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ABSTRACT . 

Pulmonary neoplasia was the priniary cause of death in beagle dogs 

5 t o  10 years a f t e r  inhala t ion of 239~u02  deposi t ing 0.2 t o  2.0 LCi 

in the lungs ( 3  t o  22 nCi/g . lung) .  Approximately 10% of the a lveolar  

deposited plutoniu~n was retained in the lungs 8 t o  10 years postexposure 

with an estimated accu~iiulated average radia t ion dose t o  the  lungs of 

2000 t o  12,000 rads. Forty t o  f i f t y  percent of the  plutoniuni was t rans-  

located t o  the tracheobronch~ial and mediastinal lyniph nodes, 10 t o  15% 

t o  the l i v e r ,  5% t o  the skeleton and 5% t o  the abdo~iiinal lyniph nodes. 

The highest plutonium concentration occurred i n  the lyiiph nodes follo!.led 

in descending order by lungs, l i ve r - and  skeleton.  Bone neoplasia was 

the primary cause of death i n  dogs'5 t o  6 years a f t e r  inhalat ion of 

238~u0i, depdsiting 2 t o  5 i~Ci i n  the lungs (30 t o  70 nCi/g lung). Thir ty  

t o  f i f t y - f i v e  percent of the plutoniu~li was i n  the  skeleton 5 t o  6 years 

postexposure with an estimated accumulated average radia t ion dose t o  the 

skeleton of 100 t o  300 rads. Five t o  t h i r t y  percent of the Pu was in 

the lungs, 15 t o  302, in the l i v e r  and 5 ' t o  25% in the tracheobronchial 

and niediastinal lymph nodes. The highest plutoniuni concentration occurred 

in the lynph nodes followed i n  descending order by l i v e r ,  lung and skeleton. 

After inhalat ion of 238~u02 or 239~u02  a t  these low l eve l s ,  lyiiphopenia was 

the e a r l i e s t  observed e f f e c t ,  occurring 1 t o  2 years a f t e r  deposition of 

> 80 nCi Pu in the lungs. - 
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INTRODUCTION 

The e f f e c t s  o f  i nha led  2 3 9 ~ u 0 *  and 2 3 8 ~ u 0 2  i n  beagle dogs were 

summarized i n  1972' ( I ) . '  More r e c e n t l y  t he  e f f e c t s  o f  i nha led  Pu 

i n  dogs compared w i t h  e f f e c t s  i n  o t h e r  species (2,3,4,5,6) and w i t h  

e f f e c t s  o f  o the r  rad ionuc l  i d e s  have been reviewed (7) .  ' T h i s  r e p o r t  

i s  an over'view summarizing e f f e c t s  o f  i nha led  2 3 g ~ u 0 2  and 2 3 8 ~ u 0 2  ' 

i n  dogs w i t h  emphasis on dose-response r e l a t i o n s h i p s  a t  low exposure 

1  eve1 s. 

EFFECTS OF INI- IAtED 2 3 9 ~ u ~ 2  IN BEAGLES 

The f o l l o w i n g  summary o f  t h e  e f f e c t s  o f  i nha led  2 3 9 ~ u 0 2  

was repo r ted  p r e v i o u s l y  (1  ). Beagle dogs, 12-43 months o ld ,  were 

g iven  s i n g l e  10-30 min i n h a l a t i o n  exposures t o  2 3 9 ~ u 0 2  aeroso ls  

v i a  a  mask. The 2 3 9 ~ u 0 2  was obta ined by c l a c i n i n g  t h e  p lutonium 

oxa la te  i n  a i r ' a t  300-350°C. The count  median diameter o f  t he  

aerosol ranged from 0.1 t o  0.5 ~ m .  

Of 65 2 3 9 ~ u 0 2  dogs he ld  f o r  1  i f e - t i m e  observa t ion ,  62 d i e d  
I 

or .were s a c r i f i c e d  when death was imminent between 55 and 4068 

days a f t e r  exposure. F igu re  1  shows t h e  re1,at ionship between 

the  q u a n t i t y  o f  p lu tonium i n i t i a l l y  deposi ted i n  t h e ' l o w e r  r e s p i r a t o r y  

t r a c t  o r  a l v e o l i ,  i n  nCi/g .of  b lood less  lung, and t h e  s u r v i v a l  

t ime o f  t h e  62 dogs. The curve, f i t t e d  t o  a1 1  t h e  data, by l e a s t  

squares ana l ys i s ,  can be ex t rapo la ted  t o  15 yr postexposure 



(about  16 yr o f  age, t h e  niaximum expected 1  i fe -span  of these dogs) 

suggest ing t h a t  d e p o s i t i o n  o f  niore than  5 nC.i per  g o f  l u n g  m igh t  

be expected t o  cause ,premature dea th  due t o  pulnionary neop las ia  

. and .pulmonary f i b r o s i s - i n d u c e d  r e s p i r a t o r y  i n s u f f i c i e n c y .  T h i r t y -  

s i x  o f  t h e  d ~ g s  d i e d  between 55 and 1600 days postexposure due t o  

plutonium-induced pulmonary edema, f i b r o s i s  and b r o n c h i o l a r  and 

a l v e o l a r  e p i t h e l i a l  hype rp las ia  and metaplas ia ,  which r e s u l t e d  

i n  severe r e s p i r a t o r y  ' i n s u f f i c i e n c y  cha rac te r i zed  by p rog ress i ve  

hypercapnea and hypoxemia (8).  O f  t he  dogs t h a t  su rv i ved  more than  

1000 days a f t e r  exposure, 24 had pulmonary neop las ia  i n  a d d i t i o n  

t o  t h e  f i b r o t i c  and m e t a p l a s t i c  l e s i o n s .  Twenty o f  t he  21 dogs 

t h a t  su rv i ved  more than 1600 days postexposure had pulnionary neopl as ia .  

None o f  t h e  c o n t r o l  dogs, many o f  which a re  s t i l l  a l i v e ,  had pulnionary 

neoplas ia .  The inc idence  o f  p r ima ry  pulmonary neop las ia  i n  dogs 

has been repo r ted  t o  be 0.2-0.6%(9). Approxi l ! iately 39% (24162) 

o f  t h e  dogs exposed t o  2 3 9 ~ u 0 2  showed pulmonary neop las ia ,  however, 

82% (24129) o f  t he  exposed dogs t h a t  su rv i ved  a t  l e a s t  1000 days 

had pulmonary neoplas ia ,  and n e a r l y  100% o f  those t h a t  su rv i ved  

more than 1600 days had pul~ i ionary neoplas ia .  

Since m o r t a l i t y  was due t o  two causes, pulnlonary f i b r o s i s  and 

neoplas ia ,  a  curve was a l s o  f i t t e d  by l e a s t  squares anal .ys is  t o  

t h e  da ta  f o r  j u s t  t h e  dogs t h a t  showed pulmonary neop las ia  (F ig .  1 ) .  

The s lopes o f  t he  curves f o r  a l l  dogs and f o r  j u s t  t he  tunior dogs 

viere d i f f e r e n t ;  . t h e  i n t e r c e p t s  a t  15 yr postexposure were about 

5 znd 3 nCi/g,  r e s p e c t i v e l y .  However, cons ide r i ng  the  spread o f o  



the ,data p o i n t s  and the  u n c e r t a i n t y  i n  e x t r a p o l a t i n g  the  curves 

t o  15 yr, a conservat ive es t imate  i s  t h a t  depos i t i on  o f  more than 

1  nCi/g might  be expected t o  cause premature death due t o  pulnlonary 

neoplas ia , o r  neoplas ia and pulmonary f i  b r o s i  s-induced r e s p i r a t o r y  

i n s u f f i c i e n c y .  
. . 

The est imated i n i t i a l  a l v e o l a r  depos i t i on  i n  t h e  dogs w i t h  

p l  u  tonium-induced pulmonary tumors was 0.2-3.3 vCi o r  3-45 nCi/g 

b lood less  lung. . T h i s  amount o f  p lutonium i s  100-1500 t imes the 

est imated maximum permiss ib le  l ung  burden ( t h e  q u a n t i t y  a t  e q u i l i b r i u m  . , 

r e s u l t i n g  i n  a  mean dose o f  0.3 rem/week). f o r  man, which i s  0.016 vCi 

o r ' a b o u t  0.03 nCi/g lung, assuming tha ' t  t he  b lood less  lung o f  man weighs 

500 g. The conservat ive es t imate  o f  1  nCi/g i n i t i a l  depos i t i on  

(Q - 70 nCi i n  t he  t o t a l  lung) ,  causing premature death i n  t he  dog, 

i s  more than  30 t imes the  concent ra t ion  equ iva len t  t o  t he  maximum 

permiss ib le  lung burden f o r  man. Th i s  assumes t h a t  t h a t  i n d u c t i o n  

o f  pulmonary tumors a t  low doses i s  r e l a t e d  t o  p lutonium concent ra t ion  

and n o t  t o  t o t a l  plutonium. If tumor i nduc t i on  i s  r e l a t e d  t o  the  t o t a l  

amount o f  plutonium, t o t a l  ,number o f  p a r t i c l e s ,  o r  t o ta ' l  c e l l s  a t  

r i s k ,  then the  s i ze  o f  t h e  human lung compared t o  the  dog lung may 

n o t  be impor tan t  and 70 nCi i n  t he  dog lung, causing premature 

death due t o  pulmonary cancer, may be o n l y  about 5 t imes the  amount 

equ,ivalent i n  hazard t o  t h e  maximum permiss ib le  lung burden f o r  man. 

The morphology o f  these 1  ung tumors was descr ibed p rev ious l y  (10, l l ' ) .  

Most were found t o  be bronch io lo -a lveo lar  carcinoinas o f  per iphera l  

pulmonary o r i g i n .  However, squamous c e l l  carcino~rias and epidermoid 



carcinomas were fou'nd i n  t he  lung,  as w e l l  as b r o n c h i o l o - a l v e o l a r  
. ,. 

carcinomas. The m a j o r i t y  o f  t h e  tumors were p e r i p h e r a l  i n  p r in ia ry  

s i t e  o f  o r i g i n ,  u s u a l l y  appeared" t0  b e . m u l t i c e n t r i c ,  and were r a t h e r  

s low t o  invade t h e  l ymphat i cs  .or vascu la r  system. Metastases were 

common t o  t h e  t racheobronch ia l  and med ias t i na l  lymph nodes an3 

lymphat ics ,  and were l e s s  commonly seen i n  k idney,  diaphragm, bone 

marrow, l i v e r ,  adrenal  and mesente r i c  lymph nodes. 

The t e rm ina l  b r o n c h i o l a r  and a1 v e o l a r  e p i  the1  ium were t h e  most 

f r equen t  t a r g e t  c e l l  s  f o r  damage and n e o p l a s t i c  t r ans fo r~ ; i a t i on ,  

due t o  t h e  r e s i d u a l  l o c a l  i z a t i o n  o f  2 3 9 ~ u  p a r t i c l e s  i n  t h e  p e r i p h e r a l ,  

e s p e c i a l l y  subp leura l  , a l v e o l a r  w a l l  s  and assoc ia ted  scar  t i s s u e .  

T.he induced lesi.ons c o n s i s t  p r i m a r i l y  o f  pulmonary f i b r o s i s ,  

bronchi01 o-a1 v e o l a r  e p i  the1 i a l  hyperp l  a s i a  and 'nietapl as i a ,  a1 veol  a r  

h i  s t i o c y t e  pro1 i f e r a t i o n , .  p l e u r a l  f i b r o s i s ,  and a l v e o l a r - c e l l  tumor 

f ~ r m a t i o n .  Tumors were observed r a d i o g r a p h i c a l l y  as e a r l y  as 2 y r s  

p r i o r  t o  death (8,12). I n  a d d i t i o n  t o  t h e  e p i t h e l i a l  tuniors i n  t h e  . . ' 

lung,  t h e r e  have been a  few pulmonary tumors o f  niesenchynal o r i g i n ,  

i n c l u d i n g  benigh-appearing l e s i o n s  o f  e n d o t h e l i a l  ' o r i y i i ' ~  which wcre 

classified as hernangionias and l e s i o n s  t h a t  appeared t o  be d e r i v e d  
I 

f rom the p leu ra  o r  mediast inum which were h i  s t01  o g i c a l  l y  pleomorphic 

and p robab l y  r ep resen t  n~eso the l  ioma. 

F igu re  2 shows t h e  r e t e n t i o n  and t r a n s l o c a t i o n  o f  a l veo la r -depos i t ed  

p lu ton ium i.n t h e  70 dogs. Approx imate ly  10% o f  t h e  a l veo la r -depos i t ed  

p l u ton ium was r e t a i n e d  i n  t h e  l ungs  a t  11 y r s  a f t e r  exposure, hav ing  

d e l i v e r e d - a n  accumulated.average r a d i a t i o n  dose t o  t he  lungs  of 



2000-12,000 rad ,  i n  the  tumor bear ing  dogs. F o r t y  t o  f i f t y  percent  

. . 

o f  p lu ton ium was t rans loca ted  from t h e  l ung  t o  t he  t racheobronchia l  

and med ias t ina l  lymph nodes ( t h o r a c i c  -lymph nodes), w i t h  10-1 5% 

going t o  t h e  l i v e r ,  5% t o  t he  ske le ton  and 5% t o  t he  abdominal 

lymph nodes (hepat ic  and sp len i c  lymph nodes). About 8 5 h f  t he  . 

plutonium i n i t i a l l y  deposi ted i n  t h e  lower r e s p i r a t o r y  t r a c t  o r  

alvLeol i  was re ta ined  i n  t he  dogs 9-10 y r s  a f t e r  exposure. A dynamic 

s imu la t i on  clodel f o r  the  b i o l o g i c a l  d i s p o s i t i o n  o f  i nha led  239~u02 ,  

developed w i t h  t he  a i d  o f ,hybr id  computer tec,hniques and the  data 

from these dogs, suggests t h a t  t h e  c learance r a t e  from t h e  pulmonary 

compartment changes s low ly  and i s  bes t  descr ibed mathemat ica l l y  by 

a power f u n c t i o n  (13).  However, a f t e r  t h e  f i r s t  100 days, c learance 

o f  p lu tonium from t h e  lung  cou'ld be approximated by a  h a l f - t i m e  o f  

1000 days. 

Table I shows the  d i s t r i b u t i , o n  o f  p lu tonium i n  t h e  t i s s u e s  of dogs 

2500-3500 days a f t e r  exposure. The h ighes t  concen t ra t i on  occurred 

i n  t h e  t racheobronchia l  and l ned i s t i na l  lymph. nodes, f o l l owed  i n  

descending order  by abdominal lymph nodes, lungs, l i v e r ,  o ther  

lymph nodes, spleen .and skeleton.  A t  7-10 y r s  a f t e r  exposure, as 

rnuch as 6 6 h f  t h e  p lutonium i n  t he  dogs was associated w.ith the  
* 

l ymphat ic  system.. P a t h o l ~ y y  i n  t h e  p lutonium-conta in ing lymph 

nodes consfsted uT severe necros is  o f  lyniphdirl t.issue w i t h  h i s t i o c y t i c  

p r o l i f e r a t i o n  and scar r ing .  Three o f  t h e  dogs had t h o r a c i c  lymph 

node l e s i o n s  of e n d o t h e l i a l  o r i g i n  c l a s s i f i e d  as hemangiosarcona, 



lymphangiosarcoma and endothel  ionia. One dog had ma1 i g n a n t  lymphoma 

i n v o l v i n g  m a i n l y  t he  rnesenter ic and niandi b u l a r  lyriiph nodes. 

R e s p i r a t o r y  i n s u f f i c i e n c y ' a n d  lymphopenia were t h e  p r i ~ ! i a r y  

c l i n i c a l  s i gns  assoc ia ted  w i t h  t h e  f i b r o t i c ,  metap las ic  and 

n e o p l a s t i c  changes i n  t h e  lungs  and w i t h  t h e  f i b r o s i s  of t h e  lyrnph 

nodes. F i g u r e  3  shows t he  mean l eucocy te  va lues o f  14 dogs w i t h  

body burdens o f  0.2-1.0 uCi. The mean lymphocyte count  o f  t h e  p l u t o n i u ~ i -  

exposed dogs was l e s s  than t h e  c o n t r o l  dogs, 6 nionths a f t e r  exposure, 

and con t inued  t o  be 30-507; o f  t h e  con t ro l - dog  va lues f o r  t h e  subsequent 

per iod .  The mean t o t a l  1  eucocyte count  o f  t h e  p l  u ton iu~ i -exposed 

dogs was f r e q u e n t l y  l e s s  than t h a t  o f  t h e  c o n t r o l  dogs, p r i n i a r i l y  

due t o  t h e  decrease i n  lyl i lphocytes. Leucocyte counts  were f r e q u e n t l y  

e l eva ted  p r i o r  t o  dea th  when t h e  lungs  were seve re l y  damaged due 

t o  p ~ l n o n a r y  neoplas ia .  There were no o t h e r  s i g n i f i c a n t  changes 

,observed i n  t h e  hernogram o f  t h e  p l  utonium-exposed dogs : -The c r i t i c a l  

t i s s u e  r e l a t e d  t o  lymphopenia i s  unknown. Y u i l e  e t  a l . ,  (14)  suggest 

t h a t  i r r a d i a t i o n  o f  c i r c u l a t i n g  c e l l s  by p lu ton ium i n  t h e  l ung  and 

lymph nodes i s  r espons ib l e  f o r  lynphopenia,  r a t h e r  than i t s  r e s u l t i n g  

f rom .a genera l  depress ion of hematopoiesis and l ynphopo ies is .  

I t  i s  possib.1e t h a t  t h e r e  i s  a  r e l a t i o n s h i p  between p lu ton ium- induced 

lymphopenia, lymph node patho logy,  and decreased immunological  

capabSl l t y ,  ar~d.  .the pa thogcncs is  o f  p lu ton i~ .~n i - induced  .pulmonary 

neop las ia .  

The l i v e r s  o f  some of t h e  dogs t h a t  d i e d  showed pass ive  conges t ion  

w.i Lh c e n t r a l  l o b u l a r  degenerat ion.  T h i s  was p robab ly  r e l a t e d  t o  



c i r c u l a t o r y  changes caused by  seve re . l ung  patho logy.  No s i g n i f i c a n t  

p a t h o l o g i c a l  changes were observed i n  t h e  ske le tons  o f  these dogs 

t h a t  cou ld  be r e l a t e d  t o  t h e  plu-tonium i n  t h e  ske le ton .  Two dogs 

t h a t  d i e d  o f  l ung  tumors had developed severe hype r t r oph i c  pulmonary 

- os, teoar thropathy secondary o f  t h e  1  ung 1 esions. No p r ima ry  neop las ia  

o f  t h e  ske le ton  o r  1  i v e r  , as descr ibed  f o r  i n t r avenous l y  a d n i n i  s t e red  

2 3 9 ~ u  c i t r a t e  i n  beagle dogs (15),  was observed f o l l o w i n g  i n h a l a t i o n  

L 

a 

I n  t h e  exper iments descr ibed  above, t h e  i nc i dence  o f  pulmonary 

neop las ia  i n  beagle dogs a f t e r  i n h a l a t i o n  o f  2 3 9 ~ u 0  was n e a r l y  
2 

1 0 0 h  t average p lu ton ium doses 100-1 500 t imes t he  maximum pemi i  s s i  b l  e  

l e v e l  f o r  man. Experiments were i n i t i a t e d  i n  1970 t o  s tudy  t he  

dose -e f f ec t  r e l a t i o n s h i p  o f  i nha led  2 3 9 ~ u 0 2  i n  beagle dogs depos i t ing -  

much lower  l e v e l s  - f ro in 0.003 t o  6.0 p C i .  Table I 1  shows the  e x p e r i -  

mental  design. The lowes t  d e p o s i t i o n  l e v e l  corresponds t o  an average 

l ung  dose o f  0.3 remlweek, t h e  maximum per f i i i ss ib le  exposure f o r  man. 

The dogs w i l l  be h e l d  f o r  l i f e - t i m e  obse rva t i on  t o  determine t h e  i nc i dence  

o f  pulmonary neop las ia  and eva lua te  o t h e r  e f t e c t s b i n  beagle dugs a t  thesc 

low exposure l e v e l s .  Eighteen-month o l d  beagles were g i ven  5 t o  20 min 

exposures t o  aeroso ls  of 2 3 9 ~ u 0 2  [mean a c t i v i t y  median aerodynamic 

d  i d ~ l ~ e t e r  (AMAD) 2.3 I J ~ ,  mean geometr ic  s tandard d e v i a t i o n  (GSD) 1.91 

prepared by c a l c i n i n g  t h e  o x a l a t e  a t  750°C f o r  2 hours. The s i x  dose- leve l  

groups ranged f rom 3  t o  5500 nCi mean i n i t i a l  a l v e o l a r  burden. 

Dur ing  t h e  f i r s t  two postexposure years,  dogs i n  t h e  h i g h e s t  l e v e l  

dose group were euthanized when dea th  was imminent due t o  r e s p i r a t o r y  



insufficiency. These dogs showed pulmonary f ibros is  and f ibros is  of the 

tracheobronchial and mediastinal lymph nodes. Cl inical changes included 

increased respiration ra te ,  anoxemia, hypoxemia and body weight loss  

associated with the pulmonary f i  brosi s-induced respiratory insufficiency 

and lymphopenia. The ef fec ts  and Pu distr ibut ion i n  these dogs were 

similar t o  that  shown in Figure 1 for  dogs 1 t o  2 years a f t e r  exposure. 

Twelve to  thirty-four percent of the plutonium was in the thoracic 

lymph nodes with 64 to 882 in the lungs and less  than 3% translocated to  

other t issues.  

A dose-related lymphopenia was observed in the 239~u02 dogs 

(Fig. 4 ) .  The lymphopenia appeared t o  be related to  i n i t i a l  alveolar 

burden, showing a greater depression in lymphocyte count a t  the high 

dose levels;  and to  time a f t e r  exposure, the lower dose levels  showing 

lymphopenia l a t e r  than the high-dose-1 eve1 dogs. The ,groups with mean 

i n i t i a l  alveolar burdens of 80 nCi and higher showed lymphopenia during 

t h e . f i r s t  2 year-s a f t e r  exposure, while the 22 nCi and lower,dose groups , 

were sim'ilar t o  controls. The h.igher dose-level grbups also showed a 

leucopenia primarily due t o  the decrease in lymphocytes. No signif icant  

abnormalities were.seen in .o ther  henlatological and c l in ica l  chemistry 

measurements. The lymphopenia in the 80 nCi group a t  2 years postexposure 

i s  the lowest dose-level in which'an effect. of inhaled plutonium in dogs 

has been ubserved, to  date. In ~ r e v i o u s  experiments. (described above), 

dogs a t  the lowest level. studied died due to  pulmonary neoplasia 8 to  11 

years a f t e r  i n i t i a l  alveolar deposition of 200 to 800 nCi 239~.u02. These . 

dogs  a1 so showed lymphopenia. The 89 nCi dose level group i s  5 times the 



16 nCi l ung  depos i t i on  which' d e l i v e r s  an average r a d i a t i o n  dose o f  
. 

0.3 rem/week t o  the  human l ung  and i s  equ i va len t  t o  a  dose o f  about 

12 remlweek t o  t he  lung  o f  a  dog, 40 t imes the  maximum pe rm iss ib le  

dose f o r  peopl e. 

The acute t o x i c i t y  and b i o l o g i c a l  e f f e c t s  o f  i nha led  2 3 8 ~ u 0 2  

( ca l c i ned  a t  700°C, CMD 0.05 pm) i n  beagle dogs, t o  185 days pos t -  
3 

exposure, was s i m i l a r  t o  t h a t  o f  2 3 9 ~ u 0 2  a t  comparable r a d i a t i o n  doses 

t o  t h e  lungs. However, due t o  f a s t e r  t r a n s l o c a t i o n  from the  lung  o f  

2 3 8 ~ u ,  t h e  i n i t i a l  depos i t i on  l e v e l  requ i red  t o  produce the  e f f e c t  

may d i f f e r ,  (16).  The dogs exposed t o  2 3 8 ~ u 0 2  showed a  h igher  r a t e  o f  

, 
t r a n s l o c a t i o n  t o  skeleton,  up t o  13% of t he  body burden a f t e r  6  months, 

compared w i t h  l e s s  than 1% f o r  t h e  2 3 9 ~ u  dogs. L i v e r  and o the r  t i s s u e s  

a1 so r e f l e c t e d  t h i s  d i f f e r e n c e  between t h e  two p lutonium iso topes  

(Table 111.). 

Beagle dogs were exposed t o  aeroso ls  u f  2 3 8 ~ u 0 2  ca l c i ned  a t  350°C 

(CMD 0.1 pm) o r  2 3 8 ~ u 0 2  crushed microspheres (CMD '0.1 pm) t o  determine 

the  long-term d i s p o s i t i o n  and b i o l o g i c a l  e f fects .  E i g h t  o f  t he  10 dogs 

exposed t o  350°C ca l c ined  2 3 8 ~ u ~ 2  and e i g h t  of t h e  12 dogs exposed t o  

2 3 8 ~ u 0 2  crushed microspheres were euthanized when deeth was imminent 

du r i ng  the  6-year postexposure per iod .  Table . I V  shows the  cause of.  

death and t h e  2 3 8 ~ u  d i s t r i b u t i o n  i n  t he  t i ssues .  

Two .of the  dogs were euthanized because of r e s p i r a t o r y  i n s u f f i c i e n c y .  

r e l a t e d  t o  plutonium-induced pulmonary fi bros.is.. E igh t  dogs were 



euthani zed because o f  p l  utonium-i  nduced bone tumors 

and s i x  dogs d ied  o f  causes n o t  thought t o  be r e l a t e d  

t o  p lutonium exposure. None o f  t he  17. c o n t r o l  dogs on the study have 

died. 1n .add i t i on  t o  the  l es ions  causing death, the  dogs had f i b r o t i c  

t racheobronchia l  lymph nodes, pulmonary f i b r o s i s  and nodular  hyperplas ia 

i n  the  l i v e r .  The two h igh- leve l  dogs t h a t  d ied  due t o  r e s p i r a t o r y  

i n s u f f i c i e n c y  were the  o n l y  dogs show ing .c l i n i ca1  pulmonary e f f e c t s .  

The dogs showed a p e r s i s t e n t  lymphopenia (F igures 5 and 6) ,  

which became apparent i n  bo th  groups by 200 days a f t e r  exposure. I n  

the  crushed ~nicrosphere-exposed dogs, t he  mean lymphocyte count o f  

t he  s i x  su rv i v ing ,  exposed dogs remained below t h a t ' o f  c o n t r o l s  a t  

6 years postexposure. The t o t a l  leucocyte count o f  t he  exposed dogs 

was f r e q u e n t l y  lower than t h a t  o f  c o n t r o l s ,  p r i l i i a r i l y  due t o  the  low 

lymphocyte counts and a small' b u t  cons i s ten t  reduc t i on  i n  neu t roph i l  s . . 

(F igure 6). The mean lymphocyte count o f  the 350°C ca lc ined plutonium- 

exposed dogs was ev ident  u n t i l  5 years postexposure when o n l y  f o u r  o f  

the  dogs w i t h  the  lowest  body burdens remained a l i v e  ( ~ i ~ u r e  .5). The 
i. 

dogs i n  t h i s  group a l s o  showed a neutropenia which was apparent .1 ~ i ion th  

. t o  2 years a f t e r  exposure, when t h e  h igher  dose l e v e l  dogs were s t i l l  

a l i v e .  The dogs a l s o  showed a leucopenia due t o  the  neutropenia and 

lymphopenia. No s i g n i f i c a n t  changes were observed i n  o the r  leucocytes, 

erythrocy'te's 01- , hemoglobin. The 1 ower i n i t i a l  mean 1.yiphocyte values 

i n  the  dogs exposed t o  crushed microsph'e'res, compared t o  the  350°C 

ca l c ined  plutonium-exposed group, may be due t o  an age d i f fe rence.  The 
a 

dogs wcrc exposed t o  350°C ca lc ined  2 3 8 ~ u 0 2  when 3 years o l d  and t o  



23D~u02  crushed microsph6res when 1  year  o ld .  Older dogs .general l y  

show 1  ower 1  ympho~yte  counts. 

No d i f f e r e n c e s  were observed i n  serum blood urea n i t rogen,  c r e a t i n i n e ,  

glucose, a1 k a l  i n e  phosphatase, o r  g lu tamic  o x a l a c e t i c  transmainase.. . . Mean 

serum g lu tamic  py ruv i c  transaminase (SGPT) l e v e l s  were n o t  s i g n i f i c a n t l y  

e leva ted  compared t o  c o n t r o l s ,  however, t h e  percentage of e leva ted  SGPT 

values (, 55 u n i t s )  i n  dogs. r e c e i v i n g  2 3 8 ~ u  was h igher  than the  con t ro l s .  

These changes may be r e l a t e d  t o  plutonium-induced l e s i o n s  i n  t he  l i v e r  

and/or m e t a s t a t i c  tumors. 

F i v e  years a f t e r  exposure, t he  l a r g e s t  f r a c t i o n  o f  p lu ton ium 

r e t a i n e d  ..in t h e  body was i n  t h e  ske le ton  fo l l owed  i n  descending order  . . 

by l i v e r ,  t ho rac i c  l y ~ i p h  nodes and lung, Table I V .  The h ighes t  

p lutonium concent ra t ion  occurred i n  t h e  lymph nodes fo l l owed  i n  

descending order  by l i v e r  o r  lung  and skeleton.  The b i o l o g i c a l ,  

e f f e c t s  observed du r i ng  t h e  4 t o  6 years f o l l o w i n g  exposure t o e 2 3 8 ~ u 0 2  

were p r i m a r i l y  r e l a t e d  t o  s k e l e t a l  depos i t ion ;  8 dogs d i e d  due t o  
I 

bone tumors. Assuming a  1  i nea r  t r a n s t o c a t i o n  o f  p lu ton ium from the  l ung  ' 
, 

t o  t he  ske le ton  over t h e  postexposure p e r i o d  t h e  est imated accumulated 

r a d i a t i o n  dose t o  t he  ske le ton  o f  t he  bone tumor-bearing dogs was 100 t o  

300 rads. I n  s tud ies  w i t h  2 3 9 ~ u ~ 2 ,  p lutonium was r e t a i n e d  p r i m a r i l y  i n  

t he  lungs and t h o r a c i c  lymph nodes, and dogs d ied  3  t o  11 years a f t e r  

i n h a l a t i o n  exposure due t o  l ung  tumors; no bone tumors were observed. 

The importance o f  t rans1 oca t i on  from the  lung', and o f  radiochemical 

and/or phys ica l  s t a t e  on t h i s  t r a n s l o c a t i o n ,  i s  ev iden t  i n  these r e s u l t s .  



Microscop ic  examinat ion o f  t h e  t i s s u e s  showed two dogs w i t h  r i e t a s t a s i s  

o f  t h e  bone tumor t o  t h e  lungs. The l ungs  o f  a l f  dogs showed f o c a l  

e p i  the1 i a l  metap las ia  and f i b r o s i s  and. one dog had ~ i i i c r o s c o p i c  evidence 

o f  pulmonary neoplas ia .  I n  a d d i t i o n  one dog, n o t  y e t  examined mic ro -  

scopica l ly , .showed rad iog raph i c  evidence of pulmonary neop las ia  severa l  

months p r i o r  t o  e u t h a n i z a t i o n  due t o  v e r t e b r a l  l e s i o n s  suspected t o  be 

osteosarcoiila. The ,dog t h a t  d i e d  due t o  myel ogeneous leukemia a1 so had 

m i c r o s c o p i c a l l y  diagnosed bone tumors. 

Experiments were i n i t i a t e d  i n  1972 t o  s tudy  t he  dose -e f f ec t  

r e l a t i o n s h i p s  o f  i nha led  2 3 8 ~ u 0 2  beagles. Table V shows t h e  e x p e r i -  

mental  design. Eighteen-nionth-old beagles were exposed t o  aeroso1.s 

of 238~u1602 (mean AllAD 1.8 pm, mean GSD 1.9)  prepared by c a l c i n i n g  

t he  o x a l a t e  a t  70OoC and s u b j e c t i n g  t h e  p roduc t  t o  ~ ~ ' ~ 0  steam i n  an 

exchange a t  800°C f o r  96 hours. The mean i n i t i a l  a l v e o l a r  burden i n  

t he  s i x  dose l e v e l  groups range f rom 2  t o  5200 nCi.  The lowes t  d e p o s i t i o n  

l e v e l  corresponds t o  an average l ung  dose o f  0.3 rem/week, t h e  maximum 

pe rm iss ib l e  exposure f o r  man. T h i s  exper iment  and t h e  p r e v i o u s l y  

descr ibed  i n h a l e d  2 3 9 ~ u 0 2  dose -e f f ec t  r e l a t i o n s h i p  s tudy  w, 11 p rov ide  

i n f o r m a t i o n  on p o s s i b l e  d i f f e r e n c e s  i n  t h e  d i s p o s i t i o n  and b i o l o g i c a l  

e f f ec t s  o f  i n h a l e d  2 3 9 ~ u ~ 2  and 2 3 8 ~ u ~ 2 ,  two s im i  1  a r  a1 pha-emi t t i n g  i sotopes 

t h a t  d i f f e r  by a f a c t o r  o f  about  280 i n  s p e c i f i c  a c t i v i t y .  

Dur ing  t h e  f i r s t  pos texposure 'year  none o f  t h e  dogs have d ied,  

however, t e n  dogs were exposed t o  238~u1602 ae roso l s  and s a c r i f i c e d  

f o r  p lu ton ium r e t e n t i o n  and t r a n s l o c a t i o n  measurements 7, 26, 56, and 



91 days a f t e r  exposure. Table V I  shows t h e  t i s s u e  d i s t r i b u t i o n  o f  

p lu ton ium i n  these dogs compared t o  dogs s a c r i f i c e d  7  t o  141 days 

a f t e r  i n h a l a t i o n  o f  239~u02.  There appears t o  be more 2 3 8 ~ u  than  

2 3 9 ~ u  t r a n s l o c a t e d  t o  t h e  t h o r a c i c  lymphJ nodes, 1  i v e r  and ske le ton  

d u r i n g  t h e  28 t o  91 day postexposure p e r i o d .  D i f f e r e n c e s  i n  t h e  i n  

v i v o  and i n  v i t r o  behavior  o f  2 3 8 ~ u 0 2  and 2 3 9 ~ u 0 2  suggest t h a t  2 3 8 ~ u 0 2  

behaves as a  more " so lub le "  compound than  2 3 9 ~ u 0 2  (17) .  

The 2 3 8 ~ u 1  602-exposed dogs a1 so showed a  dose-re1 a  t e d  lytnphopenia 

and leucopenia d u r i n g  t he  f i r s t  year  postexposure (F igu re  5). . The  

groups w i t h  mean i n i t i a l  a l v e o l a r  d e p o s i t i o n  o f  80 nCi and h i g h e r  

showed lymphopenia w h i l e  t h e  lower  dose groups were s i m i l a r  t o  c o n t r o l s .  

The h i g h e s t  dose- leve l  group a l s o  showed a  neut ropenia.  

CONCLUSIONS 

With t h e  dose- leve ls  s t u d i e d  t o  date,  pulmonary neop las ia  was t he  

p r imary  cause o f  death i n  beagles 5 t o  10 y r s  a f t e r  i n h a l a t i o n  

2 39 
o f  139Pu02. , None o f  t he  dogs exposed t o  PuOp developed bone tuiaors. 

Bone neop las ia  was t h e  p r imary  cause o f  death 5  t o  6 y r s  a f t e r  i n h a l a t i o n  

o f  2 3 8 ~ u 0 2  , however, two o f  t he  dogs had pulmonary tumors i n  a d d i t i o n  t o  

bone tumors. 

The e a r l i e s t  i n d i c a t i o n  of a  b i o l o g i c a l  e f f e c t  a f t e r  t h e  i n h a l a t i o n  

o f  2 3 9 ~ u ~ 2  o r  2 3 8 ~ u 0 2  was dose r e l a t e d  lymphopenia, o c c u r r i n g  d u r i n g  

t h e  f i r s t  two postexposure years  a t  dose- leve ls  l owe r  than those which 

have thus f a r  heen shown t o  cause neop las ia .  The exper iments  now i n  



progress  w i  11 p r o v i d e  f u r t h e r  i n f o rma t i on  on t h e  dose-response 

re1  a t i o n s h i p s  o f  i n h a l e d  2 3 9 ~ u 0 2  and 2 3 8 ~ u 0 2  i t  low exposure l e v e l s .  
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TABLE I 

Plu ton ium i n  t i s s u e s  o f  dogs a f t e r  i n h a l a t i o n  o f  2 3 9 ~ u 0 2  

Pu C o n c e n t r a t i o n  ( n C i  p e r  Oram w e t  t i s s ~ e ) ~  ----- *------ --- 

S u r v i  v a l  T i  n:e Termina l  T h o r a c i c  Abdominal 
(days a f t e r  body burden lymph lymph d  b  
exposure ) ( cC i  ) Lungs L i v e r  Ske le ton  - Spleen nodes - nodes 

a  
The p e r c e ~ t a g e  o f . t h e  body burden o f  p l u t o n i u n  i n  each t i s s u e  i s  g i v e n  i n  p a r e n t h e s i s .  

b  
The e s t i m a t e d  normal w e i g h t  o f  t h e  l u n g  was used t o  c a l c u l a t e  c o n c e n t r a t i o n  because l e s i o n s  
caused t h e  l u n g  t o  be 2 - 3  . t imes t h e  normal w e i g h t .  

C 
Highes t  c o n c e n t r a t i o n  ii any t r a c h e o b r o n c h i a l  o r  m e d i a s t i n a l  lynlph node. 

d  
H i g h e s t  c o n c e n t r a t i o n  i n  any h e p a t i c  o r  s p l e e n i c  lymph node. 



TAGLE 1'1 

Dose-Ef fec t  S tud ies  w i t h  I nha led  2 3 9 ~ u 0 2  i n  Beagles 

Number o f  Dogs - I n i t i a l  A l v e o l a r  ~ e ~ o s i t i o n ~  

Male nC i 
b 

Dose Leve l  Group Fema 1  e  nCi /g  Lung b  

a 
Est imated from - e x t e r n a l  t ho rax  coun ts  a t  14- and 30-day postexposure and es t imated  

l ung  weights .  
* 

blean + 95'; con f idence  i n t e r v a l  around t h e  mean. - 



TABLE I 1 1  

Dog M o r t a l i t y  and T i s s u e ~ O i s t r i b u t i o n  A f t e r  I n h a l a t i o n  o f  2 3 8 ~ u 0 2  

S u r v i v a l  , Ternii n a l  P lu ton iun i  D i s t r i b u t i o n  

Days Body . (Percen t  of Terminal  Body Burden) 

Dog A f t e r  Burden,, Lyi ip h 

Number Exposure . ( 0  > Lungs ~ o d e s ~  - Skeleton L i v e r  

l 

a Trachenbronchia l  and n i e d i a s t i a l  lymph nodes. 



TABLE I V  

F l c r t a l i t y  and T i s s u e  D i s t r i b u t i o n  o f  Plu ton iun l  i n  Dogs 

S u r v i v a l  ., Termina l  ~ l u t o n i u m  D i s t r i b u t i o n  

Flonths Body , (Percen t  o f  Tet-minal Body Burden) - 

Dog A f t e r  Burden Lymph i 

Plumber Exposure (!!C i ) Lungs , Nodes ~ i v e r  S k e l e t o n  Cause of  Death 

( A f t e r  I n h a l a t i o n  o f  2 3 8 ~ u 0 2  C a l c i n e d  a t  350°C) 

492 i 3  3.0 4  4 .  23 64 Bone F r a c t u r e  

. . 
404 2- 6 8.1 3  2  10 2 3 32 R e s p i r a t o r y  I n s u f f i c i e n c y  

457 3s 7.0  15 11 13 5  7  R e s p i r a t o r y  I n s u f f i c i e n c y  

3  4 5 17 4 1 Bcne Tunlor. 

445 58 .2 .5 6  10  2  3  5  5  Bone Tumor 
I .  

438 60 2.3 7 11 3  3  43 Bone Tumor 

62 453 2.2 17 9 2  2 4  7  Bone Tumor 

405 7 0  4 , ~ ~  Bone ~ u n i o r ~ ( ~ u n ~  Tumor) d 



TABLE I V  (Con t inued)  

S u r v i v a l ,  ' Termina l  P l u t o n i u m  D i s t r i b u t i o n  

NO;' t h s  Body (Percen t  o f  .Te rm ina l  Gody Burden) 

Dog A f t e r  Burden Lylnph 

Number Exposure ( u c i  > Lungs .  Nodes ~ i v e r  S k e l e t o n  Cause o f  Death  

. I 
( A f t e r  ~ n h e l a t i o n  o f  2 3 8 ~ u ~ 2  Crushed M ic rospheres )  . f 

? 

. .  
i 48 5 22 3.1 . - 7 2 7 7 12 E n c e p h a l i t i s  

2 i  Wounds 

497 52 0.2 16 3 3 1  46 I n t e s t i n a l  O b s t r u c t i o n  

4 8 1  50 0.5 13 23 2 3 37 Myel ogeneou s  ~ e u  kemi a  

(Bone' Tumor) 
d  

J 

489 62 2.5 7 2 6 27 3 2 Bone Tumor (Lung Tumor) d  

432 '7 0  0. 6a Bone  urno or' 

Suspect  ~ u m o r '  ' 

Bone ~ u m o r ~  

. a 
Es t ima ted  body burden. 

b  
T racheobronch ia l ,  m e d i a s t i n a l  and s t e r n a l  lymph nodes. . - 

L 
Gross necropsy d i a g n o s i s .  

/ . . Other  Les ions.  . 



TABLE V , 

D o s e - ~ f f e c t  S tud ies  w i t h  I nha led  238~u1602 i n  Dogs 

l.lumber o f  Dogs - .  
I n i t i a l  A l v e m  Depos i t i ona  

Dose Level  Group Ma1 e  Ferna 1  e nC i 
b nCi /g  l ung  b 

a , E s t i m a t e d  f rom e x t e r n a l  t ho rax  coun ts  a t  14- and 30-day postexposure and 

es t imated  l u n g  weights .  

Mean t - 9 5 1  con f idence  i n t e r v a l  around t h e  mean. 



TABLE V I  

Tissue D i s t r i b u t i o n  of Plutonium i n  Dogs A f t e r  I n h a l a t i o n  o f  238~u1602 o r  2 3 9 ~ u 0 2  

Mean Percent o f  Terminal. Plutonium Burden 

8 2 8 56 9 1 T i n~e  A f t e r  Exposure (Days) 7 .  29 1.41 

Number o f  Dogs 1 3 3 3 2 3 4 
G) 

0 

Lungs .96.9 95.8 91.8 90.6 98.8 95.3 95.5 

Thoracic Lymph ~ o d e s ~  0.3 1.1 6.8 6.7 0.1 0.8 ' 4.0 

L i.ver 1.7 0.2 0.2 0.4 0.1. 0.1 0.1 

Skeleton. 0.2 0.9 0.4 1 .O 0.1 0.3 0.1 

Muscle 0.4 1 .O 0.5 0.4 0.3 1.3 0.1 

Skin 0.1 0.6 0.3 0.1 0.4 0.3 0.0 

A l l  Remaining Tissues 0.4 0.5 ' 0.3 1.2 0.2 0.3 0.4 

a Tracheobronchial ,  med ias i i na l  and s te rna l  lyn ip l~ nodes. 



FIGURE LEGENDS 

F igu re  1 .  R e l a t i o n s h i p  between t he  q u a n t i t y  o f  2 3 9 ~ u ~ 2  depos i ted  and"  

s u r v i v a l  t ime  o f  dogs w i t h  pulmonary neop las i a  and/or pulmonar;/ 

f i b r o s i s  ( - - - )  compared w i t h  dogs t h a t  showed p'ulmonary 

neopl  as i a (-) . 

~ i ~ u r e .  2. Re ten t i on  and t r ans1  o c a t i o n  o f  a1 veol  a r  depos i t e d  2 3 9 ~ u 0 2  

i n  dogs. 

F i gu re  3. Leucocyte va lues o f  dogs showing lymphopenia a f t e r  i n h a l a t i o n  

F i g u r e  4. Leucocyte va lues o f  dogs a f t e r  i n h a l a t i o n  o f  2 3 9 ~ 1 ~ ~ 2  shorring 

lymphopeni a dose-response r e l a t i o n s h i p s  . (Means - + con f i dence .  . 

I n t e r v a l  ). 

F igu re  5.  Leucocyte va lues o f  dogs a f t e r  i n h a l a t i o n  0-f 2 3 D ~ u 0 2  c a l c i n e d  

a t  350" showing lymphopenia. ( ~ e a n s  + 9 5 H o n f i d e n c e  I n t e r v a l  ) .  

F igu re  6. Leucocyte values o f  dogs a f t e r  i n h a l a t i o n  o f  2 3 8 ~ u 0 2  crushed 

microspheres showing lyniphopenia. (Pleans - + 95% Conf idence 
/ 

I n t e r v a l ) .  

F i gu re  7.  Leucocyte va lues o f  dogs a f t e r  i n h a l a t i o n  o f  23S~u1G@7 showing 

lymphopenia dose-response re1  a t i o n s h i  ps . (Means - + 95% 

Conf idence I n t e r v a l  ). 



FIGURE 1 

 RE^ a t i o c s h i  p between t h e  q u a n t i  t y  o f  2 3 9 ~ u ~ 2  d e p o s i t e d ,  

and s u r v i v a l  t i ! ! !e  o f -  dogs w i t i l  pu l~ .nonary  n e o p l a s i a  atid/or- 

pul lnonary f i b r o s i s  ( - - - )  co~ i ipared w i t h  ciogs t h a t  sho+icd 

pulmonary n e o p l  as i a  (-) . 



D E P 0 S I T E . D  A N D  S U R V I V A L  T I M E  O F  D O G S  . 
L 

1 0  1 0 0  1 0 0 0  . 1 0 , 0 0 0  

S U R V I V A L  T I  ME, t ( D A Y S  A F T E R  E X P O S U R E )  



Retention and t r a ! ~ s l o c a t i  on o f  a l  veol-ar depos i ted 2 3 9 ~ u 0  i t :  dogs .  
2 





FIGURE 3 

Leucocyte  va lues  o f  dogs shoi.-~in<l lytnphopeni a aTt;:r i n t ~ a l a l i o n  o f  
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FIGURE 4 

239 
Leucocyte va l  ues o f  dogs. a f t e r  i n l l s l a t i o n  o f  PuOZ shox ing  

lytvpkopenia dose-response re la t i ' o : i sh ips .  

(I.lea~?s - + 952 Conf idence I n t e r v a l )  



LEUCOCYTE VALUES OF DOGS AFTER INHALATION OF 2 3 9 ~ u 0  (MCANS * 99%COKFIDENCE INTERVAL) 2 
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FIGURE 5 

Leucocyte va lues o f  dogs a f t e r  i n h a l a t i o n  o f  2 3 3 ~ u 0  c a l c i n e d  a t  2 

350" shoviing lymphopenia . 

(Meitns - + '95% Conf i  dcnce I n t e r v a l  ) 
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FIGURE 6 

Leucocyte  va lues  o f  dogs a f t e r  i n h a l ~ t i o n  o f  Z 3 B ~ u 0 2  crushed 

microspheres sho;.i-ing l y i~ .~p l iopenia .  - 

(i<e,ns - + 352 ~ i n f i  dence I n t e r v a l  ) 



LEUCOCYTE VALUES OF DOGS AFTER INHALATION O F ~ ' P U O ~  CRUSHED MI CROSPHERES 
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FIGURE 7 

! ! 
. . . , 

; 
238 1 G  Leucocyie values of dogs a f t e r  inhalation of Pu 0, shoring 

- 
1ympl:openia dose-response relations hi!^^. 
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