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INPRODUCT ION 

In recent years, the worldwide e f fo r t  t o  understand the health implications of 
alpha-emitting radionuclides has greatly increased. Much of the e f fo r t  has used 
new and improved techniques to  refine and understand the resul ts  of e a r l i e r  work, 
Increased emphasis has also been given to  studying alpha emitters i n  the forms tha t  
may occur i n  work places and i n  the environment. I will br ief ly  describe some of 
the more interesting and perhaps more important resul ts  of these' recent studies. 
Some of these are raising intriguing questions which should stimulate a new 
generation of experiments. In th i s  presentation., I have taksn considerable 1 i berty 
w i t h  published data i ,n  an attempt to  consolidate and generalize the information. 
This includes rounding of numbers. The referenced publ ications should be consulted 
for  detai ls .  

GASTROINTEST INAL-TRACT ABSORPTION 

Dur ing  the past 10 years much e f fo r t  has been placed on estimating the dose 
to  human populations predicting the potential health consequences from alpha- 
emitting radionuclides dispersed i n  various real and theoretical environments. 
This work has raised questions about the appropriateness and adequacy of existing 
data fo r  application to  these types of assessments. One of the f i r s t  areas of 
concern was the r e l i a b i l i t y  of predictions of gastrointest inal- t ract  absorption of 
alpha-emitting radionuclides incorporated in foodstuffs from environmental sources 
since a l l  of the available data were from experiments w i t h  pure inorganic compounds 
'of the radionuclides. Experiments were undertaken to  measure the absorption of 
alpha emitters from ingested plants grown in contaminated so i l  and from ingested 
flesh from animals that  had been given radionuclides. In addition, some of the 
ea r l i e r  experiments were repeated under different  conditions of food intake. 
Larson's report tha t  plutonium in d r i n k i n g  water was l ikely to  be oxidized to  the 
more readily absorbable Pu(V1) oxidation s t a t e  by chlorine introduced in water . 
treatment plants 611 stimulated a repeat of some of these experiments. Figure 1 
summarizes most of the experimental animal data on the absorption o t  alpha-emitting 
radionuclides from the gastrointestinal t r ac t  in adult and newborn animals. These 
data are  shown as they re la te  to  the absorption factors recently used by the ICRP 
in revising 1 imi i s  for  intakes of radionucl ides by workers [2]. The ranges. of 
three or more observations are shown by the l ines .  Closed c i rc les  represent 
single publ i shed values. Dashed 1 ines and open c i rc les  represent data obtained 
for  newborn animals. This presentation of the data i s  modified from Stather [3]. 

Since oral intake of radionuclides rarely occurs in a work s i t e ,  alpha emitters 
entering the gastrointestinal t r ac t s  of workers will almost always come from \ 
material cleared from the lungs following an inhalation exposure. Since few 
inhalation exposures will be t o  biologically incorporated alpha emitters or to- the 

. 

rare forms such as the higher oxidation s t a t e s ,  c i t r a t e s ,  and so for th,  and since 
only adults are l ikely to be exposed, the absorption factors used by the ICRP 
appear to  represent adequately the absorption of insoluble pluton.ium (class  Y )  ,. 
soluble forms of plutonium (class W )  and a l l  ottrer transuranics. However, there 
factors may not apply in a l l  cases of ingestion of alpha emitters from environmental 
sources. Although the absorption of biologically incorporated plutonium i s  in the 
range of values obtained for  plutonium n i t r a t e  (plutonium in the IV oxidation 
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s t a t e ) ,  an absorption f a c t o r  somewhat higher than ,the f o r  c l a s s  W plutonium 
compounds seems, more appropr ia te .  On  the o ther  hand, biological  ly  incorporated 
americium i s  absorbed about the same as americium oxide [3 ,4] .  Thus, an ICRP 
absorption f a c t o r  of 5  x 10-"or t ransuranics  o ther  than plutoni uin would probably 
not underestimate the  absorption of americium biologica l ly  incorporated in food. 
This i s  an important f inding s ince  americium i s  considered a  major component of 
long-range environmental contaminants from nuclear power a c t i v i t i e s ,  and in areas 
where nuclear weapons t e s t s  were conducted 15 t o  25 years  ago. 

Tests of plutonium in the  Pu(V1) oxidation s t a t e ,  which Larson [ I ]  bel ieves 
may occur in drinking water ,  y i e ld  absorption values from 3 x 10-"0 8  x 10-3. 
In an ea r ly  experiment, Weeks e t  a l .  [5] obtained a  value of 1.75 x using 
r a t s  deprived of food before and a f t e r . t h e  plutonium was administered. More 
recen t ly ,  Sull ivan e t  a l .  [6] ,  using 2 3 8 P ~ ( V I ) ,  obtained a  value of 2 x f o r  
fed r a t s  (about the  same as f o r  Pu  IV) and 3 x f o r  fed guinea pigs.  In f a s t ed  
r a t s  given 2 B P u ( ~ I ) ,  the  absorption f a c t o r  was 5  x This increased . to as 
much as 1 . 8  x in another experiment where r a t s  were both fa s t ed  and given 
Pu(V1) in n i t r a t e  so lu t ion  containing an oxidizing agent ,  dichromate. Although 
f u r t h e r  work needs t o  be done, e spec ia l ly  t o  determine whether the very small mass 
of material t h a t  would be ingested from foodstuffs  and drinking water behaves- the 
same as the  l a rge r  mass q u a n t i t i e s  of mater ia ls  used in these experiments, i s  
a  reasonable 'absorption f a c t o r  f o r  environmental ly-dispersed plutonium. 

Many of the radionuclides shown in Figure 1  .have been t e s t ed  in newborn 
animals of several species including p igs ,  r a t s ,  and guinea pigs [7].  In nearly 
a l l  cases ,  the  absorption of alpha emit ters  in the  g a s t r o i n t e s t i n a l  t r a c t  of 
newborn animals i s  one t o  two orders of magnitude g rea te r  than in a d u l t s .  This 
could be an important f a c t o r  in assessing rad ia t ion  doses t o  the  public from 

. . 
environmentally dispersed radionuclides,  although i t  should be .remembered' t h a t  
t h i s  high 'absorption . fac tor  rapidly decreases \v.i t h in  a  few months a f t e r  bi rt'h [7]. 
Thus, i t  i s  unlikely t h a t  a ' v e r y  s i g n i f i c a n t  portion of an i n d i v i d u a l ' s  l i f e - t ime  
committed dose would occur as a  r e s u l t  of ingest ion of alpha emi t t e r s  durimg the 
f i r s t  few days o r  weeks a f t e r  b i r t h .  

A1 1 of t h i s  information i s  from animal experiments of uncertain a p p l i c a b i l i t y  
t o  human beings. However, the  data in Figure 1 a r e  from many animal species :  r a t s ,  
guinea p igs ,  hamsters, dogs, and pigs.  Such in te r spec ies  comparisons improve the 
c r ~ d ~ r l  i  t y  of applying the r e s u l t s  t o  humans. 

PULMONARY RETENTION A N D  TRANSLOCATION 

The re tent ion  of several a 1  pha-emi t t i n g  radionucl ides in 1 ungs and the  t rans-  
' locat ion from tiiose s i t e s '  to  o ther  t i s s u e s  have been suff icient1.y we1 1 characterized 

t o  predic t  with confidence the q u a l i t a t i v e  behavior of most radionuclides deposited 
in  t.he body (Figure 2 ) .  To develop the  curves in t h i s  fi 'gure, I  have taken consider- 
able  l icense  with published da ta .  The curves a r e  based largely  on data from 
experiments with dogs, modified somewhat by rodent da ta  and data from a  few human 
exposure cases [8]. No s t a t i s t i c a l  o r  mathematical treatments were used i n  t h i s  
rough attempt t o  represent  t h i s  broad spectrum of da ta .  

Of a1 1 the compounds represented in Figure 2 ,  2 3 9 ~ ~ 0 2  has the longest 
re tent ion  half  time in  the lungs,  u p  t o  1000 days o r  more. "8Pu02 . i s  l e s s  readi ly  
re ta ined.  Americium and curium oxides,  as  well as  2 3 9 ~ ~ ( ~ O ? i ) ,  a r e  cleared from 
the  lungs rapid ly compared with ' j 3 p u o 2 .  Ever, more rapidly c lesrcd  i s  238P~(N03  ) L .  
The re tent ion  half- t imes a r e  o n , t h e  order  of 100 t o  200 days. I t  should be 
remembered t h a t  a l l  of these re tent ion  ra t e s  decrease with time a f t e r  exposure; 



a f t e r  'several yea r s ,  small f r ac t ions  of a1 1 of these compounds may s t i l l  be found in  
the lungs. The t rans locat ion  of these elements from the  lungs t o  o ther  t i s s u e s  in 
the body i s  s imi la r  in t h a t  the major t i s sues  in which they a re  deposited a r e  the 
same--liver,  ske le ton,  and lymph nodes. The r a t e s  of t rans locat ion  t o  l i v e r  and 
skeleton a r e  inversely r e l a t ed  t o  the re tent ion  in the lungs. Thus, t rans locat ion  
t o  these t i s s u e s  i s  much l e s s  f o r  inhaled 2 3 9 P ~ 0 2  and 2 3 8 P ~ 0 7  than f o r  the o ther  
compounds shown in Figure 2 .  O n  the o ther  hand, only small amounts of plutonium 
n i t r a t e . and  even l e s s  of curium oxide and americium oxide accumulate in the thorac ic  
lymph nodes. Whi 1 e  r e s u l t s  from individual experiments may vary q u a n t i t a t i v e l y ,  
evidence t h a t  d i f f e r e n t  radionuclides and d i f f e r e n t  compounds of the  same radio- 
nuclide behave d i f f e r e n t l y  i s  conclusive. I t  should be concluded from the  
representa t ive  curves in Figure 2 t h a t  knowledge i s  s u f f i c i e n t  t o  predic t  the 
behavior of alpha emit ters  under a l l  s i t u a t i o n s  where they might be inhaled.  I t  
i s  already known t h a t  f a c t o r s  such as p a r t i c l e  s i z e  and the way aerosols  a r e  
produced can influence deposi t ion ,  re tent ion  and t r ans loca t ion .  Current s tud ies  a r e  
providing more d e f i n i t i v e  information on these and o ther  f a c t o r s .  

ISOTOPIC DIFFERENCES 

Since. there  i s  no reason t o  bel ieve t h a t  the  chemical proper t ies  of the  isotopes 
of these heavy elements a r e  s i g n i f i c a n t l y  d i f f e r e n t ,  i t  has usually been assumed 
t h a t  b iokinet ics  information about one isotope applied t o  a l l  o ther  isotopes of 
t h a t  element when a l l  o ther  f ac to r s  such as  chemical compound, p a r t i c l e  s i z e ,  
anicr~al spec ies ,  route of e n t r y ,  and so fo r th  a r e  s i m i l a r .  The f i r s t  suggestion 
t h a t  t h i s  was not always a  va l id  assumption resul ted  from comparative s tud i s s  of 
IV-injected 22"u and 2 3 9 P ~  c i t r a t e s  in r a t s  [9] and of inhaled 23aPu02 and 23"u02 
in r a t s  and 'dogs [8-lo] .  In the  l a t t e r  case ,  t rans locat ion  of inhaled 2 H ~ u 0 7  t o  
l i v e r ,  skeleton and o ther  t i s s u e s  and excret ion were much more rapid than for-. 
2 3 9 P ~ 0 2 .  This f ind ing ,  which challenged the ex i s t ing  p rac t i ce  of applying 23"u0 2 
data t o  2 3 8 P ~ 0 2 ,  has s ince  been confirmed a t  several labora tor ies  in rodents and 
dogs [11-131. Figure 2  and Table 1 show t h a t  . inhala t ion  of 2 y a ~ u 0 2  r e s u l t s  in 
the body burden of plutonium being d i s t r i b u t e d  among lung, l i v e r ,  skeleton and 
lymph nodes; whereas, a f t e r  inhalat ion of 2 3 ' P ~ 0 2 ,  over the  same period of time, 
the body burden i s  la rgely  d i s t r ibu ted  between lungs and lymph nodes. The d i f f e r e n t  
behavior of these two plutonium isotopes in the body a f t e r  inhala t ion  of p a r t i c l e s  
of t h e i r  oxides has been a t t r i b u t e d  t o  the  f a c t  the s p e c i f i c  a c t i v i t y  of 2 3 3 P ~  i s  
so much higher than t h a t  of 2 3 9 P ~ .  Because of the high s p e c i f i c  a c t i v i  t y ,  2 3 9 u 0 2  
p a r t i c l e s  tend t o  be reduced in s i z e  by r a d i u l y t i c  ac t ion .  The resu l t ing  small 
p a r t i c l e s  may be transported t o  o ther  t i s s u e s  in the body [14] o r  they may be 
dissolved and the plutonium t rans located  [ I  51. However, ne i the r  mechanism explains 
the d i f f e r e n t  behavior of inhaled, 23"u and 2 3 9 ~ ~  n i t r a t e s  observed by Dagle [16] 
(Figure 3 ) .  . I n  t h i s  experiment the re tent ion  and t rans locat ion  of 2 3 3 P u ( ~ 0 3 )  and 
2 3 " u ( ~ 0 3 ) b  were compared in  beagle dogs. The rad ioac t iv i ty  inhaled was about 70 nCi 
in.  both cases.  2etention of 2 3 a ~ ~ ( ~ 0 2 ) 4  in lungs was much l e s s  and t rans locat ion  
was much g rea te r  than f o r  2 j 9 P ~ ( N 0 3 ) 4 .  Similar  d i f ferences  reported e a r l i e r  f o r  
2 " ~ u  and 2 3 9 ~ ~  c i t r a t e s  [ 9 ]  and f o r  2 3 7 P ~  and 2 2 9 P u  n i t r a t e s  [17] given intraven- 
ously were explained on the basis  of la rge  d i f ferences  in mass f o r  the same level 
of r ad ioac t iv i ty ;  280 and 2 x loS l a r g e r  mass of 2 3 9 P u  compared with '"Pu and 
"'Pu, respect ive ly .  The l a rge r  mass of '3"u in jec ted  possibly resul ted  in 
polymer formation +n the  blood leading t o  g rea te r  deposi t ion in l i v e r  and l e s s  
deposi t ion in bone than f o r  ""u and 2 x P ~ .  In the case of inhaled plutonium 
n i t r a t e ,  the g rea te r  re tent ion '  of 2 2 9 P ~ ( ~ 0 3 ) 4  in the lungs than of 2J"u(N03 )I+ 
a'lso may be due t o  .i ts . g rea te r  ma;s and thus higher probahi 1  i  t y  of forming polymers 
which, i f  phagocytized, could lead t o  a  longer re tent ion  time in the  lungs. 

Another example of such a  mass e f f e c t  i s  in Bal'lou's study of inhaled 2 3 2 U  - .. 
and ' s ~ U  n i t r a t e s  (Table 2 )  [18]. There was no d i f ference  in long-term re tent ion  



of 2 3 3 ~ 0 2 ( ~ 0 3 ) 2  a f t e r  inhala t ion  of amounts ranging over a  60-fold d i f ference  in 
mass. In o ther  r a t s  which inhaled an amount of 2 u U 0 2 ( ~ 0 3 ) 2  t h a t  represented a 
fu r the r  reduction in mass by a f a c t o r  of 24, long-term lung and kidney re tent ion  
were the same as  observed f o r  3 3 ~ ,  but r e t en t ion  in  skeleton was a f a c t o r  of 2 
higher. 

HETEROGENOUS PARTICLES 

Although most experimental work with alpha emit ters  has been done with individual 
radionuclide compounds, i t  has long been recognized t h a t  in most.human exposure 
s i t u a t i o n s ,  mixtures of radionuclides and o ther  mater ia ls  would be involved. A few 
ea r ly  experiments were done with mater ia ls  i d e n t i f i e d  as a  source of human exposure. 
Recent e f f o r t s  have attempted t o  a n t i c i p a t e  the kinds of mixtures t o  which humans 
could be exposed. This has included sampling of work environments by s c i e n t i s t s  
planning animal s tudies  [19,20] as  well a s  e f f o r t s  t o  dupl ica te  in the laboratory 
aerosols  t h a t  might be released in acc idents .  

The use of l iqu id  sodium as a  coolant  in breeder reac tors  has posed questions 
about accidental  re leases  of plutonium mixed with sodium. To invest i .gate the 
behavior of plutonium-sodium mixtures deposited in the  body, aerosols  have been 
produced by burning plutonium wires coated with sodium a t  450°C [21], by exploding 
sodium-coated plutonium wires [22], and by passing through sodium vapor an aerosol 
produced by pulsing a f.ocused l a s e r  beam onto the surface  of a  ro ta t ing  plutonium- 
uranium fuel  pel l e t  [23]. Representative r e s u l t s  from experiments done with the  
plutonium-sodium aerosols  a r e  shown in Table 3. Inhalat ion of these aerosols  
resul ted  'in much g rea te r  t rans locat ion  t o  t i s s u e s  outs ide  the  r e sp i ra to ry  t r a c t  
(pr imar i ly  t o  l i v e r  and skele ton)  than occurred a f t e r  inhala t ion  of plutonium f r e e  
of sodium. Some authors consider the  increased mobil i ty of plutonium associated with 
sodium,to be due to  conversion of plutonium in the presence of the sodium . . 

t o  the more soluble  Pu(V1) and'Pu(VI1) oxidation s t a t e s  [ 2 1 ] .  Other authors 
repor t  t h a t  the  presence of sodium r e s u l t s  in a  l a rge r  proportion of the  plutonium 
occurring as very small p a r t i c l e s ,  % 0.001 pm in diameter ,  which a r e  readi ly  
t ransported t o  the blood c i r c u l a t i n g  through the lungs--the higher the amount of 
sodium, the  l a rge r  the  f r a c t i o n  of very small p a r t i c l e s  [27]. Laser-produced 
plutonium-sodium ae roso l s ,  which a l s o  contained uranium, cons i s t  of chain aggregates 
of p a r t i c l e s  of Pu02 on which sodium i s  condensed [23]. The primary p a r t i c l e s  
were 0.003 tu 0.1 urn i n  diameter.  In a dry environment, the re  was no chemical 
in te rac t ion  between Pu02 and sodium, b u t  i n t e r a c t i o n s p r o b a b l y  occurred in the  
presence of water vapor t o  form e i t h e r  a  sodium-plutonium ( I v )  ternary oxide and 
Pu203, o r  a  sodium-plutonium (111) ternary oxide, a l l  of which are.much more 
soluble than the  laser-produced plutonium-uranium chain aggregates not exposed t o  
sodium [26]. 

The d a t a  i n  Tdble 4 on the  d i spos i t ion  of u l t r a  f i n e  Pu02 p a r t i c l e s  support 
the concept t h a t  the g rea te r  mobil i ty of plutonium inhaled as an aerosol produced 
from an expluding sodium-coated plutonium w i r ~  i s  due t o  the formation of very smal l ,  
readi ly  t ranspor table  p a r t i c l e s .  Inhalat ion of u l t r a  f i n e  0.001 pm 230Pu02 and 
2.3"u02 p a r t i c l e s ,  produced by ca lc in ing the  oxala te  a t  750°, resul ted  in substant-  
i a l l y  g rea te r  t rans locat ion  t o  l i v e r  and o ther  t i s s u e s  than inhala t ion  o f  0.025 t o  
0.22 Pm Pu02 p a r t i c l e s  [28,29]. The l eve l s  of plutonium excreted were g rea te r  than 
those observed a f t e r  inhala t ion  of so luble  plutonium c i t r a t e ,  b u t  t h e - l e v e l s  
t ranslocated were a h o ~ ~ t .  the  same. However, the mechanism of t rans locat ion  may be 
d i f f e r e n t .  Cooper e t  a l .  [14] repor t  t h a t  0.001-pm p a r t i c i e s  of p l u t o n i u ~ ~ ~  r e a c t  
in the lung a lveo l i  with ac id ic  phospholipids in the s u r f a c t a n t ,  which may be 
involved in t ranspor t  of the  u l t r a  f i n e  p a r t i c l e s  t o  the  blood. According t o  these 
authors ,  the p a r t i c l e s  in the  blood rapidly  form an intermediate species of low 
molecular weight which i s  r ead i ly  f i l t e r e d  through the kidney, r e su l t ing  in a  



g r e a t e r  r a t e  o f  e x c r e t i o n  t h a n  ' o c c u r r e d  a f t e r  i n h a l a t i o n  o f  p l u t o n i u m  c i  t r a t e .  

I n  c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  0.001-pm p a r t i c l e s  are. t h e  r e s u l t s  
f o r  u l t r a  f i n e  2xPu02 p a r t i c l e s  o f  0.009-vm d i a m e t e r  [30]  ( T a b l e  4 ) .  These 
p a r t i c l e s  were p repared  by p a s s i n g  a  v a p o r i z e d  p l u t o n i u m  c h e l a t e  t h r o u g h  a  s e r i e s  
o f  t h r e e  fu rnaces  a t  200°, 280" and 1150°, r e s p e c t i v e l y .  The a e r o s o l  c o n s i s t e d  of 
aggregates  o f  < 0.01-pm' p r i m a r y  p a r t i c l e s .  I n h a l a t i o n  o f  t h i s  a e r o s o l  r e s u l t e d  i n  
l e s s  than  1  % o f  t h e  p l u t o n i u m  b e i n g  t r a n s l o c a t e d  f r o m  t h e  l u n g s  t o  o t h e r  t i s s u e s .  
I t  i s  obv ious  t h a t  t h e  i n t e r a c t i o n s  i n  t h e  l u n g  d e s c r i b e d  f o r  t h e  0.001-pm Pu02 
p a r t i c l e s  do n o t  a p p l y  t o  . t h i s  form o f  Pu02 which  c o n s i s t e d  o f  p r i m a r y  p a r t i c l e s  
abou t  10 t i m e s  l a r g e r .  T h i s  con f i rms  e a r l i e r  r e p o r t s  t h a t  t h e  method o f  a e r o s o l  
p r e p a r a t i o n  and p a r t i c l e  s i z e  a r e  i m p o r t a n t  i n f l u e n c e s  on t h e  b e h a v i o r  o f  r a d i o -  
n u c l i d e s  i n  t h e  body. 

The proposed use o f  mixed p lu ton ium-u ran ium- tho r ium o x i d e s  i n  n u c l e a r  r e a c t o r s  
has l e d  t o  s e v e r a l  s t u d i e s  of  i n h a l e d  mixed o x i d e s  [31 ,321. An example o f  r e s u l t s  
f r o m  these  s t u d i e s  i s  g i v e n  i n  T a b l e  5 .  One y e a r  a f t e r  i n h a l a t i o n  o f  a  mixed 

. .p lu ton ium-uran ium a e r o s o l ,  . r e t e n t i o n , a n d  t r a n s l o c a t i o n  of p l u t o n i u m  a r e  v e r y  s i m i l a r  
t o  r e t e n t i o n  and t r a n s l o c a t i o n  observed a f t e r  i n h a l a t i o n  o f  Pu02 a lone .  ( A t  e a r l  i e r  
t imes  a f t e r  exposure,  t h e  a u t h o r  observed a  2-  t o  3 - f o l d  i n c r e a s e  i n  t h e  t r a n s p o r t -  
a b l e  f r a c t i o n  o f  p l u t o n i u m . )  I n  a n o t h e r  exper imen t ,  i n h a l a t i o n  o f  a  m i x t u r e  o f  
p l u t o n i u m  and amer ic ium d i d  n o t  appear t o  r e s u l t  i n  d i f f e r e n t  pulmonary r e t e n t i o n  and 
t r a n s l o c a t i o n  c h a r a c t e r i s t i c s  o f  e i t h e r  r a d i o n u c l i d e  f r o m  t h o s e  t h a t  o c c u r  when t h e  
r a d i o n u c l i d e s  a r e  i n h a l e d  a l o n e  [33]. Bec.ause o f  t h e  few d a t a  a v a i l a b l e ,  i t  i s  
premature  t o  draw c o n c l u s i o n s  abou t  t h e  b e h a v i o r  o f  mixed o x i d e s  d e p o s i t e d  i n  t h e  
l u n g s .  However, t h e r e  i s  even l e s s  known abou t  m i x e d . o x i d e s  d e p o s i t e d  i n  t h e  g a s t r o -  
i n t e s t i n a l  t r a c t  and i n  wounds. T h i s  i s  an obv ious  area need ing  f u r t h e r  study.. 

1 

BIOLOGICAL. EFFECTS 

G e n e t i c  E f f e c t s  

E a r l y  s t u d i e s  emphasi zed t h e  more obv ious  b i  01 o g i  c a l  e f f e c t s  - o f  a1 pha emi t t e r s  , 
such as those  l e a d i n g  t o  a c u t e  d e a t h  and those,  such as cancer ,  wh ich  m i g h t  cause 
d e a t h  l a t e r .  The p o s s i b i l i t y  of  g e n e t i c  e f f e c t s  as a  consequence o f  
i n t e r n a l  d e p o s i t i o n s  o f  a l p h a  e m i t t e r s  was r a r e l y  c o n s i d e r e d ,  e s p e c i a l l y  s i n c e  
t i s s u e  d i s t r i b u t i o n  s t u d i e s  showed t h a t  v e r y  s m a l l  f r a c t i o n s  o f  t h e  a lpha  e m i t t e r s  
i n  t h e  body were i n  t h e  gonads. I n  response t o  q u e s t i o n s  abou t  t h e  p o s s i b i l i t y  o f  
g e n e t i c  e f f e c t s ,  Richmond and Thomas [34]  summarized a v a i l a b l e  d a t a  on t h e  depos i -  
t i o n  o f  p l u t o n i u m  i n  an imal  and human gonads. T h i s  r e p o r t  and a d d i t i o n a l  d a t a  
f rom s e v e r a l  l a b o r a t o r i e s  l e d  t o  t h e  ICRP's a d o p t i n g  u p t a k e  v a l u e s  o f  .3.5 x  l o - "  
f o r  . . t e s t e s  and 1 .1  x  10-"or. o v a r i e s  ( T a b l e  6 ) .  S t u d i e s  by ,Green e t  a1 .. [35,36], 
P r i e s t  and Jackson [37]  and Brooks e t  a1. , [ 38 ]  have shown t h a t  t h e  e a r l y  random 
d i s t r i b u t i o n  o'f p l u t o n i u m  i n  t e s t e s  and o v a r i e s  i s  f o l l o w e d  a t  l a t e r  t i m e s  by 
accumu la t i on  i n  macrophages i n  t h e  i n t e r s t i t i a l  t i s s u e s  o f  . t e s t e s  and i n  t h e  
medu l l a  o f  o v a r i e s .  I n  r o d e n t s  i t  has been e s t i m a t e d  t h a t  t h i s  accumu la t i on  o f  
p l u t o n i u m  c o u l d  r e s u l t  i n  r a d i a t i o n  doses 2.5 t o  4 t imes  t h e  average t e s t e s  dose. 
However, morphometr ic  s t u d i e s  by  Brooks e t  a l .  [38]  i n d i c a t e  t h a t  because o f  m i c r o -  
ana tomica l  d i f f e r e n c e s  between t h e  t e s t e s  o f  r o d e n t s  and humans, t h e  r a d i a t i o n  dose 
t o  spermatogon ia  i n  humans would  p r o b a b l y  be l e s s  than  t h e  average dose t o  t h e  who le  ' 

o rgan.  I t  i s  u n l i k e l y  t h a t  d e v e l o p i n g  f o l l i c l e s  i n  o v a r i e s  wou ld  r e c e i v e  a  dose 
g r e a t e r  t han  t h e  average dose t o  t h e  o v a r i e s  because t h e  p l u t o n i u m  m i q r a t e s  away 
f rom t h e  c o r t e x  and t h e  r e g i o n  o f  d e v e l o p i n g  f o l l i c l e s  [37 ] .  Aga in  however, t h i s  
e s t i m a t e  i s  based on s t ~ l d i e s  i n  r o d e n t s  and i t  may n o t  a p p l y  t.n human b e i n g s .  

Grahn e t  a l .  [39]  measured g e n e t i c  e f f e c t s  o f  p l u t o n i u m  i n  male m i c e  and found 
t h e  f r e q u e n c i e s  o f  f ragmen ts ,  t r a n s l o c a t i o n s  and dominant  l e t h a l s  p e r  gamete p e r  

a r a d  were s i m i l a r  t o  those  t h a t  o c c u r r e d  a f t e r  week ly  f i s s i o n  n e u t r o n  i r r a d i a t i o n  



and were about 13 t o  38 t imes h igher  than a f t e r  cont inuous 6"0 gamma i r r a d i a t i o n .  
Sear le  e t  a l .  [40] found a lpha p a r t i c l e s  t o  gamma r a y  r a t i o s  o f  24. F u r t h e r  
inPormat ion i s  needed on t he  gene t i c  e f f e c t s  n f  p lu ton ium and o t h e r ,  a lpha e m i t t e r s ,  
a l though  gene t i c  e f f ec t s  a re  expected t o  be ve ry  r a r e  because o n l y  a  smal l  f r a c t i o n  
o f  t h e  body burden i s  depos i ted  i n  t he  gonads. High body burdens, 5  and 10 pCi /kg,  
were used by Grahn t o  g i v e  average t e s t e s  doses o f  0.075 and 0.15 rad lday ,  respec- 
t i v e l y .  Brouks e t  a1. E30] found t h a t  l e v e l s  o f  2 3 9 ~ ~ ,  2  x 10-3 and 6 x l o e 4  vC i / g  
body we igh t  i n  hamsters, caused a  sho r t en ing  o f  l i f e  span and inc reased  t he  i nc i dence  
o f  bone and l i v e r  cancer .  However, these l e v e l s  d i d  n o t  cause a  s i g n i f i c a n t  i nc rease  
i n .  t he  frequency of  m i t o t i c  chromosome a b e r r a t i o n s  i n  spermatogonia. 

Chromosome changes i n  somat ic c e l l s  a re  o t h e r  p o s s i b l e  gene t i c  e f f e c t s  o f  
p lu ton ium con tamina t ion .  E a r l y  s t u d i e s  o f  chromosome a b e r r a t i o n s  i n  c i r c u l a t i n g  
lymphocytes of p l u ton ium workers were i n c o n c l u s i v e  s i n c e  e x t e r n a l  r a d i a t i o n  
exposures were cons idered t o  account f o r  t h e  f requenc ies  o f  chromosome abe r ra t i ons  
observed [41].  Recent s t u d i e s  by Brandom e t  a l .  [42] suggest a  c o r r e l a t i o n  between 
t he  frequency o f  s t r u c t u r a l  abe r ra t i ons  and es t imates  o f  p-lutonium body burden 
(F i gu re  4 ) .  However, t h e  au thors  a r e  c a r e f u l  t o  s t r e s s  t he  r i s k s  i n  i n t e r p r e t i n g  
these da ta  w i t h  r ega rd  t o  p o s s i b l e  h e a l t h  o r  gene t i c  e f f e c t s  because o f  t h e  
r e l a t i . v e l y  low f requenc ies o f  a b e r r a t i o n s .  A lso ,  a  c l i n i c a l  s i g n i f i c a n c e  o f  
chr.omosome abe r ra t i ons .  i n  c i  r c u ' l a t i n g  lymphocytes has n o t  been es tab l i shed .  As i n  
t h e  Do lph in  s tudy [41], e x t e r n a l  r a d i a t i o n  doses rece i ved  by t he  sub jec t s  o f  t he  
Brandom study [42] may have c o n t r i b u t e d  t o  t h e  a b e r r a t i o n s  .observed. 

Lymphocytopeni a  

Perhaps' r e1  evant  t o ,  the,  obse rva t i on  o f  'chromosome - a b e r r a t i o n s  i n  c i r c u l a t i n g  
lymphocytes o f  persons w i t h  smal l  p l u t on ium burdens i s  t h e  f a c t  t h a t  i n  'dogs, 
d e p l e t i o n  o f  t he  numbers o f  c i r c u l a t i n g  lymphocytes con t inues  t o  be t he  most 
s e n s i t i v e  response t o  i nha led  p lu ton ium d i o x i d e .  F i gu re  5 shows t h e  mean c i r c u l a t -  
i n g  lymphocyte l e v e l s  i n  groups o f  dogs up t o  80 months a f t e r  i n h a l a t i o n  o f  2 3 P ~ 0 2  
[43].  The t ime o f  onset  and t he  degree o f  lymphocytopenia a re  dose- re la ted .  An 
i n i t i a l  l ung  d e p o s i t i o n  o f  79  nCi caused a  s i g n i f i c a n t  lymphocytopenia as e a r l y  as 
10 months a f t e r  exposure. Lymphocytopenia a l s o  occurs  i n  dogs a f t e r  i n h a l a t i o n  o f  
, 2 3 8 P ~ 0 2 .  [I 11 and 2 3 9 P ~ ( ~ 0 3 ) 4  [44].  

The c l i n i c a l  s i g n i f i c a n c e  o f  t he  lymphocytopenia,  as w e l l  as t h e  mechanism f o r  
i t s  i n d u c t i o n  by p lu ton ium,  i s  unknown. A decreased a n t i  body response. i n  dugs 
exposed t o  p l u ton ium may be r e l a t e d  t o  t.he lymphocytopenia [45] .  Lymphocytopenia 
has n o t  been repo r t ed  i n  persons who have i n h a l e d  PuO?. Based on t h e  dog exper iment  
( F i g u r e  5), lymphocytopenia p robab ly  would n o t  be d e t e c t a b l e  i n  humans w i t h  lung  
burdens o f  . less than  about  1000 nC i .  Because t he  l a r g e  number o f  chromosomes i n  dogs 

- makes chromosome s t u d i e s  ve r y  d i f f i c u l t ,  i t  has n o t  been determined whether t h e r e  
i s  an inc reased  frrlql.~ency n f  a b e r r a t i o n s  i n  t h e  chromosomes o f  c i r c u l a t i n g  lympho- 
cy tes  i n  t h e  plutonium-exposed dogs hav ing lymphocytopenia.  Th i s  i n f o rma t i on  would 
be very  ilsef~ll i n  i n t e r p r e t i n g  t he  da ta  o f  Brandom [42] and Do lph in  1411, who have 
observed chromosome a b e r r a t i o n s  i n ' p l u t o n i u m  workers .  

Cancer 

Knowledge of '  t he  ca r c i nogen i c  p r o p e r t i e s  o f  a lpha e m i t t e r s  has been extended 
d u r i n g  t h e  pas t  severa l  years  by con t inued  work on severa l  exposed human popu la t i ons .  
Th i s  i nc l udes  uranium miners ,  Thorotrast-LrsedteJ p a t i e n t s ,  radium d i a l  p a i n t e r s ,  
and p a t i e n t s  g i v e n  '"Rae Since c o n t i n u i n g  s t u d i e s  o f  p lu ton ium workers have n o t  
revea led  any h e a l t h  consequences t h a t  can be a t t r i b u t e d  t o  p lu ton ium,  i t  i s  s t i l l  
necessary t o  ' r e l y  upor1 animal exper iments f o r  i n f o r m a t i o n  about t r a n s u r a n i c  h e a l t h  



e f f e c t s .  Recent r e s u l t s  from the University of Utah include osteosarcomas.in dogs 
given s ing le  intravenous in jec t ions  of doses a s  low as 0.0053 vCi/kg 2 3 9 ~ u  (average 
ske le ta l  dose was 22 rad)  [46]. L u n g  cancers and bone sarcomas have been observed 
in dogs a f t e r  inhala t ion  of l eve l s  of about 0 .5  pCi/kg 2"Pu02 [11,47]. However, 
lung cancers a re  the  only primary death-causing cancers t h a t  have occurred in dogs 
t h a t  inhaled 2sPu02 [ l l ] .  A 1  though insoluble  alpha emit ters  accumulate in lymphatic 
t i s s u e s ,  the  r i sk  of lymphatic cancers appears t o  be much lower than the r i s k  of 
bone and lung cancer.  An occasional leukemia has been observed in the  numerous 
rodent experiments with the t ransuranics .  However, leukemia has been very ra re  in 
s tudies  involving well over 1000 dogs. Thus, l i k e  lymphatic cancers,  the r i s k  of 
leukemia following exposure t o  the t ransuranics  appears t o  be very low. While 
l i v e r  cancer i s  very ra re  in experimental animals t h a t  inhaled alpha e m i t t e r s ,  i t  i s  
more common in animals given plutonium by intravenous i n j e c t i o n .  Using data from 
.Thorotrast- treated p a t i e n t s ,  Mays [48] estimated the 1 i  fe-time r i s k  of 1 i v e r  cancer 
t o  be 1.27 per uCi of insoluble  2 3 9 P ~  inhaled.  This compares with his  est imates 
of 0.6% f o r  lung cancer and 0.3% f o r  bone sarcoma. 

In the  l a s t  three  yea r s ,  a t t e n t i o n  has been d i rec ted  toward the  p o s s i b i l i t y  
t h a t  a lpha .emi t t e r s  combined with o ther  substances might increase the r i s k  of ca.ncer. 
In France, administrat ion of c i g a r e t t e  smoke and benzo-5,6 flavone was found t o  
increase the  carcinogenic response t o  inhaled radon decay products [49,50]. Other 
experiments have been d i rec ted  toward the  possible combined e f f e c t s  of inhaled 
plutonium and chemical carcinogens [51]. I n  o ther  s t u d i e s ,  c i g a r e t t e  smoke and 
exposures t o  uranium ore dust  did not appear t o  increase the carcinogenic e f f e c t s  

'of  inhaled radon decay products in dogs [52]. Rodents exposed t o  d iese l  engine 
exhaust,  radon decay products and ore dust  did not appear t o  show a g rea te r  
frequency o f . lung  cancer than rodents t h a t  inhaled only the radon decay 
products and ore dus t  [53]. I n  o ther  s t u d i e s ,  exposures t o  benzo-c-pyrene o r  
asbestos did not appear t o  r a i s e  the frequency of lwng cancers i n  r a t s  t h a t  
had inhaled plutonium [54]. The r e s u l t s  of these  and the  few other  attempts t o .  
de tec t  carcinogenic act ion of environmental pol l u t a n t s  in animals that '  have body 
burdens of alpha emit ters  a r e  inconclusive in answering quest ions about the  
p o s s i b i l i t y  t h a t  c i g a r e t t e  smoking and exposures t o  toxic  chemicals increase the  
cancer r i s k  t o  persons who become i n t e r n a l l y  contaminated with alpha-emitting 
radionuclides.  This i s  an area needing f u r t h e r  research.  

SUMMARY 

To summarize b r i e f l y ,  the  emphasis of much of the  current  and.plar?ned research 
on the  t o x i c i t y  of alpha-emi t t i n g  radionucl jdes , i s  d i rec ted  toward the  complexities 
of actual  and potent ia l  condit ions of occupational and environmental exposures of , 
human beings. These, as  .well a s  the more 1 imited s tud ies  on mechanisnis of biological  
t ranspor t  and e f f e c t s ,  should increase our a b i l i t y  t o  p red ic t  heal th r i s k s  i o r e  
accurately a n d , t o  deal more confidently with human exposures, i f  and when they occur. 

Table 1.. T issue  D i s t r i b u t i o n  of Pu i n  Dogs Table 2. D i s t r i b u t i o n  of 2 3 2 ~  and 2% i n  
4 Years A f t e r  I n h a l a t i o n  of Po lyd isperse  Rats -800 Days A f t e r  an I n h a l a t i o n  Exposure 
2 3 8 ~ ~ 0 ~ .  and 2 3 9 ~ ~ 0 ~  (Percent o f  Body Burden (Percent  of I n i t i a l  Lung Burden) [I 81. 

, a t  ~ e a t h ) [ l l ] .  

TISSUE - ZUPu - '"Pu 

LUNG 20. 55. 

LIVER 16. 0.17 

SKELETON 24. 0.43 

TB LYMPH NODES 34. 44. 

ABDOMINAL LYMPH 0.36 0.02 
NOUP6 

BOOYBUROEN 2nCi 6nCi 

WAMAD : 1.8 urn. GSO = 1.9 
IblAMAO = 2.3. GSO : 1.9 

"'UO,INOI), "'UO7(NO,I, 

INITIAL LUNG 8I;ROEN 

0 .63  nCi 1 0  nCi 2 6  nCi 5 3  nCi 
TISSUE (66. ng) (1050  ngl (3780  ng) 12.7 ng) - - 
LUNG 1.2 .4 .2 .2 

SKELETON b. 2.. 3. 10. 

KIDNEY .2 . 07  .05 .25 



Table 3. Lung R e t e n t i o n  and T r a n s l o c a t i o n  of 
Plutonium-Sodium Hixed Aerosols  ->I80 Days 
A f t e r  Exposure *[24], **[25]. 

P E R C E N T  O F  

I N I T I A L  L U N G  B U R O E N  

. A N I M A L  Pu:N. O T H E R  

A E R O S O L  S P E C I E S  R A T I O  L U N G  T I S S U E S  

L A S E R  V A P O R I Z E D  R A T S  0 1 5  0.8 

PUO,.UO, 1 : l  1 0  5.0 

- N. * 1 : 1 2  T O  21 3 . 2 6  

EX,PLOOEO H A M S T E R S  0 10 . l B  

PuO..\m W I R E  1 :27 27 27 

- N o  ** . 1:104 25 6 

Table 4; D i s p o s i t i o n  o f  U l t r a f i n e  Pu02 
P a r t i c l e s  Deposited i n  Rat Lungs; (Percent 
o f  I n i t i a l  Lung Burden), a[30], b[28], c[29]. 

:=!+o,(cl 'MDUO,ICI 'nPu 
PPyO,l.) ~=PuO:(DI JnDUO,(b) FRCSH AGE0 CITRITEIDI 

PARTICLE SIZE 

025. 
,009 wn .22 urn , 0 0 7  urn .001 urn ,901 urn - -  

n s u E  

92. 20. LUNGS 51. 20. 25. 7 

LIVER 0.59 r .05 5. 8. 7. 6 

ALLOlUER 0.55 1.5 51. 19. 39. 69 
TISSUE 

URINE .25 s.05 9. 12. 9. 4 

FECES . 48. .6.4 15, ' 24. 21. 1 4  

I.118 OAVS AFTER I N U A U l n O N  
lb117 DAYS AFTER INTRATRACHEAL I N N B A n O N  
(el21 DAYS AFTER INTRATRACHEAL l N N 8 A T l O N  

Table 5. D i s t r i b u t i o n  o f  Pu i n  Hamsters 360 Tab le  6. P lu ton ium i n  Genet ic  T issues  
Days A f t e r  I n h a l a t i o n  o f .M ixed  Pu-U.Oxide " ' . [341,. C21, C391, C351, L.371, [361 ,. 
Aerosols (Percent  o f  I n i t i a l  Lung ~ u r d e n )  [31]. [401, C381. 

Pu:U ATOMIC RATIO 
FRACTlON OISTRIBUTION I N  GONAOS 

TISSUE 1:O 1:l 1:4 
TIANSLOCATCO RESPONSE --- TO GONAOS EARLY ' U T E  GERM CEU DOSE lPER GAMETE PEn R401  . 

LUNG 

LIVER 

LYMPH NODES . . 

CARCASS 

12. 4.9 11. ' TESTES 3.s . lo-. . SEMINIFEROUS NBULES MACROPHAGES IN SPERMATOGONIA 5.8. 3 . i  TRANSLOCA~ONS 
Ir(TERTU8UULR nSSUES INTERSTlnAL (2.5 TO a TIMES 93. 110  FRAGMENTS 

~ S S U E S  AVERACEI as. ISO DOMINANT 
.13 .12 .26 ' LETH~CS 

. 2 9 . . 1 -  .34 
OVARIES 1.1 10-4 . ATRETIC FOLLICLES MACROPUIGES I N  OEVELORNG FOLLICLES . . .  MEDULLA I N  ' IWSSIBCY GREATER - ' 

CORPORA LUlAE l U A M  AVERAGE1 

PRODUCED FROM EXPLODING WlRE 
. A M A D  = 1.3um. GSD = 1.6 

...... 

- 0.1 ;.' 
LIVER 

F i g u r e  1 .  'composi te  o f  Da ta  on the ~ b s o r ~ G o n  F i g u r e  2 .  Represen ta t i ve  R e t e n t i o n  and Trans- 
of Alpha-emi t t i n g  Radionucl  i des  f rom the l o c a t i o n  Curves f o r  Several I n h a l e d  A1 pha- 
G a s t r o i n t e s t i n a l  T r a c t  ( a f t e r  S t a t h e r  [3]; see E m i t t i n g  Radionucl i d e  Compounds. 
[3,4,5.6,7,8] f o r  sources o f  d a t a ) .  v 



TISSUC D l S l R l B U l l O N  

2'q~u,N~,~4 2 3 S ~ u i ~ ~ , 1 4  

F i  u r e  3. Comparison o f  Inha led  2 3 8 ~ u '  and 9 9Pu N i t r a t e  i n  Dogs [16]. 
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'hlOKIHS Am2 LVPOjUR! F i g u r e  4 .  Chromosome Aber ra t ions  i n  Per iphera l  
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