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A s -  *-mi ' Over 700 female miniature swine, extending through 
#$E:g48- , three generations, have been ex osed to daily 
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feedings of from 1 to 3100 uCi !oS~. In addition, 
1 2 e ~  1 3  cf I there were 200 untreated, female, l i t termate controls. 
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Body burdens of 90Sr reached approximately 7.5 and 
S f  P a a ~ g @  I 10 times the daily intake i n  the original and F1-<Fo 

El ,, . l.~d i! generations, respectively, w i t h  the sof t  t issue 1 8 - 2  8 3s-0 h,!j I radiation -. doses s 1/1000 that  for bone. 

I A1 though radiation os te i t i s  war a common finding, 
k 3 8 : s L : f i ; ~  only 7 pigs had evidence of 11 individual bone tumors, 

#! ,) 8 3  
, I  w i t h  ~80% occurring i n  the skull'. These tumors were 

-2% ;f 3 g3 classified morphological l y  as- osteosarcomas (73%) o r  
g-" 03"3 8a giant cel l  tumors (27%). 
~ g 4 ~ f ~ ~ i ~ ;  P. 
4 o - giilt'gt The most consistent disorders associated w i t h  chronic r~ ,a f i~ f ia  = 
-- a I 905r feeding were effects on the I~w~~dLopoietic system. 

A t  level s >25 pCi/day (5000-20,000 rads accumul ated 
skeletal doses), there occurred a progressive decrease 
in circulating leukocytes and platelets,  and a preci- 
pitous, terminal f a l l ,  i n  erythrocytes, w i t h  many of 
these animals dying of hemorrhagic diatheses. A 
second syndrome, observed particul arly i n  animal s a t  
the 125 and 625 uCi/day levels,  was a broad spectrum 
of weloproliferation ranging from myeloid metaplasia 
t o  frank blast cell leukem'ia. 

, .. I * This .work supported under Contract AT(45-1)-1830 w i t h  the U. S. Atomic 
- Endrgy Commission. 
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INTRODUCTION 

In a t tempt ing t o  define the potential  hazards of 9 0 ~ r '  t o  m a n ,  there  

,have been niany animal s tud ies  performed over ttle past 30 years ,  u t i l i z i n g  

numerous animal models t o  evaluate the  biologic damage. ~ n t e r e s t  i n  

' O S ~  arose because of i t s  re1 a t i v e  abundance as  a long-1 lved (28 year  

radioact ive  ha1 f-1 i f e )  radionucl ide  present i n .  nuclear fa1 1 out. 'Osr, 

by emission of an 0.54 MeV beta p a r t i c l e ,  decays t o  'OY, which i n  turn 

emits 2 2.27 I4eV b e t a . p a r t i c l e  w i t h  a 64 hour radioact ive  ha l f - l i f e .  

Since strontium i s  metabolized in a manner s imi la r  t o  calcium, i t  i 's . 

deposited primarily i n ,  and excreted s l o ~ l y  from, the  skeleton,  thereby 

producing r e l a t i ve ly  high radia t ion dose r a t e s  t o  osseous t i s sue  and bone 

The .majority of animal s tud ies  have u t i l i z e d  s ing le  o r  mu1 t i p l e  

in jec t ions  of radioactive strontium i n  rodents o r  dbgs. This modc of 

adniiiiistration, as opposed t o  ingest ion,  r e s u l t s  in uneven ske le ta l  

d i s t r i bu t i on ,  producing areas -of high strontium concentrations and severe 

f o ~ a l ~ b o n e  damage. Because of t h e i r  small bone mass, rodents lose  approxi- 

mately 70% of the  ''5, radia t ion energy from bone.' This energy l o s s  i n  
1 man and miniature swine was focnd t o  be 12% and 13%', respect ively .  

To simulate the most probably route of "Sr en t ry  and i t s  d i s t r i -  

bution i n  man, our laboratory i n i t i a t e d  a study i n  1958 using miniature 

, swine exposed t o  by da i ly  ingestion.  This species was se lected 



because i t  i s  an omnivore w i t h  a mature treight and bone mass s imi la r  t o  
3 .  . man, and an estimated l i f e  span in excess of 12 years.    his study,  

coupled w i t h  a s imilar  experiment. a t  the University of Cal i fornia  a t  Davis 

using beagle dogs, was designed t o  supplement the  rodent s tud ies  and provide 

the  data necessary f o r  extrapolation of the  biohazards of "sr t o  man. 

MATERIALS AND I4ETIiODS 

The experimental design f o r  t h i s  study has been previously reported 

i n  de t a i l  .4 Brief ly ,  t h e  or iginal  generation female Pitman-tiloore 
. . 

miniature  swine were s t a r t ed  on a da i ly  'Osr feeding regimen a t  9 months 
' of age and subsequently bred t o  a control boar t o  produce t he  Fl ggeneration, 

which i n  turn produced t h e  F2 generation. Thus, t he  F1 and'F2 offspr ing 

here exposed t o  ' O S ~  i n  u t e ro , f rom t h e i r  dam's milk, and then by da i ly  

feeding. Weaning was accomplished a t  6 weeks of age,  a t  which time the  

inimals were s t a r t ed  on da i ly  feeding a t  1/4 t h e i r  dams l eve l .  This 

was incrdased by 25% of tlie destined ''~r dose every s i x  weeks, so t h a t  by 

6 months of age they were a t  f u l l  l eve l .  This regimen permitted the  d ie ta ry  

calcium-strontium r a t i o  t o  remain constant during the  rapid groerth of 

ado1 escence. 

Over 700 niiniat i~re swine representing 3 generations have been 

exposed t o  ' O S ~  a t  1 , 5,  2 5 ,  125, 625, and 3100 pCi/day over t he  past  

13 years.  In addi t ion,  there  have been approximately 200 female controls .  



. . 
A second major group, comprising 47 miniature.  swine, have been 

exposed t o  ''5, a t  5 d i f f e r en t  periods: 1 )  i n  utero only,  2 )  nursing'  

only, 3 )  i n  utero and during the  nursing period only, 4 )  from conception 

.throughout adu l t  1 i f e ,  and 5 )  from the nursing period and throughout adu l t  

l i f e   a able 1 ) .  , The dams, and those offspr ing continuing on ' O S ~ ,  received 

125 pCi/day. The offspr ing a re  being held f o r  l i f e t ime  observation. 

...- 

The animals were kept i n  i rocps  of 3 t o  6 swine per pen within 

controlled temperature bui.1 djngs. Individual feeding s t a l l s  were 

u t i l i z e d  w i t h i n  each pen so t h a t  s t r i c t  d ie ta ry  control could be 

maintained. The ''sr chlor ide  solution fed these pigs was absorbed in to  

, a large  feed p e l l e t  which was fed w i t h  the  morning ra t ion .  

Blood samples were obtained a t .  in te rva l s  from the' an te r io r  vena 

Eava uiing commercial l y  avai 1 abl e evacuated tubes*. Routine hematologic 
... 

and seruni biochemistry parameters were.deiermirred using the  Coulter 

f\lodel B, .and more recent ly  the Coul t e r  Model S, and the  Technicon Auto- 

analyzer. . Methods of analysis  have been previous1 y reported.5 Bone 
' 

marrow samples were asp i ra ted ,  (without t h e  use of ant icoagulants) ,  from 

t h e  sternum using a Rosenthal needle. 

About 250 animals have been k i l l ed  a t  various ages f o r  the  

express purpose of determining the  t i s sue  d i s t r i bu t i on  of the  deposited 
. .  . .  . 

*Becto,n-Dic kinson Vacutai ner 



9 0 ~ r ,  and to  evaluate the ear ly e f fec ts  of the radionuclide ingestion. 

The remainder have been maintained f o r  l i fe t ime observatidn "and 

ki l led as the i r  c l inical  condition dictated. A t  death, complete 

gross and histologic examinations were ~erformed on a l l  t i s sues ,  and 

autoradiograms made on selected cases. 

Cytogenetic studies were performed by standard methods on 

peripheral leukocytes,and aspirated bone marrow. 6 -  

RESULTS 

Radiation Dose 

~ h 6  methods of dosimetry and assays fo r  skeletal  "5; accumulation 

in miniature swine ingesting 1 t h r u  625 pCi 'OSr per day from birth to  

approximately 8 years of age have been reported by Palmer e t  a1 .' Original 
90. sbws s ta r ted  o n d a i l y  'OSr a t  9 months of age accumulated a . Sr body 

burden approximately 7.5 times the dai ly  intake, whereas the F1 and F2 

generations reached about 10 times t h e i r  daily intake. Less than 1% of 

the absorbed 'Osr was located in so f t  t i s sue ,  so tha t  the radiation dose 

to  extraosseous t i ssue  was approximately 1/1000 tha t  received by bone. 

The radiation received by the ovaries was essent ia l ly  the same as other  

s o f t  t i  ssues. 

T l ~ e r ~ ~ ~ o l  u~~l'iriescent dosimeters were used to  determine the radiation 

dose to  fetuses a t  various periods during gestation. A t  approximately 



midway i n  gestat ion (55 days) ,  the  dose r a t e  t o  the  fe tuses  of dams 

. . ingesting 125 pCi/day was approximately 28 mrad/day , whereas a t  term a 

mean dose r a t e  of approximately 50 mrad/day was obtained. The osseous 

t i s sue  dose r a t e  a t  55 days was approximately 50 tinies t h a t  received by 

s o f t  t i s s u e ,  and 500 times g rea te r  a t  term. There was no signi.Ficant 

maternal contribution t o  the  radia t ion dose received by the f e t a l ' t hymic  

area. The accumulated radia t ion t o  a term f e tu s  vrould be about 50 rads 

from a 125 pCi/day dam, and approximate'ly 1100 mrads from a 1 pCi/day dam. 

Farrowing Performance 

An extensive s t a t i s t i c a l  analys is  of the  farrowing perfol-mance of 

the  animal s ingesting " ~ r  has been previousiy publ i ~ h e d . ~ '  Except 
. 

f o r  weaning weights of offspr ing from the or iginal  625 pCi/day dams, 

there  were no di f ferences  it-, 1 i t t e r  s i z e ,  percentage of s t i l l  born, b i r t h  

weights, o r  weaning weights between control and animals ingesting u p  

through 625 pCi/day. The lower weights of 625 pCi/day offspr ing were 

probably due t o  the  severe radia t ion e f f e c t s  produced in the  dams 

resu l t ing  in reduced lac ta t ion  d iur in~  the  nursing periods,  and t o  the  

accumul a t i v e  radf-lticrn effsctz  on the  neonates. 

Farrowing parameters i n  the  C1 generation dams, ingesting 0 t h r u  
, . 

125 pCi/dav, were indictinguishable,  w i t h  the  exception of l a rge r  1 i t t e r s  

i n  the  25 pCi/day group. The reason f o r  t h i s  d i f ference i s  not apparent. 



Original sows of the 3100 pCi level  f a i l e d  t o  survive the  gesta t ion 

period, and 625 pCi/day offspring died before sexual maturi ty,  so  t h a t  

there  a re  no F1 nor F2 generations, respec t ive ly ,  i n  these groups. 

I t  i s  important t o  note t h a t  the lowest level fed these swine 

(1 pCi/day) r e s u l t s  in a body burden approximately 5 times higher than 

the  International  Commission f o r  Radiation Protection body burden 1 imi t s  

f o r  occupational exposure i n  man8, and i s  2000 times g rea te r  than the  

highest  9 0 ~ r  level ever reported i n  ~mer ican  diets. '  Even a t  l eve l s  125 
. .. 

times these values, there  were no adverse a f f e c t s  noted on farrowing 

performance. 

,. 

Life  Span Effects 

Currently there  are 78 swine s t i l l  a l i v e  t h a t  were assigned t o  
> 

the  or iginal  study. These include thirty-two contrcl  s ,  twenty-eight 

1 pCi offspr ing,  eleven 5 pCi o f f spr ing ,  and two 25 pCi or iginal  sows 

and f i ve  of t h e i r  offspring.  The r e s u l t s  of cumulative morta l i ty  da ta ,  

thougji incomplete a t  t i i i s  time, indicate  increased deaths i n  or ig inal  

p,igs of the  625 and 125 pCi/day groups a f t e r  1 and 5 years ,  respect ively ,  

and possibly a f t e r  10 years i n  the 25 pCS/day group. Cumulative 

mortal i t y  i n  the  offspr ing of the 1 ,  5 and 25 pci/day groups was not  

s i gn i f i c an t l y  greater  than' control values through 9 years of age. Tile 

high mortal i t y  r a t e s  i n  the 125 and 625 pCi/day groups were due t o  

the  extreme s t r e s se s  placed on the  hematopoietic system by "5,. The 



vas t  majori ty of deaths,  o r  cases requiring euthanasia,  i n  a1  1 groups 
..' 

over 5 years of age were due t o  u te r ine  tumors o r  f au l t y  den t i t ion .  

The morta l i ty  r a t e s  in the  uter ine  milk exposure study a r e  extremely 

i n t e r e s t i ng .  The animals t h a t  have received "sr exclusive of tile 

ges ta t ion  period, t h a t  i s  only during t h e n u r s i n g  period and then by 

feeding,  had a 70"1,ortal i t y  by 36 months of age,  whereas those exposed 

t o  ' O S . ~  i n  ut'ero, nursing,  and by' subsequen.t feeding experienced only a 

22%. death l o s s  over the  same time period. The one death in the  group 

exposed i n  utero only, was a non-radiation re la ted  acute necrot iz ing 

pancrea t i  t i s.  

Osseous Lesions 

Radiographically, there  were no d e f i n i t i v e  l es ions  a t  ingestion 
? 

level s '  l e s s  than 125 ' u ~ i / d e ~ .  ~t 125 pCi/day, r ad io ly t i c  . areas  became 

apparent .  i n  the  mandible a t t e r  approximately 4 years  of 'OSr ingestion.  

The same was t r ue  o f 6 2 5  pCi offspr ing taken off  'Osr feeding and 

allowed t o  su rv ive  2 t o  3 years.  . In these  higher dose l e v e l s ,  the re  

occured r a the r  severe periodontal osteonecrosis  resul  t i ng  i n  e a r l y  

l o s s  of t ee th  and/or suppuration. These observations k4et-e not sur'prising 

s ince  g rea te r  than 30% of the body burden was located i n  the  

skul l  ," p a r t i a l l y  due t o  a g rea te r  ''5, deposit ion per gram of bone i n  

this area.  12 



. . ~ i s t o l  ogical l y  , the ' O S ~  induced bone lesions consisted of i r regular  

calcif icat ion and an increase in resorption cavi t ies ,  -reactive bone, and 

f ib ros i s ,  progressing to  severe osteonecrosis a t  levels of 625 ~Ci /day  

and above. A detai'led analysis of histologic changes by dose levels has 
, 

i . 
not been made a t  t h i s  time due. to  diminished bone ef fec ts  a t  the lower 

dose levels.  As tile 1 ,  5,  and 25 pCi/day groups accumulate a greater 

radiation dose, a difference may be detectable i f  the survival time i s  

suf f ic ien t ly  long. 

Although a high incidence o f  bone tumors was predicted a s  a n  end 

resu l t  of feeding, t h i s  has n d t  proved to  be true.  Only seven 

animals in the chronic toxici ty  study have developed detectable bone 

t,umors. Five of the animals were 125 pcilday offspring, and two of 

these had ~ u l  t i cen t r i c  tumors. They had received ' O S ~  througllout t h e i r  

1 i f e  and died a t  744-1210 days of" age. The remaining tero animals w i t h  

bone neoplasia were 625 pcj/day offspring tha t  received 156 pCi 'Osr/day 

for  approximately 6 rreeks a f t e r  rleanil~g and then were removed from 

further  radionuclide ingestion for  1093 and 1561 dsys before death. 

Accumul ated s kel eta1 radiation doses rangcd from 9000-1 5000 rads i n  

both the 125 and 625 pCi offspring. Nine of the eleven bone tumors . . 

were located in the head region, and one each in a r ib  and ulna. 

Histologically, 73% of tiiese tumors were c lass i f ied  as osteosarcomas, 

27% as giant cel l  tumors or osteoclastomas, and in most cases appeared 

to  a r i se  from the ~ e r i o s t e a l  surface. A detailed description of these 

tumors has k e n  'previously reported. 12 



Chromosomal Effects 

Karyograms from both peripheral blood leukocytes and bone marrow 

c e l l s  have f a i l ed  t o  show .any consis tent ,  o r  an increased number of 

cl~romosomgl aberra t ions  i n  animal s ingesting 1 t h r u  62.5 pCi 90~r/ .day.  

The abnormal i t i e s  observed i n  animal s developing hematopoietic 

neoplasia have not been constarit nor d i f f e r en t  than those i n  control 

animal s .  

Hematopoietic Effects 

Peri pheral El ood 

The e f f e c t s  of chronic 'Osr ingestion on the  peripheral blood 
, . values a r e  best demonstrated a t  the  highest feeding l e v e l ,  i . e . ,  

: 31 00 pCi/day (Figure 1 ). Four* weeks a f t e r  9-month-01 d animal s were 

s t a r t e d  on 'Osr ingest ion,  the  p l a t e l e t ,  segmented neutrophil , and 
,. 

"lymphocyte values were reduced t o  approximately 50% of the pre- 

exposure l ive1 s .  These continued a steady decl ine u n t i  1 death occurred 

approximately 3 months l a t e r .  Thcre was a lag i n  erythrocyte response, 

compared with other c e l l u l a r  elements, and the  e f f e c t  was l e s s  pronounced 

unt i l  near the  time of death. Erythrocyte depression was, however, . . 

s imi la r  i n  magnitude t o  t h a t  observed i n  leukocytes and p l a t e l e t s .  Tliese 

animals f a i l ed  t o  survive the gesta t ion period so the're was no F1 

generation f o r  study. 

A s imi la r  sequence of events. was observed w i t h  625, 250 and 125 . 

uCi 9 0 ~ r / d a y ,  a1 though the  magnitude of change and time of death sh i f t ed  



t o  a longer in terval  as  the  dai1.y 'Osr feeding level was reduced. 

Original animals s t a r t ed  on 625 pCi/day survived 9-'12. months, so were 

able  t o  produce an F1 generation, which i f  maintained on 'Osr a f t e r  

weaning, survived only about three months. 

The F1 generation, 250 pCi 9 0 ~ r / d a y ,  animals experienced pronounced 

depression i n  p l a t e l e t s  and leukocytes, and 6 of 20 died of a hemorrhagic 

syndrome by 7 montlis of age. W i t h  the  exception of two animal s ,  " ~ r  

feeding was discontinued a t  200 days of age. This resul ted i n  pa r t i a l  

recovery of peripheral blood leukocytes and p l a t e l e t s .  One of the  

aninla1 s removed from fur ther  'Osr feeding developed a neopl a s i  a charac- 

t e r ized  by an abnprmal serum protein and plasmacytoid c e l l s  i n  the  
, 

:blood and marrow, which has been t en t a t i ve ly  diagnosed as mu1 t i p l e  

.myel oma . ._ 
- . 

A t  125 pCi/day, or iginal  animals l ived 4-6 years w i t h  moderate 

development of thronibocytopenia, neutropenia and lymphopenia. Their 

offspr ing manifested much mcre ,severe hematopoietic depression, so  

t h a t  by one year of age t h e i r  leukocyte and p l a t e l e t  values were 

approximate1 v 50% t h a t  of control animal s ,  and .deaths occurred a t  about 

th ree  ,years c f  aae.  Man:/ animals i n  t h i s  group developed hematopoietic 

neoplasia which will be de ta i l ed  below. 

In the 1 ,  5 and 25 uCi/day l eve l s  there  have been no d e f i n i t i v e  

changes observed t o  date i n  the  ci,rcul a t ing  c e l l u l a r  elements sf e i t h e r  



. original  or  o f f sp r ing  pigs. There was a suggestion of a s l i g h t  depression 

i n  neutrophil values i n  the  25 pCi/day group, b u t  t h i s  observation awaits 

. . confirmation by s t a t i s t i c a l  ana lys i s .  As the  animals i n  , these groups 

age beyond 5 years,  eval uati-on of hematol ogi c data becomes complex because 

of complications. from uter ine  .tumors, oral in fec t ions ,  and other  causes of 

leukemoid reactions.  

- 

In the  uterine-mil k 'exposure study, the peripheral blood values 

of .animals  kept on 125 pCi/day have been consis tent  with those previously 

observed a t  t h a t  l eve l . .  Cell ul a r  elements of those exposed i n  utero 

only, mil k only, or  in utero and milk only, have not been d i f f e r en t  than 

those .of  the  controls  (Figure 2 ) .  Examination of aspi 'rated s te rna l 'bone  
, 

marrow when these  animals were 33 months of age revealed a s h i f t  t o  the  

l e f t  i n  the  maturation curves of both the  erythroid  and myeloid s e r i e s  

i n  tho'se animal s t h a t  continue 'G ingest  (Figure 3 and 4 ) .  

Hematoprol i f e r a t i v e  D i  sorde.rs 

The. spectrum of pro1 i f e r a t i v e '  disorders observed in animal s a t  the  

variolas dose l eve l s  i s  shown i n  Table 2.- The histopathology of these  

dyscrasias has been previously described. l 8  A t  the  31 00 uCi/day level  

two of three  animals developed areas of myeloid metaplasia t h a t  were most 

evident in the  l i v e r ,  spleen,  lymph nodes and kidneys, b u t  with sca t te red  

foci  i n  the  myocardium and adrenals.  



The 625 pCi/day offspr ing experienced an incidence of myeloid 

metapl as ia  of approximately, 50%. In add i t ion ,  there  was one case each 

of myeloid and "lymphoid neoplasia. flost animals in t h i s  group died of 

an acute hemorrhagic syndrome associated with profound thrombocytopenia, 

leukopenia and anemia. 

A t  the  125 pCi/day level  , only.  5 of 42 animal s considered a t  

risk developed myel oid metapl a s i a .  However, the  incidence of hemato- 

po i e t i c  neoplasia i n  tlie parents was approximately 40% and i n  the  0ffsprin.g 

70%, w i t h  the  mean age a t  death being about 6 and 3 yea r s ,  respect ively .  

Of these ,  41 % were considered myeloid, 19% lymphoid and 7% stem c e l l  

p ro l i fe ra t ions .  

With lo~~er .~accumul  . ated radia t ion doses (1 , 5 ,  and 25 pCi/day) , 
,. 

the  incidence of metapl as ia  , and - .part icul  a r l y  neopl a s i  a ,  was reduced and 

there  was . a . grea te r  tendency f o r  production of lymphoid neoplasms. 

The hematopoietic neoplasms general l y  developed re1 ati.vely 1 a t e  

i n  the  pa r t i cu l a r  1 ifespan f o r  each dose level  , and a f t e r  accumulated 

radia t ion doses of 6000 t o  20,000 rads ,  the  majori ty occurring a t  

approximately 15,000 rads. C l  i n i c a l  l y ,  these neoplasms were character ized 

by being very acute i n  nature with only a few weeks between the  presence of 

bl as,L forrrls i l l  tile peri yheral blood and death of the animal .  About 

one-half' of the  myel ogenous leu keniia cases had 1 eukemi c peripheral  blood 



values. The majority of the myel ogenous 1 eukemias were c l a s s i f i e d  as 

granulocytic,  w i t h  one each of eosinophi l ic ,  basophi l ic ,  DiGuglielmo's 

disease , and two myel omonocyt i c  forms.. 

There were two cases of myelogenous leukemia observed i n  62 

cont'rol animals a t  r i s k .  Curiously, both o f  these animals developed 

eosinophi l ic  forms. There have been no cases of lymplioma observed i n  

our control population. 

DISCUSSION 

A l t l ~ o u ~ h  s i g n i f i c a n t  postnatal radia t ion e f f e c t s  of 'Osr have been 

manifested a t  several high dose l eve l s ,  there  was no evidence of increased 
,' 

f e t a l  o r  neonatal morta l i ty  even a t  accumulated f e t a l  radia t ion doses of 

greater  than 150 rads. Since the f e tu s  receives l i t t l e  radia t ion from 

maternal t i s sues ,  and' 'Osr i s  a Gone-seeking radionuclide,  the s ens i t i ve  

f e t a l  t i s sue  vrould be hel l  d i f f e r en t i a t ed  pr io r  t o  the  time a s i gn i f i c an t  

concentration would begin accumulating. This does no t ,  however, 

presume that bremstrahlung radia t ion from maternal t i s sues  d u r i n g  the  

ea r ly  .period af the  embryo could not resul t i n  an embryonal r e s t  of 

neoplast ic propensity which might become manifest under proper st imulation 

l a t e r  i n  l i f e .  vaughan13, in a review of the l i t e r a t u r e ,  concluded t h a t  

even a t  the  r e l a t i ve ly  low dose r a t e s  of diagnostic procedures the  

incidence of leukemia in exposed fe tuses  i s  increased. . . 



Comparison of radiation-induced deaths in the uterine - mi 1 k exposure 

study are .particularly interest ing.  The greater than 3-fold increase in 

mortality in tliose exposed to  'Osr during nursing and then to  radioisotope 

feeding seems too much to be coincidental. I t  i s  interest ing to  postulate 

the development of a re la t ive ly  res i s tan t  cel l  population during embryo- 

genesis, o r  simply a homeostatic increase in the hematopoietic stem cel l  

compartnient which would require a greater accumulated radiation dose for  

depletion. . . 

The low incidence of bone tuinors in swine chronically ingesting 

" ~ r  i s  in d i rec t  contrast  to  the high bone neoplasia 'observed i n  r a t s  and 

/ dogs injected with 9 0 ~ r . 1 4  The 1 a t t e r  method of admini s t ra t ion  

: resu l t s  in uneven skeletal  dis t r ibut ion and areas of high i r radiat ion 

intensi ty  or "hot spots", which r e s u l t ' i n  severe necrosis and tumor 

e v e 1  opment in t h e s e  areas. Generally, the bone tumors tha t  developed 

in our swine were also in s i t e s  of most severe osteonecrosis, where 

extensive destruction and active remodeling processes were occurring. 

Of part icular  in t e re s t  i s  the observation tha t  in those cases where 

i t  was possible to  determine the s i t e  of or igin,  the swine bone tumors 

appeared t o  a r i se  from the periosteal surface. ~ o l  lowing injection of 

in several other species, L l ~ e  bune tumors originated from the 

endostesl surface,16 and in a study utVil.izing a single Intravenous 

injection i n  miniature swine i t  \h~as.established tha t  greater damage occurred 



The t o  the'endosteum and trabeculae than t o  the per ios teal  surface.  

more even ske le ta l  d i s t r i bu t i on  of the isotope following chronic ingestion 

r e s u l t s  i n  a r e l a t i v e l y  g rea te r  dose . r a t e  t o  the  periosteum than following 
. . 

i n j e c t i on ,  but evidently no't g rea t  enough t o  k i l l  the  c e l l s  t h a t  have tile 

potent ia l  of becoming neoplast ic.  

The pathogenesis of the e f f e c t s  on i ~ e m a t o ~ o i ~ s i s  must be very 

complex with t h i s  long-1 ived ,. bone-seeking radionucl ide ,  s ince  the  

de l i c a t e  homeostatic balance between stirnulatory and repressor feed-back 
- 

mechanisms vould be under constant perturbation from the  continuous 

marrow damage. In addit ion t o  t h i s  d i r e c t  radia t ion damage, t he  cell 's  

responsible f o r  maintaining the  microcircul a t ion a r e  probably in jured 
, 

and contr ibute  t o  the  hematopoietic c e l l  changes. I t  has, i n  f a c t ,  been 

shown by Crosby and c o - v ~ o r k e r s ~ ~  t h a t ,  i n  X-irradiated animals, delayed 

bone marrow . .. apl a s i a  from the d&&riorat ion of the  nli croci rcul a t ion  

r e s u l t s  i n  tile liematopoietic c e l l  s not. being maintained. I t  i s  reasonable 

t o  presume t h a t  a s imi la r  s i t ua t i on . cou ld  ul t imate ly  occur a t  higher 

"'~r dose levels, avd could be primari ly responsible f o r  the  terminal 

f a l l  j n  per ipheral  blood elements, and contr ibute  t o  the  subsequent 

devel oprnent of myeloi d nietapl a s i a .  

1 t ' i s  apparent t h a t  continuous ingestion of 'Osr, exclusive of the  

125 ~ C i / d a y  group, r e s u l t s  in e i t h e r  a r a t he r  severe hematodepression 

and a terminal hemorrhagic c r i s i s  (3100, 650, o r  250 IICi/day), o r  has no 



readily detectable e f fec t  on the for~ied blood elements ( <  125 IICi/day). 

The leul~einogenici t y ,  especially a t  the 125 i i i /day  level , i s  par t icular ly 

interest ing and i s  in contrast  to  e a r l i e r  studies in which ' O S ~  by injection 

indicated tha t  bone tumor production would be the most prevalent neoplasm 

encountered. This observation confi rrns the resu l t s  of retrospective 

studies in the human by vaughan13, in tha t  she found tlie l a t en t  period f o r  

leukemia induction was considerably shorter than tha t  fo r  osteosarcoma 

devel opmen t . 

The sequence of events terminating in acute hematopoietic neoplasms 

in these pigs i s  unknown. There a re ,  of cqurse, several possible 

mechanisms which may ac t  independently or in' concert. The ef fec ts  of 

:chronic leukopenia would undoubtedly influence the l~unioral feed-back 

control mechanisms, presumably by elevating "leukopoietin" levels .  An 
-. 

elevated "poietin" level probably would also be related t o  a reduced 
-.. 

chalone ef fec t  i f  ear ly cel l  death occurred. Tliere i s  some evidence 

from the bone marrow examinations of tlie uterine-milk study pigs tha t  

9 0 th i s  may be occurring a t  the higher . Sr levels. '  The increase in blast  

and pro forms could be e i the r  a quantitative increase in the cel l  types 

or a re la t ive  increase i f  more d is ta l  c e l l s  have died. A1 so, Cooper 

e t  a1 .*O demonstrated a prolonged granulocyte generation time i n  s ix  

pigs ingesting 625 U C ~  g o ~ r / d a y .  f3eirman2' reports simil a r  findings i n  

human acutc lcukcmia pat ients ,  along with defective maturation and 

a1 tered release of cel l  s t o  the peripheral blood. These e f fec t s  would 



ce r t a in ly  upset the feed-back control mechanisms. 
. . 

An impaired immunological competence, with e i t h e r  a  v i ra l  o r  

neoplast ic clonal e t io logy,  must a l so  be considered in. the  development 

of these hematopoietic neoplasms and i s  under inves t iga t ion  a t  t h i s  

time. Viruses w i t h  ce r t a in  cha rac t e r i s t i c s  common t o  known leukemia 

viruses have been i so la ted  from some of these leukemic pigs ,  b u t  t h e i r  

r 01-e i n  the  e t io logy . i s  unknown. 

A s c h e s ~  depicting the possible pathogenesis of ' O S ~  induced 

hematopoietic neoplasms i s  shown in .F igure  5. Brine marrow i r r ad i a t i on  

may produce some sub t le  somatic mutation, resu l t ing  i n  an enzymatic 

.change and a  maturation defect: This clone of c e l l s  could then become 

the  dominate ce l l  . l ine ,  by e i t h e r  progressive radia t ion e f f e c t s  on 
> 

the  normal ce l l -  1  ine. o r  by a  f a i l i n g  immune system which had 'previously 

held the  neoplast-ic c e l l s  i n  check. Probably both mechanisms t~ould 

be act ive .  In addi t ion,  t h i s  clone of immature c e l l s  might be espec ia l ly  

suscept ible  t o  the  c e l l u l a r  and humoral regula tors  t h a t  would be elevated 

from the  constant marrow damage. I t  has been suggested t h a t  the spectrum 

of hematopcietic neoplasms i n  these pigs indicates  t h a t  a  p lur ipotent  - 

marrow stem c e l l  i s  probably affected.  13,18 This, however, does not seem 

reasonable since most neoplasms have been of a  s ing le  ce l l  type,  which . . 

would indicate  the  affected ce l l  i s  probably a  committed stem c e l l .  

I t  should be noted froin Figure 5 t h a t  myeloid netaplas ia  i s  not a  



. . 
pa r t  of the progression t o  neoplasia, but i s  probably a physiologic 

response t o  the  patliologic process occurring i n  ' the  bone marrow. 

The "gross" e f f e c t s o f  9 0 ~ r  have bee'n well documented in several 
. . 

species.  However, there  needs t o  be addit ional  s tud ies  of in-utero 

and' neonatal exposure of the  hematopoietic system, corre la ted w i t h  the  

subsequent development of hematopoietic neoplasia. These more de f in i t i ve  

s tudies  would include determination of stem ce l l  k ine t ics ,  the  influence 

o f  poiet ins  and chalones, and a1 te ra t ions  i n  leukocyte kinet ics .  These 

questions need answers not .only fo r  c l a r i f i c a t i o n  of ce l l  ul a r  radia t ion 

e f f e c t s ,  b u t  a1 so because non-radiation bone marrow in su l t s  may have a 
, 

s imilar  pathogenesis i n  the  development of neopl a s i a .  The miniature pig 

i s  par t icul  a r l y  we1 1 sui ted f& these s tudies  because of l i f e  span and 

the  ease of obtaining s e r i a l  blood and bone marrow sample;. 

The contr ibut ions  of L. K. Bustad, R .  0. McClellan, M. E .  Kerr, 

and many others  t o  the  ea r ly  periods of t h i s  study are  g ra te fu l ly  

acknov11 edged. 
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LEGENDS 

Table 1. ~xper imenta l  Design of Uteri ne-Mi 1 k Exposure study 

Figure 1.  Hematologic Response of a ~ i n i a t u r e  Pig Ingest ing 3100 pCi 'Osr/day 

Figure 2 .  Peripheral Leukocyte and F l a t e l e t  Values of Miniatwe Swine 
i n  the  Uteri ne-Mi 1 k Exposure Study 

Figure 3. Per t inent  Erythroid Marrow Maturation i n  Uterine-Milk Exposure 
Study (Mean f S. F. ) 

.... 

Figure 4. Per t inent  Myeloid Marrow Maturation i n  Uterine-Milk Exposure 
Study (Mean + S. E.:) -- 

Table 2 .  Hematopro1 i f e r a t i v e  Dyscrasi as i n  Swine Ingesting g o ~ ,  

Figure 5. Proposed Scheme o f  Induced Myeloid Metaplasia and Neoplasia 

. . 
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~ a b l k  2 .  Hematoprol i f e r a t i v e  ~ ~ s c r a s i a s  i n  Swine l n g e s t i  ng "5, 

Average 
Age a t  rad dose . . Number of 

' O S ~  Level Gener- animals death ( x  l o 3 )  t o  Lymphoid Myeloid Stem ce l l  . Myeloid 
(pCi/day) a t i  on a t  r i sk  - (months)" skeleton* . neopTasms .. neopl ams neopl asns me tap1 as i  a 

. . 

31 00 Parent 3 12-13 7-10 . - - - - - - 2 

5 Parent 

F1 ' F2 

1 Parent 1 '7 92-96 <O.  04 1' - - - - 1 
5 9 F1' F2 52-81 , <0.2 4 

- - - - .1  

* For those animals with hemcprol i f e r a t i v e  disorders.  
t Removed from 905r feeding ~t 3 months of age. 
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