employment and t h e  other,  17 years l a t e r .  

years,  Similar occurrences have been found among other  radium workers. 

T h i s  mater ia l  gained entrance by ingest ion i n t o  t h e  

Both have died; one, 12 years af ter  t h e  beginning 

Their ages a t  death were 32 and 48 

The above e f f e c t s  can be reproduced i n  the laboratory by having small animals 

ingest  o r  inhale radium and other  radioactive materials.  

demonstrated t h e  f a c t  t h a t  a l t e r e d  metabolic processes become more pronounced if 

the t o t a l  absorbed t i s s u e  dose increases. Since the t o t a l  absorbed t i s s u e  dose i s  

a physical index of the b io logica l  e f f e c t ,  i t  i s  c l e a r  that  t h i s  must be measured 

and l imited i n  order t o  prevent a reoccurrence of the  experience i n  the radium 

industry 

Such experiments have 
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A preliminary estimate of the t o t a l  absorbed t i s s u e  dose i n  a few Y-12 

This was accomplished by cumulating t h e  amount of employees has been made. 

uranium excreted,  then deLermining the  corresponding absorbed Tissue dose. 

some unce:tainty e x i s t s  i n  the  method of converting cumulative uranium i n t o  

un i t s  of i n t e r n a l  radia-cion exposure. 

ur ine samples r a i s e s  the  estimate of i n t e r n a l  exposure. 

t he  d i s t r ibu t ion  and excret ion of ui.anium i s  needed t o  va l ida t e  t h i s  method of 

estimating i n t e r n a l  rad ia t ion  dose. Moreove., e f f o r t s  must be made t o  co l l ec t  

ur ine samples t ha t  a r e  known t o  be f r e e  of contamination from ex te rna l  sources. 

Also, t he  extraneous contamination of 

More i n f o r m t i o n  on 

1.3  History of t he  Project  

An arrangement between the  Y - 1 2  Health-Physics Department and the  

Department of Neurosurgery at Massachusetts General Hospital  w a s  es tab l i shed  

with the  a s s i s t ance  of Doctor Harold C .  Hodge of the  Atomic Eneygy Project  a t  

the University of Rochester. 

of both groups and encouraged the  formation of a jo in t  undertaking t o  obtain 

information bear ing on the above problem. 

Doctor Hodge was familiar with t h e  a c t i v i t i e s  

After  prelimina,y discussions 

between representa t ives  of t he  Y-12 Health Physics Department and Doctor 

W i l l i a m  2. Sweet of Massachusetts General Hospital ,  a f i n a l  agreement was  

reached at a meeting ca l l ed  by Y - 1 2  Management. 

bianagement, Y-12 Health Physics Department, ORNL Eealth Physics Division, 

blassachusetts General Hospital ,  and t h e  AEC Division of Biology and Medicine 

were present a t  the  meeting. 

Representatives of Y-12 
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It was agreed t h a t  t h e  Y - 1 2  Health Physics Department would prepare 

j-nJection solut ions and perform the a n a l y t i c a l  work associated with t h i s  j o i n t  

e f f o r t .  Massachusetts General Hospital agreed t o  s e l e c t  the pa t ien ts ,  perform 

the inject ions,  and care f o r  the pa t ien ts  during t h e  period of study. 

nary estimate of the number of pa t ien ts  t o  be in jec ted  w a s  made without much 

deliberation. It w a s  decided that six post-operative pa t ien ts  would receive 

various doses of uranyl n i t r a t e  hexahydrate, two pre-operative pa t ien ts  would 

receive the  highest  possible dose of uranyl n i t r a t e  hexahydrate, and t h a t  a 

similar scheme would be followed w i t h  in jec t ions  of uranium te t rachlor ide .  

A prelimi- 

The object of t h e  post-operative s tud ies  was t o  determine the  permissible 

intravenous administration dose''. 

information on uptake of uranium i n  tumorous t i s sue .  

d i r e c t  i n t e r e s t  t o  Doctor Sweet i n  h i s  invest igat ions of uranium as a f i ss ionable  

mater ia l  u s e f u l  i n  the neutron capture therapy of b r a i n  tumors. 

i n t e r e s t s  would be served by obtaining the data on d i s t r i b u t i o n  and excretion 

of uranium i n  these pa t ien ts .  

The pre-operative in jec t ions  were t o  provide 

These object ives  were of 

Health Physics 

No f i n a n c i a l  arrangements were made t o  cover the s p e c i f i c  cos ts  of t h i s  

cooperative project .  

General Hospital  within the  framework of an e x i s t i n g  contract  and the cost  of 

preparing i n j e c t i o n  solut ions and analyzing t i s s u e s  and body f l u i d s  was t o  be 

considered as an i n t e g r a l  par t  of the  Y - 1 2  Health Physics program. 

The expenses at  Boston were t o  be borne by Massachusetts 

About a year a f t e r  th i s  cooperative arrangement was  established, Y - 1 2  

Management requested Laboratory Management t o  assume administrative and technica l  

respons ib i l i ty  f o r  th i s  project .  

and technicians of the Y - 1 2  Health Physics Department assigned t o  th i s  pro jec t  were 

t ransfer red  t o  t h e  Health Physics Division of Oak Ridge National Laboratory. 

Consequently, i n  A p r i l ,  1954, the health phys ic i s t s  
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y-12 Management, however, recognizing i t s  i n t e r e s t  i n  t h i s  research, consented 

50 provide f i n a n c i a l  support u n t i l  such time as the  uranium study was completed, 

or u n t i l  other arrangements were made. 

present. 

This arrangement has continued t o  t h e  

The f i r s t  pa t ien t  w a s  in jec ted  l a t e  i n  1953. Since that time t e n  addi t iona l  

pat ients  have been in jec ted  i n  accordance with the o r i g i n a l  plan. 

and many samples (biopsy and autopsy) have been col lected and analyzed. 

report covers t h e  r e s u l t s  of t h e  first eight  post-operative administrations.  

Pat ients  I through V I  received intravenous inject ions of hexavalent uranium ( U ( V 1 ) )  

Pat ients  VI1 and V I 1 1  were administered te t rava len t  uranium ( U (  IV) ). 

were in jec ted  under t h e  care and supervision of Doctor Villiam E, Sweet a t  t h e  

Nassachusetts General and Veterans Administration Hospitals i n  Boston. 

(cont ro l  and experimental) were p r e d i g e s t e d  i n  Boston and shipped t o  Oak Ridge 

for f i n a l  analysis .  

All expired 

This 

'1hese pa t ien ts  

A l l  samples 

1 . 4  Objectives of t h e  Project  

This pro jec t ,  inappropriately named "Project Boston" because of i t s  associ-  

1) t o  a t i o n  w i t h  in te res ted  co-workers i n  Boston, has the following objeczives: 

obtain human data on t h e  d i s t r i b u t i o n  and excretion of enriched uranium; 2 )  t o  

determine by experimentation w i t h  dogs, rats, and mice more precise  data on t h e  

deposit ion and d i s t r i b u t i o n  t h a t  a r e  impossible t o  obtain from human s tudies;  

3 )  t o  determine t h e  bPC (Maximum Permissible Concentration) value of enriched 

uranium for. NBS Handbook 52; and 4 )  t o  develop a method fox- evaluating ur inary 

excretion i n  terms of i t s  d i s t r i b u t i o n  i n  the human bofiy. 

These object ives  a r e  d i r e c t l y  concerne'd w i t h  the  problem of human exposure 

t o  enriched uranium i n  production p lan ts  where t h i s  mater ia l  i s  handled. 

these object ives  a r e  reached, management should consider the  p o s s i b i l i t y  of ex- 

tending t h i s  study t o  plutonium, thorium, and the  c r i t i c a l  f i s s i o n  products. 

When 

i I I O  CJ ! I  1 3  1 
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NETEIODS MlD EXPERIBIEENTAL WORK 

201 Selectictn and Care of Pa t ien ts  
I ’  

The eight  pa t ien ts  selected f o r  t h i s  study were i n  the  terminal phase 
of severe i r r e v e r s i b l e  c e n t r a l  nervous systeis disease Vir tua l ly  a l l  had bra in  
tunors of  a xost :.ialignans type. Tlie ages of the pa t ien ts  were 26, 31, 34, 39, 
47, 55, 60 and 63 years,  an<, as ide fro:a the c e n t r a l  nerVouE system disease,  they 
were i n  qenera1l:i good physical cozdition without d e f i n i t e  evidence of other 
pathological processes. 

At t h e  time of‘ i n j e c t i o n  a l l  but pat ien ts  111 and V I 1  were ir, coca aEd 
receiving t h e  usual  hos? i te l  care comictio.5 3f frequent turnlng, skin care,  
g a s t r i c  tube reedings, ca tke te r  drainz.;;c end frequent t r a c h e a l  suction, 
t h e  pa t ien ts  had tracehotonies a 

Three Of 

The pa t ien ts  who d i d  rot, termixi te  during t h e  two t o  three  week period 
folloviris i n j e c t i o n  were t r r n s f e r r e d  t o  a nursing home where they could s t i l l  be 
c1osei;- observed. 

2 . 2  Ad:?ir,istration of Uraniu:: 

Preparation of Hexavalent Iiijection Solution. Pure uraniurr, oxide (U 0 1 ’ 3 6  was converted t o  n i t r a t e  (Uo,(?I03),) by discolving the  oxide i n  an excess of n i t r i c  
acid and evaporating t o  drynese. 
d i s t i l l e d  water and twice evaporated t o  Crj’ness t o  e l i n i n a t e  f i n a l  t r a c e s  of n i t r i c  
acic.. The c r y s t a l s  were then dissolved and d i lu ted  t o  volume w i t h  d i E t i l l e d  water. 
The solutior- w a s  assayed a t  t h i s  point c o l o r i n e t r i c a l l y  and by alpha count, 
Gesired quant i ty  Gf n i t r a t e  was then reimvei?, placed i n  a rubber sealed Container 
and autmlaved f o r  s t e r i l i t y ,  
autoclaves,  Equal volurnes cf each were cothinec shor t ly  before t h e  beginning of 
each StU6.y an5 the  desired quant i ty  removed f o r  in jec t ion .  
were given a t  a p~ of f r o z  5 0 5  t o  6.0. E x c q t  i n  the  case of pa t ien t  I, a l l  in- 
jec t ion  solut ions were e i n i l a r l y  preparec, In t h i s  case the  uranium n i t r a t e  was 
placed i n  physiological s a l i n e  and Edjusted 5 9  the  proper pH with sodium hydroxide 
ani: hydrochloric acid.  

The resu l t ing  n i t r a t e  c r y s t a l s  were dissolved i n  

The 

A 0 , b  bl PodiuiI: acetat .e solut ion w a s  prepared and 

A l l  administrations 

PreparatFon of Te2ravalent Inject ion Solution. A spec ia l  procedure was 
required t o  prepare t h e  Tetravalent uraniun iri jection so lu t ion  because of i t s  
Fnstzbilit;. over an extende2 perio2. Tetravzlent uranium w i l l  slowlj; oxidize t o  

, 
I 

he.savalerk uraniua i n  the presence ci: oxygen. 

A 2 02, bo’izle was washed, driec?: degassed under p a r t i a l  vacuum, flushed 
775th dry argon, and weighsd. 
f r o x  the  Stable  isotopes DTvision, VSTP placed i n  the b o t t l e ,  
weighed t 3  obtain the  veiglit of the  ci-gsteis a f t e r  vhich it w a s  sealed with a 
rubber s e a l ,  degassed t o  reinme oxygen f r o n  the  i n t e r s t i c e s  of the c r y s t a l s ,  and 
f u r t h e r  f lu~nef i  vLt!i dry argon 

Pure tlraniu:- te t rachlcr i3-e  (UC14) c r y s t a l s ,  obtained 
The b o t t l e  was then 
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A buffer  so lu t ion  of 0.2 M a c e t i c  acid and 0.2 hi sodium a c e t a t e  a t  a 
pH of 4.7 was prepared i n  a f l a s k  and refluxed f o r  24 hours. 
WBP complete and during cooling, the  f lask w a s  f lushed w i t h  dry argon. 
port ion of t h e  b u f f e r  solut ion was t ransfer red  t o  another 2 oz. b o t t l e  previously 
t rea ted  t o  remove oxygen. The b o t t l e  w a s  sealed w i t h  a rubber seal  and autoclaved 
f o r  s t e r i l i t y .  Both b o t t l e s ,  one containing UC14 c r y s t a l s  under argon atmosphere 
and the other  containing the  spec ia l ly  prepared ace ta te  buffer ,  were t ransported t o  
Boston by courier .  

After  ref luxing 
A 

Immediately p r i o r  t o  inject ion,  a measured volume of buf fer  so lu t ion  was 
withdrawn i n t o  a syringe and in jec ted  through the  rubber s e a l  i n t o  t h e  b o t t l e  
containing t h e  UCl4 c r y s t a l s ,  Following gent le  shaking of the  b o t t l e  and the 
syringe, t h e  c r y s t a l s  dissolved. 
w a s  withdrawn i n t o  the syringe. 

Then a measured volume of the  in jec t ion  so lu t ion  

In jec t ion  Procedure. The uranium was in jec ted  intravenously i n  a l l  the 
pat ients .  intravenous normal s a l i n e  
i n  an an tecubi ta l  vein. 
extravasation, the  uranium solut ion w a s  in jected over a period of 10 t o  15 seconds 
through t h e  rubber intravenous tubing, I n  the f irst  pa t ien t  t h i s  w a s  done through 
a metal 3-way stopcock. However, a small amount of the solut ion was l o s t  because 
of leakage from the  stopcock. In  the  second pa t ien t  a g lass  _?-way stopcock was 
employed, but during the in jec t ion  the  g lass  s ide  arm broke r e s u l t i n g  i n  t h e  loss 
of a small, but s ign i f icant ,  amount of the solution. 
were made by i n s e r t i n g  t h e  syringe needle i n t o  t h e  rubber I.V. tubing. 
cases the  syringe was i r r i g a t e d  4 o r  ?.times with s a l i n e  from the  IeV. b o t t l e  
p r i o r  t o  i t s  removal from the  tubing,. 

The procedure consisted of f i r s t  s t a r t i n g  an 
After  careful  inspection t o  preclude any p o s s i b i l i t y  of 

Thereafter,  the in jec t ions  
In  a l l  

- -  
Following t h e  inject ion,  the  syring employed i n  t h e  administration w a s  

used t o  de l iver  a r e p l i c a t e  volume of the in jec t ion  solut ion t o  a flask f o r  
quant i ta t ive analysis .  This procedure accounted f o r  any volume e r r o r s  as a 
r e s u l t  of inaccurate markings on the  syringe. 

2.3 Collection of Specimens 

Blood specimens of 1 t o  3 mil l i l i ters  were taken by phlebotomy i n  the 
arm not used f o r  the  uranium inject ion.  
specimens were taken; then at 12  hour in te rva ls  f o r  several  weeks, then a t  24 
hour i n t e r v a l s  and, following t r a n s f e r  from t h e  hospi ta l ,  at  1 t o  3 week i n t e r -  
va ls  u n t i l  expirat ion,  

During t h e  f i r s t  24 hours, hourly 

For the determination of i n i t i a l  bone uptake several  bone biopsies  were 
taken from t h e  a n t e r i o r  t i b i a  employing a 1 /2  inch trephine through a small sk in  
incis ion.  

The u r i n e  samples were col lected from indwelling ca the te rs ,  During t h e  
f irst  24 hours they were col lected at hourly in te rva ls ,  or more frequent ly  if 
the output w a s  great ;  t h e r e a f t e r  a t  1 2  hour in te rva ls  f o r  2 t o  4 weeks and f i n a l l y  
1 2  hour samples at 1 t o  4 week in te rva ls ,  
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A l l  f e c a l  specimens were col lected during the  time the  pa t ien t  remained 
under c lose observation i n  t h e  hospi ta l .  

During the  period of co l lec t ion  of samples f o r  uranium analysis  numerous 
biood and ur ine  specimens were taken f o r  measurement per t inent  t o  indices of 
chemical t o x i c i t y .  

2.4 Preparation and Analysis of Specimens 

Urine, - Three 20 m i l l i l i t e r  a l iquots  were removed from each specimen, 
when possible,  m d  20 m i l l i l i t e r s  of concentrated n i t r i c  ac id  w e r e  added t o  each 
al iquot .  These solut ions were reduced t o  dryness on a steam bath and shipped t o  
the  O a k  Ridge National Laboratory f o r  analysis.  

Upon a r r i v a l  a t  the  Laboratory 20 mil l i l i ters  of a hydrochlor ic-ni t r ic  
acid so lu t ion  (1:3 proportions) were added t o  each specimen b o t t l e  and allowed 
t o  smnd u n t i l  all t h e  residue w a s  i n  solution. The resu l t ing  so lu t ion  was 
carefall:. r insed with '2.1 N n i t r i c  acid i n t o  a 100 m i l l i l i t e r  beaker and eVapOrated 
t o  dryness, 
residue resu l ted  at dryness. 
chloride destruct ion w a s  car r ied  out. 

This ac id  digest ion was repeated f i v e  o r  more times u n t i l  a white 
A . f i n a l  digestion with 20 m l  of n i t r i c . a c i d  f o r  

. _  

Following evaporation, t h e  residue w a s  dissolved i n  0.1 N n i t r i c  acid 
T r i p l i c a t e  Eliquots were removed from each volumetric ar;d d i lu ted  t o  volume. 

d i l u t i o n  f o r  e lectrodeposi t ion of tke  uranium and subsequent alpha counting, 
11 

Electrodeposit ion and alpha counting procedure i s  given below: 

1. Place cieaned s i i v e r  d i sc  i n  c e l l ,  assemble, and p i p e t t e  
20 r i  of t h e  proper oxalate-sal t  base so lu t ion  i n t o  the  c e l l .  The 
cell then should stand f i v e  minutes t o  check f o r  leaks. I f  leaks occur, 
the  c e l l  Should be reassembled and checked again. 

2. P ipe t te  t h e  desired sample a l iquot  i n t o  the  cell. If t h e  
so lu t ion  appears yellow o r  yellow-green, adjust  t o  blue o r  blue-green 
with anmoniun hydroxide a 

3 0  Add d i s t i l l e d  water t o  c e l l  t o  give t o t a l  volume of 65 ml. 

4. Connect c e l l  t o  power supply, t u r n  on, and ad jus t  t h e  current 
t o  2 amperes, 

5. When t n e  temperature reached 95' C, adjus t  the current t o  main- 
t a i n  9 5 O  * 2 O  C and electrodeposit  f o r  one hour. 

6. A t  the  end of one hour, d-isassemble t h e  cell, dry s i l v e r  disc  
( b l o t t i n g  only) and place i n  marked envelope f o r  counting room. 
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Blood. The blood specimens were prepared i n  the  same manner as the  

urine w i t h  t h e  exception of t h e  f i n a l  n i t r i c  ac id  digestion, 
the sample was removed from t h e  steambath.  
residue remaining w a s  disssolved i n  20 m i l l i l i t e r s  of d i s t i l l e d  water and t r i p -  
l i c a t e  a l iquots  were removed f o r  electrodeposit ion and subsequent alpha counting. 

A t  near dryness, 
The small quantity of acid and 

Soft Tissue Specimens of Less than 2 G r a m s  Wet Weight. Soft  t i s s u e  
specimens (biopsy o r  autopsy) were weighed and muffled i n  platinum crucibles at  
600° C f o r  24 hours. The ash w a s  dissolved i n  0.1 N n i t r i c  ac id  and the  e n t i r e  
volume analyzed by electrodeposit ion and alpha counting. 

Feces, Bone, and Tissue specimens Greater than 2 Grams  Wet Weight. 
specimens were wet weighed and muffled i n  platinum crucibles  a t  6000 C f o r  
approximately 24 hours. 
bone t o  insure complete organic destruction. The resulting ash was weighed and 
acalyzed f o r  uranium using the  aluminum ni t ra te -d ie thyl  e t h e r  extract ion procedure 
w i t h  subsequent evaporation i n  a s t a i n l e s s  s t e e l  planchet f o r  alpha counting12. 

Additional time was required f o r  severa l  specimens of 

RESULTS 

3.1 Eiopsy Findings 

Blood - Uranium leaves t h e  c i rcu la t ing  blood stream rapidly.  A l o g  x l o g  

graph (Figure 2 )  of blood measurements shows that within s i x  minutes the  blood t 

contains only 0.007 per cent of the  injected uranium per  ml of blood, a three-fold 

reduction i n  concentration i f  5,000 cc of blood a r e  assumed, Assuming t h a t  

uranium penetrates  tbe  c a p i l l a r i e s  immediately a f t e r  in jec t ion  t o  gain entry i n t o  

5,000 cc of e x t r a c e l l u l a r  f l u i d  (ECF) space, and t h e  concentration i n  ECF e q u i l i -  

b ra tes  wi th  that  i n  blood (plasma), then the  percent of in jec ted  dose/ml x 10 KL 4 

i s  a measure of t h e  concentration i n  the body f l u i d  spaces. The measured con- 

centrations i n  blood describe smooth curves during the f irst  f i v e  t o  t e n  hours 

a f t e r  inject ion,  but f l u c t u a t e  l a t e r ,  as t h e  concentrations decrease t o  low leve ls ,  

A c loser  examination of these data  reveals more f l u c t u r a t i o n  a t  shor te r  in te rva ls  

a f t e r  in jec t ion  when low doses a re  administered (pa t ien ts  I, I1 and 111) then when 

high doses a r e  administered (pa t ien ts  IV, V,  V I ,  V I 1  and VIII). T h i s  point i s  

more c lear ly  shown i n  Figure 3. 
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- Bone - Uranium deposite i n  bone shor t ly  a f t e r  inject ion.  

of bone taken a t  one-half hour following inject ion contained 7.6 per  cent of 

t h e  in jec ted  dose per 7,000 grams of bone. 

dose per 7,000 grams of bone (biopsy samples) a re  l i s ted  f o r  each pa t ien t .  

averages range from 0.5 t o  9.1 per cent. 

administered UCl4, show the lowest (0.9%) average deposit of uranium i n  bone. 

Biopsy samples 

In Table I, t h e  percent of in jec ted  

The 

Pat ients  V I 1  and V I I I ,  who were 

Urine Excretion - There i s  a rapid clearance of uranium i n t o  ur ine,  

depending upon the  valence and t h e  mass of uranium injected.  Table I1 shows 

the  percent of in jec ted  dose accumulated i n  urine i n  the  f i rs t  24-hours. 

Pa t ien ts  I - V I  excrete an  average of 69 per cent of the  in jec ted  uranium while 

Note 

Pa t ien ts  V I 1  and V I 1 1  excrete only 18.5 per  cent. A log  x l o g  graph of t h e  

excretion r a t e s  appears i n  Figure 4. 

hour cor re la tes ,  i n  the f i r s t  four'hours, with"the mass of uranium injected.  

Excretion r a t e s  r i s e  t o  a maximum a t h 3  1/2 hours when t h e  l a r g e r  doses of 

U ( V 1 )  and U ( 1 V )  a r e  injected.  

V I ,  V I 1  and V I I I ) ,  l e s s  d i s t i n c t  f o r  the  intermediate doses (15 mgms - N and V), 

and not apparent f o r  low doses ( 4  mgms - I, 11, and 111). 

been achieved t h e  l e v e l s  of U ( V 1 )  begin t o  decline and follow a l i n e a r  path. 

Some var ia t ion  occurs, occasional high and low samples accompanying t h e  decline. 

It i s  i n t e r e s t i n g  t o  note t h a t  ihese  changes i n  excretion r a t e s  do not cor re la te  

The percent of in jec ted  dose excreted per 
4 

This r i s e  i s  d i s t i n c t  f o r  the  high doses (50 mgms - 

After t h e  maximum has 

with blood leve ls .  

Tetravalent uranium excretion ra tes ,  a f t e r  they reach t h e  maximum,  begin 

t o  follow the  power function l a w .  A t  200 hours, they depart from t h e  power 

function and decl ine more slowly. A t  400 hours the p a t t e r n  again seems t o  follow 

the power function. 
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Uranium Excretion i n  Feces - Negligible f rac t ions  of t h e  in jec ted  doses 

a r e  excreted i n  feces .  

in jec ted  dose per  sample of feces  are l i s t e d .  Figure 5 presents a graph of t h e  

counts per  minute per  gram of f e c a l  ash, p lo t ted  as a function of time f o r  

Pa t ien ts  V I 1  and V I I I .  

t o  a maximum; i n  t h e  case of Pa t ien t  V I I I ,  it i s  d i f f i c u l t  t o  t e l l  whether a 

maximum w a s  achieved. 

with time. 

This can be seen i n  Table 111, where the  percent of 

Note that the counts/minute/gram from Pat ien t  V I 1  rises 

However, t h e  counts per minute per gram of ash decreases 

3.2 Autopsy Findings 

The percent of in jec ted  uranium found i n  autopsy t i s s u e s  are summarized i n  

Table I V .  Bones and ret iculo-endothel ia l  t i s sues ,  l i v e r  and spleen, contain 

t h e  heavier deposits of U ( N )  while bones and kidneys contain the major deposits 
~ I .  

of U ( V 1 ) .  The deposit ion of uranium i n  other  t i s s u e s  appears t o  be n i l .  i 

Deposition i n  Bone - Different  samples of bone r e f l e c t  d i f f e r e n t  con- 

centrat ions as seen i n  Table V.  

while the vascular bone, r i b ,  is highest i n  the  ear ly  stages af ter  in jec t ion  and 

the  skull concentration is highest at l a t e r  stages.  

the  uranium concentrations i n  a longi tudinal  plane sectioned from t h e  d i s t a l  

end of the femur. 

smaller sect ions and each sect ion analyzed f o r  uranium. 

sec t ion  a r e  the concentrations i n  counts per minute per  gram. 

concentrations decrease i n  the d i r e c t i o n  of t h e  shaft. 

The samples of femur are lowest i n  concentration, 

Figure 6 i s  a diagram of 

The sect ion,  approximately one-fourth inch thick,  w a s  cut i n t o  

The numbers i n  each 

I n  general, t h e  
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Figure 7, a graph of a l l  individua bone samples from Pat ien ts  I, 11, 111, 

It i s  believed t h a t  t h e  V and V I  reveals  a wide spread i n  concentrations. 

logarithmic mean concentrations, appearing i n  Table I V ,  a r e  the  b e s t  s t a t i s t i c a l  

measure f o r  these samples. 

Deposition i n  Kidney - A t y p i c a l  gross autoradiogram of t h e  kidney, 

Figure 8, shows uranium dis t r ibu ted  non-uniformly and concentrated pr imari ly  i n  

the  c o r t i c a l  s t ruc tures .  Figure 9,  a microscopic autoradiogram of a kidney 

sect ion from Pat ien t  V I ,  i l l u s t r a t e s  i n  d e t a i l ,  a t y p i c a l  s i t e  of deposition. 

Here, t h e  uranium i s  deposited within o r  upon e p i t h e l i a l  c e l l s  of a proximal 

convoluted tubule.  

Deposition i n  Normal and Tumorous Brain Tissue - The concentrations of 

uranium found i n  tumorous b r a i n  (expressed as percent of in jec ted  dose per  

thousand grams) are higher than i n  normal b r a i n  t i s s u e  (Table V I ) .  

3.3 Biological  H a l f - L i f e  i n  Bone and Kidney 

It i s  important t o  know whether o r  not the .cur ren t  value f o r  the  b io logica l  

h a l f - l i f e  of uranium i n  bone (300 days) i s  l e s s  

would indicate .  

Figure 10, a semi-log graph of the  percent of dose of U(V1) i n  bone i s  p lo t ted  

with t h r e e  o ther  curves. 

has a h a l f - l i f e  of 200 days. 

t h i s  manner: 

graph paper as shown i n  Figure 11; 

s i n g l e  exponential  term and compute the  bone h a l f - l i f e  of each pa t ien t ;  and 

3)  p l o t  each p a t i e n t ' s  bone h a l f - l i f e  as a funct ion of expirat ion time. 

(or g r e a t e r )  than these data  

It i s  found that t h e  300 day value i s  qui te  acceptable. In 

Curve 1, obtained by t h e  usual least square procedure, 

Curve 2, which gives a b e t t e r  f i t ,  was obtained i n  

1). Flot  t h e  bone biopsy and bone autopsy data  on semi-log 

2)  f i t  each p lo t  by l e a s t  squares with a 

Since 
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the  l a t te r  increases i n  proportion t o  t4/5 (Figure 12), these data  can be 

represented by t h e  equation 

l e a s t  squares, t h e  values of C and h can be calculated.  

s ingle  exponential representat ion of the  bone data  because in tegra t ion  from 

t = 0 t o  t = 70 years y i e l d s  the  area beneath it which i s  i d e n t i c a l  t o  the  area 

( i n  the  same i n t e r v a l )  beneath curve 2. 

1 / 5  ) = C exp ( h  t ) and, by * C exp ( 

Curve 3 i s  the  best  

Since the  percent of in jec ted  dose deposited i n  t h e  kidney i s  not d i f fe ren t  

from the deposit ion i n  bone then i t s  best  s ing le  exponential representat ion would 

a l so  be curve 3. Thus, the  b io logica l  h a l f - l i f e  f o r  kidney i s  300 days, a f a c t o r  

of t e n  grea te r  than the present ly  accepted value. 

3.4 Chemical Toxicity Findings 

An invest igat ion of the  chemical e f f e c t s  of uranium upon the kidney tubules 

was car r ied  out by Doctor A. J. Luessenhop, et  al . ,  of the  Massachusetts General 

Eospi ta l  and the r e s u l t s  of t h i s  study are  summarized b r i e f l y  below. 

5 

The parlous c l i n i c a l  s t a t e  of these pa t ien ts  w a s  said t o  make t h e  interpre-  

t a t i o n  d i f f i c u l t .  Bowever, some d e f i n i t i v e  evidence w a s  accumulated which showed 

tha t  a minimal dose t o  produce a nephrotoxic syndrome was 0.1 mgm of U ( V 1 )  per 

kilogram of body weight. 

i n  Table VII. The evidence for tubular  damage manifests itself i n  ur inary 

ca ta lase  and pro te in  excretion, a wel l  known sens i t ive  t e s t  f o r  t h e  tox ic  e f fec t  

on t h e  kidney tubules12. 

cel lular  casts i n  t h e  ur ine and, even though it is f a i n t l y  suggested, t h e  

interference with the rena l  capacity f o r  reabsorption of Ea and C1 and t h e  secre- 

t i o n  of K. 

tubules.  

A generzl  survey of these c l i n i c a l  f indings i s  presented 

Other evidence f o r  the  e f fec t  i s  the  appearance of 

The pathological s tud ies  did not reveal  any detectable  change i n  the  
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3.5 Best F i t t i n g  Equations 

Body and Organ Burdens - A d i rec t  measure of body burden w a s  not made. 

However, t he  bes t  estimate i s  bel ieved t o  be the  average of the t o t a l  percent 

of in jec ted  dose found i n  autopsy tissues and 100 per  cent minus percent of 

in jec ted  dose excreted i n  urine.  

0.60 t-’12, was obtained by minimizing t h e  weighted square res idua ls  of the 

body burden estimates where t h e  weights were taken t o  be inversely proport ional  

t o  the  variances,  

i n  kidney and bones appears i n  Figure 13. 

The bes t  f i t t i n g  power funct ion equation 

A p lo t  of th i s  equation together  w i t h  the body and organ burden 

The equation f o r  organ burden i n  kidney i s  0.20 t-1/2, and it i s  t h e  same 

as the organ burden i n  bone. 

average of t h e  r a t i o  of t h e  burden i n  t h e  organ t o  the burden i n  the body, as 

given by 0.60 tm112* The lowest r a t i o  w a s  re jec ted  from each calculat ion,  

T h i s  equation w a s  determined by computing the 

Urinary Excretion - The best f i t t i n g  parer funct ion equation f o r  the 

excret ion rates of Pa t i en t s  I - V I  i s  34.3 $/hr t -3/2 ( t  i n  u n i t s  of hours) 

(Figure 4), 

the least squares f i t ,  The best f i t t i n g  equation f o r  each p a t i e n t ’ s  rate measure- 

ments is shown i n  Figure 14. 

10 hours were omitted. 

power function, Also, the parameters f o r  the equation have a considerable range - 
e q o n e n t s  range from 2,3l t o  1.36 while t h e  coe f f i c i en t s  range from 381.3 $/hr t o  

22,9 $/hr, 

Zxcretion rates measured i n  the  first 10 hours were omitted from 

Here, too, the excret ion measurements of the first 

These excret ion rates are approximated c lose ly  by the 
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3.6 Kinetic Studies  of Distr ibut ion and Excretion 

A simple mathematical analysis  of t h e  dynamic process of U ( V 1 )  d i s t r i b u t i o n  

and excretion i s  possible  w i t h  the l i n e a r  model shown i n  Figure 15 .  

12  i s  based on small animal d i s t r i b u t i o n  and excretion data found i n  t h e  l i t e r a t u r e  

It permits.an estimate of t h e  amounts of uranium i n  deposit ion s i t e s  as a function 

of time. 

t h r e e  exponential  terms and t o  determine the parameters of t h e  d is t r ibu t ion .  

This model 

. 

The procedure f o r  i t s  appl icat ion i s  t o  f i t  the  excret ion data with 

Figure 16 shows t h e  r e s u l t s  of i t s  appl icat ion t o  the  d i s t r i b u t i o n  and 

excretion of one of t h e  Boston patients13. 

ments t o  include the  e r r o r  i n  estimating the  parameters. 

parameters are manipulated as d ic ta ted  by the  l i n e a r  model, t h e  percent of in jec ted  

dose may be estimated f o r  t h e  organs, Figure 17. 

t h e  percent of in jec ted  dose i n  the  kidneys, but tha t  it estimates bone and blood 

content reasonably w e l l .  

Two curves band t h e  excret ion measure- 

Xhen these sets of 

Note t h a t  t h e  model underestimates 

The model i s  being modified present ly  t o  give a c loser  approximation of 

these experimental r e s u l t s .  

by incorporating a mechanism t o  simulate the formation of d i f f u s i b l e  and non- 

d i f f u s i b l e  complexes i n  the blood and including a pathway from kidney back t o  

blood t o  simulate resorpt ion i n  t h e  tubules. 

study . 

It appears that b e t t e r  agreement w i l l  be obtained 

These modifications a r e  under 
14 
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DISCUSSION 

4.1 Evaluation of Maximum Permissible Concentrations i n  the Body, A i r  and Urine. 

The autopsy findings confirm the present KE'C values recommended by t h e  

National Committee on Radiological Protection and the  In te rna t iona l  Commission 

on Radiation Protection. 

ra ther  than bone, t h e  over-al l  change i n  q ( the  NFC i n  t h e  body) i s  not 

s ign i f icant .  q, calculated on the b a s i s  of these data, i s  .02 pc, which d i f f e r s  

from the present value, 0.04 pc, by a f a c t o r  of 2. 

usual equation and f2 w a s  set equal t o  l / 3  (see Table IV and Figure 13) .  

Although t h e  data show kidney as t h e  c r i t i c a l  organ 

q w a s  calculated w i t h  the  

-11 The current J P C ) ,  ( =  1 x 10 pc/cc) applicable t o  the  case of exposure 

t o  soluble uranium compounds i n  a i r  is  l o w  by a f a c t o r  of two when compared 

w i t h  the  MPC), ca lculated on the  b a s i s  of these data. 

l a w  and the exponential  l a w  were used t o  make the calculat ion.  

Both t h e  power function 

where q = -02 pc, f 2  = l /3 ,  T = 300 days, fa  = (.25 + fl)f2 = .025, f 2  = .ll, 

fa  = .25 and t = 'Y = 2.6 x 10 r 4 
days (70 years) .  
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The Naximum Permissible Excretion l e v e l  NPC)u computed w i t h  t h e  power 

funct ion d i f f e r s  from that calculated with the exponential l a w  by a f a c t o r  

of ten: 

c 

The current E P C ) ,  (70 d/m/day) i s  l/3 t he  higher value and th ree  times the  lower 

value. 

4.2 Estimating Body Burden from Urinary Excretion Data 

Instantaneous Body Burden ( In jec t ipn  Dose) - A s  described previously, 

i n j ec t ion  so lu t ion  r ep l i ca t e s  were col lected following administration. These 

r ep l i ca t e s  were analyzed i n  a manner i d e n t i c a l  w i t h  t he  ana lys i s  of ur ine  and 
.. 

blood specimens. 

In j ec t ion  incidents  i n  Pa t ien ts  I and I1 prevented administration of t h e  

predetermined dose. Therefore, it was necessary t o  estimate the  in j ec t ion  dose. 

This w a s  accomplished i n  the following manner: The  excretion curves of Pa t ien ts  

I11 and I V  were p lo t ted ;  t h e  f i r s t  par t  of each curve, being l i n e a r ,  was f i t t e d  

w i t h  an exponential  term; th i s  s ingle  component, when integrated,  represented 

.54348 and .53476 of t h e  measured dose, respect ively.  

followed with t h e  excret ion curves of Pa t ien ts  I and 11. 

the i r  curves by t h e  average of the values from Pa t i en t s  111 and I V ,  

The same procedure was  

Dividing t h e  area under 

,53908, it 

w a s  possible  t o  estimate t h e i r  in jec t ion  dose. 
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This method of estimating in jec t ion  doses can be applied t o  p r a c t i c a l  

problems of i n d u s t r i a l  exposure. 

following the  exposure incident are required. 

in jec t ion  dose i s  given by 

Only a few excretion measurements immediately 

I n  equation form, t h e  estimated 

I n i t i a l  

A s  an example, Figure 18 shows t h e  estimated in jec t ion  doses of s i x  Rochester 

pa t ien ts  made i n  t h i s  manner. The poorest estimate, an  e r r o r  of 58 per  cent, 

is shown i n  the case of the s i x t h  Rochester pat ient .  This e r r o r  can be reduced 

t o  26 per cent ii t h e  f i r s t  ur inary excretion measurement i s  eliminated from t h e  

calculat ion,  

The method cannot be applied accurately t o  the excretion data of Boston 

Pa t ien ts  V and V I  because of t h e  e f f e c t  of dose upon t h e  shape of t h e  excretion 

curve, 

method y ie lds  an overestimate of t h e  in jec t ion  dose, The reasons f o r  th i s  a r e  

not  understood. 

:.!her, the excretion rates exhibi t  a tendency t o  r ise t o  a maximum t h e  

Body Burden as a Function of Time - An untenable estimate of body burden 

is given when a material balance (amount i n  body = amount in jec ted  - amount excreted) 

i s  employed i n  conjunction with t h e  power function equation. 

not tenable because of an e r r o r  i n  the  measured excretion rates, o r  i n  t h e  power 

function, o r  i n  both. This i s  s h m  i n  TEble V I 1 1  where t h e  percent of dose 

excreted a t  i n f i n i t y  was calculated by integrat ing the  parer  funct ion from 

Such an estimate is 

‘ 

c 

E 

f 

F 

b 

d 

a 

be 

m e  

u r  

t h  
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t = 24 hours t o  t = Oa and adding the  percent excreted i n  the  f i rs t  day. This 

calculat ion was)performed with both the  Rochester and Boston data  f o r  purposes 

of comparison. 

a t  i n f i n i t y  and t h e  percent accumulated i n  the  ur ine at t h e  time of t h e  last 

sample. 

t h i s  f inding. 

There i s  no e s s e n t i a l  difference between t h e  percent excreted 

Studies of t h e  b e s t  f i t t i n g  parer  funct ion a r e  under way t o  e lucidate  

Par t  of the  d i f f i c u l t y  i n  applying t h e  power funct ion t o  t h e  excret ion da ta  

stems from t h e  f a c t  t h a t  excretion is not measured over a long enough period, 

i.e., the  bes t  f i t t i n g  power function is  inadequate when appl ied t o  short  term 

experiments. 

another viewpoint. 

in jec ted  dose excreted per hour p lo t ted  as a function of 1 - f r a c t i o n  of in jec ted  

dose excreted i n  urine.  

straight l i n e  while t h e  curves of all other  pa t iep ts  bear  resemblance t o  asymptotic 

T h i s  argument may not be important when t h e  data  a r e  examined from 

Figure 19 presents a graph of excret ion rate i n  f r a c t i o n  of 

The excretion curve of the  t h i r d  Boston p a t i e n t  i s  a - 

functions.  

proof of which comes from eliminating the  t i m e  var iable  from the  equation f o r  body 

burden, ( q  = atmb) and i ts  der ivat ive,  which i s  t h e  negative excretion r a t e ,  

dqfdt = - a b t - ( l  + 'I. 

The straight l i n e  is  evidence t h a t  the power funct ion l a w  i s  obeyed, 

T h i s  y i e l d s  

a non-linear d i f f e r e n t i a l  equation. 

be a l i n e a r  funct ion if the power l a w  i s  obeyed. 

measures of t h e  body burden and s ince 1 - f r a c t i o n  of i n j e c t e d  dose excreted i n  

ur ine may be i n  e r ror ,  it cannot be concluded t h a t  t h e  asymptotic curves mean 

that the power l a w  w a s  not obeyed. 

A p lo t  of l o g  ( -dq/dt ) versus l o g  q should 

Since t h e r e  were no independent 
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A b e t t e r  method f o r  estimating body burden from urinary excret ion i s  

suggested by these  considerations.  A graph of body burden versus excret ion 

r a t e  i s  shown i n  Figure 20. The straight l i n e  has t h e  equation 

( - dq/dt)  = + .056 q3/12 

where I is  the  i n j e c t i o n  dose. Actually t h e  equation i s  f o r  mere convenience. 

The appl ica t ion  of t h i s  graph t o  the p r a c t i c a l  problem does not depend on any 

l a w  f o r  re ten t ion  and excretion. 

can be improved. 

With data from addi t iona l  pa t ien ts ,  th is  graph 

4 . 3  Estimating Cumulative I n t e r n a l  Radiation Exposure from Routine Urinary . 
Excretion Measurements. 

Current estimates of cumulative i n t e r n a l .  rad ia t ion  exposure are based on 

t h e  lung as the c r i t i c a l  organ because the predominant exposures i n  Y-12 are 

due t o  airbonre,  insoluble uranium compounds. There are ,  however, occasional 

inhalat ion exposures t o  high l e v e l s  of soluble compounds which give r i s e  t o  

perturbed excret ion leve ls .  

that  of continuous administration upon which i s  superimposed the excretion of 

a s ingle  in jec t ion .  

I n  these cases, the  pa t te rn  of excret ion resembles 

Figure 21 presents  a t y p i c a l  case. This worker was exposed t o  a high airborne 

Here, the  estimate of cumulative concentration of a soluble  uranium compound. 

i n t e r n a l  rad ia t ion  exposure should be based on t h e  kidney as the  c r i t i c a l  organ 

r a t h e r  Than the lung. If it is  assumed t h a t  t h e r e  i s  no appreciable hold-up of 

t h e  soluble  compound i n  t h e  lung and t h e  PIPC f o r  a continuous soluble  exposure 

i s  70 d/min/day, then the  cumulative dose can be estimated as follows: 
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1) Determine I, t h e  in j ec t ion  dose, by one of t h e  following methods: 

(a) PhiLtiply t h e  amount excreted i n  t h e  f irst  24 hours a f t e r  exposure by 1/0-7; 

o r  ( b )  use t h e  method discussed i n  sec t ion  4.2; o r  use the  equation I = ( - u 0 . 3 ) t  

where -4 is  the measured excretion r a t e  i n  units of d/m/day o r  mrem/day and t i s  

the  t i m e  ( i n  days) at which the measurement w a s  made. 

3/2 

-1/2 2) Determine q, t he  body burden i n  the  equation, q = .6 I t 

3) In tegra te  these values f o r  q u n t i l  t h e  steady s t a t e  i s  reached and 

. 

include these  values i n t o  t h e  cumulated unperturbed exposure record. 

unperturbed exposure represents  t he  contribution t o  t h e  dose r e s u l t i n g  from 

continuous absorption i n  the blood stream. It must be remembered that t h i s  

method appl ies  only t o  the  case of a s ingle  exposure. 

Cumulated 

Another f a c t o r  which a f f e c t s  t he  estimate of cumulative i n t e r n a l  dose i s  t ha t -  

of contaminated ur ine  specimens. Extraneous contamination can be introduced in- + 

advertent ly  by t h e  employee o r  by the  laboratory analyst .  

w i l l  help t o  minimize t h i s  problem: 

The following suggestions 

1) Analyze t h e  ur ine  immediately a f t e r  voiding by a d i r e c t  method. 

2)  Analyze specimens i n  uncontaminated labora tor ies .  

3) Avoid cross-contamination. 

An immediate analysis is possible with a well  type d ip  counteg5 ,  but its 

l i m i t  of s e n s i t i v i t y  is about t e n  times the  PPC),  . 
could be used t o  "screen" the samples. Employees voiding uranium concentrations 

detectable  w i t h  t h i s  counter should be required t o  submit addi t iona l  samples f o r  

immediate ana lys i s .  After  t he  leve ls  drop t o  t he  limit of s e n s i t i v i t y  of t h i s  

instrument t h e  employee could again submit samples a t  t h e  regular  frequency. 

Therefore, t h i s  instrument 
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The highly contaminated samples should )e ana,Jzed separately from the  low 

l e v e l  samples thereby reducing the  poss ib i l i t y  of cross contamination. 

Methods f o r  analyzing l a rge r  volumes of urine a re  under development t o  

improve the precis ion and t o  lower the l imi t  of s ens i t i v i ty .  

e lec t ropla t ing  method, one of the  unat t ract ive fea tures  i s  the  r e l a t i v e l y  high 

contamination poten t ia l .  This is shown i n  Table IX.  Note that, as the  volume 

In  the  ex is t ing  

of blank urine increases,  the amount of a c t i v i t y  i n  the  blank samples remains 

constant. 

4.4 Comparison w i t h  Other Data 

Small Animals - The r e s u l t s  of this  study of human d i s t r ibu t ion  and 
12, 16 

excretion can be compared w i t h  t he  r e su l t s  of s m a l l  animal experiments 

The notable differences are: 

1. 
ins igni f icant  i n  comparison t o  storage i n  the bone. 
f o r  uranium i n  the kidney of rats is -6 days. 
a 70 year period, the  b io logica l  h a l f - l i f e  i s  approximately 300 days. 

Storage of U ( V 1 )  i n  t h e  kidney of s m a l l  animals was found t o  be 
The b io logica l  half-life 

I n  these humans, averaged over 

2, 
humans i s  slower. I n  s tudies  w i t h  rats, 99 per cent disappears i n  as l i t t l e  
as  twcl hours. 
clearance e 

The disappearance of U ( V 1 )  and U ( 1 V )  from the  blood stream of 

These human data  reveal  that 20 hours a re  required for blood 

3. In the case of rats, 2/3 of the in jec ted  uranium is excreted i n  the  

It should be noted, however, that the r a t e  of excretion 
urine i n  24 hours. 
i n  t he  same period. 
depends on the  t o t a l  mass of in jec ted  uranium. For example, 50 per  cent of the  
injected dose was excreted i n  the  first 24 hours when 50 mgms were injected; 84 
per cent was excreted i n  t h e  first 24 hours following the administration of 4 mgm. 

s igni f icant  quant i t ies  (-40 per cent)  of the  in jec ted  dose i n  feces .  

On the average, 70 per cent i s  excreted by these pa t i en t s  

4. Small  animals, when in jec ted  w i t h  t e t r a v a l e n t  salts of uranium, excrete 

iiumans excrete negl igible  amounts v i a  the  G.I.  t r a c t .  
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Rochester Pa t ien ts  - In general, there  was very l i t t l e ,  i f  any, difference 

exhibited i n  the  ur inary excretion of the Rochester patients’’. This i s  

surpr i s ing  i n  view of the f a c t  that t h e i r  c l i n i c a l  s t a t e s  were d i f f e ren t ,  

of t he  Rochester pa t i en t s  had maladies comparable i n  seve r i ty  t o  t h e  terminal 

None 

Boston pa t ien ts .  There was a s l i g h t  difference i n  experimental technique with 

respect to:  (a)  sample co l lec t ion  (Rochester pa t ien ts  voided at na tu ra l  times 

whereas Boston pa t i en t s  were catheter ized);  and (b )  l e v e l  of i n j ec t ion  dose 

(Rochester pa t i en t s  were administered smaller (0.4 - 4 mgms) doses of 

uo,(mog 12 6 ~ ~ 0 ) .  

The ur inary excretion findings were similar i n  these respects:  a )  The 

d i f fe red  s l i g h t l y  from that of 

b )  t he  amount of urandum excreted 

-1-8 
bes t  f i t t i n g  power function, 57.2 $/hr t 

the  Boston pa t ien ts ,  viz., 34.3 $/hr t-lo5; 

i n  the  f i rs t  24 hours was  e s sen t i a l ly  the same, 76 per  cent cimpared with 
... 

69 per cent (Table V I I I ) ;  and . c )  the  percent of in jec ted  dose excreted at 

i n f i n i t y  was t he  same, 79 per cent compared with 85 per cent (Table V I I I ) .  

The f e c a l  excretion of uranium i n  the  Rochester subjects  w a s  negl igible .  

This i s  i n  good agreement with the  Boston pat ien ts .  

Some subt le  differences a r e  indicated i n  Figure 19. The Rochester 

Curves a r e  not a s  d i f f e ren t  from each other as a re  the  Boston pa t i en t  curves. 

I n  addition, the  Rochester excretion r a t e s  i n i t i a t e  at higher values (Figure 21) 

than the Boston pa t i en t s  (Figure 3 ) .  
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4.5 Future Work 

The work i s  not complete. To evaluate the  i n d u s t r i a l  inhalat ion 

exposure t o  enriched uranium more adequately, the fu ture  work should include 

t h e  following s tudies:  

1) Additional pat ients :  More pa t i en t s  are needed t o  improve the 

v a l i d i t y  of the  findings on the  eight pa t i en t s  reported. 

2) The Influence of Mass of Injected Dose upon the  Blood Disappearance 

and Excretion Rate: 

i , e , ,  can the  d i s t r ibu t ion  be a l te red ,  the  disappearance from blood hastened. 

It i s  important t o  know what the  e f fec ts  a r e  at low l eve ls ,  

3)  Excretion Resulting from Multiple Inject ions.  

4) Excretion Following Inhalat ion of Soluble and Insoluble Uranium 
e .  

Compounds. 

dogs are under way. 

Studies  of excretion following inhalat ion of metal fumes with 

These s tudies  a re  needed i n  t h e  case of humans as w e l l .  
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s m m y  AND coNcLusIoNs 

Human data  on the  d i s t r ibu t ion  and excretion of enriched uranium, the 

product of a cooperative study by the  Department of Neurosurgery, Massachusetts 

General Hospital, and the  Health Physics Division, O a k  Ridge National Laboratory, 

a re  presented. 

the in t e rna l  rad ia t ion  hazards of long-stored, enriched uranium i n  production 

workers. 

These data  a re  evaluated f o r  information w i t h  which t o  determine 

Eight terminal bra in  tumor pa t ien ts  were administered uranium compounds, 

s i x  were in jec ted  w i t h  U02(N03)2 Measurements were 

made of the  uranium excretion i n  urine and feces,  the disappearance of uranium 

from blood, the d i s t r ibu t ion  of uranium i n  bone (biopsy and autopsy), and i n  

many samples of t issue. .  

6 ~ ~ 0 ,  and two w i t h  UCl4. 

The findings i n  t h i s  invest igat ion were: 

1) The c r i t i c a l  organ f o r  radiat ion damage is  the kidney r a the r  than bone. 

The kidney burden was  found t o  be the  same as that of bone and the  b io logica l  

h a l f - l i f e  i n  bone, 300 days, w a s  found t o  be the  same as that  of the  kidney. 

2) The measured excretion r a t e s  f o r  ur ine i n  Boston pa t i en t s  ( a )  can be 

approximated w i t h  a bes t  f i t t i n g  parer  function and (b)  a re  s l i g h t l y  d i f fe ren t  

from the  excretion r a t e s  of pa t i en t s  in jec ted  at the  University of Rochester. 

3)  An improved method f o r  estimating body burden and cumulative internal. 

radiat ion dose from urinary excretion i s  applied t o  the  case of workers e q o s e d  

t o  high airborne l eve l s  of soluble uranium compounds. 

minimize e r ro r s  i n  t h i s  estimate. 

Suggestions a r e  made t o  

4)  The Maximum Permissible Concentrations i n  the  body, i n  air, and i n  ur ine 

calculated w i t h  these data differed,  by no more than  a f a c t o r  of 3, w i t h  the  

current ly  recommended values f o r  e-osure t o  soluble compounds of uranium. 
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Table I 

Uranium Content of Bone Biopsy Samples i n  Percent of Injected 
I Dose per 7,000 Grams 

Patient I I1 I11 IV V VI VI1 VI11 

6.1 7.8 9.0 7.6 5.6 6.2 0.5 1.4 
5.5 4.7 2.3 4.4 6.5 1.1 
16.3 3.1 1.4 4.1 

0 - 24 hrs  11.3 11.1 
5.7 
9.4 

12.5 

24 - 48 hrs  4.9 
10.6 

1 * 5  

Average , 9.1 6*5  4.2 7.6 3.9 6.4 , , 0-5 _. 1.3 
i 

6.3 0.9 
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Table I1 

Percent of Injected Dose Excreted i n  F i r s t  24-Hour Collection 
o r  Urine 

Pat ien t  I I1 I11 I V  V V I  V I 1  V I 1 1  

I 59.4 78.0 83.8 77.2 66.5 49.1 1 120.0 16.91 

Average 69.0 18.5 
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Table I11 

Percent of Injected Dose Excreted in Feces 

Patient 
Time (in days) I I1 IV VI1 V I 1  
of Sample 

1 
2 
3 
4 
5 
6 
7 
9 
10 
11 
13 
17 
18 
19 
20 
21 
23 
24 
26 
3 
33 
38 
41 
43 
46 
48 
50 
51 
54 
56 
57 
59 
63 
64 
68 

0002 . 0001 

017 
.0005 
.0088 

e 0022 
.0003 

0177 
0168 
001 

0241 

0117 

015 5 
0075 
.0081 

0031 

.0031 
0048 

0084 
0044 

0005 
0041 
-0049 
0010 

0 0001 
.0020 

0015 

0029 

.0013 

-0015 
.0017 
0016 
.0008 
0035 . 0001 

0006 
e 0002 

.0003 
0038 

.0005 
0005 

.os8 
0021 

.0015 
0001 
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Table I V  

Per Cent of In jec ted  Dose per  Standard M a n  Organ o r  Tissue f o r  
Six  Terminal Brain Tumor Pa t ien ts  

a 

Pa t i en t s  I, V I ,  11, V and I11 Injected with U02(N03), 6 ~ ~ 0  
Pat ien t  V I 1 1  In jec ted  with UCl4 

Pat ien t  Number 
I V I  I1 V I11 v111 

Sample 
Organ o r  Tissue Amount Expiration Time (days ) 

(€3) 2.5 18 74 139 566 21 

Bone 
Kidney 
Muscle 
Skin and subcu- 

Fa t  
Red Marrow 
Blood 
Stomach 
Small i n t e s t i n e  
Liver 
Brain 
Lungs 
Heart 
Spleen 
Urinary Bladder 
Pancreas 
Testes 
Thyroid Gland 
Pros ta t  e Gland 
Adrenal Gland 

taneous t i s s u e  

7,000 
300 

30, ooo 

6,100 
10,000 
1,500 
5,400 
250 

1,100 
1,700 
1,500 
1,000 
300 
300 
150 
70 
40 
20 
20 
20 

Miscellaneous t i s s u e s  390 

ca r t i l age ,  nerves ,e tc)  
(blood vesse ls ,  

Tota l  i n  Tissues 
Tota l  Excreted i n  Urine 

:., 10.0 
16.6 
1.2 

1.8 
0.6 

1.0 
0.08 
0.2 
1.8 

0.5 
0.06 
0.6 
0.03 
0.7 

0002 
0.3 

35 
69 

1.0 0.1 0.06 
0.6 0.04 

0.2 0.005 0.002 0.004 
0.02 0.03 0.1 

0.02 0.003 0.001 0.001 
0.2 0.03 0.01 0.006 
1.1* ;-.-;* 0.2 . 0.2 0.05 

0.4 
0.02 
0.2 i 

0.008' , 
0.01 
0.003 
0.003 
0.01 
0.2 

0.03 
0.003 
0.1 
0 . 002 
0.008 
0 . 008 
0 . 0002 
0 0004 
0.003 
0.04 

0.02 
0.006 
0.02 
0.001 
0 0006 
0.002 
0.0001 
0.0004 
0 001 
0.002 

18 4 3 
63 92 85 

0 . 008 
0.002 
0 . 006 
0.0003 
0.0004 
0 . 002 
0.0002 
0 . 0001 
0.0004 
0 . 002 

2 
98 

14.4 
1.1 
0.4 

0.08 

0.1 
9.2 

0.3 
0,004 
5.6 
0.06 

0 e 008 
0 . 0009 
0.003 
0.02 
0.04 
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Table V 

Bone Autopsy Data - Per Cent of In jec ted  Dose per 7,000 g 

Post inject ion Sample Mean 
Pat ien t  No .* Time 

(days 1 Femur Rib Skul l  Sternum Vertebra. 

Inject ion:  U O ~ ( N O ~ ) ~  6 ~ ~ 0  

I 2 112 4.1 13.8 5 - 5  37.7 14.0 

V I  18 3.3 29.5 16.3 

0.4 1.3 2.4 I1 74 0.4 1.8 8.3 

V 139 0.4 0.6 1.3 0.8 

I11 566 0.6 0.6 7.4 1.1 0.4 2.0 

Injection: U C l 4  

VIIS 21 0.6 27.5 15.1 14.4 

* No autopsy data  obtained for pat ien ts  IV and V I I .  
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Table V I  

Percent of Injected Dose per 1000 grams of Normal and Tumorous 
Brain Autopsy Tissue 

Injected w i t h  U02(N03)2 6 ~ ~ 0  uc14 

I Pat ient  

Expiration Time (days) 2.5 

Brain 

Fronta l  27 . i* 
Temporal 2.8 

Stem 

Tumor 2-5 

* Believed t o  be contaminated. 

V I  I1 

18 74 
1.4 

02 

.01 

.06 

- 
V I11 V I 1 1  

139 566 21 

-005 .005 . 009 

. 04 .02 

.01 

.14 



I General 

Dermal changes 

Erythema 
Sweating 
Pulse 

Respiration R a t  e 
Heart - I Pulse 

EKG 

iver Function 
Cephalin Floculation 

Blood 

Pres sure 
Glucose Tol .  
Hematology 

Reticulocytes 
P la t e l e t s  
Hemoglobin 
Hematocrit 
Sedimentation Rate 
Leucocy-tes 
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Table VI1 (continued) 

PH 
C1 clearnace 
Urea " 

Endogenous Creat in- 
ine clearance 

Y% - 
Bo change Elev. post 

injection 

111 Urine 

Toxicity Tests 
Non-Prof it Nitrogen / /  

No definite decrease below control values 

uev. POST 'LemF rise 

eterminstionsl injection) 1st . .  day 
Cata1.a s e 
Protein 

Leucocytes 
Casts 

Glucose -Ketone 
Bodies 

Fluctuated 

Fluid Balance 

Specific gravity 

Present pre - Appeared post 
post inject ion Fluctuated injection 

None present 

Elevated 
post injection 

Tmediat e increase post inject ion  

in accordance with urine output 

I post inj. 
? 

Abnormal Numbers 
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Table I X  

Ef fec t  of Increased Sample Volume on t h e  u o u n t  of Uranium 
i n  Urine 

e " 

Volume of Sample T o t a l  Activity 
(cc 1 (c/hr ) 

14 
13 

2 

5 

10 

20 

50 

100 

17 
18 
12 
20 

1 5  
1 5  
8 
10 
15 
20 

19 
13  
21 
1 5  
10 
10 

1 3  
12 
20 
10 
1 5  
18 
12 
1 5  
24 
25 
11 
22 

1 3  
12 
18 
1-3 
13  
20 
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FIG. 8 GROSS AUTORADIOGRAM OF KlDNEY SHOWING DISTRIBUTION OF URANIUM. j I ~ b c t ~ b  
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FIG. 9 .  MICROSCOPIC AUTORADIOGRAM OF KIDNEY SHOWING URANIUM 
IN OR UPON EPITHELIAL CELLS OF A PROXIMAL CONVOLUTED TUBULE. 
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