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Preliminary Report  o n  Studies of Erythropoiesis 'and 
I.rri-.- . 

Adrenal-Cortical Function on. Mt. -Everest 
ID.wI 

W i l l i a m  E. Siri 

Men engaged i n  c l imbing  t h e  h i g h e s t  Himalayan peaks  a r e  unique s u b j e c t s  

f o r . r e s e a r c h  on p h y s i o l o g i c a l  a d a p t a t i o n ,  p a r t i c u l a r l y  t h e  b o d y ' s  r e g u l a t o r y  

mechanisms. Driven by e x t r a o r d i n a r y  mo t iva t ion ,  c l i m b e r s  v o l u n t a r i l y  s u b j e c t  

themselves  f o r  extended i n t e r v a l s  t o  submarginal  envi ronmenta l  c o n d i t i o n s  t h a t  

could  n o t  long  b e  t o l e r a t e d  by s u b j e c t s  i n  a  l a b o r a t o r y  r e s e a r c h  s e t t i n g .  The 

s t a t e  of s t r e s s  induced by prolonged e x p o s u r e ' t o  s e v e r e  hypoxia and f u r t h e r  ag- 

g rava t ed  by f a t i g u e ,  c o l d ,  ano rex ia ,  insomnia,  and psychogenic f a c t o r s  o f t e n  

l e a d s  t o  maximal a d a p t a t i o n  fol lowed by  p r o g r e s s i v e  d e t e r i o r a t i o n  -when t h e  ho- 

m e o s t a t i c  b a l a n c e  can  no longe r  b e  main ta ined .  C e r t a i n  f e a t u r e s  of r e g u l a t o r y  

systems may become more e v i d e n t  under t h e s e  c o n d i t i o n s  t h a n  i n  t h e  more regu- 

l a t e d  c i r cums tances  of a  l a b o r a t o r y  experiment .  Th i s  was t h e  premise f o r  t h e  

s t u d i e s  conducted on members of t h e  American M t .  Eve re s t  Expedi t ion  i n  t h e  

Sp r ing  of  1963. 

Among t h e  more f a m i l i a r  r e sponses  t o  h igh  a l t i t u d e  i s  t h e  i n c r e a s e d  r a t e  

of red-b lood-ce l l  p roduc t ion .  With cont inued  exposure ,  t h i s  l e a d s  u l t i m a t e l y  t o  

a  s t a b i l i z e d  polycythemia t h a t  is  r e l a t e d  i n  an i l l - d e f i n e d  way t o  s e v e r i t y  of 

hypoxia.  The p r o c e s s e s ,  and more s p e c i f i c a l l y  t h e  hormone e r y t h r o p o i e t i n ,  t h a t  

a c c e l e r a t e  e r y t h r o p o i e s i s  under hypoxic s t i m u l u s  a r e  presumed by  most i n v e s t i -  

g a t o r s  a l s o  t o  b e  r e s p o n s i b l e  f o r  r e g u l a t i o n  of  red-b lood-ce l l  volume under nor- 

mal c o n d i t i o n s .  

Numerous.s tudies  of hema topo ie t i c  a c t i v i t y  have been made a t  a l t i t u d e s  

up t o  15 ,000  f t ,  n o t a b l y  t h o s e  of  Hurtado and Delgado (11 ,  Merino ( 2 ) ,  Lawrence 

e t  a l .  (3,4) and Reynafar je  e t . a l .  ( 5 ) .  More r e c e n t  o b s e r v a t i o n s  by t h e  a u t h o r  

a t  17 ,000  f t  i n  B o l i v i a  sugges t  t h e  p o s s i b i l i t y  of  an anomolous i n c r e a s e  i n  

hemoglobin s y n t h e s i s  r e l a t i v e  t o  t h a t  a n t i c i p a t e d  by p r o j e c t i o n  o f  o b s e r v a t i o n s  

made a t  lower e l e v a t i o n s .  The f i r s t  o b j e c t  of t h e  work on t h e  Eve re s t  Expedi- 

t i o n  was t o  ex tend  t h e s e  o b s e r v a t i o n s  $0 h igh  a l t i t u d e s  cor responding  t o  l e v e l s  

of hypoxia w e l l  below t h a t  f o r  which human a d a p t a t i o n  seems p o s s i b l e .  The i n -  

tended s t u d i e s  inc luded  o b s e r v a t i o n s  on plasma-iron tu rnove r  t o  de te rmine  r a t e  

of  hemoglobin s y n t h e s i s ,  a s s a y  of  e r y t h r o p o i e t i n  i n  24-hr u r i n e  c o l l e c t i o n s ,  and 

changes i n  blood e lements  and chemis t ry  a s  a  f u n c t i o n  of  a l t i t u d e  and d u r a t i o n  

o f  exposure .  



PHYSIOLOGICAL STUDIES ON MT. EVEREST 

The second o b j e c t  of  t h e  p h y s i o l o g i c a l  s t u d i e s  was t o  examine i n d i r e c t -  

. ly  t h e  r e sponses  o f  t h e  a d r e n a l  c o r t e x  t o  demands f o r  maximal a d a p t a t i o n  by t h e  

body t o  c o n d i t i o n s  t h a t  exceed p h y s i o l o g i c a l  l i m i t s  f o r  c h r o n i c  exposure.  The 

v i t a l  r o l e s  p layed  by t h e  a d r e n a l  c o r t e x  a s  a  r e g u l a t o r y  organ and i n  a d a p t i v e  

p r o c e s s e s  a r e  f i r m l y  e s t a b l i s h e d .  S e c r e t i o n  of  c o r t i c a l  hormones, mediated i n  

p a r t  by  ACTH, e x e r c i s e s  a  s t r o n g  and o f t e n  a  c o n t r o l l i n g  i n f l u e n c e  ove r  metabo- 

l i s m ,  t h e  c a r d i o v a s c u l a r  and r e s p i r a t o r y  sys tems,  and t h e  body ' s  chemis t ry .  

The assessment  of a d r e n a l - c o r t i c a l  a c t i v i t y  d u r i n g  t h e  v a r i e d  s t r e s s e s  

imposed by t h e  Exped i t i on  was based p r i m a r i l y  upon u r i n a r y  e x c r e t i o n  of  c o r t i c a l  

s t e r o i d s  and t h e i r  c a t a b o l i t e s .  Twenty-four-hour u r i n e  c o l l e c t i o n s  were ob- 

t a i n e d  under  c o n d i t i o n s  and a t  t imes  when t h e  c l imber  was s e v e r e l y  s t r e s s e d ,  and 

p a r t i c u l a r l y  when h e  e x h i b i t e d  s i g n s  of d e t e r i o r a t i o n .  I n  each i n s t a n c e  a  s ec -  

ond 24-hr u r i n e  c o l l e c t i o n  was ob ta ined  fo l lowing  a d m i n i s t r a t i o n  o f  ACTH. The 

d i f f e r e n c e s  i n  u r i n a r y  k e t o s t e r o i d s  b e f o r e  and a f t e r  ACTH should  p rov ide  a  rough 

measure of  a d r e n a l  c o r t i c a l  r e s e r v e .  Whether o r  n o t  t h e  r e l a t i v e  a s  w e l l  a s  

t o t a l  e x c r e t i o n  r a t e s  of t h e  s e v e r a l  major a d r e n a l  c o r t i c o i d s  i s  a l t e r e d  by 

s t r e s s  may become e v i d e n t  on f r a c t i o n a t i o n  of  t h e  u r i n a r y  k e t o s t e r o i d s .  

C o l l a t e r a l  t e s t s  of a d r e n a l - c o r t i c a l  f u n c t i o n  were n e c e s s a r i l y  l i m i t e d  

t o  s imp le  p rocedures  t h a t  could  be  performed a t  i n t e r v a l s  under  t h e  r e s t r i c t i v e  

c o n d i t i o n s  of  t h e  Expedi t ion  and environment .  For  t h e  most p a r t  t h e s e  inc luded  

whi te -b lood-ce l l  d i f f e r e n t i a l ,  c a r d i o v a s c u l a r  response  t o  exe rc i s e , ,  u r i n e  chem- 

i s t r y ,  and o t h e r  tests d e s c r i b e d  i n  t h e  nex t  s e c t i o n .  

Base - l i ne  va lues  of a l l  t h e  p h y s i o l o g i c a l  pa rame te r s  measured i n  t h e  

f i e l d  were ob ta ined  from each c l imber  a t  Donner Labora tory  p r i o r  t o  d e p a r t u r e  of 

t h e  Expedi t ion .  

Cond i t i ons  conducive t o  s e v e r e  hypoxia and prolonged s t r e s s  were encoun- 

t e r e d  i n  t h e  c o u r s e  of  c l imb ing  M t .  E v e r e s t ,  b u t  it is  d i f f i c u l t  t o  a s s e s s  t h e  

a c t u a l  l e v e l  of t i s s u e  hypoxia.  The l e n g t h  o f  exposure  was s u f f i c i e n t  t o  ac- 

q u i r e  a  h i g h  deg ree  of a c c l i m a t i z a t i o n  t o  hypoxia and t o  develop  s i g n s  of gen- 

e r a l  d e t e r i o r a t i o n .  Most c l i m b e r s  remained a t  21,500 f t  o r  h i g h e r  f o r  s e v e r a l  

weeks and one remained a t  t h i s  a l t i t u d e  f o r  s i x  weeks. The most t e l l i n g  e f f e c t s  

of  hypoxic  exposure  and exhaus t ion  were e v i d e n t  i n  t h e  f i v e  c l imber s  and one 

Sherpa who reached t h e  summit of  M t .  Eve re s t  (29 ,028  f t ) ,  a l l  o f  whom s p e n t  i n -  

t e r v a l s  r ang ing  from t h r e e  and a  h a l f  t o  8 h r  above 28,000 f t  w i thou t  oxygen. 

Normally, however, supplementa l  oxygen was used above 23,000 f t  a t  r a t e s  from 2  

t o  4  l i t e r s  p e r  minute  f o r  c l imbing  and one h a l f  t o  1 l i t e r  p e r  minute f o r  

s l e e p i n g .  

The d e s c r i p t i o n  p re sen ted  h e r e  of  t h e  s t u d i e s  on M t .  Eve re s t  i s  in tended  

a s  no more t han  a  p r e l i m i n a r y  r e p o r t .  N e i t h e r  f i n d i n g s  no r  conc lus ions  can b e  
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o f f e r e d  u n t i l  d a t a  and samples c o l l e c t e d  i n  t h e  c o u r s e  o f  t h e  Expedi t ion  a r e '  

f u l l y  analyzed.  

PRELIMINARY RESULTS . .  

E r y t h r o p o i e t i n ,  t h e  hormone t h a t  s t i m u l a t e s  red-b lood-ce l l  p roduc t ion ,  

can  n e i t h e r  b e  d e t e c t e d  i n  t h e  h e a l t h y  pe r son  a t  s ea  l e v e l  n o r  i n  pe r sons  chron- 

i c a l l y  exposed t o  moderate a l t i t u d e s  where, presumably,  t h e  e r y t h r o p o i e t i n  con- 

c e n t r a t i o n  i s  inc reased  i n  response  t o  hypoxia.  Even a t  17 ,000  f t ,  t h e  a u t h o r  

i n  c o l l a b o r a t i o n  wi th  D r .  Donald Van Dyke was unable  t o  d e t e c t  e r y t h r o p o i e t i n  i n  

B o l i v i a n  n a t i v e s  who l i v e d  a t  t h i s  a l t i t u d e  ( d a t a  t o  b e  p u b l i s h e d ) .  The s e n s i -  

t i v i t y  of t h e  b i o a s s a y  f o r  t h e  hormone i s  inadequa te  f o r  t h e  low c o n c e n t r a t i o n s  

normal ly  p r e s e n t .  On t h e  o t h e r  hand,  Van Dyke and Garc i a ,  i n  t h i s  ~ a b o r a t o r ~ ,  

and o t h e r s  (6-10) found a  t r a n s i e n t  h igh  c o n c e n t r a t i o n  i n  r a t s  and mice d u r i n g  

t h e  f i r s t  few days  exposure t o  s e v e r e  hypoxia.  A c l e a r  i n d i c a t i o n  of  a  s i m i l a r  

response  i n  man was r epo r t ed  from t h i s  Labora tory ,  d e s c r i b i n g  r e s u l t s  ob t a ined  

when a  human s u b j e c t  was a c u t e l y  decompressed t o  a  p r e s s u r e  e q u i v a l e n t  t o  16 ,400  ' 

f t  and exposed f o r  f o u r  days  (11). 

-. 
I n  pu r su ing  t h i s  l i n e  of i n v e s t i g a t i o n  on t h e  M t .  Eve re s t  Exped i t i on ,  

24-hr u r i n e  c o l l e c t i o n s  f o r  e r y t h r o p o i e t i n  a s s a y  were ob ta ined  from c l i m b e r s  two 

o r  t h r e e  days  a f t e r  t h e y  had f o r  t h e  f i r s t  t ime made an a s c e n t  from 17 ,800 f t  t o  

23,000 f t  o r  h i g h e r  w i t h i n  t h e  space  of  two days.  Although t h i s  i s  a  d i f f e r e n c e  

of o n l y  5 ,000  f t  t h e  p o s s i b i l i t y  e x i s t e d  t h a t  it would produce a  t i s s u e  hypoxia 

comparable t o  t h a t  r e s u l t i n g  from decompression from sea  l e v e l  t o  16 ,400  f t  and 

hence induce  a  d e t e c t a b l e ,  i f  t r a n s i e n t ,  c o n c e n t r a t i o n  i n  e r y t h r o p o i e t i n .  

Add i t i ona l  24-hr u r i n e  c o l l e c t i o n s  were ob ta ined  from c l i m b e r s  who had 

s p e n t  more t han  a  week a t  21,500 f t  and a t  23,000 f t  t o  de t e rmine  i f  d e t e c t a b l e  

s t e a d y  s t a t e  c o n c e n t r a t i o n s  e x i s t  a t  t h e s e  l e v e l s  of hypoxia.  

Ur ine  c o l l e c t i o n s  were passed  through c o l l o d i o n  membranes f o r  e r y t h r o -  

p o i e t i n  e x t r a c t i o n .  The membranes were d r i e d ,  s e a l e d  under n i t r o g e n , - a n d  s e n t  t o  

Donner Labora tory  f o r  a s s a y  by  D r .  Van Dyke and h i s  a s s o c i a t e s .  None of  t h e  

samples assa;ed t h u s  f a r  con ta ined  d e t e c t a b l e  amounts of e r y t h r o p o i e t i n .  From 

t h i s  it must b e  concluded t h a t :  a )  t h e  l e v e l  of  t i s s u e  hypoxia i n  an accl ima- 

t i z e d  man a t  t h e s e  a l t i t u d e s  i s  l e s s  s e v e r e  t han  a n t i c i p a t e d , o r  b )  t h e  e r y t h r o -  

p o i e t i n  was i n a c t i v a t e d . i n  t h e  c o l l e c t i o n  p rocedures ,  o r  c )  e r y t h r o p o i e t i n  makes 

an appearance  o n l y  i n  response  t o  a c u t e  exposure i n  unacc l imat ized  s u b j e c t s .  

The r a t e  of hemoglobin s y n t h e s i s  can  b e  roughly  determined from t h e  

t u rnove r  r a t e  of i r o n  i n  t h e  plasma. These r a t e s  were measured i n  t h e  c l i m b e r s  

a t  Berke ley  ( s ea  l e v e l )  p r i o r  t o  t h e  Exped i t i on ' s  d e p a r t u r e  t o  e s t a b l i s h  normal 

v a l u e s ,  u s ing  F'e5'-labelled plasma. The measurements were r epea t ed  a t  17 ,500  f t  

and a t  21,500 f t  t o  de te rmine  t h e  r e l a t i v e  i n c r e a s e s  i n  hemoglobin s y n t h e s i s  f o r  
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t h e s e  l e v e l s  of hypoxia.  I n  g e n e r a l ,  t h e  r a t e  of  plasma-iron d i sappea rance  ob- 

s e rved  i n  t h e  c l i m b e r s  a t  17 ,500  f t ,  and t h e r e f o r e  presumably t h e  e r y t h r o p o i e t i c  

a c t i v i t y ,  was about  doub le  t h a t  f o r  s ea  l e v e l .  T h i s  i s  i n  agreement w i th  e a r -  

l i e r  o b s e r v a t i o n s  made i n  B o l i v i a  on s u b j e c t s  a t  17 ,000  f t ,  i n c l u d i n g  r e s i d e n t s  

a t  t h i s  a l t i t u d e  and a l s o  pe r sons  brought  up from lower a l t i t u d e s .  The plasma- 

i r o n  d i sappea rance  r a t e  found a t  21,500 f t  was l e s s  c l e a r .  I n  one  s u b j e c t ,  it 

was n e a r l y  t h r e e  t i m e s  t h a t  f o r  sea  l e v e l ;  i n  ano the r  it was tw ice  t h e  r a t e .  

Blood smears f o r  r e t i c u l o c y t e  coun t s  were - taken a t  i n t e r v a l s  d u r i n g  t h e  

c o u r s e  o f  t h e  Expedi t ion .  A p r e l i m i n a r y  examinat ion of  t h e  s l i d e s  sugges t  t h a t  

t h e s e  immature red  c e l l s  may b e  e l e v a t e d  a t  2  t o  3.5% about  t h e  t ime t h e  climb- 

e r s  reached  Base Camp (17 ,500 f t )  a s  compared t o  0.5 t o  2.0% f o r  t h e  pre-expedi-  

t i o n  va lues .  L a t e r  when t h e  c l i m b e r s  had been t o  much h i g h e r  a l t i t u d e s  and r e -  

t u r n e d  t o  Base Camp t h e y  appeared t o  b e  devoid of  r e t i c u l o c y t e s .  S l i d e s  f o r  

w h i t k - c e l l  d i f f e r e n t i a l  count  were a l s o  t aken  b u t  have  n o t  been counted.  

Hemoglobin c o n c e n t r a t i o n  i n c r e a s e d  r a p i d l y  on a r r i v a l .  a t  17 ,500  f t  t o  

abou t  1 8  g  p e r c e n t .  With cont inued  exposure  t o  t h i s  and h i g h e r  a l t i t u d e s ,  t h e  

c o n c e n t r a t i o n  inc reased  s lowly  t o  t h e  range  20 t o  23 g  p e r c e n t ,  b u t  showed lit- 

t l e  tendency  t o  r i s e  s i g n i f i c a n t l y  h i g h e r ,  a l t hough  s e v e r a l  c l i m b e r s  s p e n t  a  

month o r  more above 21,500 f t .  Hematocr i t  and red-b lood-ce l l  coun t  p a r a l l e l e d  

more o r  l e s s  t h e  changes i n  hemoglobin c o n c e n t r a t i o n .  There wa's no s i g n i f i c a n t  

change i n  t h e  p l a t e l e t  coun t .  

A more s t r i k i n g  change,  because  of  i ts  r a p i d i t y ,  was t h e  r e d u c t i o n  i n  

hemoglobin c o n c e n t r a t i o n  t o  t h e  normal range  on r e t u r n i n g  t o  low e l e v a t i o n s .  

Within two weeks a f t e r  l e a v i n g  Base Camp, hemoglobin c o n c e n t r a t i o n s  t h a t  were 

22 g  p e r c e n t  had dropped t o  16 g  p e r c e n t ,  Rehydrat ion does  n o t  appear  impl i -  

c a t e d '  i n  t h i s  r a p i d  r e d u c t i o n  i n  hemoglobin c o n c e n t r a t i o n .  I t  remains t o  b e  

de termined  i f  complete  c e s s a t i o n  of r e d - c e l l  p roduc t ion  would account  f o r  t h e  

a p p a r e n t  r a p i d  r e d u c t i o n .  

Twenty-four-hour u r i n e  c o l l e c t i o n s  f o r  a d r e n a l - c o r t i c a l - s t e r o i d  ana lyses  

and u r i n e  chemis t ry  were ob ta ined  under  a  v a r i e t y  of c o n d i t i o n s ,  a l l  of them i n -  

vo lv ing  s t r e s s f u l  c i r cums tances .  A t  t h e  end of  t h e  f i r s t  c o l l e c t i o n ,  80 I . U .  o f  

a  l ong -ac t ing  ACTH p r e p a r a t i o n  were g iven  t o  t h e  s u b j e c t s ,  i n t r a m u s c u l a r l y ,  

b e f o r e  s t a r t i n g  t h e  second 24-hr u r i n e  c o l l e c t i o n .  Such c o l l e c t i o n s  were ob- 

t a i n e d  from a l l  t h e  c l i m b e r s  who reached t h e  summit and from t h e  suppor t  teams 

t h a t  went t o  t h e  h i g h e s t  camps. The c o l l e c t i o n s  were s t a r t e d  wh i l e  t h e  climb- 

e r s  were s t i l l  h igh  on t h e  mountain and completed about  t h e  t ime  t h e y  reached 

Base Camp. I n  one i n s t a n c e ,  a  c o l l e c t i o n  was s t a r t e d  b e f o r e  a  c l imber  reached 

t h e  summit and extended through t h e  n i g h t  i n  which h e  was fo rced  t o  b ivouac  i n  

t h e  open a t  28,000 f t  w i thou t  oxygen. Other  c l i m b e r s  provided  c o l l e c t i o n s  a f t e r  

prolonged s t a y s  a t  21,500 f t  and 23 ,000 f t  du r ing  which t h e y  showed s i g n s  of 
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Medical officer Gilbert Roberts 
and William Siri, scientific co- 
ordinator of the American Mt. 
Everest Expedition, measure 
cardiac output with radioactive 
iron 59 in psychologist James 
Lester at Base Camp, using a 
portable scintillation probe. 

progressive deterioration. The cortical steroids were concentrated from the 

urine collections by ether-ethanol extractions whose volume was then reduced by 

evaporation, and the concentrate was sealed under dry nitrogen. Results of cor- 

tical steroid assays and electrolyte analyses will be presented in a later re- 

port. 

A variety of simple tests was made at intervals on members of theEx- 

pedition to detect gross responses to hypoxia and possibly to changes in adrenal 
cortical function. Among these were tests of heart rate and blood pressures at 

rest and following exercise, of breath-holding times, muscular strength, body 

weight, total body water, electrolyte excretion, and the common hematological 

measurements. 

Basal heart rate and resting blood pressure increased almost immediately 

as the Expedition moved to higher altitudes. They remained elevated for several 

weeks after arrival at Base Camp but as acclimatization progressed, heart rate 

and blood pressure slowly returned toward pre-expedition values at sea level. 

After two months at altitude, the readjustment seemed complete, and for several 

climbers heart rate and/or systolic pressure were significantly lower than their 

normal values at sea level although diastolic pressure remained consistently 

elevated. 

Cardiovascular response to moderate exercise was tested by observing the 

elevation and the recovery patterns of both heart rate and blood pressure fol- 

lowing a three-minute exercise on a 15-inch-high step at the rate of 22 complete 

steps per minute. Measurements were made continually for five minutes after the 

exercise ended. In general, the rate of recovery to pre-exercise resting values 

did not appear to change significantly throughout the course of the Expedition, 

although there were notable exceptions. On the other hand, the elevation in 
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h e a r t  r a t e  and pulse pressure produced by the  exercise  changed progressively 
with acclimatization. I n  t he  first  week a& a l t i t u d e  when symptoms of hypoxia were 
most evident,  the  exercise  pulse pressure and h e a r t  r a t e  were s l i g h t l y  higher 
than a t  sea level.  During the  two months t h a t  followed, these responses t o  t he  
exerc ise  decreased s t e a d i l y  u n t i l  a t  the end of t he  period the  exevation i n  
pulse  pressure was uniformly smaller,  and f a r  some climbers it was less than 
ha l f  t h a t  seen i n  t he  t e s t  a t  sea level .  A s imi l a r  t rend was a l s o  observed f o r  
t he  hear t - ra te  response t o  the  t e s t  although i n  f ~ u r  climbers h a r t  r a t e  waa 
hardly stimulated by the  exercise.  Amqng t ie half  dozen &herpas who were tes ted  
a t  21,500 f t ,  hear t-rate  response and ~oovery were c a f l r a b l e  t o  those f o r  t he  
American climbers, bu t  four  of t h e ' s i x  Sherpas exhibited almost no elevat ion i n  
pulse  pressure. One of t he  remaining t w  showed r e s b n s e s  comparable t o  those 
of t he  climbers, bu t  tfie other  was o ~ a a i l y  hypertensive. 

Breath-holding t i m e s  were obtained a f t e r  a normal expirat ion and a f t e r  
a maximal inspirat ion.  Holding times under both conditions decreased markedly 

with a l t i t u d e  up t o  a po in t  bu t  d id  not  appear t o  be g rea t ly  affected by length 
of s t a y  a t  a l t i t ude .  A t  l o w  a l t i tude(6,460 f t lbreath-holding times were about 30 
and 90 sec, respect ively,  f o r  normal expirat ion and maximal inspirat ion.  These 
times were reduced t o  10 and 25 sec a t  17,800 f t  and were not s t ibstant ial ly  
sho r t e r  a t  21,500 f t .  Degree of motivation did not seem t o  a f f e c t  t he  holding 
t i m e  by more than a few seconds a t  a l t i t u d e  but  may have had g rea t e r  influence 
a t  low a l t i t u d e  where-the end e f f e c t s  were less disagreeable and t h e i r  onset 
slower . 

Muscular s t rength was measured with a hand dynanmeter by obe rv ing  the  
maximum force exerted and the  durat ion t h a t  one ha l f  t h e  maximum force could be 
held. Some improvement occurred i n i t i a l l y ,  probably the  r e s u l t  of " t raining" i n  
t h e  use of the  device,. bu t  no s ign i f i can t  impairment of s t rength,  a s  measured i n  
t h i s  manner, developed l a t e r  i n  t he  course of t he  Expedition a s  had been an t ic i -  
pated. I n  cont ras t  t o  t h i s  it was uniformly the  subject ive fee l ing  among the 
clirnbers t h a t  t h e i r  capaci ty f o r  heavy work diminished s t ead i ly  during t h e i r  
s t a y  on the  mountain and t h a t  it was s ign i f i can t ly  impaired a t  t he  end of the 
Expedition, 

Weight l o s s  during the  Expedition and pa r t i cu l a r ly  when climbers were 
higher than Base Camp was continuous and i n  a few instances severe. For a l l  but  
two men losses  ranged from one-eighth t o  one-fourth of body weights recorded i n  
Berkeley p r i o r  t o  departure. This was also-approximately the  range i n  propor- 
t i o n  of depot f a t  a t  the  outse t  a s  determined from body densi ty  and t o t a l  body 
water. While the bulk of the  weight loss  was unquestionably depot f a t  there  
were a l s o  strong indicat ions of lean t i s s u e  wasting. This is supported by the 
s i g n i f i c a n t  reductions i n  t o t a l  body water observed toward the  end of t he  Ex- 
pedition. Diminished appet i tes ,  which a l s o  grew more se l ec t ive  a t  high a l t i t ude ,  
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and t h e  r e l a t i v e  d e f i c i e n c y  of  a c c e p t a b l e  foods  h igh  i n  p r o t e i n s  may have r e -  

s u l t e d  i n  n e g a t i v e  n i t r o g e n  b a l a n c e s  a s  w e l l  a s  i n s u f f i c i e n t  c a l o r i c  i n t a k e  f o r  

m o s t . o f  t h e  c l imber s .  The excep t ions  t o  t h i s  were two c l i m b e r s  who main ta ined  

t h e i r  weights  by d e l i b e r a t e l y  f o r c i n g  themselves  t o  e a t  adequa te ly .  I t  i s  per -  

haps  s i g n i f i c a n t  t h a t  t h e s e  were t h e  two men who climbed M t .  Eve re s t  v i a  t h e  

d i f f i c u l t  West Ridge. 

The absence of  obvious s i g n s  of  c e r e b r a l  damage among t h e  s i x  men ex- 

posed f o r  hou r s  t o  a l t i t u d e s  a s  h igh  a s  29 ,000  f t  wi thout  oxygen i s  perhaps  

remarkable.  I n  t h e  h i s t o r y  of Himalayan mounta ineer ing  t h e r e  is  s u g g e s t i v e  

ev idence  of b r a i n  damage, i n  some i n s t a n c e s  perhaps  i r r e v e r s i b l e ,  i n  c l i m b e r s  

exposed t o  somewhat l e s s e r  a l t i t u d e s .  The e f f e c t s  a r e  s a i d  t o  be  expressed  a s  

impaired memory and p e r s o n a l i t y  changes ,  p a r t i c u l a r l y  c h r o n i c  d e p r e s s i o n .  These 

and o t h e r  s i g n s  were n o t  e v i d e n t  i n  t h e  American Eve re s t  c l i m b e r s ,  b u t  it must b e  

emphasized t h a t  a  c a r e f u l  s e a r c h  f o r  ev idence  of b r a i n  damage was n o t  conducted.  

EXPEDITION OPERATIONS 
APPROACH MARCH. The 1 8  c l imber s  who l e f t  Kathmandu on February  20, 1963, 

on t h e  180-mile march t o  M t .  Eve re s t  had been c a r e f u l l y  s e l e c t e d  f o r  expe r i ence ,  

s k i l l ,  and c h a r a c t e r .  Many of them'had climbed t o  a l t i t u d e s  g r e a t e r  t han  20,000 

f t  and were t h e r e f o r e  f a m i l i a r  w i th  hypoxia and known t o  t o l e r a t e  it w e l l .  

Sherpa c l i m b e r s ,  34 i n  number a t  t h e  o u t s e t  and l a t e r  i nc reased  t o  47,  accom- 

panied  t h e  Expedi t ion  a s  a  s e r v i c e  group.  T h e i r  p r i n c i p a l  f u n c t i o n  was tn c a r r y  

equipment and s u p p l i e s  t o  canps on t h e  mountain. 

Members of t h e  Expedi t ion  could  n o t  c a r r y  a l l  t h e  neces sa ry  s u p p l i e s  be- 

cause  of t h e  q u a n t i t y  of m a t e r i e l  needed a t  t h e  n i n e  h i g h - a l t i t u d e  camps and a l s o  

due t o  t h e  c l i m b e r s '  i n a b i l i t y  t o  c a r r y  heavy l o a d s  t o  h igh  a l t i t u d e s  w i thou t  
\ supplementa l  oxygen. About twenty- f ive  t o n s  of  Expedi t ion  s u p p l i e s  and equip-  

ment were f i r s t  t r a n s p o r t e d  from Kathmandu t o  Base Camp on t h e  backs  of 909 por-  

t e r s .  L a t e r  f i v e  t o n s  of t h i s  m a t e r i e l  were c a r r i e d  t o  h igh  camps by t h e  Sherpas  

Acc l ima t i za t i on  s t o p s  a t  i n t e r m e d i a t e  a l t i t u d e s  du r ing  t h e  approach 

march were e s s e n t i a l .  To proceed d i r e c t l y  t o  Base Camp a t  17 ,800  f t  from t h e '  

r e l a t i v e l y  low l e v e l  of  t h e  approach march would have  i n c a p a c i t a t e d  t h e  Expedi- 

t i o n  from mountain s i c k n e s s ,  t h e  symptoms of which i n c l u d e  headache,  nausea ,  

vomi t ing ,  muscular weakness, l o s s  of  s l e e p  and a p p e t i t e ,  and a  v a r i e t y  of mild 

menta l  a b b e r a t i o n s .  From Namche Bazar ,  t h e  Sherpa v i l l a g e  a t  12 ,000  f t ,  t h e  

Expedi t ion  t h e r e f o r e  proceeded by ea sy  s t a g e s  t o  Base Camp. Although g r e a t l y  

reduced,  mild symptoms of hypoxia a s s e r t e d  themselves  i n  va ry ing  d e g r e e s  among 

t h e  c l i m b e r s  a f t e r  t h e y  passed  14 ,000 f t .  

The p h y s i o l o g i c a l  s t u d i e s  were begun toward t h e  l a t t e r  p a r t  of t h e  ap- 

proach march when t h e  e f f e c t s  of t h e  s t e a d i l y  i n c r e a s i n g  a l t i t u d e  began t o  t a k e  
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e f f e c t .  However, t h e  s c o p e  of  t h e  work was l i m i t e d  b e c a u s e  o f  t h e  d a i l y  move- 

ments  o f  t h e  E x p e d i t i o n ,  t h e  t emporary  n a t u r e  o f  camps, and p e r s i s t e n t  r e s p i r a -  

t o r y  and g a s t r o i n t e s t i n a l  i n f e c t i o n s .  Blood smeaYs f o r  r e t i c u l o c y t e  and w h i t e -  

b l o o d - c e l l  d i f f e r e n t i a l  cou'nts were s t a r t e d  a t  1 2 , 0 0 0  f t .  P u l s e  r a t e  and b lood  

p r e s s u r e  r e c o v e r y  a f t e r  a . s t a n d a r d i z e d  e x e r c i s e  were a l s o  measured ,  and s u c h  

r o u t i n e  measurements  a s  b a s a l  h e a r t  r a t e  w e r e  r e c o r d e d  d a i l y .  Weights  were 

checked  e v e r y  few d a y s .  

Base  Camp was e s t a b l i s h e d  on March 22 a t  t h e  f o o t  o f  t h e  Khumbu G l a c i e r  

i c e  f a l l ,  t h e  o n l y  p r a c t i c a b l e  r o u t e  o f  a s c e n t  on M t i  E v e r e s t  from t h e  s o u t h .  

Along w i t h  o t h e r  b a s e  f a c i l i t i e s  a  l a b o r a t o r y  t e n t ,  1 0  b y  1 0  f t ,  was e r e c t e d  and 

equ ipped  f o r  t h e  p h y s i o l o g i c a l  s t u d i e s .  W i t h i n  a  few d a y s  t h e  f i r s t  r e c u n n a i s -  

s a n c e  team had  e x p l o r e d  t h e  lower  h a l f  o f  t h e  ice f a l l  b u t  d i d  n o t  e s t a b l i s h  a  

camp b e c a u s e  o f  t h e  h a z a r d s  p r e s e n t e d  by  t h e  c o n s t a n t  movement i n  t h e  2 , 0 0 0  f t  

o f  s h a t t e r e d  i c e ,  c r e v a s s e s ,  and h a n g i n g  i c e  w a l l s .  

A second r e c o n n a i s s a n c e  ended aL t h e  m i d p o i n t  i n  t h e  ire f p l l  when a  huge 

ice w a l l  c o l l a p s e d  . w i t h o u t  warn ing  on t h e  roped team of  men. Cl imber  J o h n  

B r e i t e n b a c h  was k i l l e d  i n s t a n t l y ,  and h i s  body n e v e r  r e c o v e r e d  from b e n e a t h  t h e  

h u n d r e d s  o f  t o n s  o f  i c e .  O t h e r  members of t h e  six-man team were i n j u r e d  and 

b u r i e d  b u t  were  a b l e  t o  e f f e c t  t h e i r  own r e s c u e .  Dur ing  t h e  months t h a t  f o l -  

lowed,  h u n d r e d s  o f  man-days were s p e n t  w i t h o u t  f u r t h e r  a c c i d e n t  i n  t r a v e r s i n g  

t h e  ice  f a l l  t h a t ,  however ,  now was a  m e n t a l  a s  w e l l  a s  a  p h y s i c a l  c h a l l e n g e .  

W i t h i n  a  s h o r t  t i m e  Camp I ( 2 0 , 0 0 0  f t )  was e s t a b l i s h e d  a t  t h e  t o p  of t h e  

ice f a l l .  Camp I1 ( 2 1 , 5 0 0  f t )  and Camp I11 ( 2 3 , 0 0 0  f t )  f o l l o w e d  i n  q u i c k  suc-  

c e s s i o n .  Using oxygen above 23 ,000  f t ,  t h e  c l i m b e r s  f i r m l y  anchored  Camp IV i n  

t h e  ice o f  t h e  s t e e p  L h o t s e  f a c e  a t  2 5 , 0 0 0  f t ,  and on A p r i l  1 6 ,  J e r s t a d  and 

Pownal l  c l imbed  t o  t h e  South  C o l ,  t h e  26,200-IL-higl.1 a o d d l c  between M t .  Exrerest.  

and L h o t s e  where t h e y  p l a c e d  Camp V. T h i s  was t h e  r o u t e  p i o n e e r e d  b y  t h e  Swiss  

i n  1952 and f o l l o w e d  t o  t h e  summit f o r  t h e  f i r s t  t i m e ,  b y  t h e  B r i t i s h  E x p e d i t i o n  

i n  1953. 

A l l  c l i m b i n g  b y  E x p e d i t i o n  members beyond Camp I11 was now b r o u g h t  t o  a  

h a l t  p a r t l y  b y  p e r s i s t e n t  s t o r m s  b u t  more b y  t h e  need t o  s u p p l y  t h e  s t r i n g  o f  

camps w i t h  p r o v i s i o n s  and equipment  f o r  t h e  a s c e n t .  Dur ing  t h i s  t i m e  a  c l i m h e r  

a t  Camp I1 deve loped  t h r o m b o p h l e b i t i s  i n  t h e  lower  r i g h t  l e g .  Under t h e  c a r e  of 

D r .  R o b e r t s ,  t h e  s e n i o r  p h y s i c i a n ,  no f u r t h e r  c o m p l i c a t i o n s  deve loped  and t h e  

man was removed p e r m a n e n t l y  t o  Base Camp. 

FIRST SUMMIT ASCENT. I n  l a t e  A p r i l  a 1 1  camps up t o  t h e  South  Col  had 

b e e n  f u l l y  s t o c k e d  b y  r e l a y  teams of  S h e r p a s ,  and on t h e  l a s t  d a y  o f  t h e  month 

James W h i t t a k e r  and Nawang Gombu, w i t h  Norman D y h r e n f u r t h ,  l e a d e r  of t h e  Expedi- 

t i o n ,  and Ang Dawa i n  s u p p o r t ,  were i n  p o s i t i o n  a t  Camp V I  ( 2 7 , 3 0 0  f t )  f o r  a  
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summit a t t empt .  D e s p i t e  unusua l ly  h i g h  winds on May l s t ,  which drove  c louds  of  

f i n e ,  d r y  snow ove r  t h e  f a c e s  and r i d g e s ,  Whi t taker  e l e c t e d  t o  make ' t h e  summit 

a t t e m p t ,  r e a l i z i n g  t h e r e  would b e  no o t h e r  oppor tun i ty .  He and Gombu reached 

t h e  summit i n  t h e  e a r l y  a f t e rnoon  a f t e r  7  h r  of c l imb ing ,  u s ing  oxygen a t  4  

l i t e r s / m i n .  However, t h e  oxygen supp ly  was exhaus ted  a t  t h e  summit and n e a r l y  

4  h r  were s p e n t  w i thou t  oxygen descending  500 f t  t o  t h e  p o i n t  where s p a r e  t a n k s  

were cached. 

Dyhrenfur th  and Ang Dawa reached an e l e v a t i o n  of  28 ,200  f t  b e f o r e  t h e y  

were compelled t o  t u r n  back by  a  r a p i d l y  d imin i sh ing  oxygen supply .  T h e i r  f e a t  

was o u t s t a n d i n g  by any s t a n d a r d s  b u t  i n  view of  Dyhren fu r th ' s  age  of  45  y e a r s  it 

was e s p e c i a l l y  n o t a b l e .  

A few days  p reced ing  t h e  f i r s t  summit c l imb ,  a  new, p o t e n t i a l l y  s e r i o u s  

medica l  problem arose when a  c l imber  i n  t h e  suppor t  team was s t r i k e n  wi th  p r i -  

mary pulmonary edema a t  25,000 f t .  Only i n  r e c e n t  y e a r s  h a s  t h i s  a c u t e  form of 

pulmonary edema been d e s c r i b e d  and g e n e r a l l y  recognized  a s  a  d i s t i n c t  d i s e a s e  

e n t i t y .  I t s  e t i o l o g y  is  unknown, and s p e c i f i c a l l y ,  i t  does  n o t  appear  due t o  

i n f e c t i o n  no r  t o  pr imary  c a r d i a c  f a i l u r e ,  a l though it i s  thought  by some au- 

t h o r i t i e s  t h a t  i schemic  h e a r t  d i s e a s e  and v i r a l  i n f e c t i o n  o f  t h e  r e s p i r a t o r y  

t r a c t  may p red i spose .  The o n s e t  of t h e  d i s e a s e  i s  r a p i d  and i f  l e f t  u n t r e a t e d  

proceeds  u s u a l l y  t o  f a t a l  t e r m i n a t i o n  i n  12 t o  24 h r .  Oxygen a d m i n i s t r a t i o n  i s  

e s s e n t i a l  and r a p i d l y  e f f e c t i v e  t r e a t m e n t ;  t h e  va lue  of  d i g i t a l i s  i n  a d d i t i o n  t o  

oxygen is s t i l l  c o n j e c t u r a l .  

. . 
I n  t h i s  i n s t a n c e  t h e  c l imber  was g iven  b o t h  oxygen and d i g i t a l i s  and 

moved permanently t o  Base Camp (17 ,800 f t )  where h e  recovered  wi thou t  f u r t h e r  

t r e a t m e n t ,  a l t hough  a  tendency  t o  f a t i g u e  cont inued  f o r  s e v e r a l  weeks. 

SECOND SUMMIT ASCENT. The o r i g i n a l  p l a n s  f o r  t h e  Expedi t ion  c a l l e d  f o r  

an a t t empt  o n . L h o t s e ,  M t .  E v e r e s t ' s  27 ,923-f t  ne ighbor ,  f o l l owing  t h e  a s c e n t  of  

M t .  Eve re s t .  E a r l y  i n  t h e . E x p e d i t i o n ,  however, a  g r e a t  en thus iasm developed f o r  

p i o n e e r i n g  a  new r o u t e  on M t .  Eve re s t .  Consequently,  by  common agreement ,  r e -  

connaissance  of  t h e  unexplored West Ridge of M t .  Eve re s t  t ook  precedence  ove r  

Lhotse  a s  t h e  secondary  o b j e c t i v e .  The f i n a l  p l a n  c a l l e d  f o r  a  "summit meeting," 

i n  which a  second a s c e n t  v i a  t h e  South Col would b e  made s imu l t aneous ly  w i th  an  
, 

a s c e n t  v i a  t h e  West Ridge. Work on t h e  West Ridge,  which began soon a f t e r  . the 

i c e  f a l l  was p e n e t r a t e d ,  cont inued  through A p r i l  and May i n  t h e  f a c e  o f  t h e  se-  

v e r e s t  d i f f i c u l t i e s .  

During t h e  weeks fo l lowing  t h e  f i r s t  a s c e n t ,  c l i m b e r s  f o r  t h e  second 

a s s a u l t  r e s t e d  a t  Base Camp wh i l e  o t h e r  c l i m b e r s  extended t h e  West Ridge r o u t e  

and r e s tocked  t h e  h igh ,camps  l e a d i n g  t o  t h e  South Col. The West-Ridge team had 

. a l r e a d y  s u f f e r e d  se tbacks .  An ava lanche  had wiped o u t  a  camp, a t t r i t i o n  of 
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c l i m b e r s  and e s p e c i a l l y  Sherpas  s e v e r e l y  c u t  s u p p o r t ,  and s u p p l i e s  were dwin- 

d l i n g  r a p i d l y .  On May 17 ,  f i v e  days  b e f o r e  t h e  scheduled  summit d a t e ,  an i n -  

t e n s e  s torm s t r u c k  a t  n i g h t ,  blowing two t e n t s  a t  t h e  25 ,000- f t  camp on t h e  West 

Ridge s e v e r a l  hundred f e e t  down t h e  n o r t h  f a c e  of E v e r e s t  where i t s  occupants  

were p r e c a r i o u s l y  h e l d  by c l imb ing  ropes .  I n  t h e  morning t h e  remaining t e n t  and 

equipment  were blown i n t o  T i b e t .  

Two days  l a t e r  when t h e  s torm had s p e n t  i t s e l f ,  t h e  group ascended t h e  

West Ridge aga in  t o  25,000 f t  t o  r e b u i l d  t h e  camp. The fo l lowing  day f i v e  

c l i m b e r s  and t h e  few remaining Sherpas  f i t  f o r  work c a r r i e d  l o a d s  t o  27,200 f t ,  

where D r .  Thomas Hornbein and D r .  William Unsoeld were l e f t  t o  c a r r y  on what was 

b e l l e v e d  cou ld  now b e  o n l y  a  h i g h  reconnaissance .  

On t h e  sou th  s i d e  of  t h e  mountain, t h e  summit team of  Luther  J e r s t a d ' a n d  

Ba r ry  Bishop,  wi th  D r .  David Dingman and two Sherpas  one cainp behind i n  s u p p o r t ,  

ascended t h e  South Col r o u t e ,  ~ e a c h i n g  t h o  h i + p s k  camp Qn May 21s t .  

May 22nd, t h e  l a s t  p o s s i b l e  day f o r  t h e  a s c e n t ,  was windy and c o l d  b u t  

t o l e r a b l e .  A t  s i x  i n  t h e  morning, Bishop s t r u c k  a  match t o  l i g h t  t h e  bu t ane  

s t o v e  and from t h e  v i o l e n t  exp los ion  t h a t  fol lowed h e  and J e r s t a d  were l e f t  wi th  

smolder ing  remnants of  b e a r d s ,  J e r s t a d  wi th  s l i g h t l y  i n j u r e d  eyes ,  b u t  o the rwi se  

n o t  s e r i o u s l y  burned.  Because of  a  l a t e  s t a r t  a s  a  r e s u l t  of t h e  a c c i d e n t  and 

t h e  d e b i l i t a t i n g  e f f e c t s  of  weeks a t  h igh  a l t i t u d e ,  t h e y  reached t h e  summit a t  

t h e  dange rous ly  l a t e  hour  of 3:30 PM, exhaus t ing  t h e  l a s t  o f  t h e i r  oxygen supply. 

A t  10:OO PM t h a t  n i g h t  t h e y  were s t i l l  w e l l  above 28,000 f t  a t t empt ing  t o  de- 

scend i n  t o t a l  da rknes s .  

The same morning Hornbein and unsoeld Lef t  t h e i r  27 ,000- f t  camp on t h e  

West Ridge and con t inued  t o  c l imb throuylluuL the day ,  u s i n 9  n n l  y 2 l i t e r s  p e r  min 

oxygen and none a t  a l l  when one s topped  t o  b e l a y  t h e  o t h e r .  The c l imbing  h e r e  

was f a r  more d i t t i c u l r ,  c d l l i n g  f o r  a h igh  o r d e r  of s k i l l  on t h e  smooth rock  

w a l l s  and down s l o p i n g  s l a b s  covered wi th  f r e s h  snow. By 1:30 PM t h e y  had ex: 

pended a l l  t h e i r  c l imbing  hardware,  and t o  c l imb beyond t h i s  p o i n t  meant t h e y  

would have  no a l t e r n a t i v e  b u t  t o  c o n t i n u e  t o  t h e  summit and t h e n  down t h e  t ech -  

n i c a l l y  e a s i e r  South Col  r o u t e .  A f t e r  a  c a r e f u l  a p p r a i s a l  o f  t h e i r  s i t u a t i o n  

t h e y  e l e c t e d  t o  go  on ,  and a t  6:30 PM t h e y  s tood  on t h e  summit i n  r a p i d l y  dwin- 

d l i n g  d a y l i g h t  and wi th  l i t t l e  remaining oxygen. 

L a t e  i n  t h e  evening, .  descending  t h e  u n f a m i l i a r  South Col r o u t e  t h e y  en- 

coun te red  J e r s t a d  and Bishop who had been h a l t e d  by t h e  obvious h a z a r d s  of 

c l imb ing  a t  28,000 f t  a t  n i g h t  w i thou t  oxygen. Under t h e  c i r cums tances  t h e r e  

was no c h o i c e  b u t  t o  b ivouac  u n t i l  d a y l i g h t .  Bishop ' s  t o e s  and s e v e r a l  f i n g e r s  

had a l r e a d y  f r o z e n ,  and by morning u n s o e i d ' s  t o e s  were f r o z e n ,  and J e r s t a d  sus-  

t a i n e d  f r o s t b i t e  i n  t h e  t o e s  and f i n g e r s  b u t  l e s s  s e v e r e  t han  i n  t h e  o t h e r  men. 
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For  r ea sons  n o t  a l t o g e t h e r  c l e a r ,  Hornbein was r e l a t i v e l y  u n a f f e c t e d .  I n  t h e  

l i g h t  of e a r l y  morning a s  t h e  f o u r  men cont inued  t h e  d i f f i c u l t  de scen t  t h e y  were 

met by Dingman and a Sherpa b e a r i n g  oxygen c y l i n d e r s  and f l u i d s ,  and t h e  d e s c e n t  

t o  Base Camp cont inued  wi.thout f u r t h e r  s e r i o u s  i n c i d e n t .  The damage from f r o s t -  

b i t e ,  however, r e q u i r e d  subsequent  amputat ion of  most of  Unsoeld ' s  and a l l  o f  

B i s h o p ' s  t o e s .  
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James K. Ashikawa, Char les A.  Sondhaus, Cornelius A.  Tob ias ,  
~ l ~ d e  Greenf ie ld ,  a n d  Jerry H p w a r d  

The mammaliarl r a d i o t i o n  syndrnme h a s  e a r l i e r  been s t u d i e d  e x t e n s i v e l y  i n  

a  number of s p e c i e s  exposed Lo 'X, neu t ron  and gamma r a d i a t i o n  ( 1 , 2 ) .  The i m m i -  

n e n t  adven t  of space  t r a v e l  h a s  drawn i n c r e a s i n g  a t t e n t i o n  t o  t h e  e f f e c t s  of 

p ro ton  exposure  because  a  number of  p r a c t i c a l  p r o t e c t i o n  q u e s t i o n s  have  a l r e a d y  

a r i s e n  i n  r ega rd  t o  t h i s  t e r r e s t r i a l l y  r a r e  b u t  cosmica l ly  abundant r a d i a t i o n  

P ( 3 , 4 ) .  A b a s i c  q u e s t i o n  i s  t h e  fo l lowing :  Does t h e  i n j u r y  produced by h igh-  

ene rgy  p ro tons  d i f f e r  b a s i c a l l y  from t h a t  r e s u l t i n g  from o t h e r  r a d i a t i o n s ?  A t  

, what t y p e  of damage should  p r o t e c t i v e  o r  t h e r a p e u t i c  measures b e s t  b e  d i r e c t e d ?  

Previous  work h a s  d e l i n e a t e d  two main p a t t e r n s  of a c u t e  i n j u r y  i n  t h e  

i r r a d i a t e d  animal:  F i r s t ,  t h e  damage t o  t h e  r a p i d l y  p r o l i f e r a t i n g  i n t e s t i n a l  

e p i t h e l i u m  which fo l lows  c l o s e l y  a f t e r  t h e  t ime of exposure  ( 5 ) ,  and second,  t h e  

more g r a d u a l  o n s e t  of  damage t o  t h e  blood-forming t i s s u e  of  bone marrow and 

s p l e e n  ( 6 )  . These somat ic  i n j u r y  'iiiudcs, t h o  EO-CSIJ 1 ed g a s t r o i n t e s t i n a l  and 

h e h a t o p o i e t i c  syndromes,occur a t  moderate dose  l e v e l s ,  lower t h a n  t h e  supra-  

l e t h a l  doses  r e q u i r e d  Lo produce central . -nervous-system damage (7  ) b u t  h i g h e r  

t h a n  t h e  sma l l  doses  which may u l t i m a t e l y  r e s u l t  i n  mal ignant  t r a n s f o r m a t i o n  o r  

g e n e t i c  muta t ion  ( 8 ) .  I n  X- and gamma-ray exposures ,  t h e  deg ree  of damage h a s  

a l s o  been found t o  va ry  w i th  dose  r a t e  ( 9 ) ' ( a s  d i s t i n c t  from dose  f r a c t i o n a t i o n -  

r e c o v e r y  e f f e c t s )  . 

According t o  t h e  r e l a t i v e  predominance of  g u t  o r  bone-marrow damage, 

.t.he i r r a d i a t e d  animal  may respond t o  d i f f e r e n t  p r o t e c t i v e  measures o r  pos t -  

i r r a d i a t i o n  the rapy .  Thus, a n t i b i o t i c  o r  e l e c t r o l y t e  t h e r a p y  is  u s e f u l  i n  amel- 

i o r a t i n g  g u t  damage (10)  wh i l e  s p l e e n  o r  marrow .homogenate and l i p i d  t h e r a p y  i s  

o f  s p e c i f i c  b e n e f i t  i n  t r e a t i n g  damage t o  t h e  blood-forming system (11,121 . A 

knowledge of t h e  behav io r  of high-energy p r o t o n s . i n  r ega rd  t o  i n j u r y  mode i s  

t h e r e f o r e  of obvious  p r a c t i c a l  importance i n  p l ann ing  f o r  t h e  p r o t e c t i o n  of  hu- 

man b e i n g s  i n  space  e x p l o r a t i o n .  
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MATERIALS AND METHODS 
Randomly bred  Swiss  Webster wh i t e  male mice from Simonsen Labora tory  

were used. A l l  o f  t h e  an imals  were i nnocu la t ed  a g a i n s t  mouse pox one week be-  

f o r e  shipment .  Immediately upon a r r i v a l  t h e  an imals  were dipped i n  1% mala th ion  

(o ,o-d imethyl  d i t h i o  phosphate of d i e t h y l  mercaptosucc ina te)  and i n d i v i d u a l l y  

caged i n  p i n t - s i z e d  Mason g l a s s  j a r s ,  a cco rd ing  t o  t h e  procedure  p r e v i o u s l y  

found n e c e s s a r y  t o  a s s u r e  r e p r o d u c i b i l i t y  of  m o r t a l i t y  d a t a  ( 1 2 ) .  The mice were 

f ed  Simonsen Labora tory  whi te  d i e t  and wa te r  ad l i b i t u m .  The j a r s  and wa te r  

b o t t l e s  were c leaned  and s t e r i l i z e d  a t  weekly i n t e r v a l s .  During t h e  two-week 

p e r i o d  of pre-exper imenta l  a c c l i n i a t i z a t i o n  and i s o l a t i o n  i n  t h e  g l a s s  j a r s ,  t h e  

an imals  were c a r e f u l l y  examined and weighed. Mice showing any s i g n  of i l l n e s s ,  

abnormal growth,  o r  l o s s  of weight  d u r i n g  t h e  l a s t  3  days  of p r e - i r r a d i a t i o n  

i s o l a t i o n  were d i s c a r d e d .  Only an imals  which weighed 28 f 3  g  were s e l e c t e d  f o r  

expe r imen ta t i on .  These an imals  were d i s t r i b u t e d  e q u a l l y  among t h e  expe r imen ta l  

g roups .  A l l  an imals  were k e p t  i n  a i r - c o n d i t i o n e d  rooms t h a t  were con t inuous ly  

lit a r t i f i c i a l l y .  

1n  a  s e r i e s  of f o u r  exper iments ,  t h e  t ime c o u r s e  of r a d i a t i o n  m o r t a l i t y  

was fol lowed i n  more t han  700 to t a l -body  i r r a d i a t e d  an imals  a f t e r  exposure t o  

t h e  p ro ton  beam of t h e  184-inch c y c l o t r o n .  An equa l  number of  randomized lit- 

ter -mate  an imals  were exposed t o  100 kVp X r a d i a t i o n .  The r a d i a t i o n  sou rces  

were a  P h i l l i p s  250 kVp X-ray machine and t h e  184-inch c y c l o t r o n .  X i r r a d i a t i o n  

was e f f e c t e d  a t  100 kVp wi th  1 . 0  mm A 1  added f i l t e r  w i t h  a h a l f  va lue  l d y e r  of 

2 . 0  mm A l .  The an imals  were i r r a d i a t e d  i n  i n d i v i d u a l  p l a s t i c  h o l d e r s  on t h e  ir- 

r a d i a t i o n  p o s i t i o n i n g  wheels ,  d o r s o - v e n t r a l l y  i n  t h e  X-ray beam and an tero-pos-  

t e r i o r l y  i n  t h e  p ro ton  beam ( 1 3 ) .  The X-ray mid l ine  a i r -dose  r a t e s  were .20 and 

100 r a d s  p e r  minute.  Exposures t o  t h e  730-MeV p ro tons  were made a t  100 and 

1 ,000  r a d s  p e r  minute.  The mouse mid l ine  a i r  dose  va r i ed  from 500 t o  1 ,100  r a d s  

p e r  exposure .  A f t e r  i r r a d i a t i o n ,  t h e  an imals  were r e t u r n e d  t o  t h e i r  r e s p e c t i v e  

cages  f o r  t h e  d u r a t i o n  of t h e  exper iment .  

RESULTS 
F i g u r e  1 shows t h e  t ime c o u r s e  of m o r t a l i t y  a f t e r  v a r i o u s  doses  of pro-  

t on  r a d i a t i o n  a t  1 ,000  and 100 rad/min. I n  t h e  p r o t o n - i r r a d i a t e d  mice,  peak 

m o r t a l i t y  occurred  a t  4  t o  6 days  p o s t - i r r a d i a t i o n  i n  t h e  30-day l e t h a l  range.  

Previous  work a t  t h i s  and o t h e r  l a b o r a t o r i e s  h a s  r e p e a t e d l y  demonstrated t h a t  

d e a t h  du r ing  t h i s  pe r iod  i n  t h e  mouse is  due predominantly t o  g a s t r o i n t e s t i n a l  

i n j u r y  ( 1 4 ) .  S ince  t h i s  i n j u r y  syndrome i s  w e l l  s e p a r a t e d  i n  t ime from t h e  "' 

bone-marrow syndrome i n  t h e  mouse, it was cons idered  t o  b e  a  r ea sonab le  assump- 

t i o n  i n  t h i s  experiment  t h a t  a l l  m o r t a l i t y  up t o  8 o r  9 days  could  b e  t aken  a s  

g u t  d e a t h .  

I n  F i g .  2 ,  cumula t ive  m o r t a l i t y  i s  p l o t t e d  i n  p r o b i t  u n i t s  vs .  t ime 

a f t e r  730-MeV p ro ton  i r r a d i a t i o n .  For  each dose  r a t e ,  t o t a l  m o r t a l i t y  d a t a  a r e  
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F i g u r e  1. M o r t a l i t y  v s .  t ime  i n  mice i r r a d i a t e d  wi th  730-MeV p ro tons  a t  1 ,000  
and 100 rad lmin .  MU-31910 

combined f o r  700-, 800-, and 900-rad a i r  dose .  The cumula t ive  m o r t a l i t y  d a t a  

p l o t t e d  on a  p r o b a b i l i t y  s c a l e  l i n e a r  i n  s t anda rd  d e v i a t i o n  u n i t s  c l e a r l y  il- 

l u s t r a t e  t h e  marked i n c r e a s e  i n  i nc idence  and ab rup tnes s  of 4- t o  6-day g u t  

d e a t h s  i n  an imals  r e c e i v i n g  a  p ro ton  dose  a t  1 ,000  rad/min, compared t o  t h o s e  

i r r a d i a t e d  a t  100 rad/inin. ~ ' h u s  a t  5 days, 30% m o r t a l i t y  w a s  nbserved i n  t h e  ' 

100 rad/min an ima l s ,  wh i l e  60% m o r t a l i t y  had a l r e a d y  been reached i n  t h e  1 ,000  

rad/min g roups ,  a l t hough  t h e  30-day m o r t a l i t y  was t h e  same i n  bo th  groups f o r  a  

g i v e n  t o t a l  dose.  

I n  mice i r r a d i a t e d  wi th  30-day l e t h a l  doses  of  100 kVp X r a y s ,  peak mor- 

t a l i t y  occurred  a t  12 t o  14 days  p o s t  i r r a d i a t i o n .  F i g .  3 shows t h e  t ime cou r se  

of m o r t a l i t y  a f t e r  va r ious  doses  of X r a d i a t i o n  a t  100 and 20 rad/min. Death 

d u r i n g  t h i s  pe r iod  i n  t h e  mouse h a s  been shown t o  b e  due main ly  t o  l o s s  of hema- 

t o p o i e t i c  f u n c t i o n  (141, and it was assumed i n  t h e s e  exper iments  t h a t  a l l  mor- 

t - a l i t y  a f t e r  about  10 o r  11 days  p o s t - i r r a d i a t i o n  could  be  cons ide red  a s  bone-  

marrow d e a t h  . 

I n  F ig .  4 ,  cumula t ive  m o r t a l i t y  f o r  850, 1 ,000  and 1 ,150  r a d s  is p l o t t e d  

on t h e  p r o b a b i l i t y  s c a l e  vs .  t ime a f t e r  100 kVp X i r r a d i a t i o n .  I n  an imals  ir- 

r a d i a t e d  wi th  30-day l e t h a l  d o s e s ,  a  f i v e f o l d  i n c r e a s e  i n  dose  r a t e  from 20 t o  
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F i g u r e  4 .  Cumulative 
m o r t a l i t y  v s .  t ime 
a f t e r  X i r r a d i a t i o n  
( p r o b i t  u n i t s )  . 

MU-31909 

Percent mortality 

100 rad/min produced few d e a t h s  from t h e  g u t  syndrome, b u t  t h e  h i g h e r  dose  r a t e  

d i d  e f f e c t  an enhancement of t h e  marrow syndrome s i m i l a r  t o  t h a t  observed f o r  

t h e  g u t  syndrome w i t h  p ro tons .  However, when a  t o t a l  X-ray dose  h igh  enough t o  

produce 100% l e t h a l i t y  i n  12, days  was g i v e n ,  g u t  d e a t h  and t h e  dose  r a t e  e f f e c t  

on it was a g a i n  observed.  When t h e  d a t a  a r e  combined f o r  h i g h e r  doses  a s  shown 

i n  t h e  f i g u r e ,  t h e  l a t t e r  e f f e c t  is  e v i d e n t .  Thus, 10% 6-day d e a t h s  were ob- 

s e rved  a t  20 rad/min, wh i l e  30% 6-day d e a t h s  were s een  a t  100 rad/min. S ince  a  

dose  r a t e  h i g h e r  t h a n  100 rad/min was unob ta inab le  w i th  100-kVp X r a y s ,  t h e  e f -  

f e c t  of 1 , 0 0 0  rad/min could  n o t  be i r l ve s l i ga t cd .  

DISCUSSION 
S i n c e  t h e  LET spectrum f o r  100-kVp X r a y s  does n o t  d i f f e r  g r e a t l y  from 

t h a t  of 730 MeV p ro tons  (15)  , t h e  marked d i f f e r e n c e  observed i n  mode of d e a t h  i n  

t h e s e  exper iments  appea r s  t o  b e  due t o  t h e  d i f f e r e n c e  i n  t i s s u e - d o s e  d i s t r i b u t i o n  

i n  g u t  and bone marrow between t h e  two r a d i a t i o n s ,  r a t h e r  t h a n  t o  a  change i n  

s e n s i t i v i t y  of t h e  mouse i n t e s t i n e  wi th  change i n  LET ( 1 6 ) .  I n  p r o t o n ' e x p o s u r e ,  

dose  i s  uniform and t h u s  comparable i n  b o t h  o rgans ,  w i th  a  c o n s t a n t  r e l a t i o n  t o  

a i r % d o s e .  I n  exposure t o  s o f t  X r a y s ,  c a l c u l a t i o n  h a s  shown t h a t  l o c a l  dose  i n  

t h e  marrow c a v i t i e s  may reach  s e v e r a l  t imes  t h e  average  a i r  dose  ( 1 7 ) ,  whi le  t h e  

d e c r e a s e  i n  t i s s u e  dose  wi th  depth  lowers  t h e  g u t  dose r e l a t i v e  t o '  a i r  dose .  

It t h u s  becomes d i f f i c u l t  t o  observe  a  bone-marrow d e a t h  wi th  high-ener-  

gy  p r o t o n s ,  because  t h e  r a p i d l y  o c c u r r i n g  g u t  syndrome w i l l  supervene  f i r s t  i f  

a  uniform dose  h igh  enough t o  produce e i t h e r  mode of d e a t h  is  g iven .  With s o f t  
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X r a y s ,  on t h e  o t h e r  hand, e i t h e r  t h e  h igh  bone marrow/gut dose  r a t i o  o r  a 

g r e a t e r  r a d i o s e n s i t i v i t y  of t h e  marrow causes  t h e  marrow dea th  t o  appear  f i r s t .  

Each syndrome i n  t u r n  is  s u b j e c t  t o  t h e  d o s e - r a t e  e f f e c t  c h a r a c t e r i s t i c  

of low-LET r a d i a t i o n  (9 )  ; t h i s  h a s  been found t o  appear  i n  t h e  g u t  syndrome wi th  

p ro tons ,  and can be  made t o  appear  i n  e i t h e r  syndrome wi th  X r ays .  I f  t h e  t o t a l  

a i r  dose  is  n o t  h igh  enough t o  produce g u t  d e a t h ,  e i t h e r  a h igh  l o c a l  marrow 

dose o r  a h igh  marrow r a d i o s e n s i t i v i t y  produces marrow d e a t h ,  which a l s o  exhib-  

i t s  dose  r a t e  dependency. 

By p r o t e c t i n g ' t h e  p r o t o n - i r r a d i a t e d  animal a g a i n s t  g u t  d e a t h ,  it should 

be p o s s i b l e  t o  produce t h e  marrow syndrome and t o  demonst ra te  i t s  dose  r a t e  de- 

pendence wi th  p ro tons .  It should then  alsn be poooib le  L u  determine  what pro-  

t o n  dose  t o  t h e  bone marrow is  r equ i r ed  t o  produce t h e  syndrome, and t h u s  t o  

i n v e s t i g a t e  t h e  r e l a t i v e  r a d i o s e n s i t i v i t y  of  t h e  bone marrow. 
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Depth Dose in Large =--- P h a a m ~ J r r a d a t e d -  
-DYGTirectiomth High- 

Charles A.  Sondhaus, Palmer G. Steward a n d  Roger  W .  W a l l a c e  

I n  e v a l u a t i n g  t h e  e f f e c t  of  t o t a l  body exposure  of  a  l a r g e  animal  t o  a  

r a d i a t i o n  f l u x ,  it i s  of c o n s i d e r a b l e  importance t o  know t h e  d i s t r i b u t i o n  of  

t i s s u e  dose  and of  l i n e a r  energy  t r a n s f e r  (LET) a t  v a r i o u s  d e p t h s  i n  t h e  animal  

1 2  Although bo th  q u a n t i t i e s  appear  t o  b e  e s s e n t i a l l y  c o n s t a n t  a t  a l l  p o i n t s  

i n  even a  l a r g e  animal  exposed t o  p r o t o n s .  i f  t h e  p ro ton  energy  is  s u f f i c i e n t l y  

h igh  t h e n  two f a c t o r s  may produce d e v i a t i o n s  from un i fo rmi ty .  The f i r s t  i s  t h e  

a t t e n u a t i o n  of  t h e  primary beam r e s u l t i n g  i n  t h e  p roduc t ion  of  secondary  p a r t i -  

c l e s  by t h e  i n t e r a c t i o n  of  pr imary p ro tons  wi th  n u c l e i  o f  atoms i n  t h e  t i s s u e .  

 he second i s  t h e  s c a t t e r  and energy  deg rada t ion  of  t h e  primary-proton f l u x  by 

m u l t i p l e  coulomb i n t e r a c t i o n s  i n    ass age through t h e  m a t e r i a l .  The r e l a t i v e  

importance of each p roces s  v a r i e s  wi th  t h e  energy  of  t h e  i n c i d e n t  p ro ton  f l u x  

a s  w e l l  a s  wi th  t h e  s i z e  of t h e  an imal .  

A number of c a l c u l a t i o n s  have been made by d i f f e r e n t  i n v e s t i g a t o r s  i n  

a t t empt ing  t o  p r e d i c t  t h e  behav io r  of  dose  and LET wi th  depth  f o r  t h e  c a s e  i n  

which t h e  p ro ton  f l u x  is  d i s t r i b u t e d  i n  energy  and i s  i s o t r o p i c a l l y  i n c i d e n t  ( 3 ,  

4,5 )  because  p r e s e n t  i n fo rma t ion  i n d i c a t e s  t h a t  t h e s e  a r e  t h e  c o n d i t i o n s  under 

which an exposure  t o  a  s o l a r - f l a r e  p ro ton  f l u x  might  occu r  du r ing  t h e  cou r se  o f ,  

a  -space f l i g h t .  The numer ica l  va lues  of dose  and t h e  shapes  of  t h e  depth-dose 

p r o f i l e s  r e s u l t i n g  from such e s t i m a t e s  d i f f e r  somewhat acco rd ing  t o  t h e  vary ing  

assumptions made i n  each i n v e s t i g a t i o n ;  t h e  problem i s  a  complex one,  and de- 

t a i l e d  i n fo rma t ion  on n u c l e a r  i n t e r a c t i o n s  and s e c o n d a r y - p a r t i c l e  p roduc t ion  i s  

s c a r c e .  Fur thermore ,  t h e  energy  spectrum of t h e  s o l a r - f l a r e  p ro ton  f l u x  appea r s  

t o  vary  g r e a t l y  among d i f f e r e n t  e v e n t s  and a t  d i f f e r e n t  t imes  d u r i n g  'a g iven  

even t  ( 6 ) ,  making t h e  p r e d i c t e d  va lues  a r b i t r a r y  t o  a  c e r t a i n  e x t e n t .  

I n . a n  e f f o r t  t o  s t u d y  t h i s  problem expe r imen ta l l y ,  L u c i t e  phantoms w i l l  

b e  exposed t o  t h e  p ro ton  beam of  t h e  184-inch c y c l o t r o n  a f t e r  it has  passed  

through a  s c a t t e r i n g  t a r g e t  t h a t  produces  energy  d e g r a d a t i o n  and angu la r  d i v e r -  

gence i n  t h e  emergent broad beam. Dose w i l l  b e  measured a t  a  s e r i e s  of  r a d i a l  

d e p t h s  inward from t h e  s u r f a c e  of  a  t e s t  sphe re  and i n  t i s s u e - e q u i v a l e n t  animal  

.phantoms by means of  f l u o r e s c e n c e  r e a d i n g s  i n  s i l v e r - a c t i v a t e d  phosphate-g lass  

dos ime te r s  a s  w e l l  a s  wi th  l i t h i u m  f l u o r i d e  thermoluminescent  dos ime te r s .  

1 9  
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A s  a  p r e l i m i n a r y  p h a s e  o f  t h e s e  e x p e r i m e n t s ,  a  s e r i e s  o f  c a l c u l a t i o n s  

h a v e  b e e n  programmed f o r  t h e  7090 computer  a t  UCLRL t o  p r e d i c t  a p p r o x i m a t e l y  t h e  

d o s e ,  p a r t i c l e  e n e r g y  and LET d i s t r i b u t i o n  i n  a n  o m n i d i r e c t i o n a l l y  i r r a d i a t e d  

s p h e r i c a l  phantom a s  a  f u n c t i o n  o f  i n c i d e n t  p r i m a r y - p a r t i c l e  e n e r g y  and of  

s p h e r e  d i a m e t e r .  The program was d e s i g n e d  t o  a l l o w  t h e  i n p u t  o f  any  chosen  v a l -  

ue  f o r  e a c h  o f  t h e  p a r a m e t e r s  i n v o l v e d  s o  t h a t  improvement r e s u l t i n g  from f u r -  

t h e r  e x p e r i m e n t a l  d e t e r m i n a t i o n s  may e a s i l y  be i n c o r p o r a t e d  i n t o  t h e  computa- 

t i o n s .  

MATERIALS AND METHODS 

The program of  c o m p u t a t i o n  was d i v i d e d  i n t o  two p a r t s .  The f i r s t  was 

. t h e  c a l c u l a t i o n  of d o s e  at. g i v e n  d e p t h  due t o  t h e  p r i m a r y - p r o t o n  f l u x  a l o n e .  

Geomet r ic  d i f f e r e n c e s  i n  p a t h  l e n g t h  w i t h  a n g l e  o f  e n t r y  t h r o u g h  a  s p h e r e  l e a d  

t o  a  d i s t r i b u t i o n  o f  e n e r g y  i n  t h e  p r imary-pro ton  f l u x  a r r i v i n g  a t  e a c h  d o s e  

p o i n t .  The p e r c e n t  o f  t o t a l  d o s e  c o n t r i b u t e d  by p r o t o n s  i n  each  o f  s e v e r a l  en- 

e r g y  i n t e r v a l s  h a s  t h e r e f u i c  b e c n  t a b u l a t e d ,  and t h e  sum o f  t h e  p a r t i a l  d o s e s  

t h e n  fo rms  t h e  t o t a l  d o s e  due  tu t h e  p r i m a r i e s .  A v a l u e  o f  d ~ / d x  and t h u s  o f  

a v e r a g e  LET c a n  b e  a s s i g n e d  t o  each  e n e r g y ,  r e s u l t i n g  i n  a n  a v e r a g c  LET d i s -  

t r i b u t i o n  a t  each p o i n t .  

The second p a r t  o f  t h e  computa t ion  is  a  r e c a l c u l a t i o n  o f  d o s e  a t  each  

p o i n t  t o  i n c l u d e  t h e  c o n t r i b u t i o n  o f  t h r e e  c l a s s e s  o f  s e c o n d a r y  p a r t i c l e - p r o -  

d u c i n g  i n t e r a c t i o n s :  t h e  n u c l e a r  c a s c a d e s ,  t h e  e v a p o r a t i o n  e v e n t s  and t h e  e l a s -  

t i c  i n t e r a c t i o n s  w i t h  hydrogen .  By assuming rough e n e r g y  d i s t r i b u t i o n s  f o r  each  

and b y  c a r r y i n g  t h e  c a s c a d e  and e l a s t i c a l l y  s c a t t e r e d  p r o t o n  s e c o n d a r i e s  t h r o u g h  

s u c c e s s i v e  d e p t h s ,  a  t o t a l  a d d i t i o n a l  d o s e  d u e  t o  each  t y p e  of i n t e r a c t i o n  a t  

e a c h  d e p t h  p o i n t  c h o s e n  c a n  a l s o  be r o u g h l y  b roken  down i n t o  e n e r g y  i n t e r v a l s  

and added t o  t h e  p r i m a r y  d o s e  d i s t r i b u t i o n .  These  c a l c u l a t i o n s  a r e  i n  p r o g r e s s .  

Meson and n e u t r o n  d o s e s  a r e  n o t  corlsidei-ed i n  t h e  p r e s e n t  groqram.  

The f i r s t  part u1 Llic c o l c u l a t i n n  !the c o n t r i b u t i o n  from o n l y  t h e  p r i -  

mary-proton f l u x )  h a s  b e e n  deve loped  i n t o  an  o p e r a t i n g  computer  c o d e ,  which may 

b e  d e s c r i b e d  b r i e f l y  a s  f o l l o w s .  

The number o f  p r o t o n s  p e r  s e c o n d ,  d n ,  r e a c h i n g  a  t es t  mass o f  volume 

dA.dr ( s e e  F i g .  1 )  from a n  i n c r e m e n t a l  a r e a  d o  on t h e  s u r f a c e  o f  a  s p h e r e  is  

g i v e n  b y  

where C =: i s o t r o p i c  f l u x  a t  d o ,  

d a  I= - = s o l i d  a n g l e  sub tended  by dA a t  d i s t a n c e  R1(G) from d o ,  
R 1 ( 3  2 
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F i g u r e  1. G e o m e t r i c a l  r e p r e s e n t a -  
t i o n  o f  a  proton-beam e l e m e n t  en- 
t e r i n g  t h e  s p h e r e  o f  t h e  r a d i u s  
ro t h r o u g h  d o ,  s p r e a d i n g  i n t o  t h e  
s o l i d  a n g l e  dm a b o u t  R l ( 8 ) ,  and 
s t r i k i n g  t h e  t e s t  volume d r - d A  a t  
d e p t h  d . i n  t h e  s p h e r e .  

MU-31936 

L d o  = 2n ro s i n e  do = e l e m e n t a l  s u r f a c e  a r e a  on s p h e r e , '  ' 

2 rZ + ~ ~ ( 8 )  - ( ro-dl  2 
0 c o s a  =: ( l a w  of  c o s i n e s )  

ro = s p h e r e  r a d i u s ,  and 

d  = d e p t h  o f  t e s t  mass i n  s p h e r e .  

To a l l o w  a p p r o x i m a t e l y  f o r  t h e  c o n t r i b u t i o n  o f  s e c o n d a r i e s ,  t h e  a t t e n u -  

a t i o n  d u e  t o  i n t e r a c t i o n  between t h e  s p h e r e  m a t e r i a l  and t h e  i n c i d e n t  p r o t o n s  i s  

n e g l e c t e d .  

The d o s e  r a t e ,  dD, produced i n  t h i s  same t e s t  mass d u e  t o  t h e  p r o t o n s  

p e r  second r e a c h i n g  t h e  d o s e  p o i n t  f rom t h e  s u r f a c e  a r e a  d b  is:  

m e r e :  (g) = t h e  s t o p p i n g  power f o r  a  p r o t o n  o f  e n e r g y  E i n  t i s s u e ,  
E  

dm = mass o f  t es t  volume, and 

p. = d e n s i t y  o f  t e s t  mass (1 .0  f o r  t i s s u e ) .  
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Combining t h e  above e x p r e s s i o n s  and l e t t i n g  k - cose :  

and t h u s  

To o b t a i n  an  a n a l y t i c a l  e x p r e s s i o n  f o r  - d E  we break  t h e  range-energy d r  ' 
c u r v e  f o r  p r o t o n s  i n  t i s s u e  i n t o  f i v e  s t r a i g h t  l i n e  segments on log-log graph  

p a p e r ,  f o r  each  of which R = p Eq, where 

R = r c s i d u a l  range of t h e  p ro ton  i n  t i s s u e  

E = pro ton  energy  

and  p and q r e p r e s e n t  t h e  i n t e r c e p t  and s l o p e  r e s p e c t i v e l y  on log-log graph  

pape r .  

Note t h a t  i f  we l e t  t h e  v a r i a b l e  E cqua l  t h e  p ro ton  energy  a t  t h e  dose  

p o i n t ,  and t h e  c o n s t a n t  Eo equa l  t h e  i n c i d e n t  p ro ton  energy ,  t h e n  

Choosing t h e  v a r i a b l e  E i n  p r e f e r e n c e  t o  b ,  

s o  t h a t  

Here,  
PE: - d l / q  

Emax = ( ) f o r  p ~ :  - d > 0 

= E - r - ( ro-d)  
E .  0 

mln f o r  p ~ q  - r - (ro-d)  ;> 0 ,  
P 0 0 

where Emin = minimum energy  of p r o t o n s  r each ing  t e s t  mass 

x = maximum energy  of p r o t o n s  r each ing  t e s t  mass 

r L= r a d i u s  of t h e  sphe re  
0 

d = dep th  i n  t h e  sphe re  a t  which d a t a  a r e  d e s i r e d .  

The computer code performs a numer ica l  i n t e g r a t i o n  of equa t ion  4 )  by t h e  a p p l i -  

c a t i o n  of  Simpson's  r u l e .  T h i s  exp re s s ion  of  t h e  t o t a l  dose  r a t e  r e s u l t s  i n  an 

ex t remely  r a p i d  c a l c u l a t i o n ,  each dose  p o i n t  r e q u i r i n g  about  0 . 5  s e c  f o r  a  g iven  
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i n c i d e n t  p ro ton  energy.  For  c a l c u l a t i o n  of dose  a t  10 d e p t h s  i n  each of s i x  

sphe re  d i ame te r s  f o r  p r o t o n s  of  s i x  t o  10  d i f f e r e n t  i n c i d e n t  e n e r g i e s ,  t h e  t o t a l  

computer t ime r equ i r ed  was l e s s  t han  3 min. 

The fo l lowing  assumptions a r e  i m p l i c i t  i n  t h e  code: 

A. . The range-energy cu rve  is  broken i n t o  f i v e  segments ,  each r ep re -  

s en t ed  by a  f u n c t i o n  of  t h e  form 

R = p .  ~~i ' 1 s  i C  5 
1. 

B. The o n l y  i n t e r a c t i o n  cons ide red  between t h e  p r o t o n s  and t h e  sphe re  

i s  i o n i z a t i o n  energy  l o s s .  

C. The e f f e c t s  of  s t r a g g l i n g  a r e  n e g l e c t e d ;  i . e . ,  a l l  p r o t o n s  of a  

g iven  i n i t i a l  energy  a r e  assumed t o  reach  peak i o n i z a t i o n  d e n s i t y  

a t  e x a c t l y  t h e  same p a t h  l eng th .  

For t h e  eecond parL uE t h e  c a l c u l a t i o n ,  a  code i s  be ing  developed which 

a t t e m p t s  t o  i n c l u d e  removal of  pr imary  p r o t o n s  by n u c l e a r  c o l l i s i o n  and t h e  con- 

t r i b u t i o n  of  secondary  p a r t i c l e s  t o  t h e  dose .  Three t y p e s  of s e c o n d a r i e s ,  o f  

f i r s t  g e n e r a t i o n  o n l y ,  a r e  cons ide red :  

1. Cascade p ro tons  r e s u l t i n g  from i n e l a s t i c  c o l l i s i o n s  between 

pr imary  p r o t o n s  and n u c l e i  i n  t h e  sphe re .  

2.  Evapora t ion  p r o t o n s  r e s u l t i n g  from i n e l a s t i c  i n t e r a c t i o n  between 

pr imary  p r o t o n s  and n u c l e i  i n  t h e  sphe re .  

3 .  Reco i l i ng  hydrogen atoms and s c a t t e r e d  pr imary  p r o t o n s  r e s u l t i n g ,  

fium e l a s t i c  s c a t t e r i n g  of t h e  pr imary  p r o t o n s  on hydrogen atoms 

i n  t h e  sphere .  

The energy  spectrum of  t h e  cascade-pro ton  s e c o n d a r i e s  i s  r ep re sen ted  by 

a  power f u n c t i o n ,  and it i s  assumed t h a t  t h e y  a r e  a l l  emi t t ed  i n  t h e  forward 

d i r e c t i o n  ( i . e . ,  t h e  secondary  c o n t i n u e s  on i n  t h e  d i r e c t i o n  of  t h e  i n c i d e n t  

p r i m a r y ) .  

The evapora t ion  p r o t o n s  a r e  assumed t o  have a  Maxwellian energy  d i s t r i -  

b u t i o n .  Due t o  t h e i r  low energy ,  it i s  assumed t h a t  a l l  t h e i r  energy  i s  depos- 

i t e d  a t  t h e  p o i n t  of  format ion .  

The energy  spectrum of  r e c o i l i n g  hydrogen n u c l e i  and s c a t t e r e d  primary 

p r o t o n s  i s  c a l c u l a t e d  .from t h e  a p p l i c a t i o n  of  c o n s e r v a t i o n  of  energy  and momen- 

tum t o  t h e  p-p d i f f e r e n t i a l  e l a s t i c - s c a t t e r i n g  c r o s s  s e c t i o n .  I t  i s  assumed 

t h a t  b o t h  t h e  r e c o i l  hydrogen n u c l e i  and t h e  s c a t t e r e d  i n c i d e n t  p r o t o n s  a r e  

emi t t ed  i n  t h e  forward d i r e c t i o n  wi th  t h e  energy  c a l c u l a t e d  by t h e  method in-  

d i c a t e d  above. 

RESULTS A N D  DISCUSSION 
The o u t p u t  of  t h e  i n i t i a l  computer program is  i n  t h e  form of depth-dose 
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F i g u r e  2.  Dose r a t e  produced by an 
i s o t r o p i c  p ro ton  f l u x  upon a 10-cm- 
d i ame te r  sphe re  o f  t i s s u e  (primary- 

. pro ton  c o n t r i b u t i o n  o n l y ) .  .R igh t -  
hand s c a l e  r e f e r s  t o  dashed cu rve .  
Note pronounced peak.  

MU-31937 
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F i g u r e  3.  Dose r a t e  produced by an 
i s o t r o p i c  p ro ton  f l u x  upon a 20-cm- 
d iameter  sphe re  of  t i s s u e  (primary- 
p ro ton  c o n t r i b u t i o n  o n l y ) .  Right-  
hand s c a l e  r e f e r s  t o  dashed c u r v e .  
'Note pronounced peak .  

MU-31938 
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d a t a  and f r a c t i o n  of  dose  due t o  p r o t o n s  i n  each of  s e v e r a l  energy  i n t e r v a l s  a t  

each dose  p o i n t  i n  t h e  sphe re ;  averaye  LET d i ~ t r i b u t j o n  i s  c a l c u l a b l e  from t h e  

l a t t e r  a t  each dep th .  These d a t a  have been c a l c u i a t e d  f o r  t i s s u e - e q u i v a l e n t  

s p h e r e s  of d i ame te r  5 t u  100 em, cxposea nmnid igec t iona l ly  t o  monoenerget ic  pro-  

t o n  f l u x e s  of energy  between 20 and 730 MeV. The cu rves  of dep th  dose  f o r  t h e  

30-cm-diameter sphe re  a r e  e s s e n t i a l l y  f l a t  down t o  about  200 MeV, i n d i c a t i n g  

t h a t  uniform whole-body exposure  of  l a r g e  an imals  i s  p o s s i b l e  a t  t h i s  energy  o r  

h i g h e r .  Below t h i s  energy  r e g i o n ,  t h e  r a t i o  of s u r f a c e  t o  mid l ine  dose  i n -  

c r e a s e s  r a p i d l y  w i th  d e c r e a s i n g  energy  and i n c r e a s i n g  sphe re  d i a m e t e r ,  t h e  mid- 

l i n e  dose  from p r i m a r i e s  a l o n e  becoming z e r o  a t  t h e  lowest? e n e r g i e s  cons ide red .  

2 

Some r e s u l t s  a v a i l a b l e  from t h e  f i r s t  code (primary-proton f l u x  on ly )  

a r e  p r e s e n t e d  i n  F i g s .  2 through 5 and i n  Table  1. I n  F ig .  2 ,  depth-dose cu rves  

a r e  shown f o r  s e v e r a l  p ro ton  e n e r g i e s  i n c i d e n t  on a sphe re  of t i s s u e  of 10-cm 

d iame te r .  A pronounced peak dose  occu r s  a t  4-cm dep th  f o r  80-MeV p ro tons .  The 

unusual  h e i g h t  o f  t h i s  peak i s  due t o  t h e  f a c t  t h a t  a l l  i n c i d e n t  80-MeV p ro tons  

approaching  t h e  c e n t e r  of  t h e  sphe re  reach  t h e  end of t h e i r  range and t h e r e f o r e  

- . . 
/ -- I- - 

. 400 
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F i g u r e  4 .  Dose r a t e ' p r o d u c e d  by 
an i s o t r o p i c  p ro ton  f l u x  upon a  
30-cm d iame te r  sphe re  of t i s s u e .  
(pr imary-proton c o n t r i b u t i o n  
o n l y ) .  Right-hand s c a l e  r e f e r s  
t o  dashed cu rve .  Note pro- 
nounced peak.  

MU-31939 

Depth (cm) 

d e p o s i t  t h e i r  maximum energy d e n s i t y  i n  a  r eg ion  of  t h e  s p h e r e  nea r  i t s  midpoint,  
dE r e s u l t i n g  i n  a  l a r g e  c o n t r i b u t i o n  from a l l  d i r e c t i o n s .  The peak a t  1-cm 

depth  f o r  1 0 0 - M ~ V  p ro tons  i s  caused by t h e  Bra'gg peak of  p r o t o n s  t h a t  e n t e r  t h e  

sphe re  from d i r e c t i o n s  such t h a t  a  p a t h  l e n g t h  i n  t h e  sphe re  of approximate ly  

9  cm r e s u l t s .  P ro tons  wi th  initial energy  o f ' 1 5 0  MeV u r  more produce an approx- 

ima te ly  f l a t  depth-dose cu rve  i n  t h e  10-cm sphe re .  

F i g u r e  3  shows s i m i l a r  cu rves  f o r  a  20-cm d iame te r  s p h e r e ,  roughly  equa l  

i n  volume t o ' a  s m a l l  p r ima te .  For  t h i s  sphe re ,  p ro tons  of  energy  200 MeV and 

above produce an e s s e n t i a l l y  f l a t  depth-dose curve .  P ro tons  of  about  110 MeV 

cause  a  pronounced peak nea r  t h e  c e n t e r  o f  t h e  sphe re  a s  s een  i n  t h e  f i g u r e .  

P ro tons  of  140 MeV cause  t h e  cor responding  peak i n  t h e  30-cm d iame te r  

sphe re  (F ig .  4 ) .  For 200-MeV p r o t o n s ,  t h e  beginning  of a  peak i s  seen  nea r  t h e  

s u r f a c e  of  t h e  sphe re .  S i m i l a r  c a s e s  occu r  a t  c e r t a i n  p ro ton  e n e r g i e s  f o r  any 

sphe re  d i ame te r .  

A consequence of  t h i s  depth-dose p a t t e r n  i s  t h a t  i n  uniform exposure  by 

r o t a t i o n ,  approaching t h e  o m n i d i r e c t i o n a l  c a s e ,  a  Bragg i o n i z a t i o n  peak a t  depth  

d  cannot  b e  produced by i r r a d i a t i n g  w i t h  monoenerget ic  p r o t o n s  of  range  d  

s i n c e  t h e  smearing o u t  of  i o n i z a t i o n  peaks  by t h e  r o t a t i o n  produces  a  con t inu -  

o u s l y . d e c r e a s i n g  dose  d i s t r i b u t i o n  wi th  dep th .  I n s t e a d ,  p r o t o n s  wi th  energy 

l a r g e  enough t o  c r o s s  t h e  sphe re  wi th  range  (2 ro-d) must b e  used ,  where r is  
0 

t h e  r a d i u s  of  t h e  s p h e r i c a l  t i s s u e  volume. The c e n t e r  o f  t h e  sphe re  and a l l  

o t h e r  p o i n t s  .w i th in  it wobld t h u s  a l w a y s ' r e c e i v e  some dose  b u t  less t h a n  t h e  

p o i n t  r e c e i v i n g  t h e  ~ r a ~ g - ~ e a k  dose.  
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F i g u r e  5 .  Depth-dose r a t e  ' 

c u r v e s  f o r  a  30-cm-diameter 
s p h e r e  o f  t i s s u e  u s i n g  B a i l e y ' s  
i d e a l i z e d  e n e r g y  s p e c t r u m  o f  
s o l a r  p r o t o n s  -- 1 6  h r  a f t e r  
o n s e t  of  t h e  r a d i a t i o n  s u r g e .  

MU- 31940 
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T a b l e  1 i s  a n  example  o f  t h e  i n f o r m a t i o n  t h e  c o d e  computes ,  which i s  i n -  

t e n d e d  t o  make p o s s i b l e  t h e  c a l c u l a t i o n  of  a v e r a g e  LET v e r s u s  d e p t h  f o r  any  i n -  

c i d e n t  p r o t o n  e n e r g y .  The s p e c i f i c  d a t a  t a b u l a t e d  a r e  f o r  t h e  c a s e  o f  a  30-cm- 

d i a m e t e r  s p h e r e  exposed  o m n i d i r e c t i o n a l l y  t o  a  f l u x  o f  150-MeV p r o t o n s .  ~t 12- 

c m  d e p t h ,  t h e  l a r g e  c o n t r i b u t i o n  t o  t h e  d o s e  o f  t h e  low-energy p r o t o n s ,  shown i n  

F i g .  4 ,  i s  s e e n ;  a b o u t  75% o f  t h i s  d o s e  i s  c o n t r i b u t e d  b y  p r o t o n s  o f  e n e r g y  be- 

tween 20 and 8 0  MeV w i t h  a  LET d i s t r i b u t i o n  o f  a v c r a g e  v a l u e  o f  a b o u t  1 . 5  t o  

2  k e V / ~ .  About 5% o f  t h e  12-cm d e p t h  d o s e  i s  c o n t r i b u t e d  by  p r o t o n s . o f  5 MeV 

and l e s s ,  w i t h  a v e r a g e  LET a b o u t  20 ke~/ 'p. .  

T a b l e  2  g i v e s  a n  i d e a l i z e d  s o l a r - f l a r o  e n e r g y  s p e c t r u m  ( 6 )  t h a t  was used 

t o g e t h e r  w i t h  F i g .  4  t o  c a l c u l a t e  a  d e p t h - d o s e  c u r v e  f o r  a  30-cm-diameter s p h e r e  

o f  t i s s u e .  The r e s u l t ,  shown i n  F i g .  5 ,  i s  i n  g e n e r a l  ag reement  w i t h  t h i s  p a r -  

t i c u l a r  c a s e  a s  t r e a t e d  e l s e w h e r e  ( 2 , 3 ) .  A l a r g e  s u r f a c e  d o s e  is  c o n t r i b u t e d  b y  

low-energy f l a r e  p r o t o n s  i n  a n  u n s h i e l d e d  s p h e r e .  The e f f e c t  o f  s h i e l d i n g  may 

b e  e s t i m a t e d  b y  r e c o g n i z i n g  t h a t ,  f o r  example ,  t h e  c u r v e  r e m a i n i n g  f rom 1- t o  

15-cm d e p t h  r e p r e s e n t s  a  dep th -dose  c u r v e  i n  a  s p h e r e  o f  28 c m  d i a m e t e r  s h i e l d e d  

b y  1 cm of  w a t e r .  The dep th-dose  d i s t r i b u t i o n  f o r  t h i s  s o l a r - f l a r e  c a s e  would 

b e  f a i r l y  w e l l  d u p l i c a t e d  by  a n  e x p o s u r e  t o  50-, l o o - ,  and 400-MeV p r o t o n s  i n  

t h e  i n t e n s i t y  r a t i o  5:2:1 .  

The d o s e  d i s t r i b u t i o n  i n  a  s p h e r e  exposed  t o  any  a r b i t r a r y  s o l a r - p r o t o n  

. s p e c t r u m  may b e  s i m i l a r l y  o b t a i n e d  from t h i s  compute r  code  by  summing t h e  con-  

t r i b u t i o n s  f rom e a c h  e n e r g y  i n t e r v a l  i n  a n  assumed s p e c t r a l  d i s t r i b u t i o n .  By 
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T a b l e  1, Depth d o s e  d a t a  f o r  t h e  c a s e  o f  150-MeV p r o t o n s  

i n c i d e n t  upon t h e  30-cm-diameter s p h e r e  o f  t i s s u e  e q u i v a l e n t  m a t e r i a l  

T o t a l  d o s e  r a t e  Dose r a t e  p e r  e n e r g y  i n t e r v a l  
Depth ( r a d / h r )  

6 
Energy i n -  

1 0  proton/cm2- 0-5 5-10 10-20 20-40 40-80 80-150 t e r v a l ,  MeV 
(cm) s e c  -20 6 .0  3 .7  2.2 1 .2  - 0.7 LET, K e ~ / k  

0.2 285 4 .95  4 . 9 5  9 .89  1 9 . 8  40.0  205. 

0 . 5  290 5.19 5.19 1 0 . 4  20 .9  42 .6  206. 

1 . 0  299 5.59 5 .59 11 .2  22 .6  4 7 . 1  207. 

1 . 5  3 07 6 . 0 5  6 .05  1 2 . 1  24 .5  51 .8  207. 

2 .0  315 6 .50  6 .50 13 .0  2 6 . 5  56.7 206. 

3 . 0  331  7 . 5 0  7 .50  1 5 . 1  30.7 67.2  203. 

6 .0  3 87 1 1 . 5  1 1 . 5  23.4  4 8 . 1  100.  192.  

9 . 0  481 1 9 . 0  19 .0  38.4 7 9 . 5  186. 138.  

1 2 . 0  7 24 32 .0  40 .0  81.1 168.  398. 4 .72 

1 5 . 0  590 0 0 0 0 590 0 

T a b l e  2 .  An i d e a l i z e d  ( o m n i d i r e c t i o n a l  f l u x )  s o l a r - f l a r e  p r o t o n - e n e r g y  

s p e c t r u m  1 6  h o u r s  a f t e r  o n s e t  o f  t h e  r a d i a t i o n  s u r g e  

(Data  f rom r e f e r e n c e  6 )  

Energy g r o u p  
(MeV) 

15-25 

2 5-3 5 

35-45 

45-70 

70-125 

12 5-17 5 

175-225 

225- .a 

r e p r o d u c i n g  e x p e r i m e n t a l l y  t h e  d o s e  d i s t r i b u t i o n  p r e d i c t e d  f o r  a t es t  s p h e r e ,  

t h e  p r o p e r  e x p o s u r e  t i m e s  and p r o t o n  e n e r g i e s  a t  t h e  184- inch  c y c l o t r o n  c a n  b e  

c h o s e n  t o  s i m u l a t e  t h e  s o l a r - f l a r e  c o n d i t i o n  t o  a d e g r e e  s u f f i c i e n t  f o r  a n i m a l  

i r r a d i a t i o n .  A l a r g e - a n i m a l  r o t a t o r  h a s  b e e n  c o n s t r u c t e d  f o r  u s e  i n  t o t a l - b o d y  

o m n i d i r e c t i o n a l  e x p o s u r e s .  E x p e r i m e n t a l  d o s e  d e t e r m i n a t i o n s  t o  c o n f i r m  t h e  p r e -  

d i c t e d  d i s t r i b u t i o n s  c a n  b e  made w i t h  t h e  phantom o r  t e s t  s p h e r e  p l a c e d  w i t h i n  

t h e  r o t a t o r .  
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T h e  Alpha-Particle or  Proton Beam. in Radiosurgery . . ' . 

of t h e  Pitui o r  C-7 - 

I - 
John A.  Linfoot; John H. Lawrence, James L. Born a n d  Cornel ius A.  Tob'ias 

In the ear ly  days of the modern nuclear e r a ,  one or  the f i r s t  s tud ies  

f o r  assessing the danger from nuclear radiat ions invest igated the biologic  ef- 

f e c t s  of neutron rays. These neut ra l  heavy pa r t i c l e s ,  having t h e  appio~cimclte 

weight o t  a  proton, a re  nearly two thousand times as  heavy as  electrons.  The 

ea r ly  workers around the cyclotron were being bombarded constantly by these 

pa r t i c l e s ,  i n  addition t o  gamma rays,  and they were naturally 'concerned with 

the safe  da i ly  dose. For t h i s  reason it was extremely important t o  study the 

biologic  e f f ec t s  of these heavy p a r t i c l e s  as a  means of predict ing damage t o  

workers, and thereaf te r  t o  s e t  sa fe ty  standards and thus avoid the h is tory  of 
' * , 4 - radiat ion damage seen in  the ea r ly  workers with radium and X rays. 

Our f i r s t  s tudies  i n  1935 served t o  compare standard 200-kV X rays with 

neutron rays,  using as  t e s t  objects  the whole bodies of mice a d  rats, and 

t ransplantable  torms of cancer i n  mice ( 1 , 2 ) .  I t  was found ear ly  t h a t  neutrons 

had a  biologic  e f f e c t  several  times grea te r  than equal doses of X rays,  and 

. appropriate sa fe ty  standards were establ ished.  Also a t  t h a t  time, indicat ions 

were t h a t  neutron rays might have a  favorable d i f f e r e n t i a l  e f f e c t  over X rays 

on tumor t i s sue  as compared t o  normal t issue--that i s ,  a  r e l a t i ve ly  grea te r  

e f f e c t  on neoplast ic  t i s sues .  These ea r ly  experiments, theref ore ,  suggested 

t h a t  neutrons might have value in  the therapy of cancer. Consequently, a  study 

was car r ied  out on advanced cancer, bu t  the r e s u l t s  were disappointing largely 

owing t o  the f a c t  t h a t  these neutron.rays had poor penetration and g rea t  scat-  

' t e r  (3 ,4 ) .  

Also i n  1935, heavy, charged pa r t i c l e s ,  with higher energies became 

avai lable  with the development of the increasingly la rger  accelerators .  I t  

seemed important t o  invest igate  heavy pa r t i c l e s  fur ther  because these high- 

energy p a r t i c l e s  had, i n  addition t o  the previously observed grea te r  biologic  

e f f e c t  a t  the Bragg peak, g rea t  penetration and l i t t l e  s c a t t e r  (5 ,6 ,7 ) .  In the 

intervening years such s tudies  have been car r ied  out on both animals and man. 

When the so-called Bragg peak of these high-energy, heavy, charged p a r t i c l e s  i s  

used i n  the .delivery of radiat ion energy t o  various t i s sues ,  one can predic t  

t h a t ,  l i k e  i n  the ea r ly  neutron s tudies ,  a  grea te r  biologic  e f f e c t  per u n i t  of 

ionizat ion w i l l  r e s u l t  (6 ,8 ,9 ) .  With the added propert ies  of grea te r  

2 9  
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penetration and little scatter, it is possible to produce localized lesions in 

the tissue and nervous system with little damage to surrounding structures (10). 

In 1954 we set out upon a study in clinical medicine, in which these 

high-energy protons and alpha particles have been used in various forms of so- 

called "bloodless" surgery, or radiosurgery. This has led to their use in the 

direct treatment of tumors and the suppression or ablation of the function of 

the pituitary gland in such conditions as advanced breast cancer, diabetic ret- 

inopathy, malignant exophthalmos and acromegaly (11-17). They have also been 

used in the production of lesions in the thalamic nuclei in the treatment of 

kinetic disease (18,19). This report deals with our experience in treating 

Cushirig ' s disease. 

Pituitary basophilism or Cushing's disease, first described by Harvey 

Cushing (20) in 1932, can now be explained on the basis of excessive hormonal 

secretion by the adrenal cortex. Cuohing's early interpretations of the symp- 

tomatology and physical, laboratory, and pathological fjndings led him to re- 

late the condition to either hyperplasia or adenoma of the basophilic cells 

of the anterior lobe of the hypophysis. Typical of the early cases was that 

reported by one of us in 1935 during work with Dr. Cushing (21). We found a 

small basophilic pituitary adenoma associated with bilateral adrenocortical 

hyperplasia and adenomas and a parathyroid adenoma. In those early days, 

therapy initially was directed toward the pituitary gland. However, partial 

surgical procedures and ortho-voltage X-ray therapy were only irregularly as- 

sociated with adequate and sustained remissions (22,23), and, furthermore, dif- 

fuse basophilic hyperplasia or adenomas of the pituitary were infrequently 

found . 

During the ensuing years there has Leeii  a tendcnoy to attrihute the 

syndrome to pituitary-adrenocortical hyperplasia, and, with the advent of 

adrenocortical steroids, LuLal or  ncarly totaJ adrenalectomy became the treat- 

ment of choice (24,25). However, the recognition of pituitary tumors in pa- 

tients after adrenalectomies for adrenal hyperplasia (26,27) and the develop- 

ment of more effective methods of studying adrenal hyperfunction (28) have in- 

dicated that the primary disturbance is frequently due to excessive ACTH secre- 

tion by the anterior pituitary gland,in line with Cushing's early thinking (29). 

In spite of great progress in the knowledge of the chemistry and physio- 

logic function of the pituitary hormones, no truly satisfactory pharmacological 

method of suppressing pituitary function has yet been developed. Treatment of 

pituitary hyperfunction and tumors has been limited to surgery, X rays or gamma 

rays. A review of the results in cases treated with pituitary irradiation 

shows that a higher incidence of permanent and satisfactory remissions has been 
associated with the administration of larger doses of irradiation (30,31). 
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Unfortunately the  use of conventional  X r ays  o r  gamma rays  has  been l imi ted  by 

the  dose (2 ,000 t o  3,000 r)  t h a t  can s a f e l y  be d e l i v e r e d  t o  the  s e l l a  t u r c i c a  

( 3 2 ) .  Because of r e l a t i v e l y  g r e a t  s c a t t e r  and low b io log ic  e f f e c t i v e n e s s ,  

doses of adequate depth cannot be a t t a i n e d  wi th  these  r a d i a t i o n s  wi thout  en- 

dangering t h e  surrounding s t r u c t u r e s  such a s  t h e  c r a n i a l  nerves ,  hypothalamus 

and temporal lobes .  Heavy p a r t i c l e s ,  however, wi th  t h e  advantageous p r o p e r t i e s  

mentioned above, o f f e r  a method of suppressing p i t u i t a r y  func t ion  and a l l e v i a -  

t i n g  t h e  symptoms and s i g n s  of Cushing's  d i s e a s e .  This  paper desc r ibes  and 

d i scusses  t h e  use of 900-MeV alpha p a r t i c l e s  f o r  t h i s  purpose. 

CASE REPORTS 
CASE 1. R.K. A 37-year-old whi te  housewife was r e f e r r e d  t o  t h e  Donner 

Laboratory i n  A p r i l ,  1.959, because of b i l a t e r a l  a d r e r ~ a l  hyperp las ia  . I n  t h e  

sp r ing  of 1957 she had begun t o  ga in  weight ,  and during t h e  next  18 months h e r  

weight had increased from 116 t o  149 l b s .  By January,  1958, she complained of 

weakness, l e tha rgy  and was observed t o  have mild hyper tens ion.  During the  next  

few months amenorrhea, h i r s u t i s m  and backache developed. Since 1957 she  had 

been q u i t e  emotionally uns tab le .  

Physical  examination showed an obese woman wi th  rounding and p l e t h o r a  

of t h e  f a c e  and a prominent ce rv icodorsa l  f a t  pad. There was a f i n e  h a i r  

growth over the  face  and t runk b u t  no pigmented s t r i a e .  The blood p ressure  

was 140/100. 

Pre l iminary  l abora to ry  s t u d i e s  revealed a s l i g h t  lymphopenia and a 

d i a b e t i c  g lucose  t o l e r a n c e  curve .  The hemoglobin was 13.5 g/100 m l .  The serum 

calcium, phosphorus, c r e a t i n i n e  and e l e c t r o l y t e s  were normal. X-ray examina- 

t i o n  showed demineral iza t ion of t h e  lumbar and d o r s a l  sp ine ;  the  s e l l a  t u r c i c a  

was no t  enlarged.  The b a s a l  exc re t ion  of u r i n a r y  17-hydroxycorticosteroids 

was 16.5 mg/day, and t h i s  increased t o  58.6 mg/day a f t e r  an 8-hr in fus ion  of 

ACTH (20 u n i t s ) .  A th ree - fo ld  inc rease  i n  u r i n a r y  17-hydroxycorticosteroids 

was observed a f t e r  t h e  4-hr in fus ion  (30 mg/kg of body weight)  of Metopirone 

( 3 3 ) .  The u r ina ry  17-ketos. teroids were a l s o  e leva ted .  Adrenal s t e r o i d  excre- 

t i o n  was no t  suppressed by the  admin i s t ra t ion  of dexamethasone, 2 mg/day f o r  3 

days ,  b u t  was suppressed when a dose of 8 mg/day was s i m i l a r l y  adminis tered.  

The adrenal  g lands  appeared normal on a p r e s a c r a l  a i r  s tudy.  

S tud ies  repeated i n  our l abora to ry  confirmed t h e s e  f ind ings  and i n  addi- 

t i o n ,  t h e  24-hr thyro id  1131 uptaxe was 16%, t h e  PBI was 3.9 wg/100 m l  and t h e  

u r i n a r y  gonadotropins were negat ive  a t  1:12.5 mouse u t e r i n e  u n i t s .  

Eighty-five hundred rads  of 900-MeV alpha p a r t i c l e s  were d e l i v e r e d  t o  

t h e  p i t u i t a r y  gland over an 11-day i n t e r v a l ,  ending on May 16. One month 

a f t e r  i r r a d i a t i o n  t h e  p a t i e n t  began t o  menstruate,  having been amenorrheic 
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Figure 1. S e r i a l  changes i n  
t h e  response t o  in t ravenous  
Metopirone i n  p a t i e n t  R .  K .  
The normal ranges a r e  repre-  
sented by t h e  shaded a reas .  
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f o r  t h e  preceding 15 months. There was l i t t l e  change i n  h e r  o t h e r  symptoms o r  

appearance. The u r i n a r y  17-hydroxycorticosteroids remained e leva ted  a t  17.2 

mg/day; however, t h e  17-ketos teroids  had f a l l e n  from 13.5 t o  7.0 mg/day (normal 

5-10 mg). The u r i n a r y  gonadotropins were now p o s i t i v e  a t  1:12.5 mouse u t e r i n e  

u n i t s .  

I I I 

R.K. Cushing's disease 

To determine t h e  h i s t o l o g i c a l  ad rena l  s t a t u s ,  t h e  l e f t  ad rena l  gland 

was r e s e c t e d  on August 14. Pa tho log ica l  examination showed nodular adrenal  

hyperp las ia  . 

In  November t h e  p a t i e n t  was g r e a t l y  improved. The menses were r e g u l a r ,  

and she  was c l i n i c a l l y  euthyroid .  She had l o s t  14 1Ls i n  weight m d  thoro  was . 
s i g n i f i c a n t  r eg ress ion  of t h e  cushinoid f e a t u r e s .  The blood p ressure  was 130/ 

80. The u r ina ry  17-hydruxycorticosteroids had f a l l e n  t o  10.1 mg/day and t h e  

exaggerated responses t o  ACTH and Metopirone were no longer p r e s e n t  (F ig .  1 

and 2) . 

By January,  1960, h e r  appearance was normal (Fig .  3) The next  two and 

a h a l f  y e a r s  she remained asymptomatic. The menstrual  pe r iods  continued,  and 

she was euthyroid .  In  October, 1962, t h e  PBI was 3.5 p,g/100 m l  and t h e  thy- 

r o i d  1131 uptake 23%. The u r ina ry  gonadotropins remained p o s i t i v e  a t  1: 12.5 

mouse u t e r i n e  u n i t s .  The 24-hr u r i n a r y  17-hydroxycorticosteroids were 9.5 mg; 

t h e  17-ketos teroids  were 5.7 mg. Urinary adrena l  s t e r o i d s  d i d  not  inc rease  

a f t e r  a 4-hr intravenous in fus ion  of Metopirone. The response t o  in t ravenously  

i n j e c t e d  ACTH was normal. 

CASE 2. J . R .  A 32-year-old s e c r e t a r y  was r e f e r r e d  t o  Donner Laboratory 
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R.K. Cushing's disease I 
Eil Control = ACTH 

Figure 2. Intravenous ACTH 
tests, performed on patient 
R. K., show the characteris- 
tic response observed in 
Cushing's disease prior to 
.treatment and compare the 
changes that occurred at 6 
months and 43 months after 
treatment. 

MU-29272 

6 months 43 months  
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in 1961 because of a "ballooned" sella turcica and hyperpigmentation. Al- 

though she had been overweight for k n y  years, she became progressively more 

obese since her 1st pregnancy in 1950. Subsequently, facial hairgrowth, acne, 

back pain and weakness developed and she felt confused at times. In January, 

1954, she was seen by a private physician because of headache and amenorrhea. 

In July she was admitted to another hospital. Physical examination re- 

vealed truncal obesity, acne, plethoza, hirsutism and pigmented striae. The 

blood pressure was 142/114. Pelvic examination was normal. The white-cell 

count was 10,000 per cubic millimeter, predominantly neutrophils. The hemo- 

globin was 14 g/lOO ml. The fasting blood sugar and serum electrolytes were 

normal. The urinary excretion of 17-ketosteroids was 36 mg, and that of 17- 

hydroxycorticosteroids 18 mg per 24 hr. A presacral air study suggested some 

enlargement of the left adrenal gland. Skull films were interpreted as show- 

ing a normal sella turcica. A diagnosis of Cushing's syndrome due to bilateral 

adrenal hyperplasia was made. The left adrenal gland was totally excised, and 

the right sub-totally. Microscopical examination of the adrenal glarids re- 

vealed no prominent abnormality. 

After operation, the menses returned, and the other symptoms gradually 

improved. The patient was maintained on small doses of cortisone. In Septem- 

ber, 1955, the urinary 17-ketosteroids were 5.6 mg/24 hr. She had lost 50 

lbs in weight and was normotensive. Subsequently, she was able to discontinue 

cortisone. In April, 1957, she had the florid features of hyperadrenocorticism 

again. In addition there was some pigmentation of the hands. The urinary 17- 

hydroxycorticosteroids were 20 mg, and the 17-ketosteroids 14 mg, per 24 hr. 

The sella turcica was somewhat deeper than seen in earlier X-ray studies on the 



RADIOSURGERY OF PITUXTARY FOR GUSHING'S DISEASE 

Figure 3. Photographs showing pat ient  R, K. before 
p i tu i t a ry  i r radia t ion  ( lef t ) ,  and 8 months a f t e r  
treatment ( r igh t ) .  JHL 2514; JHL 2612. 

sku l l ,  but  considered normal. H e r  condition remained unchanged and in  lwara- 
ber ,  1957, the  r i g h t  adrenal reffatant was removed. The pathological diagnosis 
was "regenerative nodular hyperplasia." She had a s t o m  postoperative course 
owing t o  llarltiple episodes of adrenal insufficiency, but  was f i n a l l y  discharged 
on 37.5 nq of cortisone and 0.125 pg of 9-alphafluorohydrocortisone per day. 

After operation, the  symptoms of hyperadrenocorticisla improved. She 

had numeroue episodes of adrenal c r i s i s  usually associated w i t h  infection. 
She f a i l e d  t o  return f o r  follow-up study f o r  several years and was not  seen 
un t i l  August, 1961, when ahe was admitted t o  the hospi ta l  i n  adrenal crisis. 
She was diffusely pigmented. Although pigmentation of the hands had been 
noted i n  1957, it was apparently f i r s t  noticed by her  in 1958. It did not be- 
come prominent u n t i l  1960 and had been gradually increasing. X-ray study of 
the  sku l l  showed fur ther  enlargement of the p i tu i t a ry  foaaa with erosion of the 
dorsum se l l ae  and the  f loor  of the fossa. 

In ~e~ t ' ember ,  1961, the pa t i en t  w a s  admitted t o  Donner Pavilion. She 
had no complaints except f o r  a rare  headache and some menstrual i r r egu la r i t i e s .  
Physical examination revealed a pleasant obese woman w i t h  generalized brownish 
pigmentation of the skin. The pigmentation was par t icular ly  prominent i n  the 
creases of the hands and over the  elbows and knees. The blood pressure was 
110/80. The remainder of the physical examination was unremarkable. The visu- 
a l  f i e l d s  were normal. Laboratory studies revealed a normal hernogram. The 
fas t ing  blood sugar was 73 mg, PBI 5.6 kg, and the serum cholesterol  228 mg per 
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100 m l ;  u r i n a r y  gonadotropins were p o s i t i v e  a t  1:12.5 mouse u t e r i n e  u n i t s .  The 

b a s a l  exc re t ion  of u r ina ry  17-ketos teroids  was 1.9 mg, and t h a t  of 17-hydroxy- 

c o r t i c o s t e r o i d s  5.6 mg, p e r  24 h r  on replacement therapy.  ACTH s t imula t ion  d i d  

n o t  produce any inc rease  i n  s t e r o i d  excre t ion .  s he plasma ACTH assay was 30 

'mi l l iun i t s /100  m l .  This l e v e l  was n o t  a l t e r e d  by t h e  admin i s t ra t ion  of 2 mg of 

dexamethasone f o r  t h r e e , d a y s  o r  by 8 mg given f o r  an a d d i t i o n a l  3 days. S e r i a l  

review of previous  s k u l l  f i l m s  revealed t h a t  t h e  a r e a  of t h e  s e l l a  t u r c i c a  

measured 9 by 12 mm i n  1954, 12 by 13 mrn i n  1957 and 15 by 16 mm i n  October, 

1961, 

Five  thousand rads  of alpha p a r t i c l e s  were d e l i v e r e d  t o  t h e  p i t u i t a r y  

gland over an 11-day i n t e r v a l  ending on November 10, 1961. The t rea tment  

pe r iod  was uneventful .  

The p a t i e n t  was next  seen i n  A p r i l  1962. She continued t o  work a s  a 

s e c r e t a r y  and was we l l  except  f o r  s e v e r a l  minor episodes of adrenal  i n s u f f i c i e n -  

cy assoc ia ted  wi th  r e s p i r a t o r y  i n f e c t i o n s .  The menses were normal. Phys ica l  

examination was unchanged, except  t h a t  t h e r e  appeared t o  be a l i t t l e  lessen-  

ing of t h e  pigmentation. The PBI was 6.2 p.g/100 m l  and t h e  uptake 16% i n  

24 h r .  Urinary gonadotropins were negat ive  a t  1:12.5 mouse u t e r i n e  u n i t s .  

In  October, 1962 (10 months a f t e r  i r r a d i a t i o n )  t h e r e  had been some 

t l e f i ~ ~ i l t :  l e s s u l l i ~ ~ y  01: Llie s k i n  pigmentation.  The menstrual  perisds '  hod Been 

somewhat i r r e g u l a r .  She appeared euthyroid .  The PBI was 4.9 wg/100 m l  and 

1131 uptake 13%. The p i t u i t a r y  f o s s a  had n o t  changed. The plasma-ACTH l e v e l  

was l e s s  than 30 and g r e a t e r  than 2 mi l l iuni ts /100 m l .  

DISCUSSION 
These two cases  i l l u s t r a t e  most of t h e  problems t h a t  a r e  encountered 

i n  t h e  management of p a t i e n t s  wi th  hyperadrenocorticism due t o  b i l a t e r a l  ad- 

r e n a l  hyperp las ia .  Although complete adrenalectomy can produce a prompt re-  

mission of t h e  symptoms of hyperadrenocorticism, the  surgery  i s  n o t  wi thout  

r i s k ,  and t h e  management of t o t a l l y  adrenalectomized p a t i e n t s  i s  o f t e n  d i f f i -  

c u l t  i n  s p i t e  of a v a i l a b l e  replacement s t e r o i d s .  The appearance of p i t u i t a r y  

tumors i n  many p a t i e n t s  adrenalectomized f o r  Cushing's  d i s e a s e  i s  an addi t ion-  

a l  problem assoc ia ted  wi th  t h i s  form of therapy.  Recent s t u d i e s  of p i t u i t a r y  

and adrena l  func t ion  ( 2 8 ) ,  a s  w e l l  a s  a more f requen t  r ecogn i t ion  of p i t u i t a r y  

tumors i n  p a t i e n t s  with Cushing's  d i s e a s e ,  r e q u i r e  t h a t  t h e  p i t u i t a r y  gland be 

considered p r imar i ly  i n  t h e  t rea tment  of many cases  of b i l a t e r a l  ad rena l  hyper- 

p l a s i a .  Recently,  a  number of cases  have been s u c c e s s f u l l y  t r e a t e d  by s u r g i c a l  

hypophysectomy (34) o r  by t h e  implanta t ion of r a d i o a c t i v e  sources  such a s  Y 90 

o r  A U ~ ' ~  ( 3 5 ) .  The . l a t t e r  methods of r a d i a t i o n  have been r e s o r t e d  t o  because 

previous  experience wi th  X r ays  o r  gamma rays  has  n o t  been e n t i r e l y  s a t i s f a c -  

t o r y ,  s i n c e  these  types  of therapy have been l imi ted  by t h e  amount of r a d i a t i o n  
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t h a t  can be de l ive red  s a f e l y  without damage t o  neighboring central-nervous- 

system s t r u c t u r e s .  Prolonged remissions a f t e r  X-ray o r  gamma-ray therapy 

have been in f requen t ly  observed, and p a r t i a l  response and re lapse  occur i n  a t  

l e a s t  70% of the  p a t i e n t s  s o  t r e a t e d  (28,36,37) .  The b e s t  r e s u l t s  have o f t e n  

been achieved only a f t e r  s e v e r a l  courses of r a d i a t i o n ,  these  being seen i n  

. p a t i e n t s  receiving t h e  l a r g e s t  amount of X rays  o r  gamma rays  (30,31,38,39) .  

Surg ica l  hypophysectomy and s u r g i c a l l y  implanted r a d i a t i o n  have c e r t a i n  r i s k s  

and s i d e  e f f e c t s  t h a t  it would be d e s i r a b l e  t o  avoid. A method of adequately 

i n h i b i t i n g  a n t e r i o r  p i t u i t a r y  funct ion by an external ly-del ivered energy source 

would be t h e  most s u i t a b l e  form of treatment.  This can now be accomplished by 

t h e  use of heavy p a r t i c l e s ,  such as  protons and alpha p a r t i c l e s ,  which a r e  i m -  

pa r ted  extremely high energ ies  i n  t h e  l a rge  a c c e l e r a t o r  and de l ive red  t o  the  

s e l l a  t u r c i c a  i n  d e s i r e d  amounts. ' 

Case 1 received a s i g n i f i c a n t l y  l a r g e r  dose (8,500 rads  of alpha p a r t i -  

c l e s )  than t h e  second p a t l e n t .  Her remission has l a s t e d  f o r  more than t h r e e  

years .  One month a f t e r  r a d i a t i o n  t h e  menses resumed. Other s igns  of p i t u i t a r y  

i r r a d i a t i o n  e f f e c t  a r e  evident  i n  t h e  l e s s  exaggerated response t o  the  i n t r a -  

venously administered Metopirone (Fig .  1) and t h e  f a l l  i n  t h e  excre t ion  of t h e  

17-ketos teroids .  These changes occurred before  adrenalectomy. Furthermore, 

t h e  f a c t  t h a t  t h e r e  were progress ive  changes i n  t h e  response t o  t h e  administra-  

t i o n  of ACTH (Fig.  2) and Metopirone (Fig .  1) a f t e r  adrenalectomy suggests t h a t  

t h e  exaggerated responsiveness of t h e  r e s i d u a l  adrenal  gland was changing and 

t h a t  removal of t h e  l e f t  adrenal  g land was probably n o t  of major importance. 

S e r i a l  observat ions  of t h e  changes i n  t h e  response t o  Metopirone appear t o  be 

h e l p f u l  i n  determining t h e  adequacy of p i t u i t a r y  suppression.  I t  was of in-  

t e r e s t  t h a t  i n  t h e  s tudy of t h e  e f f e c t s  of in t ravenously  administered Meto- 

p i rone  and ACTH i n  one of our d i a b e t i c  p a t i e n t s ,  who had had a u n i l a t e r a l  ad- 

renalectomy before  being r e f e r r e d  f o r  p i t u i t a r y  i r r a d i a t i o n  f o r  d i a b e t i c  r e t i -  

nopathy, t h e  responses were normal and uninfluenced by t h e  absence of one ad- 

r e n a l  gland.  Remssions a f t e r  u n i l a t e r a l  adrenalectomy have been repor ted by 

Sof fe r  e t  a l .  ( 3 0 ) ,  who observed b e t t e r  r e s u l t s  when they combined u n i l a t e r a l  

adrenalectomy with X rays  given t o  t h e  p i t u i t a r y  gland and b e l i e v e  t h a t ,  a l -  

though adminis t ra t ion of t h e  r a d i a t i o n  promptly a f t e r  removing t h e  adrena l  

was d e s i r a b l e ,  t h e  c l i n i c a l  response was d i r e c t l y  r e l a t e d  t o  t h e  amount of 

r a d i a t i o n .  

I t  should be emphasized t h a t  although Case 1 received a r e l a t i v e l y  

l a r g e  amount of a lpha-par t i c le  r a d i a t i o n ,  t h e  only manifes ta t ions  of a l t e r e d  

p i t u i t a r y  funct ion a r e  t h e  remission of t h e  d i sease  and the  reduced "ACTH re- 

se rve" ;  b a s a l  s t e r o i d  excre t ion  i s  normal, t h e  menses a r e  regu la r ,  and she i s  

c l i n i c a l l y  euthyroid.  

Case 2 demonstrates s e v e r a l  d i f f i c u l t i e s  t h a t  one may encounter i n  t h e  
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surg ica l  treatment of b i l a t e r a l  adrenal hyperplasia.  The small adrenal rem- 

nant hypertrophied under constant ACTH stimulation and approximately twenty 

months a f t e r  the o r ig ina l  operation, the symptoms of hyperadrenocorticism gradu- 

a l l y  returned, requiring the removal of the res idua l  adrenal t i s sue .  A t  th i s .  

time the presence of the p i t u i t a r y  adenoma was suggested by an enlarging s e l l a  

and the pigmentation of the hands. Further growth of the p i t u i t a r y  tumor fo l -  

lowed the complete removal of adrenal t i s sue  and the c l i n i c a l  p ic ture  of an 

ACTH-secreting adenoma developed (26) .  

This pa t i en t  was t r ea t ed  i n  the same manner as  Case 1 except t h a t  the 

p i t u i t a r y  received only 5,000 rads of alpha p a r t i c l e s  i n  11 days. This t r ea t -  

ment was selected because there was no urgent c l i n i c a l  need t o  suppress hormone 

production, and the dose was s imi la r  t o  t h a t  employed by us i n  the successful 

treatment of other p i t u i t a r y  tumors (15 ) .  The improvement has been l e s s  drar  

matic, but  she began t o  show de f in i t e  loss  of skin pigmentation one year a f t e r  

treatment,  and there has been no fur ther  enlargement of the p i t u i t a r y  fossa.  

The thyroid and gonadal functions a re  normal. The plasma ACTH remains elevat- 

ed, but it i s  s t i l l  within the range observed i n  pa t ien ts  subjected t o  t o t a l  

adrenalectomy f o r  adrenal hyperplasia (40) .  Although t h i s  may represent some 

radiat ion resis tance by t h i s  pa r t i cu l a r  tumor, fu r the r  improvement may be ant ic-  

ipated because our previous s tudies  have shown t h a t  the r a t e  of p i t u i t a r y  sup- 

pression i s  determined by the dose of radiation--that is,, a more rapid response 

might have been ant icipated i f  the dose employed had been s imi la r  t o  t h a t  o t  

Case 1. I f  fur ther  p i t u i t a r y  i r r ad i a t ion  becomes necessary t h i s  may be given, 

f o r  we have determined t h a t  much larger  doses can be safe ly  delivered t o  the 

p i t u i t a r y  fossa.  

The successful treatment of these 2 pa t ien ts*  with Cushing's disease has 

several  important therapeut ic  implications. F i r s t  of a l l ,  it has been shown 

t h a t  by the use of heavy p a r t i c l e s ,  such as  alpha p a r t i c l e s  and protons, one 

can te le therapeut ica l ly  de l iver  la rger  amounts of ionizing radiat ion than can 

be administered by X-ray or  gamma-ray sources. Second, t h i s .  radiat ion can be 

accurately local ized t o  the gland and delivered with l i t t l e  s c a t t e r ,  

thus reducing the danger t o  surrounding central-nervous-system s t ruc tures .  

Third, a favorable skin-depth dose re la t ionship  and grea te r  biologic effect ive-  

ness can be achieved with these p a r t i c l e s  than from X rays or  gamma rays,  owing 

t o  a unique property of these penetrating p a r t i c l e s  referred t o  as  the Bragg 

peak e f f e c t ,  which provides a Linear Energy Transfer (LET) l i k e  t h a t  i n  our 

o r ig ina l  s tud ies  with neutrons ( 1 , 2 )  . Although the Bragg peak was not employed 

in  the treatment of the cases reported, it has been used i n  p i t u i t a r y  i r rad ia-  

t i on  in  other condi.tions (14) and provides a means by which the dosage delivered 

*A t h i r d  pa t i en t ,  previously untreated, received heavy p a r t i c l e s  t o  the 
p i t u i t a r y  i n  May 1963, and i s  now showing signs of metabolic improvement. 
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t o  a desired depth not only i s  several  times greater  than the surface dose but 

a l s o  the  e f f e c t  per u n i t  of dose i s  grea te r .  F ina l ly ,  it i s  suggested t h a t  

these idea l  te le therapeut ic  propert ies  be used fur ther  i n  the treatment of 

Cushing's disease due t o  b i l a t e r a l  adrenal hyperplasia. Since cyclotrons and 

other  accelerators  capable of del iver ing heavy p a r t i c l e s  a r e  avai lable  i n  many 

medical centers  throughout the world (41 ) ,  the  preliminary s tudies  reported 

here and i n  our previous papers can be applied widely i n  invest igat ional  and 

therapeut ic  s tudies .  

SUMMARY 
Recent s tud ies  of p i t u i t a r y  and adrenal function a s  well a s  a grea te r  

awareness of p i t u i t a r y  tumors i n  pa t i en t s  with b i l a t e r a l  adrenal hyperplasia 

require  t h a t . t h e  p i t u i t a r y  gland again be considered primarily i n  the t r e a t -  

ment of Cushing's disease. Two pa t i en t s ,  one without a demonstrable p i t u i t a r y  

tumor and another with an ACTH-secreting p i t u i t a r y  adenoma, were successfully 

t r ea t ed  by p i t u i t a r y  i r r ad i a t ion  with alpha p a r t i c l e s ,  which were imparted 

extremely high energies i n  a large accelerator .  These penetrating heavy par- 

t i c l e s  provide a more sa t i s f ac to ry  form of te letherapy than X-ray o r  gamma-ray 

sources because la rger  amounts of ionizing radiat ion can be delivered safe ly  

t o  t he  s e l l a  tu rc ica .  
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Preliminary Report o n  Histopathological Changes -- - in Brain 
Following Heavy-Particle Irradiation 

Larry W. M c D o n a l d ,  James L. Born, John H. Lawrence a n d  John T. Lyman 

' The e f f e c t  of i o n i z i n g  r a d i a t i o n . o n  t i s s u e s  of t h e  c e n t r a l  nervous sys-  

tem has  been of i n c r e a s i n g  i n t e r e s t  because of b i o l o g i c a l  i n v e s t i g a t i o n s  w i th  

high-energy p a r t i c l e s  (1). Today the.  i n t e r e s t  i n  t h e  s u b j e c t  i s  even greater 
wi th  t h e  a v a i l a b i l i t y  i n  many c e n t e r s  of t h e  world of p a r t i c l e  a c c e l e r a t o r s  f o r  

medica l  i n v e s t i g a t i o n  and the rapy  ( 2 ) .  High-energy p a r t i c l e s  have been used f o r  

t h e  i r r a d i a t i o n  of i n t r a c r a n i a l  l e s i o n s ,  t h e  p i t u i t a r y  g land  and l e s i o n s  o u t s i d e  

t h e  c e n t r a l  nervous s y s t e m . ( 3 ) .  Accelerator-produced n e u t r o n s ,  a lpha  p a r t i c l e s ,  

p r o t o n s ,  e t c . ,  make p o s s i b l e  t h e  d e l i v e r y  of  h i g h e r  r a d i a t i o n  doses  t o  i n t r a -  

c r a n i a l  s i t e s ,  w i t h  even l e s s  dose  exposure t o  i n t e r v e n i n g  b r a i n  t i s s u e  t h a n  pre- 

v i o u s l y  e x p e r i e n c e d ' w i t h  o t h e r  r a d i a t i o n  sou rces .  T h i s  r e p o r t  de te rmines  t h e  

dose - l eve l  a t  which h i s t o l o g i c a l  changes a r e  produced i n  t h e  i n t e r v e n i n g  b r a i n  

fo l lowing  p i t u i t a r y  g land  i r r a d i a t i o n  wi th  heavy p a r t i c l e s  and t h e  v a r i a t i o n s  i n  

h i s t o l o g i c a l  changes which occur  w i th  d i f f e r e n t  doses  a t  v a r i o u s  t imes  a f t e r  ex- 

posure .  

The 17 c a s e s  r e p o r t e d  h e r e  were p a t i e n t s  wi th  m e t a s t a t i c  carcinoma of t h e  

b r e a s t  who r ece ived  900-MeV a l p h a - p a r t i c l e  r a d i a t i o n  t o  t h e  p i t u i t a r y  a s  p a l l i a -  

t i v e  t he rapy .  The e f f e c t i v e n e s s  of p i t u i t a r y  a b l a t i o n  i n  p a l l i a t i o n  of c a r c i n o -  

ma of t h e  b r e a s t  i s  w e l l  e s t a b l i s h e d ,  a l though it i s  n o t  y e t  c l e a r  which f a c t o r s  

a r e  most impor tan t  i n  de t e rmin ing  which p a t i e n t s  w i l l  o b t a i n  t h e  b e s t  r e s u l t  (4). 

The methods and t echn iques  used i n  p i t u i t a r y  i r r a d i a t i o n  wi th  high-energy p a r t i -  

c l e s  i n  t h e s e  p a t i e n t s  have  been p r e v i o u s l y  d e s c r i b e d  ( 5 . 6 ) .  I n  t h i s  method, 

r o t a t i o n a l  t e chn iques  o r  r o t a t i o n  p l u s  t h e  Bragg peak a r e  used wi th  t h e  p i t u i -  

t a r y  a s  t h e  c e n t e r  of t h e  a x i s  of r o t a t i o n .  The maximum dose  i s  t h e r e f o r e  a t  

t h e  c e n t e r  of t h e  p i t u i t a r y ,  i n t e r v e n i n g  t i s s u e s  r e c e i v i n g  p r o g r e s s i v e l y  l e s s  

( 7 ) .  A t t e n t i o n  i n  t h e  p r e s e n t  s t u d y  is  d i r e c t e d  t o  h i s t o l o g i c a l  changes occur-  

r i n g  i n  t h o s e  a r e a s  of t h e  b r a i n  n e a r e s t  t h e  p i t u i t a r y .  Of p a r t i c u l a r  i n t e r e s t  

i s  t h e  uncus and t h e  temporal  p o l e ,  which a r e  a d j a c e n t  t o  t h e  s e l l a  t u r c i c a  

and l o c a t e d  i n  t h e  r a d i a t i o n  f i e l d -  The uncus and tempora l  p o l e  a r e  g e n e r a l l y  

l o c a t e d  1 .5  cm l a t e r a l  t o  t h e  c e n t e r  of t h e  p i t u i t a r y .  I n  t h i s  group of c a s e s  

t h e  dose  a t  1 .5  cm l a t e r a l  t o  t h e  c e n t e r  of t h e  p i t u i t a r y  ranged from 19 t o  46% 

of  t h e  p i t u i t a r y  dose ,  t h e  v a r i a t i o n  be ing  due t o  t h e  d i f f e r e n c e  i n  s i z e  of  t h e  

r a d i a t i o n  beam-defining a p e r t u r e .  The dose  va lues  1.5 cm and 2.1 cm from t h e  

c e n t e r  of t h e  p i t u i t a r y  were computed f o r  each i n d i v i d u a l  c a s e  and a r e  shown i n  

4 1 
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Tab le  1, The d o s i m e t r i c  methods which were employed were t h o s e  of Bi rge  e t  a l .  

(8). I sodose  c u r v e s  were computed by s i m u l a t i n g  t h e  t r e a t m e n t  s chedu le  on t h e  

IBM 7090 computer.  An i s o d o s e  cu rve  f o r  one r e p r e s e n t a t i v e  c a s e  i s  shown i n .  

F i g .  1. 

MATERIALS A N D  METHODS 
S e c t i o n s  of  t h e  tempora l  l obe  were t aken  from t h e  formal in- f ixed  b r a i n s .  

th rough t h e  a n t e r i o r  p o r t i o n  of  t h e  amygdaloid nuc l eus  and s t a i n e d  wi th  hematox- 

y l i n  and e o s i n .  Nerve f i b e r s  and po lysaccha r ide  were s t a i n e d  wi th  Luxol f a s t  

b l u e  and PAS, mucopolysaccharide wi th  Alc ian  b l u e ,  and g l i a l  f i b e r s  wi th  Holzer  

 stair^. 

I n  a d d i t i o n ,  most s e c t i o n s  were s t a i n e d  f o r  N i s s e l  subs t ance  wi th  c r e s y l  

e c h t  v i o l e t ,  f o r  f r e e  f a t  w i th  Sudan b l a c k ,  f o r  n e r v e - c e l l  p r o c e s s e s  w i th  an 

a d a p t a t i o n  of  a  C a j a l  r a p i d  s i l v e r  method, f o r  ca lc ium wi th  a l i z a r i n  red  S  and 

f o r  f e r r i c  i r o n  wi th  P e r l s  s t a i n .  S e c t i o n s  from t h e  same specimen were a l s o  

t aken  o u t s i d e  of t h e  r a d i a t i o n  f i e l d  fro111 t h e  l ~ i p p o c a l ~ u s  a t  the l e v e l  of  t h e  

f r o n t a l  p l a n e  i n c l u d i n g  t h e  p i n e a l  body. I n  a d d i t i o n ,  comparable s e c t i o n s  of 

t h e  tempora l  l obe  of  seven p a t i e n t s  who d i e d  of  m e t a s t a t i c  b r e a s t  cance r  and r e -  

ce ived  no p i t u i t a r y  i r r a d i a t i o n  were made and used a s  a  c o n t r o l  s e r i e s .  A l l  

s e c t i o n s  were examined f o r  c y s t s ,  n e c r o s i s ,  v e s s e l  s c l e r o s i s  o r  h y a l i n i z a t i ~ ~ ,  

e n d o t h e l i a l  p r o l i f e r a t i o n ,  e o s i n o p h i l i c  coagulum, g i t t e r  c e l l s ,  l i p i d  accumu- 

l a t i o n ,  PAS p o s i t i v e  b o d i e s ,  e o s i n o p h i l s ,  l a r g e  a s t r o c y t e s ,  a s t r o g l i o s i s ,  neu- 

ronophagia ,  s a t e l l i t o s i s ,  demye l ina t ion ,  d i s t e n d e d  p e r i v a s c u l a r  s p a c e s ,  blood 

v e s s e l  thrombosis  and " v e s s e l  w a l l  s w e l l i n g . "  

RESULTS 
H i s t o l o g i c a l  changes occur  which appear  t o  have some r e l a t i o n s h i p  t o  t h e  

a r e a  of  t h e  b r a l n  receiving tne l a r g e r  amourits uT r d i l i d l i u l ~ .  T l ~ e s c  a ie  recorded 

i n  Tab le  1. For purposes  of comparison t h e  s e r i e s  i s  d iv ided  i n t o  f i v e  groups 

acco rd ing  t o  t h e  amount o f  r a d i a t i o n  r ece ived  a t  t h e  s u r f a c e  of t h e  tempora l  

lobe .  The lowes t  dose  group i s  group I which r ece ived  l e s s  t han  4 k r a d s  t o  t h e  

c o r t e x .  The o t h e r  groups r ece ived  co r r e spond ing ly  g r e a t e r  doses.  

Many PAS p o s i t i v e  s p h e r e s ,  most wi th  a  lamina ted  s t r u c t u r e  t y p i c a l  of 

corpora  amylacea, a r e  p r e s e n t  i n  t h e  molecular  l a y e r  (most s u p e r f i c i a l  l a y e r )  .of 

t h e  c o r t e x  of c o n t r o l s  a s  w e l l  a s  i n  t h e  i r r a d i a t e d  c a s e s ,  a l though g e n e r a l l y  

t h e r e  seem t o  be  a  few more of  t h e s e  bod ie s  i n  t h i s  l o c a t i o n  i n  t h e  i r r a d i a t e d  , 

c a s e s .  S i m i l a r  PAS-positive b o d i e s  a r e  d i s t i n c t l y  more numerous i n  i r r a d i a t e d  , 

a r e a s  nea r  sma l l  blood v e s s e l s  i n  t h e  deeper  l a y e r  of t h e  c o r t e x ,  t h e  amygdaloid 

nuc l eus  and e s p e c i a l l y  i n  t h e  whi te  m a t t e r  a d j a c e n t  t o  t h e  media l  and i n f e r i o r  
/ 

b o r d e r s  of  t h e  amygdaloid nuc l eus .  A s  can b e  seen  from t h e  t a b l e  t h i s  change i s  

marked and c o r r e l a t e s  w e l l  wi th  r a d i a t i o n  doses  t o  t h e  temporal- lobe c o r t e x  above 

5.5 k r a d s ,  except  when f r a n k  n e c r o s i s  deve lops .  



caae Age sex Dose 1 .5  cm Dcse 2.1 cm P i t u i t a r y  S u r v i v a l  Necros is  Small Lip id  Oemyel- Alc ien  Ast ro-  
NO. 

Other  
l a t e r a l  t o  l a t e r a l  t o  dose  Post-rad v e s s e l  accumu- i n a t i o n  b l u e  PAS g l i o s i s  
c e n t e r  of c e n t e r  of k r a d d d e y s  (days)  w e l l  l a t i o n  

s i g n i f i c a n t  

p i t u i t a r y  p i t u i t a r y  
p o s i t i v e  ' 

s w e l l i n g  
d i e e a s e  

b o d i e s  
k r a d d d a y s  krads/deys 

Group 1 . C  4 k r a d s .  

1 48 F 2.5,'s 1.2/5 14.0/5 30 0 0 1 1 2 Some N I I I  s i g r s  not  due  
t o  r a d i a t i o n  

2 44 F 2.7/5 1.315 14.0/5 30 0 0 1 2 1 Extens ive  m e t z s t a s e s  
e s p e c i a l l y  t o  'bcne 

3 48 F 3.1/5 1.5/5 17.0/5 82 0 2 1 0 1 1 Extens ive  metea tases  
4 54 F 3.2/5 1.6/5 17.0/5 203 0 0 0 0 0 0 None s i g n i f i c s n t  
5 64 P 3.7/12 1.8/12 17.0112 127 0 2 1 0 1 1 Extreme weakness . 

Group 11 4-5 k r a d s .  

6 31  F 4.2/11 2.1/5 17.0/11 222 0 0 1 2 0 2 Muscle weakness 
7 50 F 4.6/11 2.3/11 17.0/11 108 0 0 1 1 0 2 Extens ive  1""s. c e r e b r a l  

metas tases '  

8 47 F 4.7/12 2.3/12 17.0/12 301 0 2 2 3 1 1 small cerebellar metastases 

Group 111 5.0-5.5 k r a d s .  

9 58 F 5.1/11 2.5/11 18.6/11 577 0 0 2 3 2 2 
Extens ive  metas tases  t o  
bone, Thromboaia of I t .  
middle c e r e b r a l  a r t e r y .  

Group IV 5.5-9.0 krads .  

10  53 F 5.6/12 2.8/12 17.0/12 136 0 1 2 1 3 2 Extens ive  m e t ~ t a s e e .  
one  c e r e b r a l  

11 52 F 6.1/21 3.0/21 27.0/21 1722 + '0 2 3 1 2 T r a n s i e n t  N I I I  changes 
12 62 N 6.4/10 3.2/10 18.6/10 428 0 1 2 1 3 1 Extens ive  m e t a s t a s e s  t o  bone 
13 52 F 6.8/5 3.4/5 17.5/5 102 0 2 2 0 3 2 Extens ive  o s s a u s  and 

cutaneous  m,etiEitases 
14 60 F 7.5/12 3.7112 30.6/12 1371 + 1 3 3 2 2 No c r a n i a l  nerve weakness 
15  47 F 7.8/12 3.9/12 17.0/12 324 0 1 2 3 3 1 Extens ive  metas tases  

Group V ? 9.0 k r a d s .  

16  52 F 9.3/11 4.6/11 22.8/11 781 0 1 2 2 3 1 None s i g n i f i c a 7 t  
17 76 F 14.2/11 7.1/11 34.7/11 1261 + I n a d e w a t e  f i x a t i o n  C l i n i c a l  e v i d e x e  of NII ,  

NII I .  NIV. NVI damage 

 control^ 

1 49 P .O 1 0 1 0 

2 6 1  P 0 0 0 2 0 
, 

3 58 F ,  0 1 0 0 0 
4 55 F 0 0 0 1 0 
5 76 F 0 1 1 1 0 
6 39 P 0 0 0 1 0 
7 37 F .  0 1 0 1 0 

Code f o r  Grading 

Necros is  

0 - n o n ~  

+ - p r e s e n t  

Small v e s s e l  w a l l  s w e l l i n g  

1 - equivocal  

2 - d e f i n i t e  

3 - marked 

Lip id  accumulation 

1 - l i m i t e d  t o  g i t t e r  c e l l e  about 
blood v e h e e l s ,  o c c a s i o n a l  ves- 
s e l  wi th  1 t o  6 c e l l s .  

2 - As (1) b u t  wi th  g r e a t e r  than  6 
g i t t e r  c e l l s  about  o c c a s i o n a l  
v e s s e l s .  

3 ; A l l  v e s s e l s  wi th  1 o r  more 
g i t t e r  c e l l s .  

4 - Lipid  i n  g i t t e r . c e l l s  away 
from v e s s e l s  p l u s  (2)  above. 

Demyelination 

0 - none 
1 - s l i g h t  r e l a t i v e  d e c r e a s e  i n  

myelin s t a i n ,  l i m i t e d  
p e r i v a s c u l a r .  

2 - d i s t i n c t  l o s e  i n  myelin s t a i n .  
l i m i t e d  p e r i v a e c u l e r .  

3 - extending  beyond p e r i v a s c u l a r  
areas. 

PAS and Alc ian  b l u e  p o s i t i v e  b o d i e s  
i n  whi te  m a t t e r  a d j a c e n t  t o  i n f e r i o r  
and media l  b o r d e r  of amygdaloid 
nucleus .  

0 - none 
1 - 2 t o  5 about  o c c a s i o n a l  v e s s e l .  

2 - 5 o r  more about  most v e s s e l s .  

3 - as i n  ( 2 )  p l u s  many between 
v e s s e l s .  

A 9 t r o g l i o s i s  

0 - none 

1 - s l i g h t  r e l a t i v e  

2 - d e f i n i t e  a b s o l u t e  
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F igu re  1, I sodose  l i n e s  f o r  c a s e  No. 13. The numbers 
o n  t h e  l i n e s  r e fe r  to t h e  krad  dose  a lonq  t h e  l i n e .  

MU-32051 

, . 

Demyelinat ion occu r s  r e g u l a r l y  i n  c a s e s  s u r v i v i n g  more t han  225 days  

fo l lowing  i r r a d i a t i o n  and r e c e i v i n g  a  dose  o f  4.7 k r a d s  ( c a s e  8)  o r  more t o  t h e  

s u r f a c e  of  t h e  uncus. 

No c o r r e l a t i o n  can  b e  made between v e s s e l  h y a l i n i z a t i o n  o r  s c l e r o s i s  and 

r a d i a t i o n  i n  t h o s e  c a s e s  where t h e r e  is  no n e c r o s i s  ( n o t  t a b u l a t e d  i n  Table  1) .  

I n  some i n s t a n c e s ,  however, where d e a t h  occurred  l e s s  t han  a  yea r  a f t e r  i r r a d i a -  

t i o n ,  t h e r e  appea r s  t o  b e  some s w e l l i n g  of  t h e  w a l l s  of  s m a l l  a r t e r i o l e s  wi th  

more c l e a r  o r  l i g h t l y  s t a i n i n g  a r e a  between n u c l e i ,  b u t  t h i s  i s  n o t  c o n s i s t e n t l y  

observed .  A s t r o g l i o s i s  o r  b e t t e r  s t a i n i n g  o f  a s t r o g l i a  i n  t h e  group wi th  su rv iv -  

a l  between 100 and 225 days  is noted  b u t  does  n o t  c o r r e l a t e  w e l l  w i th  r a d i a t i o n  

dose .  These changes a r e  shown i n  F i g .  2  and 3. 

Three of t h e  17 c a s e s  showed f r a n k  n e c r o s i s .  These were two c a s e s  of  

group I V  and one o f  group V of  Table  1 ;  a l l  r ece ived  a  p i t u i t a r y  dose  o f  more 

t h a n  25 k r a d s ,  and more t han  6.0 k r a d s  t o  t h e  c o r t e x .  A l l  a r e  long s u r v i v a l s  of 

between two and a  h a l f  and f o u r  y e a r s  fo l l owing  i r r a d i a t i o n .  There appea r s  t o  

b e  no s e l e c t i v e  n e c r o s i s  of  wh i t e  m a t t e r .  The n e c r o s i s  i s  p r e s e n t  i n  t h e  a r e a s  

o £  maximum dose i nvo lv ing  t h e  i n f e r i o r  p o r t i o n  o f  t h e  unca l  c o r t e x ,  t h e  c o r t e x  

of t h e  temporal  p o l e ,  amygdaloid nuc l eus  and t h e  wh i t e  m a t t e r  immediately a d j a -  

c e n t  t o  t h e  i n f e r i o r  and media l  bo rde r  of t h e  amygdaloid nuc l eus  (F ig .  4 ) .  The 

e x t e n t  of t h e  n e c r o s i s  i s  l e a s t  i n  c a s e  11 ,  a  sma l l  c y s t i c  d e f e c t  0 .5  cm i n  d i -  

ameter  b e i n g  p r e s e n t  on t h e  r i g h t  s i d e  and a  sma l l  a r e a  of  hemorrhage on t h e  ' 
l e f t .  I n  c a s e  14  t h e r e  i s  a  d i s t i n c t  c a v i t y  f i l l e d  wi th  a  g r o s s l y  t a n  t r a n s -  

l u c e n t  g e l a t i n o u s  m a t e r i a l .  F ig .  5  i s  a  photograph of  t h e  g r o s s  specimen of 

c a s e  14. 



Figure 2 .  Small a r t e r i o l e  from uncal cor tex  showing swe l l ing  
of v e s s e l  wal l  with increase  i n  l i g h t  s ta in ing  areas between 
n u c l e i  o f  muscular wal l .  X400 HCE s t a i n .  Case No. 13. 

Figure 3 .  Area of  amygdaloid nucleus showing increase  i n  
number o f  s ta inable  f i b r i l l a r y  as trocytes .  X400 Holzer 
s t a i n .  Case No. 10. 
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Figure 4. Section through an- 
t e r i o r  port ion of amygdaloid 
nucleus showing more macro- 
scopic  features .  "A" is t h e  
superior  port ion of t he  cortex 
of the  temporal pole ,  "B" t h e  
middle port ion,  and "C" t h e  in- 
f e r i o r  portion. "D" is t h e  
amygdaloid nucleus. "E" i e  the 
white matter along t h e  i n f e r i o r  
and medial border of t he  amyg- 
daloid nucleus whiah showed 
markedly increased numbers of 
PAS pos i t i ve  hodiss  i n  cases  
No. 10, 1 2 ,  13, 15 and 16, I n  
these f i v e  cases  area "BN re- 
eeived 5.6 t o  9.3 krads and 
area "EM about 5 krade. X 4  
H&E s t a in .  

Figure 5. Photograph of gross  specimen showing c y s t i c  area of necrosis  involvirg 
t he  cor tex  of the  temporal pole and adjacent underlying t i s sue .  B i l a t e r a l  de- 
pression of t he  temporal poles  following necrosis  has  resu l ted  i n  a s h i f t  of t h e  
cen t e r  of t h e  a rea  of involvement from between 10- and 5-krad l i n e s  t o  between 5- 
and 2-krad l ines .  Case No. 14 
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Microscopically the central cavity of the area of necrosis contains a 

few scattered round cells in a loose palely basophilic network of fibers. At 

several points along the edge of the cystic space there are lakes of eosino- 

philic coagulum with a glassy homogeneous appearance and a few vacuoles. This 

material is PAS positive and generally Alcian blue negative. Most walls of the 

cystic cavity consist of loosely arranged,poorly staining, intermeshing fibers 

in which small round cells, presumably lymphocytes, are focally abundant (Fig. 

6). Next, peripheral to this, is a layer in which there are ghost outlines of 

blood vessels, often with thickened walls. In this area the fibers are more 

compactly arranged and sometimes continuous with the zone of intense astro- 

gliosis which is located next peripherally. Here the walls of blood vessels, 
/ 

particularly small arterioles, show increase in poorly staining area between 

nuclei. Small round cells are often found in the perivascular space (Fig. 7), 

and abundant PAS positive bodies (Fig. 8). Astrocytes with numerous processes 

are seen in this zone and extend peripherally. Many of these astrocytes have 

large vesicular nuclei. The astrogliosis extends furthest peripherally in the 

white matter, but this appears related to secondary degeneration of axis cy- 

linders. Four subdivisions of the areas of cystic necrosis may be recognized 

proceeding from the center peripherally as follows: 
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Figure 8 ,  Photomicrograph of - .  
tissue near area of necrosis (zone 
4). sodies, which are morpho- 
logically corpora amylacea and 
PAS positive, are shown near small .. 
blood vessels, presumably veins, 
at the top of the photograph. 
X230 Luxol fast blue - PAS stain. 
Case No. 14. 

Figure 7. Small ar- 
teriole from tissue 
near necrosis (zone 
4) . Infiltration 
of adjacent areas 
by small round cells 
is moderate. X400 
H&E stain. Case 
No. 14. 



1. Central  c av i ty  containing an occasional round c e l l  in  a very loose 

pa le ly  basophi l ic  network of f i b e r s  (zone 1) . 
2. Focal lakes of eosinophi l ic  coagulum along the  edges of the  cen t r a l  

cav i ty  (zone 2) .  This coagulum i s  Alcian blue negative. 

3 .  Zone 3 cons i s t s  of poorly s t a in ing  f i b e r s  i n  which round c e l l s  may 

be foca l ly  col lected.  I n  addi t ion there  a r e  occasionally groups of 

t yp i ca l  g i t t e r  c e l l s  here.  More compactly arranged f i b e r s ,  i n  which 

ghost ou t l i ne s  of blood vessels  can be  seen, make up t h e  more periph- 

e r a l  p a r t  of t h i s  zone. A few as t rocytes  a r e  recognizable here.  

This zone is 100 t o  300 p thick. 

4. I n  zone 4,  a s t r o g l i o s i s  i s  in tense  cen t ra l ly .  Round-cell i n f i l t r a -  

t i o n  about a r t e r i o l e s  is of ten  present.  PAS and Alciap blue pos i t i ve  

bodies a r e  present  near some small veins. Zone 4 is  0.5 mm t o  4 mm 

thick. 

Case 11 has poor d i f f e r en t i a t i on  between zones 1 and 2, t he  area of 

necrosis  being so small. I n  case 14 the re  a r e  plasma c e l l s  i n  t he  l aye r  of 

pia-arachnoid which fo ld s  i n t o  some areas  of t he  c y s t i c  cavi ty .  

The pia-arachnoid general ly  remains i n t a c t  although i n f i l t r a t e d  by round 

c e l l s .  It was located i n  an area of g r ea t e r  rad ia t ion  exposure than the  under- 

lying cortex and white matter t h a t  have undergone necrosis.  A small p a r t  of the  

molecular l ayer  of t he  cor tex  of ten  remains i n  cont inu i ty  with the pia .  PAS and 

Alcian blue pos i t i ve  bodies a r e  abundant i n  t h i s  remaining supe r f i c i a l  l ayer  of 

t h e  cortex. 

I n  t h i s  s e r i e s  of cases,  p i t u i t a r y  i r r ad i a t i on  was fract ionated over a 

period of time. In  th ree  of t he  four  cases i n  group I t h e  i r r ad i a t i on  was given 

i n  th ree  increments over a 5 day period. I n  a l l  of t he  cases i n  the  remaining 

groups t he  i r r ad i a t i on  was given over an i n t e rva l  of 10 t o  12 days with t he  ex- 

ception of cases  11 and 13. From the  broad groups of cases studied here  no d i f -  

ferences can be observed t h a t  appear r e l a t ed  t o  t he  number of days over which 

the  i r r ad i a t i on  was given. This may be due t o  the sho r t  post- i r radiat ion sur- 

v iva l  of some of these pa t ien ts .  

DISCUSSION 
I n  1943 when Warren (9) reviewed the  ea r ly  experimental work on i r r ad i a -  

t i on  of t he  bra in  it appeared t h a t  t h e  nervous system was r e s i s t e n t  t o  rad ia t ion  

doses below about 5,000 rads. During the  20 years  s ince then, many experiments 

with improved dosimetry have shown t h a t  t h i s  res i s tance  i s  r e l a t i v e  and not ab- 

solute .  I n  t he  more recent  review by Zeman (10) it is s t a t ed  t h a t  between 1,000 

and 3,000 r a re  necessary t o  produce delayed necrosis  of bra in  a f fec t ing  in t e r -  

b t i t i a l  elements. These l a t t e r  doses were based on.experiments i n  which la rge  

areas  of animal bra in  were i r rad ia ted .  
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Figure 9. Isodose curves f o r  a lpha-part ic le  i r r ad i a t i on  ( r i g h t )  
t o  t he  p i t u i t a r y  compared t o  supervoltage X ray ( l e f t ,  v e r t i c a l  
ro t a t i on ,  c i r c u l a r  f i e l d  5 c m  i n  diameter, 2 MeV). MUB-2117 

I n  t h e  present  study only small a reas  of b ra in  received any s ign i f i can t  
r ad i a t i on  exposure. Using alpha-part ic le  rad ia t ion  and ro t a t i ona l  techniques 

t h e  isodose l i n e s  a r e  spaced very c lose ly  so  t h a t  t he  decrease i n  dose is very 

sharp. Thus the dose a t  t h e  medial surface of t he  temporal pole f a l l s  t o  ha l f  
a t  t h e  d i s tance  of 0.6 cm fu r the r  l a t e r a l  (amygdaloid nucleus) , (Fig. 4) .  Fig. 

9 shows isodose curves f o r  2-MeV moving-field X-ray t o  the  p i t u i t a r y  superim- 

posed upon those f o r  a lpha-part ic le  i r rad ia t ion .  The marked d i f fe rences  i n  dose 

d i s t r i b u t i o n  explain t he  more widespread d i f fu se  necrosis  observed by Crompton 

and Layton (11) i n  t h e i r  study of delayed radionecrosis of t he  bra in  following 

p i t u i t a r y  i r r ad i a t i on  f o r  acromegaly. The s i x  cases of group I V  with doses t o  

t h e  cor tex  above 5.5 krads a l l  have many PAS and Alcian blue pos i t i ve  bodies 

about small  blood vessels  unless t he re  is frank necrosis.  Similar  bodies have 

been noted i n  increased numbers about blood vessels  i n  i r r ad i a t ed  r a t  b r a in s  (12) 

and monkey bra ins  (13). Although not  indicated i n  Table 1 ,  t he re  is some granu- 

l a r  PAS pos i t i ve  mater ia l  i n  some of the  g i t t e r  cells of t he  remaining uncal 

cor tex  of t he  cases  which have the frank necrosis.  An occasional as t rocyte  i n  

t h e  cor tex  contains some s imi la r  mater ia l ,  but  t h e  neurogl ia l  cells of the  white 

mat ter  contain none of t h i s  mater ia l .  The mater ia l  i n  g i t t e r  c e l l s  about blood 

vesse l s  i n  t he  white matter is  not s ta ined by the  PAS react ion,  bu t  does s t a i n  

f o r  f r e e  f a t  with Sudan black o r  o i l  red 0. 

The increase i n  t he  number of the  P.RS pos i t i ve  bodies and demyelination 

a r e  t h e  only changes, besides t he  delayed necrosis ,  t h a t  co r r e l a t e  w e l l  with 

r ad i a t i on  dose. 
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Some of these bodies have the  typ ica l  glassy laminated appearance of 

corpora amylacea. Many o thers ,  however, a r e  more homogeneous and t rans lucent ,  

o f ten  with more i r r egu la r  globular  borders. These l a t t e r  bodies a r e  of ten  be- 

tween 5 and 15 p i n  diameter, much smaller than typ i ca l  corpora amylacea, which 

a r e  15 t o  30 p i n  diameter. It is  believed t h a t  corpora amylacea a r e  formed by 

degeneration of as t rocytes  (14). I n  t h e  mater ia l  of t h i s  study the re  appear t o  

be occasional t r a n s i t i o n a l  s tages  between astrocytes  containing a g rea t  dea l  of 

PAS pos i t i ve  mater ia l  and s l i g h t l y  laminated PAS pos i t i ve  spheres,  which a r e  typ- 

i c a l  corpora amylacea. 

Among the  17 cases there  was increase i n  t he  number of s ta inable  as t ro-  

cy tes  and t h e i r  processes with a dose of more than 4.2 krads t o  the c n r t ~ x  and a 
surv iva l  l e s s  than 300 days, The g l i o s i s  of t he  amygdaloid nucleus was g rea t e r  

than o r  equal t o  t h a t  found i l l  t he  grey matter i n  sec t ions  through the  pos te r ior  

p a r t  of t he  hippocampus of t he  same brain.  This mild g l i o s i s  with doses above 

4.2 krads has  a l so  been noted i n  some of the  h i s to log i ca l  sec t ions  from e a r l i e r  

cases no t  included here. The same degree of g l i o s i s ,  however, can be seen when 

cerebrovascular disease is  severe. 

The "vessel  wall swelling" appeared limited t o  the  area of rad ia t ion ,  but  

did not have any cor re la t ion  with dose o r  surv iva l  following i r r ad i a t i on .  Astro- 

cy tes  with la rge  swollen nuclei  were observed i n  two cases  (No. 9 and No. l o ) ,  
Large as t rocytes  were numerous i n  t he  g l i o s i s  surrounding the  areas  of frank ne- 

c r o s i s  i n  t he  cases  of Group I V  and V. 

Janssen e t  a l .  (15) found changes i n  both neurons and as t rocytes  a t  a 

Bragg-peak dose of about 9.0 krads of alpha p a r t i c l e s  i n  r a t s .  A t  a ~ r a ~ ~ - ~ e a k *  

dose of about 4.5 krads,  these inves t iga tors  believed a d e f i n i t e  loss  of some 

nerve c e l l s  and fading of o thers  took place. Fig. 10 from case No. 14 shows ap- 

paren t ly  i n t a c t  nerve c e l l s  only 500 p away from the  area of frank necrosis.  

Some decrease i n  the  number of dend r i t i c  processes of t he  nerve c e l l s a p p e a r s t o  

be presen t ,  but  t h i s  is  d i f f i c u l t  t o  evaluate because of t h e  g rea t  var ia t ion  of 

t he  co l lec t ions  of neurons i n to  small groups i n  t h i s  area of t he  cortex. A l -  
I 

though it has been assumed i n  t he  preceding discussion t h a t  the  dose delivered 

t o  t he  surface of t he  temporal lobe (molecular l ayer  of cor tex)  is  the  dose e f -  

f ec t i ve  i n  producing changes, t h i s  approximation is probably higher than the  

ac tua l  e f f ec t i ve  dose. The dose received by the  i n t e rna l  pyramidal l ayer  a t  a 

d i s tance  of about 3 mrn from the  surface is only about 75% of t he  surface dose. 

This would mean t h a t  case No. 15, which has an estimated dose of 7.8 krads a t  

t he  surface of t he  cortex,  would have 5.8 krads a t  t he  i n t e rna l  pyramidal layer.  

This br ings  t he  dose received f o r  a l l  cases  except those of group V c lose  t o  

* The Bragg-peak port ion of t he  ionizat ion produced i n  t i s s u e  has a 
grea te r  r e l a t i v e  biologic  e f f e c t  due t o  higher l i n e a r  energy t r a n s f e r  (16, 17 ) .  
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Figure 10. Photomicrograph of area located 
500 p from the frank necrosis (outer zone 4). 
The necrosis was to the left of this field. 
Axons appear intact although dendrites appear 
redueed in number. XlOO Silver impregnation 
for nerve cell processes by a modified Cajal 
technique. Case No. 14, 

that responsible for the earlieet nerve cell changes, as seen in the rat by 

Janssen et al. (15) . 
The presence of increased numbers of PAS positive bodies or corpora 

amylacea, astrogliosis and the swelling of vessel walls all indicate the vascuo- 

astrocytic unit as the histolc+gical component of brain most vulnerable to radia- 

tion damage. Others have come to similar conclusions (18) . Whether the effect 
is on the verseel wall with secondary effects on the astrocyte through their foot 

plates or primartly on the astrocyte is not determined. 

Several of the cases in this group had shown clinical signs oP cranial 

nerve damage. [As notett in reference (7) the doses now used no longer result in 

the cranial-nerve or temporal-lobe complications.) Case No. 1 had vague ocular 
symptoms more suggrstive of a Homer's syndrome due to tumor metastases rather 

than due to radiation cranial nerve damage. Examination by our ophthalmologist 

failed to show any evidence of cranial nerve damage. Case 80. 11 had some tran- 

sient but well substantiated evidence of oculoreotor nerve damage. This case had 

some frank necrosis in the temporal lobes. Case number 17 had very extensive 

and permanent clinical evidence of cranial nerve damage. Symptoms consisted of 

blurring of vision, double vision and then loss of vision in the left eye. On 
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examinat ion t h e r e  was p t o s i s  of  t h e  l e f t  e y e l i d ,  l o s s  of  a l l  e x t r a o c u l a r  move- 

ments excep t  f o r  l a t e r a l  r e c t u s  f u n c t i o n ,  and p a r a l y s i s  o f  t h e  p u p i l s :  t h e s e  

changes were most marked and appeared e a r l i e s t  on t h e  l e f t ,  a t  two months 

fo l lowing  i r r a d i a t i o n .  There was n e c r o s i s  i n  bo th  tempora l  l obes  of t h e  au topsy  

specimen o f  c a s e  17.  

Symptoms a t t r i b u t a b l e  t o  l e s i o n s  i n  t h e  tempora l  l o b e  of  t h e  b r a i n  a r e  

d i f f i c u l t  t o  e v a l u a t e  and a r e  u s u a l l y  vague. One p a t i e n t  ( c a s e  No. 14)  develop-  

ed s e v e r e  ep i sodes  of i n a t t e n t i o n  s u g g e s t i v e  of  what i s  sometimes d e s c r i b e d  a s  a  

Kluver-Bucy syndrome, b u t  t h e s e  ep i sodes  g r a d u a l l y  aba t ed .  There was some f r a n k  

n e c r o s i s  i n  t h e  tempora l  l obe  of  t h i s  c a s e .  The o t h e r  two c a s e s  showing 

n e c r o s i s  i n  t h e  tempora l  l obe  had no symptoms a t t r i b u t a b l e  t o  t h e  l e s i o n .  

I n  none of  t h e s e  c a s e s  was c l i n i c a l  ev idence  of c r a n i a l  n'erve damage 

p r e s e n t  w i thou t  n e c r o s i s  be ing  found i n  t h e  tempora l  l obes .  C l i n i c a l  s i g n s  and 

symptoms o f  oculomo~tor  ne rve  damage have  been t r a n s i e n t ,  b u t  n e c r o s i s  h a s  been 

found t o  i nvo lve  a  sma l l  a r e a  o f  t h e  tempora l  p o l e  i n  t h e  au topsy  specimen. 

However, when p e r s i s t i n g  s i g n s  of c r a n i a l  ne rve  damage from r a d i a t i o n  a r e  p r e s e n t ,  

n e c r o s i s  i s  always found i n  t h e  tempora l  p o l e  i n  t h i s  p r e l i m i n a r y  s e r i e s  of 17 

c a s e s .  

The p re sence  of  many lymphocytes about  v e s s e l s  and around t h e  a r e a  o f  

n e c r o s i s  suggesLs a L i s sue -g ra f t  r e a c t i o n .  T h i s  could  b e  accounted f o r  on t h e  

b a s i s  o f  a  breakdown o f  t h e  blood b r a i n  b a r r i e r  w i th  exposure  t o  normal ly  i s o -  

l a t e d  t i s s u e  components ( e s p e c i a l l y  l i p o p r o t e i n s )  t o  t h e  immunological ly compe- 

t e n t  c e l l s  of t h e  body. The h i s t o p a t h o l o g i c a l  f i n d i n g s  of de layed  r a d i o n e c r o s i s  

of b r a i n  have sugges ted  a  s i m i l a r  mechanism t o  o t h e r  o b s e r v e r s  ( 1 0 ) .  

SUMMARY 
I n  s t u d i e s  of  h i s t o p a t h o l o g i c a l  changes i n  b r a i n  a f t e r  h e a v y - p a r t i c l e  i r -  

r a d i a t i o n ,  t h e  fo l lowing  o b s e r v a t i o n s  were made: 

1. The t h r e s h o l d  f o r  obse rvab le  r a d i a t i o n  change i n  t h e .  cerebrum was 

about  4.0 k r a d s  i n  11 days  of  a l p h a - p a r t i c l e  i r r a d i a t i o n  i n  a  s e r i e s  of 17, c a s e s .  

B e t t e r  c o r r e l a t i o n  was found wi th  an exposure  of  more t han  5.5 k rads .  

2 .  The changes a t  t h e  dose  l e v e l s  of 4  t o  9  k r a d s  i n  11 days  appear  r e -  

l a t e d  t o  a l t e r a t i o n s  i n  t h e  v a s c u l o a s t r o c y t i c  u n i t ,  w i th  e a r l y  s w e l l i n g  of c e l l s  

of  t h e  v e s s e l  w a l l s ,  p a r t i c u l a r l y  of  t h e  sma l l  a r t e r i o l e s .  A s t r o g l i o s i s  was 

seen  e a r l y  b u t  was n o t  a  prominent  f e a t u r e .  I n c r e a s e  i n  t h e  number of PAS p o s i -  

t i v e  b o d i e s  was noted  wi th  a  5.6- t o  9-krad exposure .  

3 .  No d ' e f i n i t e  change could  b e  noted i n  t h e  nerve  c e l l s  i n  t h e  dose  . 

range  of 4 t o  9  k r a d s .  

A g r a f t  r e j e c t i o n  t y p e  r e a c t i o n  i s  sugges ted  t o  account  f o r  t h e  de layed  

n e c r o s i s  of b r a i n  which occurred  a t  doses  above 6.0 k r a d s  w i th  a  s u r v i v a l  of 

over  1 , 0 0 0  days.  
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The r e s u l t s  of many a t tempts  t o  f i n d  e f f e c t s  of magnetic f i e l d s  a r e  con- 

t r o v e r s i a l .  I n  t h e  c u r r e n t  paper t h e  author  demonstrated t h e  modifying e f f e c t  

of a cons tan t  magnetic f i e l d  on t h e  course of wing development of Tribolium 

conf usum. 

I n  1961, Amer e t  a l .  (1 ,2 ,3 ,4 )  repor ted t h e  f i n d i n g  of e x i s t i n g  syn- 

e r g i s t i c  actiorl between r e l a t i v e l y  e leva ted  temperatures and X i r r a d i a t i o n  i n  

t h e  induc,tion of wing abnormality i n  t h e  course  of development of Tribolium 

confusum. The spontaneous incidence of wing abnormality when t h e  pupae a r e  in- 

cubated a t  30°c i s  1.5% ? 0 -5.  Incubation a t  38Oc r e s u l t s  i n  4.5% 2 1.5 in- 

cidence of such deformi t i es  ( 5 ) .  However, i n  t h e  study it was found 

t h a t  pupae incubated a t  38Oc i n  a magnetic f i e l d  of 3.6 kG e x h i b i t  only 2.7% 

f 0.9 wing abnormality i n  t h e  a d u l t  s t a g e  (Table 1). '1t was t h e r e f o r e  of in -  

t e r e s t  t o  s tudy t h e  behavior of synergism, e . , X  i r r a d i a t i o n  combined w i t h .  

e leva ted  temperatures,  when magnetic f i e l d s  were superimposed on such a condi- 

t i o n .  

Pupae of Tribolium confusum were i r r a d i a t e d  wi th  1,200 r of 250 kVp X 

rays  (1,000 r/min) . Seven minutes a f t e r  i r r a d i a t i o n ,  one group of t h e  i r r a -  

d i a t e d  animals was placed i n  g l a s s  v i a l s  between t h e  po les  of a permanent mag- 

n e t  with a f i e l d  i n t e n s i t y  of 3.6 kG; t h e  animals were i n  t h e  uniform and con- 

s t a n t  por t ion  of t h e  f i e l d .  The o t h e r  group was placed between t h e  po les  of a 

dummy magnet of t h e  same geometry and served a s  c o n t r o l .  Both groups were in -  

cubated,  i n  t h e  same incubator ,  a t  38Oc ? 0.5. Af te r  seven days, t h e  a d u l t s  

t h a t  emerged were removed from t h e  magnetic f i e l d ,  and t h e  number of wing ab- 

normal i t i e s  was counted. The r e s u l t s  a r e  given i n  Table 2. The experiment 

was repeated s i x  t imes.  

I n  o rder  t o  s tudy t h e  e f f e c t  of v a r i a t i o n s  of the  i n t e n s i t y  of t h e  mag- 

n e t i c  f i e l d ,  pupae were i r r a d i a t e d  wi th  1,200-r X r ays  of t h e  s p e c i f i c a t i o n s  

mentioned above and incubated a t  38Oc i n  a magnetic f i e l d  of 2.2 kG. The 

r e s u l t s  a r e  shown i n  Table 3. The e f f e c t  of a given magnetic i n t e n s i t y  a s  

a-function of dose was s tud ied  when t h i s  experiment was repeated wi th  a dose 

of 1,350 r. I t  was i n t e r e s t i n g  t o  f i n d  t h a t  t h e  inc rease  i n  t h e  dose admin- 

i s t e r e d  r e s u l t e d  i n  a decrease  i n  t h e  degree of modif icat ion 'of t h i s  p a r t i c u l a r  

5 5 



MODIFICATION OF RADIATION EFFECTS 

Table 1. 3.6 kG + 38OC 

Treatment Normal Abnormal Molting f a i l u r e  % Abnormal 

B* 207 6 

Control  221 11 

*B i s  t h e  magneto-treated group. 

- 

Table .  2. 3.6 kG -I- 38OC + 1,200 r 

Treatment % Normal % Abnormal Number of animals 

R 54.8 f 8.7 45,2 2 9.2 

Control  1A.9 ? 7 .3  81.1 f 10.5 

Table 3. 2.2 kG + 38OC + 1,200 r 
- -  - 

Treatment % Normal % Abnormal Number of animals 

B 44.3 k 6.8 55.3 f 8.3 

Control  16.0 f 9.4 83.1 f 8.9 

Table 4. 2.2 kG + 38OC + 1,350 r 

Treatment % Normal % Abnormal Number of animals 

B . 15.0 2 4.8 85.0 5 5.4 

Control  0.9 f 0.05 99.1 2 0.6 

Table 5. 9.7 kG + 30°C + 1,500 r *  

Treatment % Normal % Abnormal, Number of animals 

B 

Control  

*Results  from one experiment only.  
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rad ia t ion  e f f e c t  when compared with the degree of modification a t  1,200 r. 

(Table 4).  

The next s t ep  was t o  f i nd  whether the modifying e f f e c t  obtained with 

magnetic f i e l d s  holds f o r  incubation a t  optimal temperature (30°c), i.e_., in- 

ves t iga t ing  the  e f f e c t  of magnetic f i e l d s  outside the region of synergism. 

The above mentioned experiments were repeated with the same parameters, with 

the exception t h a t  incubation was a t  30°c instead of 38O~.  Neither of the ex- 

periments showed any s t a t i s t i c a l l y  d i f f e r e n t  behavior from t h a t  of the corre- 

sponding control .  

However, pupae t r ea t ed  with 1,500 r of X rays worc divided i ~ ~ t u  t w o  

groups. One group was incubated a t  30°c i n  a magnetic f i e l d  of 9.7 kG; the  

other  group was incubated a t  the same temperature between the poles of a dummy 

magnet of the same geometry as  the 9.7-kG magnet. The r e s u l t s  a r e  given i n  

Table 5. This experiment was performed only once, but the author intends t o  re-  

peat  it. 

In a l l  experiments, it was noticed t h a t  the wing abnormality i n  the group 

exposed t o  the magnetic f i e l d  was of a l e s se r  degree of i n t ens i ty  i n  comparison 

with the  deformed wings of the cont ro l  group. From the data  obtained, the f o l -  

lowing conclusions could be made: 

1. A t  a given temperature and X-ray dose, a higher magnetic f i e l d  pro- 

duced r e l a t ive ly  g rea t e r  pro tec t ive  e f f e c t .  

2. Magnetic f i e l d  has a s ign i f i can t ly  decreasing e f f e c t  on spontaneously 

occurring wing abnormality a t  3 8 q ~  but  no t  a t  30°c, where very few abnormalities 

a r e  found. 

3. Post- i r radiat ion protect ion by magnetic f i e l d s  i s  much more marked a t  

38O~ than a t  30°c. A t  3 8 O ~  the e f f e c t  was s ign i f i can t  a t  2.2 and 3.6 kG and a t  

each X-ray l eve l  tes ted ;  whereas, a t  30°c the  2.2-and 3.6-kG pupae exposed t o  ' ' 

rad ia t ion  did not show any e f f e c t  a t  a l l .  However, there was a small p ro tec t ive  

e f f e c t  a t  the f i e l d  of 9.7 kG. 

We conclude from t h i s  t h a t  pos t - i r rad ia t ion  magnetic f i e l d  protect ion i s  

most e f f ec t ive  where synergism between X ray and temperature occurs. It i s  

possible  t h a t  the protect ion ac t s  not on the primary X-ray les ions ,  but on i ts 

development by temperature. A de ta i led  study involving metastable s t a t e s ,  f r e e  

rad ica ls ,  and so l id - s t a t e  e f f e c t s  i s  planned i n  order  t o  a r r ive  a t  a possible  

explanation f o r  these f indings which a r e  s t a t i s t i c a i l y  s ign i f i can t .  
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I f  a  p o p u l a t i o n  o f  c e l l s  is  exposed t o  a  d o s e  r of  r a d i a t i o n ,  a  number 

o f  them shows a  c e r t a i n  e f f e c t .  By i n c r e a s i n g  t h e  d o s e  from r t o  r + d r  and by  

o b s e r v i n g  o n l y  t h a t  p a r t i c u l a r  e f f e c t ,  t h e  f r a c t i o n  of c e l l s  a f f e c t e d  by  t h e  

r a d i a t i o q  is  i l l c r e a s e d  b y  t h e  q u a n t i t y  x ( r ) d r ,  where x  ( r )  i s  a  f u n c t i o n  of  r ,  

d e f i n e d  and c o n t i n u o u s  i n  t h e  i n t e r v a l  0 s  r < + a. The f r a c t i o n  o f  ce l ls  cumu- 

l a t i v e l y  a f f e c t e d  by  a  d o s e  r is  Jz x ( p ) d p ;  a s  

l i m  J o r x ( p ) d p  = 1 ,  
r+ m 

t h e  f r a c t i o n  o f  c e l l s  saved  b y  t h e  same d o s e  r i s  x ( p ) d p  = 1 - x ( p ) d p .  

I f  t h e  number o f  c e l l s  a f f e c t e d  b y  an i n f i n i t e s i m a l  i n c r e a s e  d r  o f  t h e  d o s e  is  

p r o p o r t i o n a l  n o t  o n l y  t o  d r ,  b u t  even  t o  t h e  number o f  n o n a f f e c t e d  c e l l s ,  we s a y  

t h a t  t h e  c e l l s  a r e  formed,  i n  r e s p e c t  t o  t h e  p a r t i c u l a r  e f f e c t  w e  a r e  o b s e r v i n g ,  

b y  one  compartment (1) . 

T h e r e f o r e  a  compartment is  a  s y s t e m  such  t h a t  t h e  e q u a t i o n  

h o l d s .  

S o l v i n g  e q u a t i o n  2 )  w i t h  c o n d i t i o n  1 1 ,  o n e  o b t a i n s  

3 
- K r  

x ( r )  = K e . 

We c a n  suppose  a  c e l l  formed b y  two compartments  1 and 2 ,  t h e  p a r t i a l  

damage i n  each  o f  them b e i n g  d e s c r i b e d  b y  t h e  e q u a t i o n s  

r 
= K1 - Jo x l ( p ) d p ]  d r ,  

i d e n t i c a l  t o  e q u a t i o n  2 )  o f  t h e  one-compartment c e l l s ;  f u r t h e r m o r e  t h e  damage t o  

t h e  whole  c e l l  may b e  t h e  r e s u l t  o f  

59 
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a )  b o t h  compartment 1 AND compartment 2 b e i n g  a f f e c t e d ;  

b )  e i t h e r  compartment 1 OR compartment 2 be ing  a f f e c t e d .  

The s t r u c t u r e  of  t h e  c e l l  of t h e  t y p e  a )  can  b e  r e p r e s e n t e d . b y  t h e  sym- 

b o l  1A2; t h e  s t r u c t u r e  of  t h e  c e l l  o f  t h e  t y p e  b )  can  b e  r ep re sen ted  by  t h e  sym- 

b o l  1V2 (V s t a n d s  f o r  VEL = O R ) .  

The damage t o  a  c e l l  w i th  t h e  s t r u c t u r e  1A2 is  desc r ibed  by t h e  .expres- 

s ion  

t h e  damage t o  a  c e l l .  w i th  t h e  s t r u c t u r e  1.V2 is d e s c r i b e d  by t h e  e x p r e s s i o n  

r 
xlV2 ( r ) d r  n i r l  ( r ) d r  3. x2 (r)dr - [lo yn  ( r -p )x2  ( p ) d p ]  d r .  

From t h e  express ' ions  4 )  and 5) we can  deduce t h a t  t h e  s t r u c t u r e s  1 A 2  and 

2A1 a r e  e q u i v a l e n t ,  and s o  a r e  t h e  s t r u c t u r e s  1V2 and 2V1. 

We can  now suppose a  c e l l  formed by t h r e e  compartments. These s t r u c -  

t u r e s  a r e  p o s s i b l e :  

(1A2)A3 (1A3) A2 (2A3) A 1  

(1A2) V3 (1A3)V2 (2A3) V 1  

(1V2)A3 (1V3 ) A2 (2V3) A 1  

(IV2)V3 (1V3) V2 (2V3) V l  

But some of them a r e  e q u i v a l e n t ;  s o  t h e  on1.y d i f f e r e n t  s t r u c t u r e s  w i th  t h r e e  

compartments a r e :  

1 ~ 2 A 3  

(1A2)V3 (1A3 ) V2 (2A3) V 1  

(1V2)A3 (1V3)A2 (2V3 ) A 1  

1V2V3 

By i n c r e a s i n g  t h e  number of compartments, t h e  number of  s t r u c t u r e s  in-  

c r e a s e s  ve ry  r a p i d l y .  

A convenient  way t o  r e p r e s e n t  t h e  s t r u c t u r e  of a  c e l l  is  by means of an 

o r i e n t e d  graph  ( 2 ) .  Each compartment i s  r ep re sen ted  by an a r row;  two compart- 

ments connected-by t h e  o p e r a t i o n  A a r e  r e p r e s e n t e d  by connect ing  t h e  t e r m i n a l  

p o i n t  of  an arrow t o  t h e  i n i t i a l  p o i n t  of  t h e  o t h e r  arrow, t h e  o r d e r  of  t h e  two 

ar rows  b e i n g  i r r e l e v a n t ;  two compartments connected by  t h e  o p e r a t i o n  V a r e  rep-  

r e s e n t e d  by  connect ing  t h e  two i n i t i a l  p o i n t s  and ,  s e p a r a t e l y ,  t h e  two t e r m i n a l  

p o i n t s .  The groups  of  two arrows s o  ob ta ined  a r e  t r e a t e d  a s  s i n g l e  arrows and 

a r e  combined a g a i n ,  and s o  a r e  t h e  groups  of  t h r e e  o r  more 'arrows, u n t i l  a  

s i n g l e  g roup ,  w i t h  one i n i t i a l  p o i n t  and one  t e r m i n a l  p o i n t ,  is  ob ta ined .  
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F igu re  1. Graphs of a l l  
p o s s i b l e  three-compartment 
systems.  MU-31344 

For  example, t h e  three-compartment s t r u c t u r e s  l i s t e d  b e f o r e  a r e  r e p r e -  

s en t ed  by t h e  graphs  of F ig .  1. 

I n  a g raph ,  a path i s , d e f i n e d  a s  a succes s ion  of a r rows ,  such t h a t  t h e  

i n i t i a l  p o i n t  of  t h e  f i r s t  arrow is  t h e  i n i t i a l  p o i n t  of t h e  g raph ,  t h e  i n i t i a l  

po in t  of each of t h e  o t h e r  a r rows  is  t h e  t e r m i n a l  p o i n t  of  t h e  p reced ing  arrow, 

and t h e  t e r m i n a l  p o i n t  of t h e  l a s t  arrow is  t h e  t e r m i n a l  p o i n t  of t h e  g raph .  

For  i n s t a n c e , t h e  graph  of F ig .  2 ,  r e p r e s e n t i n g  t h e  seven-compartment sys-  

tem ' ( [  ( a ~ b ) V ( d ~ e A f )  ] A C ) V ~ ,  h a s  t h r e e  d i f f e r e n t  p a t h s  : g ,  a-b-c, d-e-f-c. 

From t h e  d e f i n i t i o n  of p a t h ,  t h e  r u l e  fo l l ows :  

A system is  a f f e c t e d  when a t  l e a s t  a l l  compartments cor responding  t o  a pa th  of 

i t s  graph a r e  a f f e c t e d .  

I n  t h e  l a s t  example, t h e  e f f e c t  i n  t h e  system is  observed when a t  l e a s t ,  

t h e  compartment g ,  o r  t h e  compartments a and b and c ,  o r  t h e  c ~ m p a r t m e n t s  d and 

e and f and c a r e  a f f e c t e d .  

The c a l c u l a t i o n  of  t h e  f u n c t i o n  x ( r )  f o r  any  system is  easy  by us ing  t h e  

Mikusinski  ope r , a t i ona l  c a l c u l u s  ( 3 )  . 

For  a compartment t h e  f u n c t i o n  3 )  is  w r i t t e n :  

6 [x]  = K / ( S  + K )  

and t h e  e x p r e s s i o n s  4 )  and 5) : 
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F igu re  2 .  Graph of t h e  
system 

( [ ( a ~ b )  v ( d ~ e ~ f )  ] ~ c ) V g .  

MU-31342 

A s  a l l  t h e  (x) a r e  meromorphic f u n c t i o n s  i n  s ,  t h e  d i f f e r e n c e  between 

t h e  d e g r e e  of t h e  denominator  and t h e  deg ree  of t h e  numerator  i n  t h e  f u n c t i o n  

r e s u l t i n g  from o p e r a t i o n  7 )  i s  equa l  t o  t h e  sum of t h e  d i f f e r e n c e s  i n  t h e  two 

component f u n c t i o n s ;  and t h e  d i f f e r e n c e  between t h e  deg ree  of  t h e  denominator  

and t h e  d e g r e e  of t h e  numerator  i n  t h e  f u n c t i o n  r e s u l t i n g  from o p e r a t i o n  8 )  is  

e q u a l  t o  t h e  s m a l l e s t  d i f f e r e n c e  i n  t h e  two component f u n c t i o n s .  It fo l lows  

t h a t  t h e  d i f f e r e n c e  between t h e  d e g r e e  of t h e  denominator  and t h e  deg ree  of t h e  

numerator  of t h e  f u n c t i o n  [x) of a  multi-compartment system is  e q u a l  t o  t h e  num- 

b e r  of  a r rows  composing t h e  s h o r t e s t  pa th  of i t s  graph.  

For  t h e  same r ea son ,  t h e  c o e f f i c i e n t  of t h e  te rm wi th  t h e  h i g h e s t  deg ree  

i n  s i n  t h e  numerator of  t h e  f u n c t i o n  (x) is equa l  t o  t h e  p roduc t  of t h e  

c o n s t a n t s  K of t h e  compartments cor responding  t o  t h e  s h o r t e s t  pa th  of t h e  g raph ,  

o r  t o  t h e  sum of such p r o d u c t s ,  i f  t h e r e  a r e  two o r  more p a t h s  w i th  t h e  same 

minimum number of arrows.  

A s  an example, suppose t h e  f u n c t i o n  

is  found expe r imen ta l l y ,  .where S  i s  t h e  f r a c t i o n  of c e l l s  s u r v i v i n g  a  dose  r. 

A s  
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Figure 3. Two possible structures for the system 
whose function is (x]=(3s+2)/(s+l) (s+2). 

(a) 1V2 (b) lV(2A3) 

(x11= l/(s+l) (xl')= 3/(s+3) 

Cx21= 2/(s+2) (x2)= l/(s+l) 

Ix31= 2/(s+2) 

therefore 

The difference of the degrees is 1, therefore the shortest path i~ 

formed by one arrow; if we suppose there are two paths of one arrow, then 

3 = K  + K 2 = 1 + 2 ,  1 

and the corresponding graph is illustrated in Fig. 3a. 

If we suppose there is only one path of one arrow, it corresponds to the 

compartment whose function is [xl) = 3/(s + 3) ; operating the inverse of the 
operation 8) on (x) and (xl), we obtain the function 

corresponding to two compartments; the resulting graph is illustrated in Fig. 

3b. 
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Operational Calculus in Two  Variables 
p * L ; i * I Z * a & : - -  

\ 

Aldo Rescigno 

'Many a p p l i c a t i o n s  were found i n  b i o l o g y  f o r  t h e  convo lu t ion  i n t e g r a l .  

~ : a ( t - r ) b ( r ) d ~  ( s e e  f o r  i n s t a n c e  Branson (1). Rescigno and Segre  ( 2 ) .  Stephenson 

( 3 ,  Z e r e r  4 Using t h e  two o p e r a t i o n s  of a d d i t i o n  and convo lu t ion ,  

Mikus inski  ( 5 )  developed an a l g e b r a ,  t h a t  can a l s o  b e  a p p l i e d  t o  b i . n log ica1  

problems,  Rescigno ( 6 , 7  ) . 

I f  a  and b.  a r e  f u n c t i o n s  of  two v a r i a b l e s  u  and v,  t h e  i n t e g r a l  

1) 

w i l l  b e  found i n  many problems invo lv ing  l i n e a r  p a r t i a l  d e r i v a t i v e  e q u a t i o n s  

w i th  two v a r i a b l e s .  An a l g e b r a  us ing  t h e  a d d i t i o n  and t h e  . two-var iab le  convo- 

l u t i o n  a s  i t s  fundamental  o p e r a t i o n s ,  may b e ' o f  g r e a t  h e u r i s t i c  va lue  i n  many 

b i o l o g i c a l  problems,  and may e a s i l y  b e  extended t o  f u n c t i o n s  wi th  any nm&er .o f  

v a r i a b l e s .  

Le t  a  ( u ,  v) , b ( u ,  v) , c ( u ,  v)  , . . . , b e  cont inuous  f u n c t i o n s ,  de f ined  f o r  

any nonnegat ive va lue  of t h e  v a r i a b l e s  u  and v. The e lements  { a ) ,  { b ) ,  { c ) ,  

. 6., and t h e  o p e r a t i o n s  

{a} + { b )  = {a + b }  

form a  commutative ring. To prove  t h i s ,  i t  i s  s u f f i c i e n t  t o  v e r i f y  t h a t  t h e  

i n t e g r a l  1) h a s  t h e  p r o p e r t i e s  of  commuta t iv i ty ,  a s s o c i a t i v i t y  and d i s t r i b u t i v i t y  

w i th  r e s p e c t  t o  a d d i t i o n .  

The equa t ion  . [ a ) .  (b)=[O) i m p l i e s  a  ( u ,  v )=0  o r  b ( u ,  v)=O. The proof o f  

t h i s  theorem w i l l  b e  pub l i shed  e l sewhere .  Because of  t h i s  theorem, we can de-  

f i n e  a  f i e l d  whose e lements  a r e  r e p r e s e n t e d  by two f u n c t i o n s  s e p a r a t e d  by a  b a r :  

[ a ) / [ h ) ,  { c ) / [ d ] ,  ..., and whose t w o  o p e r a t i o n s  a r e  de f ined  by  

65 
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Eal ( c )  l a ) -  Ccl - - . - -  
Cbl [ d l  C b l - ( d l  

w i th  t h e  c o n d i t i o n  t h a t  t h e  f u n c t i o n  benea th  t h e  b a r  b e  n o n i d e n t i c a l l y  ze ro .  A s  

a  consequence 

(a1  ' ( c )  
--. ,= - i f  and o n l y  i f  ( a ) -  [ d )  = ( b )  [ c )  . 
Ibl ( 4  

I n  t h i s  f i e l d  we can  i n c l u d e  any element  f o r  which t h e  two o p e r a t i o n s  4 )  

and 5) a r e  s u f f i c i e n t l y  d e f i n e d ;  t h i s  i s  t h e  c a s e ,  i n  p a r t i c u l a r ,  f o r  t h e  e l e -  

ments  of  t h e  r i n g .  The e lement  (1) i s  e s p e e i a l l y  impurtcr~l l ,  because 

Two e lements  p and q  c a n  b e  d e f i n e d ,  such t h a t  

a s  a  consequence 

I f  a ( u )  and b ( u )  a r e  two f u n c t i o n s  of  t h e  v a r i a b l e  u  a l o n e ,  t h e n ,  f o r  

t h e  4 ) :  

and f o r  t h e  5) : 

( a ( u ) )  ( b ( u ) )  ( a ( u )  ) - ( b ( u )  3 (loua (u-x)b  ( X I  dx] -.-- - - - 
q  q  q.q q  

T h e r e f o r e  f o r  an element  such a s  ( a ( u )  )/q, t h e  r u l e s  o f  t h e  one v a r i a b l e  opera-  

t i o n a l  c a l c u l u s  app ly ;  w e  can i n t r o d u c e  t h e  n o t a t i o n  

( a  (u )  1 
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For  t h e  same reason  we can p u t  

( a  ( v )  1 -- , - [a(.) ] 
P. 

f o r  any f u n c t i o n  a  ( v )  of  t h e  v a r i a b l e  v. 

I f  a and f3 a r e  c o n s t a n t s ,  t h e  4 )  and t h e  5) a r e  

(a1 CB1 ( 1 3 - I a 3  + (11.  1 ~ 1  , ( a  + PI - + =  - - . 
111 (13 113.111 (11 

( a )  [ P )  ( c 1 ; a ~ d x d y 1  - . - -  - = .  
(13 111 C13-[11 (11 

t h e r e f o r e  f o r  an element  such a s  ( a ) / [ l ) ,  t h e  r u l e s  of t h e  a r i t h m e t i c  app ly ;  we 

can  i n t r o d u c e  t h e  n o t a t i o n  

( a l / [ l )  = a. 
Because 

and because  of 71, we can  w r i t e  

jaza i } } = a , }  - { a ( u , ~ J  - l a ( 0 . v ) )  L + / 1 I :  a ( O t O ) (  

I n t r o d u c i n g  t h e  new e lements  r and s such t h a t  

t h e  p r e v i o u s  r e l a t i o n  can  b e  w r i t t e n  

I n  t h e  same way we can o b t a i n  
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Many other elements and relations can be introduced, making this calculus 

a powerful tool for the solution of problems related to two-variable linear sys- 

tems. 

A similar calculus, but based on the Laplace-Carson transform, and there- 

fore valid for a more limited class of functions, was developed by Ditkin and 

Prudnikov (8). 
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Howard C. Me1 

Blood-cell sedimentation has been observed f o r  more than 2,500 years and 

studied qu 'mt i t a t i ve ly  f o r  more than 200 years (1). Yet many physical as  wel l  

as  b io logica l  aspects of t h i s  phenomenon remain poorly understood today. Par t ly ,  

the complications a r e  those i n  common with c e l l  sedimentation i n  general ( 2 ) ,  

pa r t l y ,  they seem pecul iar  t o  these pa r t i cu l a r  c e l l s  t h a t  can s t i c k  together ,  

form rouleaux, and otherwise i n t e r a c t  i n  ways s t i l l  being elucidated cur ren t ly  

(3,4). This phenomenon i s  of both ana ly t i ca l  and preparat ive i n t e r e s t .  The 

medical diagnost ic  value of the "blood sedimentation" t e s t  i s  indisputable.  How- 

ever,  the dependence of the r e s u l t s  on the d e t a i l s  of the  t e s t  procedure used is 

w e 4 1  R i i o w l ~  (1 ,5)  . Furthermore, the usual time-average sedimentation r a t e s ,  

measured on concentrated blood-cell suspensions, should not  be considered char- 

a c t e r i s t i c  of individual  noninteracting c e l l s .  

Centrifugal techniques, i n  a  g r e a t  va r i e ty  of forms often involving den- 

s i t y  grad ien ts ,  a r e  most common f o r  separating blood and bone-marrow c e l l s  (6,7, 

8 ) ;  When c e l l s  a r e  banded i n  known densi ty  gradients ,  t h i s  approach can a l s o  

provide ana ly t ica l  information, i . e . ,  c e l l  densi ty ,  but  f o r  c e l l s  and similar.  

objects ,  "density" o r  "s ize" a r e  f a r  from unambiguous i n  meaning. The widely 

accepted viewpoint about d i f f e r e n t i a l  c e l l  sedimentation i s  t h a t  c e l l  densi ty  

ra ther  than s i z e  i s  the determining f ac to r .  I t  has even been e x p l i c i t l y  s t a t e d  

i n  the l i t e r a t u r e  t h a t  individual  c e l l s  do not sediment ( f l o a t )  and separate  

according t o  s i z e  ( 9 ) .  It has a l so  been reported t h a t  c e l l s  cannot be separated 

i n  a  densi ty  gradient  by sedimentation under grav i ty  alone, but  only under high- 

e r  cen t r i fuga l  f i e l d s  ( 8 ) .  

The purpose of t h i s  paper i s  t o  discuss the  d i f f e r e n t i a l  sedimentation 

leading t o  separat ion of the nonnucleated and nucleated c e l l s  i n  bone marrow. 

This sedimentation process, which takes place i n  a  continuously flowing system 

under 1 g only, i s  believed t o  depend s trongly on c e l l  s i ze .  It r e s u l t s  i n  ap- 

parent ly anomalous sedimentation behavior of the red and white c e l l u l a r  compo- 

nents a s  ~'-i%borated below. 
6 9 



SEDIMENTATION PROPERTIES OF BONE-MARROW CELLS 

MATERIALS AND METHODS 
A suspension of s ing le  marrow c e l l s  i s  mechanically prepared as  follows. 

Male, Long Evans r a t s  of approximately 200-9 body weight a re  exsanguinated by 

decapi tat ion,  and the  s i x  long bones--femur, t i b i a ,  and humerus--are removed. 

Both ends of each bone a re  punctured with a No. 18 hypodermic needle, and the 

marrow i s  forced out i n  chunks o r  i n  a plug with 3 t o  4 cc of ch i l l ed  i so tonic  

s a l ine .  The l iqu id  and marrow a r e  poured i n t o  the b a r r e l  of a 10-cc p l a s t i c  

syr inge f i t t e d  in  the bottom with s t a i n l e s s  wire mesh of No. 60 guage. The 

plunger i s  replaced i n  the  b a r r e l  and the mixture gingerly expelled i n t o  a small 

beaker, keeping the  syringe t i p  under the surface of the  l iqu id .  The suspension 

i s  sucked up and expelled Lhree times, then f i l t e r e d  through a Nylon mesh bag 

(No. 9331 MBCO Disposable F i l t e r ,  Macalaster s i ckne l l  Co., Cambridge, Mass.). 

The remaining clumps of c e l l s  a r e  broken up by expel l ing the suspension through 

a No. 25 needle a t  the  r a t e  of about 10 cc per 18 sec. The c e l l s  a re  cent r i -  

fuged f o r  5 mCn a t  an averaqe of 125 times gravi ty  a t  ~ O C ,  a r e  gent ly resus- 

pendod, then counted i n  a hemocytometer, and f i n a l l y  d i lu t ed  t o  2.6 x 10 

ce l l s / cc  ( t h e  s t a r t i n g  sample concent ra t iu~i ) .  A s ing le  animal handled i n  t h i s  

manner y ie lds  about 7 x l o8  c e l l s ,  which by standard eosin Y s ta in ing  (10) 

genera l ly  t e s t  over 90% viable .  

The sedimentation study i s  car r ied  out by the stable-flow free-boundary 

(STAFLX)) method, using 1 g only as the  driving force f o r  migration. The theory 

and p rac t i ce  of STAFLO-sedimentation of c e l l s  have recent ly been described i n  

some d e t a i l  (11). This treatment i s  an extension of previously reported STAFLO- 

electrophoresis  ( 1 2 )  t o  the use of other force f i e l d s .  The flow-cell employed 

(No. 7) has the rectangular migration-chamber dimensions of 30 cm long, 1.5 cm 

high, and 0.7 cm deep. The 1 2  i n l e t  so lu t ions ,  feeding the uniformly flowing 

hor izonta l  streams, a r e  numbered from top t o  bottom. They a r e  i so tonic  i n  NaCl 

and have addi t iona l  dextran ( i n  wt/vol %) as follows: No, 1: 0%; No. 2: 0% 

(cell-sample solut ion)  ; No. 3: 0.50%; No. 4: 0.65%; No, 5: 0.80%; No. 6: 0.68%; 

No. 7: 0.95%; No. 8: 1.03%; Nos. 9 and 10: 2.1%; Nos. 11 and 1 2 :  3.1%. The flow 

r a t e  f o r  these  experiments ( i d e n t i c a l  f o r  a l l  solut ions)  was selected t o  give a 

s teady-state  sedimentation time of 32 min. Sample flow was 2 .2  x lo6  cells/min. 

After  the steady s t a t e  i s  establ ished,  general ly  10 cc of each o u t l e t  f r ac t ion  

, a re  co l lec ted .  With the above experimental parameters, e s sen t i a l l y  a l l  the 

c e l l s  col lected a re  i n  f r ac t ions  No. 2 through No. 8 .  The f r ac t ions  a re  ana- 

lyzed microscopically, e i t h e r  d i r e c t l y  i n  suspension ( e .g . ,  i n  phase con t r a s t ,  

or  a f t e r  s t a in ing  f o r  v i a b i l i t y )  .or a f t e r  smears and s tained s l i d e s  have been 

prepared by ordinary techniques. Commonly, Jenner, Giemsa, and Ralph ( fo r  

hemoglobin) s t a in s  are  used. 

RESULTS 
Although d i f f e r e n t i a l  counts are usually made from the s tained s l i d e s ,  

the purpose of t h i s  communication i s  t o  discuss  behavior of only the two general 
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Figure 1. Relative composition of co l lec ted  f r ac t ions  a f t e r  
STAFLO sedimentation of r a t  bone marrow u n d e r  1. g. MU 30203 
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c e l l  c lasses:  nonnucleated (erythrocyte) and nucleated. In  Fig. 1 a re  p lo t t ed  

the percentages of each type, i n  co l lec t ion  tubes No. 2 through 8, f o r  f i v e  d i f -  

f e r en t  runs typ ica l  of a large number performed over a 3-month in te rva l .  The 

small unaccounted-for balance cons is t s  of damaged, uncountable c e l l s .  Immedi- 

a t e ly  obvious i n  the f igure  i s  the preponderance of (nonnucleated) erythrocytes 

i n  the top f rac t ions .  From values of ten exceeding 90% of the  t o t a l  i n  tube No. 

2,  t h e i r  proportion drops sharply t o  about 5% by tube No. 5. The approximate 

constancy of t h i s , v a l u e  below tube 5 does not s ign i fy  t h a t  fu r the r  segregation 

i s  not occurring, only t h a t  t h i s  pa r t i cu l a r  kind of segregation is  approximately 

complete by t h a t  time. The "background" of - 5% erythrocytes i s  undoubtedly due 

i n  p a r t  t o  the  not-completely-ideal s ing le-ce l l  nature of the sedimentation proc- 

ess .  ( In  one older experiment, erythrocyte values of 0% were found i n  tubes No. 

5 and beneath, probably because of an RBC-impoverished s t a r t i n g  sample.) 

The most s t r i k ing  comparison occurs between tubes No. 3 and No. 4 which 

together contain the  majority of the  c e l l s  and have approximately equal c e l l  

concentrations.  From about 75% mature reds and 25% nucleated c e l l s  i n ' co l l ec -  

t i on  tube No. 3, the re la t ionship  changes t o  the inverse one i n  No. 4. With 

each flowing layer  1.25 mm i n  thickness,  o u t l e t  No. 4 is, on the  average, 1.25 

mm below No. 3 .  Some b io logica l  var ia t ion  is, of course, inherent i n  the 

- 
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starting samples taken from different animals at different times. The range is 

indicated in these experiments by the erythrocyte values of 49.1% (RTM-31) and 

42.7% (RTM-34). Our laboratory average is 45.4% as shown. There also is some 

measure of variability in the handling procedures. Nevertheless, the physical 

reproducibility of the sedimentation process indicated by Fig. 1 is encouraging. 

It provides a basis for discussing the apparently anomalous behavior of eryth- 

rocytes relative to that of nucleated red and white cells, namely the more rapid 

sedimentation of the latter nucleated components. This is also easily observed 

by the eye during the course of the experiment. By the time the outlets are 

reached, the top streams are quite reddish, those below whitish. The collection 

bottles reflect corresponding differences in appearance. 

DISCUSSION 
The sedimentation rate S, fur perfect spherical particles of radius r 

and density P p  1 in steady state sedimentation under 1 g, through a medium of 

viscosity II and density pm (subject to the Stokes resistive factor), has the 

well known form: 

We may apply this equation in turn to mature erythrocytes and leukocytes. 

Specific data appear to be lacking for the densities of rat blood cells. How- 

ever, we can judge from specific gravities of whole blood, from hematocrits, and 

from blood-cell morphology (13),that density values for human corpuscles should 

be sufficiently accurate analogues for the present purposes. Even for human 

cells (particularly for leukocytes), density data are sparse and often show poor 

agreement (7) . Powell has recently measured a range of 1.079 to 1.089 for eryth- 

rocytes (7). Roberts, Watne, McGrath, McGrew and Cole report for leukocytes, 

p > 1.065. (14) . 

A greater density for the mature red cells clearly favors their more 

rapid sedimentation. We will use as prubable extreme values in thio conear 
p RBC = 1.09 and p WBC = 1.06. For practical purposes in our experiments with 

the very small density gradients, pm = 1.00, so the ratio of the (red/white) 

density factors in the sedimentation equation is ' O9 - - 1.5. The radius enters -06 
as the square, however. Thus, if the ratio of the radii - white were greater ( red ) 
than = 1.22, i.e., if the white (or other nucleated) cells were as much as 

22% larger, according, to the equation, the size factor would be more important 

than the density factor. 

Even taking the disk-shaped erythrocyte's "size" to be its largest di- 

ameter (- 7 p ) ,  mature leukocytes in free solution are generally significantly 

more than 22% larger. Therefore, on this simple physical basis we should ex- 

pect them to sediment faster than erythrocytes. This is precisely the result 

indicated in Fig. 1. Since younger nucleated white cells are often still larger, 

according to the sedimentation equation they should also sediment more rapidly 
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than the erythrocytes.  F ina l ly ,  the younger erythroid c e l l s  are  e i t h e r  conqid- 

erably la rger ,  o r  with t h e i r  r e l a t i v e l y  large nucleus they should be denser than 

the erythrocytes,  again suggesting a higher S-rate than f o r  the erythrocytes.  

Thus, the r e l a t i v e  sedimentation difference shown i n  Fig. 1 i s  qua l i t a t i ve ly  

cons is ten t  with the equation. The contrary r e s u l t ,  i .e . ,  the more rapid sedi- 

mentation of erythrocytes,  commonly assumed t o  occur, should, perhaps, be more 

surpr i s ing  and ce r t a in ly  more d i f f i c u l t  t o  explain i n  t h i s  context. 

What, then, is  the l i k e l y  explanation f o r  the  "usual" r e s u l t  of "more 

rapid sedimentation" of erythrocytes (51, o r ,  perhaps more precisely,  t h e i r  

sedimentation t o  a "lower" posi t ion? This r e s u l t  could a r i s e  e i t h e r  from r a t e  

or  from equilibrium considerations.  I f  the mature red c e l l s  were la rge ly  i n  the  

furm of aggregates, the s i ze  a s  well  a s  the densi ty  of the  red-cell-sedimenting 

objects  could e a ~ i l y  exceed those f o r  the other c e l l  f rac t ions .  Thus, d i r e c t  

appl icat ion of the equation t o  the aggregates would ind ica te  t h e i r  more rapid 

sedimentation, even f o r  1 g only. Such aggregation would ce r t a in ly  be favored 

by high c e l l  concentrations.  The protein composition of the medium has a l so  

been s t rongly implicated i n  blood-cell-sedimentation phenomena, pa r t i cu l a r ly  

through i t s  e f f e c t  on i n t e r c e l l u l a r  in te rac t ions  ( 5 ) .  In concentrated suspen- 

s ions l i k e  blood, containing c e l l s  such as  erythrocytes,  which have known tend- 

encies t o  associate  or  aggregate, the probabi l i ty  t h a t  they w i l l  be able t o  do 

so i s  very high (3 ,4 ,5 ) .  

In  the presence of higher accelerat ion forces ,  such a s  those custom- 

a r i l y  employed when determining packed c e l l  volumes o r  i n  preparing buffy coat ,  

the same endpoint should eventually occur. Even when s t a r t i n g  with d i l u t e  sus- 

pensions, the c e l l s  a r e  usually concentrated o r  packed together e i t h e r  a t  t he  

bottom of a tube or  i n  bands i n  a densi ty  gradient .  Therefore, by equilibrium 

and rate--or on equilibrjum grounds alone--the red c e l l s  should go t o  the 

bottom. As a check on t h i s  point ,  our o r ig ina l  d i l u t e  marrow samples were cen- 

t r i fuged  f o r  various times a t  d i f f e r ing  speeds. After sho r t  times a t  low g ' s  

the sedimented p e l l e t  appears r e l a t i v e l y  white on the  bottom, red on top. With 

5 min a t  600-g average, the red has p a r t i a l l y  moved t o  the  bottom. In 10 min 

a t  600 g ,  the reversa l  i s  complete--the red port ion of the  p e l l e t  i s  t o t a l l y  on 

the bottom, the whitish above. 

A scheme t h a t  summarizes t h i s  discussion i n  the form of two possible  

extreme mechanisms f o r  usual blood sedimentation i s  given i n  Table 1, l ines  1 

and 2.  Of course, the  sedimentation need not be by any s ingle  clear-cut mech- 

anism, f o r ,  as  commonly car r ied  out ,  it i s  not a simple process. In addi t ion 

t o  the influences of c e l l  concentration and medium composition, the sedimenta- 

t i on  may a l so  be complicated by such things as  d i r e c t  e f f e c t s  of pressures from 

higher g forces  on the s i z e  and densi ty  of the c e l l s  ( 8 ) .  To be contrasted with 

these s i t ua t ions  i s  the  present STAFM-sedimentation indicated i n  Table 1, l i n e  3 .  
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Table 1. Comparison of some extreme mechanisms of 

d i f f e r e n t i a l  c e l l  sedimentation 

Cel lu la , r  Type of 
Nature of i n t e r a c t i o n s  s e d i -  
procedure Condit ions Forces important? mentation Result  

1. usua l  concentra ted  1 9 Yes r a t e  RBC ( o b j e c t s )  
ba tch  s e d i -  suspension move f a s t e r ,  
menta t ion (espec.  with go t o  lower 

p r o t e i n s )  p o s i t i o n  

2.  usua l  e . g . ,  d i l u t e ,  usual  g no e q u i l i b -  RBC g.0 t o  
ba tch  cen- no p r o t e i n s  f o r c e s  f o r  rium lower p o s i t i o n  
t r i f u g a t  ion packed c e l l  

volume 
measurement 

3 .  STAFLO- d i l u t e ,  no 1 9 no r a t e  RBC move slow- 
sedimen- p r o t e i n  e r ,  go t o  
t a t i o n  h ighcr  pos i -  

( s t e a d y  s t . a t e )  t i o n  -- - .  

. . 
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Physico-chemical p rocesses  and r e a c t i o n s  i n  s o l u t i o n  a r e  no t  g e n e r a l l y  

inf luenced by t h e  f o r c e  of normal g r a v i t y .  Exceptions involve  c e r t a i n  phase 

changes, p a r t i c u l a t e  sedimentation and convection from g r o s s  d e n s i t y  i n s t a b i l i t y .  

The phonomcnon of induced microconvectional  i n s t a b i l i t y  o r  " d r o p l e t  sedimenta- 

t i o n "  .is i n  t h i s  same c l a s s  though no t  s o  widely known. F i r s t  descr ibed by  

Brakke ( I ) ,  it h a s  been discussed i n  some d e t a i l  by Svensson e t  -31. ( 2 ) ,  and ob- 

served i n  flowing systems by Mel' ( 3 ) .  Th i s  paper d e s c r i b e s  t h e  phenomenon i n  a  

continuous flowing system and r e p o r t s  experiments using it t o  c o n t r o l  a  s t eady-  

s t a t e  model enzyme-substrate r eac t ion .  I n  e f f e c t ,  under cond i t ions  def ined by 

t h e  d i f f u s i o n  c o e f f i c i e n t s  of i n e r t  c o n s t i t u e n t s ,  t h e  f o r c e  of g r a v i t y  induces 

m a s s ' t r a n s f e r  of lysozyme i n t o  i t s  p h y s i c a l l y  separa ted s u b s t r a t e ,  g iv ing  r i s e  

k t o  t h e  s t a t e d  reac t ion .  

Thc mass t r ansLer  process  r e s u l t s  from t h e  outcome of a  "molecular race"  

occur r ing  on t h e  way t o  d i f f u s i o n a l  equi l ibr ium,  s t a r t i n g  from an i n i t i a l l y  

s t a b l y  layered d e n s i t y  g r a d i e n t  system. I f  ad jacen t  " top"  and "bottom" solu-  

t i o n s ,  separa ted by a  f r e s h  boundary, con ta in  t h e  same densi ty-bui ld ing s o l u t e  

of low molecular weight,  e.g. NaC1, d i f f u s i o n  w i l l  g radua l ly  smooth ou t  t h e  i n i -  

t i a l . d i s c o n t i n u i t y  i n  a  "well-behaved" fash ion .  I f ,  on t h e  o t h e r  hand, t h e  t o p  

s o l u t i o n  owes i t s  d e n s i t y  t o  a  macromolecular s p e c i e s ,  t h e  i n i t i a l  downward d i f -  

fus ion  of t h e  macromolecule i s  s o ' s l o w  t h a t  t h e  rap id  upward di f fus i 'on  of NaCl 

can qu ick ly  lead t o  smal l  r eg ions  of t h e  t o p  s o l u t i o n  ( t h e  " d r o p l e t s " )  having 

h igher  d e n s i t y  than t h a t  of t h e  lower s o l u t i o n .  The d r o p l e t s ,  seen experimen- 

t a l l y  i n  t h e  flow system a s  f i n e  " s t r eamers , "  move downward, b r ing ing  with them 

corresponding p o r t i o n s  of whatever o t h e r  substances  a r e  p r e s e n t  i n  t h e  t o p  solu-  

t i o n .  Depending on t h e  circumstances,  they  may (i) cont inue down through addi-  

t i o n a l  d e n s i t y  boundaries,  i f  p r e s e n t ,  (ii) b e  qu ick ly  d i s s i p a t e d ,  o r  (iii) b e  

abrup t ly  stopped by a  " d e n s i t y  she l f . "  

To h e l p  v i s u a l i z e  t h i s  process ,  a  simple analogue may be  use fu l .  In-  

s t e a d .  of a  s o l u t i o n ,  c,onsider a  d e l i c a t e  c y l i n d r i c a l  open-network s t r u c t u r e ,  I n  

t h e  t o p  h a l f  a r e  100 g  of s n a i l s ,  i n  t h e  bottom h a l f  200 g  of a n t s ,  each i n i -  

t i a l l y  cons t ra ined  t o  i ts  h a l f  and uniformly d i s t r i b u t e d  i n  it. The b a r r i e r  is 

now withdrawn, pe rmi t t ing  both s p e c i e s  t o  f i l l  t h e  whole space.  The a n t s  move 

upward s o  much more qu ick ly  than t h e  s n a i l s  downward t h a t ,  p a r t i c u l a r l y  nea r  t h e  

7 5 
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boundary,  t h e  s t r u c t u r e  around some of  t h e  s n a i l s , c a n n o t  suppor t  t h e  a d d i t i o n a l  

weight  of t h e  a n t s ,  s o  b i t s  of t h e  s t r u c t u r e  c o l l a p s e  downward. 

The p r e s e n t  exper iments  were c a r r i e d  o u t  u s ing  t h e  s t a b l e - f l o w  f r e e -  

boundary (STAFLO) method (3 ,  4 ) .  Twelve aqueous s t r eams ,  pumped i n t o  t h e  open- 

channe l  f l o w - c e l l  a t  t h e  r i g h t ,  proceed h o r i z o n t a l l y  by a  s p e c i a l  k ind  of  s t a b l e  

l amina r  f l ow  through t h e  30-cm chamber and e x i t  a t  t h e  l e f t  i n t o  s e p a r a t e  c o l -  

l e c t i o n  c o n t a i n e r s .  Streams a r e  numbered 1-12 from t o p  t o  bot tom, a s  i n d i c a t e d  

s c h e m a t i c a l l y  i n  F i g .  1 A .  (The e l e c t r o p h o r e t i c  a s p e c t s  of  t h e  a p p a r a t u s  a r e  n o t  

involved  i n  t h e  p r e s e n t  s tudy . )  

The composi t ions  and d e n s i t i e s  of t h e  e n t e r i n g  s u l u t i o n s  a r e  g i v e n  i n  

Tab le  1. S o l u t i o n  No. 2  r e p r e s e n t s  a  d i l u t i o n  o f  6% I n j e c t i o n  Dext ran  i n  Normal 

S a l i n e  ( C u t t e r ) .  T h i s  d e x t r a n  i s  an albumin s u b s t i t u t e ,  w i th  average  mo lecu la r  

weight  - 70,000. (The s m a l l  amount of  NaCl remain ing  a f t e r  d i l u t i o n  i s  unimpor- 

t a n t  t o  t h o  i d e a  of t h e  exper iment . )  S o l u t i o n  No. 2C was made up by  addlng  NaCl 

u n t i l  t h e  s o l u t i o n  d e n s i t y  was e x a c t l y  t h e  ssmc a s  t h a t  f o r  No. 2  ( t o  f 0.0001 

g / cc ) .  D e n s i t i e s  were de termined  a t  23 + loco us ing  a  h igh  p rec i s io r l  Ostwald- 

Sp renge l  t y p e  g l a s s  pycnometer c a l i b r a t e d  wi th  d i s t i l l e d  wa te r ,  t h e  v a l u e s  t hen  

c o r r e c t e d  t o  2 3 . 0 ~ .  D e n s i t i e s  were checked p e r i o d i c a l l y  bo th  b y  reweighing  and 

w i t h  a  Bausch and Lomb P r e c i s i o n  Abb; r e f r a c t o m e t e r .  Sucrose  was added t o  so lu -  

t i o n s  No. 4  and below f o r  i t s  c o n t r i b u t i o n  t o  t h e  f low s t a b i l i t y ,  though equiva-  

l e n t  NaCl might  a s  w e l l  have  been used.  The a b r u p t  i n c r e a s e  i n  s o l u t e  concen- 

t r a t i o n  from s o l u t i o n  No. 4  t o  No. 5  s e r v e s  t o  p u t  a  " d e n s i t y  s h e l f "  under  so lu -  

t i o n  No. 4. For  s i m p l i c i t y ,  exper iments  w i th  no d e x t r a n  i n  s o l u t i o n  No. 2  w i l l  

b e  c a l l e d  " c o n t r o l s , "  t h o s e  w i th  d e x t r a n  w i l l  b e  c a l l e d  "dex t r an"  exper iments .  

Except  f o r  s o l u t i o n s  Nos. 2  and 2C, a l l  o t h e r  i n l e t  s o l u t i o n s  a r e  i d e n t i c a l  f o r  

b o t h  t h e  c o n t r o l  and t h e  "dex t r an"  exper iments .  S o l u t i o n s  Nos. 2, 2C, 3, and 4  

a r e  t h e  impor tan t  ones  t o  b e  a c c u r a t e l y  known and c o n t r o l l e d .  However, t h e  pa r -  

t i c u l a r  composi t ions  t h a t  can  b e  chosen a r e  a r b i t r a r y  w i t h i n  wide l i m i t s .  

A s  i n d i c a t e d  by  Tab le  1 ,  t h e  enzyme i n  s t r eams  Nos. 2  and 2C i s  i n i t i a l -  

l y  s e p a r a t e d  from t h e  s u b s t r a t e  i n  No. 4  b y  t h e  2.5-mm-high b u f f e r e d  s a l i n e  

s t r e a m  No. 3. F r e e  b o u ~ d a r y  throughput  t i m e s  were 24.5 min o r  l e s s .  (A 

" th roughpu t "  t ime  i s  t h e  s t e a d y  s t a t e  t r a n s i t  t ime  through t h e  30-cm free-bound- 

a r y  p o r t i o n  of t h e  f l o w - c e l l ,  a t  any g i v e n  f low r a t e . )  Ex tens ive  expe r i ence  

w i t h  t h e  STAFLO method h a s  shown t h a t  no mixing o r d i n a r i l y  o c c u r s  between such 

s e p a r a t e d  s t r eams :  convec t ion  i s  r u l e d  o u t  by  t h e  method i t s e l f  and a p p r e c i a b l e  

d i f f u s i o n  ove r  a  2.5-rnm d i s t a n c e  r e q u i r e s  l o n g e r  t ime ,  Thus, i n  t h e  s i m p l e s t  

c a s e  we should  e x p e c t  t h e  s u b s t r a t e  i n  c o l l e c t i o n  c o n t a i n e r  No. 4  t o  b e  una l -  

t e r e d  b y  enzyme. Only i f  some o t h e r  "unusual"  t r a n s p o r t  mechanism were opera-  

t i v e  (e .g . ,  " d r o p l e t  s ed imen ta t ion" )  should  we f i n d  a p p r e c i a b l e  enzyme degrada-  

t i o n  of  s u b s t r a t e  i n  No. 4. O r d i n a r i l y ,  most of  t h e  enzyme should  e x i t  v i a  ou t -  

l e t  No. 2  b u t ,  because  some d i f fu s ion -b roaden ing  of  t h e  s t r a t a  must occu r ,  some 
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SECTION A-A 

Figure 1A. STAFLO apparatus indicating separate strata. B. Portion of in- 
let during steady-state flow with 24.5-min throughput time. Streams Nos. 2 
and 4 contain dye added for visibility. Control: NaCl in No. 2. Scale 
marker represents 1 cm. C. "Dextran": same conditions and densities but 
with dextran replacing NaCl in No. 2, showing instability at lower border of 
No. 2, 
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Table 1. Compositions and dens i t ies  of entering solutions. Controls indicated 
by "C." A l l  solutions are a l so  0,00653 4 i n  Sorensen's phosphate 

buffer,  pH 7.0. The lysozyme and its substrate,  Micrococcus lysodeik- 
t i cus ,  a r e  froan Worthington. Solution 1 C  and 1 is s t r a igh t  buffer;  5C - 
and 5 is 3.92% sucrose; 6C and 6 is 4.9046 sucrose; 7C-12C and 7-12 are 
5.88% sucrose. 

Solution No. composition (wt/vol %) Density 
(g/ml a t  
23 .0~  C) 

Lyaozy~ne Substrate Dextran NaCl Sucrose 

eneyme must e x i t  through adjacent ou t l e t s  No. 1 and NO. 3. 

The resu l t s  i n  Table 2 indicate an all-or-nothing e f fec t  f o r  substrate,  
a s  determined by tu rb id i ty  measurements. During the  24-min throughput plus 30- 

min col lec t ion  time, there was no enzyme action on the  control substrate i n  

stream No. 4. On the  "dextran" experimental substrate,  enzyue action was com- 
p le te .  The reaction o r  lack of reaction was qual i ta t ive ly  e a s i l y  v i s ib le  t o  the 
eye during the flow experiments. In  the  control,  the intense l i g h t  sca t ter ing  
i n  stream No. 4 continued essen t i a l ly  undiminished across the  30-cm free-bound- 
ary  portion of the flow cell. In the  "dextran" experiment, the  l i g h t  scat ter ing 
s t a r t ed  t o  decrease a f t e r  about 2.5 cm t r ave l  (- 2 min) and was almost invis ib le  
by about 22 cm t r ave l  (- 18 min). 

Material balance f o r  subs t ra te  recovery through ou t l e t  No. 4 was a lso  
measured f o r  two control  experiments a t  d i f ferent  flow rates.  With a 24.5-min 

throughput time, 90% of the  i n l e t  substrate was recovered i n  collect ion f rac t ion  
No. 4. With f a s t e r  flow, i n  a 12.3-min throughput time experiment, 96% was s i m -  

i l a r l y  recovered. (Substrate diffusing up i n t o  stream No. 3 is  degraded by ac- 
t i o n  of the  enzyme diffusing down from stream No. 2.) 

The resu l t s  of the  lysozyme assay a r e  given in Table 3 i n  a c t i v i t y  uni ts  
( s l i g h t l y  modified method of Shugar (5) ). For high precision determinations of 
the  exact mg lysozpe/ml, these f igures should be corrected according t o  sepa- 
r a t e  ca l ibra t ion  curves fo r  a l l  the d i f fe ren t  solut ions since presence of the  
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Tab le  2. Comparison of  s u b s t r a t e  e n t e r i n g  by  i n l e t  No. 4  and e x i t i n g  v i a  o u t l e t  

No. 4. S u b s t r a t e  de te rmined  by  O.D. measurements a t  450 mp i n  a  1- by 1- 

cm c u v e t t e  w i th  a  Beckman DK-1 r e c o r d i n g  spec t ropho tome te r . .  I n i t i a l  

s u b s t r a t e  O.D. = 0.74. Res idua l  O.D. b l a n k ,  when exces s  enzyme com- 

p l e t e l y  r e a c t s  w i th  s o l u t i o n  No. 4 ,  = 0.04. The O . D . ' s  were r ead  i m -  

m e d i a t e l y  a f t e r  c o l l e c t i o n .  I f  a  h i g h l y  t u r b i d  s o l u t i o n  showed no  de- 

t e c t a b l e  O.D. d e c r e a s e  d u r i n g  a t  l e a s t  3  rnin of  o b s e r v a t i o n ,  it was 

c l a s s i f i e d  a s  n o t  hav ing  been degraded by  enzyme d u r i n g  t h e  g iven  ex- 

per iment .  (24.5 rnin throughput  t ime + 30 rnin c o l l e c t i o n  t ime. )  

Enzyme-induced r e d u c t i o n  of  s u b s t r a t e  e x i t i n g  through o u t l e t  No. 4  (%) 

C o n t r o l  exper iment  ' 0  

"Dextran" exper iment  100 

Tab le  3. Enzyme a c t i v i t y  i n  c o l l e c t e d  o u t l e t  s o l u t i o n s :  24.5 rnin s t e a d y - s t a t e  

throughput  + 30 rnin c o l l e c t i o n  times.. U n i t s  o f  a c t i v i t y  a r e  100 x  de- 

c r e a s e  p e r  rnin of  t h e  O.D. a t  450 mp,, when 0.'01 m l  s o l u t i o n  is  added 

t o  3 m l  s t a n d a r d  s u b s t r a t e  i n  0.00653 4 phosphate  b u f f e r  a t  pH 7.0. 

I n l e t  a c t i v i t y  i n  s o l u t i o n s  Nos. 2 and 2C was 10.2. 

S o l u t i o n  No. C o n t r o l  "Dextran" 

o t h e r  s o l u t e s  a f f e c t s  t h e  s t a n d a r d  c a l i b r a t i o n  cu rve  somewhat. Th i s  c a l i b r a t i o n  

s h i f t  i s  t h e  l i k e l y  r ea son  t h a t  o v e r a l l  m a t e r i a l  b a l a n c e  h o l d s  o n l y  t o  about  

* 10%. 

The f i g u r e s  i n  Tab le  3  a r e  c o n s i s t e n t  w i th  t h o s e  i n  Tab le  2 and wi th  t h e  

p r e v i o u s  d i s c u s s i o n .  They emphasize t h e  f a c t  t h a t  major  d i r e c t  changes i n  so lu -  

t i o n  composi t ion  can  r a p i d l y  b e  e f f e c t e d  by t h i s  t r a n s p o r t  phenomenon. I n  t h e  

c o n t r o l ,  most of  t h e  incoming a c t i v i t y  e x i t s  th rough o u t l e t  No, 2 ,  w i th  s m a l l e r  

and approximate ly  e q u a l  amounts through Nos. 1 and 3. A s  we would e x p e c t ,  
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diffusional spreading of enzyme is greater than for the larger particle weight 

substrate. No decrease in O.D. for outlet solution No. 4C (containing the sub- 

strate) was noticed when observed for several minutes. From re-examination af- 

ter 21 hr, an upper limit for enzyme activity in this solution is 0.0004. By 

contrast, in the "dextran" case, the enzyme exiting through No. 2 is considera- 

bly reduced. A similar amount appears in No. 1 as in No. 1C (e.g., by upward 

diffusion), but the "droplet sedimentation" phenomenon has greatly increased the 

enzyme that would otherwise exit through No. 3 and has also brought significant 

amounts down to stream No. 4, (which resulted in the elimination of the sub- 

strate inside the flow-cell). Nearly three times as much activity has been 

brought into streams No. 3 and No. 4 (starting within 1.5 min after formation 

of the fresh boundary) as was transported by diffusion in the control experi- 

ment. 

The exact diffusion coefficients of the dextran and NaCl in the present 
solutions are not known. As a first approximation, we can use nominal standard . 
values of 6 x cm2/sec for human serum albumin and 1.5 x cm2/sec for 

NaC1. With this 25-fold rate advantage for the NaC1, it alone is essentially 

responsible for the density changes occurring at the 2-3 free boundary during 

these short times. 

A more direct demonstration of the "droplet sedimentation" is given in 

Figs. 1B and lC, In place of lysozyme and its substrate, in No. 2 and No. 4, 

0.005% bromphenol blue has been added for better visualization of the flow pat- 

tern. In the control experiment, Fig. lB, with NaCl in solution No. 2, the low- 

er boundary of stream No. 2 remains intact. Replacing the NaCl by dextran, Fig. 

lC, a pronounced "fuzziness" develops in the lower boundary of stream No. 2, 

starting after about 1.5 cm (- 1.2 min) of free boundary and increasing progres- 

sively downstream. Some of the short vertical "streamers" can be seen crossing 

stream No. 3. This behavior continues for about 5-10 cm (- 4 to 8 min) after 

which the border between streams No. 2 and No. 3 appears to have become stabi- 

lized. The further downstream portion of the pattern just assumes a generally 

diffuse appearance. This is in marked contrast to the separate and distinct ap- 

pearance of the individual streams seen in previously published STAFLO photo- 

graphs (3, 4). 

A number of interesting points about the detailed mechanism of "droplet" 

formation and sedimentation remain unsettled; some have apparently not even been 

discussed in the literature. How do the individual "droplets" or "streamers" 

actually form? What sizes can they have (e.g., can they be smaller than an av- 

erage living cell)? What local excesses of density are required? To what ex- 

tent does their formation depend on the velocity distributions of the molecules 

in the initiating competitive diffusion processes--i.e., could "droplets" repre- 

sent local regions of higher NaCl concentration arising from those NaCl 
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molecules d i f f u s i n g  f a s t e r  than t h e  average? 

S e t t i n g  a s i d e  t h e  above u n c e r t a i n t i e s  about d e t a i l s  of t h e  mechanism of 

t h e  t r a n s p o r t  process ,  i t s  physico-chemical s i g n i f i c a n c e  i s  c l e a r  and b e a r s  r e -  

s t a t i n g :  A t  cons tan t  i n i t i a l  d e n s i t y  i n  a  s t e a d y - s t a t e  layered flowing system, 

with . s o l u t e s  ( t h a t  may be  chemically and b i o l o g i c a l l y  i n e r t )  having "proper" 

d i f f u s i o n  c o e f f i c i e n t s ,  1 g  is  a  s u f f i c i e n t  d r i v i n g  f o r c e  t o  cause a  r e a c t i o n  t o  

be  brought t o  completion. I n  t h e  absence of g r a v i t y ,  i . e . ,  t h e  "weight less"  

cond i t ion ,  t h e  r e a c t i o n  would n o t  t a k e  p l a c e  a t  a l l .  That is ,  g r a v i t y ,  and t h e  

d i f f u s i o n  c o e f f i c i e n t s  of i n e r t  components, a r e  " c o n t r o l l i n g "  a  continuous 

s t e a d y - s t a t e  chemical r eac t ion .  

The p o s s i b l e  b i o l o g i c a l  s i g n i f i c a n c e  of t h i s  mechanism i s  much more ob-, 

scure .  Numerous i n s t a n c e s  of f low and streaming e x i s t  i n  b i o l o g i c a l  systems 

(both i n t r a c e l l u l a r l y  and on a  l a r g e r  dimensional  s c a l e )  cont inuously  forming 

f r e s h  f l u i d  i n t e r f a c e s .  P l a t t  (6)  h a s  r e c e n t l y  suggested t h a t  t h e  cur ious  "bio- 

convection p a t t e r n s "  i n  c u l t u r e s  of free-swimming c i l i a t e s  and f l a g e l l a t e s  might 

be  u s e f u l  f o r  f e r t i l i z a t i o n .  To h i s  l i s t  of f i v e  p o s s i b l e  f a c t o r s  c o n t r i b u t i n g  

t o  these  "dynamic i n s t a b i l i t i e s "  should perhaps b e  added a  s i x t h :  "streaming 

d r o p l e t  sedimentation" o r  a  f i r s t  cousin  of it. C e r t a i n l y ,  i f  t h i s  mechanism 

does p l a y  a c o n t r o l l i n g  r o l e  i n  any b i o l o g i c a l  func t ion  (e,g.,  i n  t r a n s p o r t i n g  

m o t e r i a l  qu ick ly  over r e la t ix re ly  large d i s t a n c e s ) ,  then i n  t h e  "weight less"  

s t a t e  t h i s  func t ion  would be a l t e r e d  o r  removed. 

SUMMARY 
"compet i t ive  d i f f u s i o n n a n d  normal g r a v i t y  i n t e r a c t  t o  t r a n s p o r t  lysozyme o . ;o 

r a p i d l y  i n t o  i t s  separa ted s u b s t r a t e  i n  an i n i t i a l l y  s t a b l y  l aye red ,  flow-sys- 

tem. A continuous s t eady-s ta te  enzyme r e a c t i o n  is  thus  c o n t r o l l e d  by g r a v i t y  

and t h e  d i f f u s i o n  c o e f f i c i e n t s  of i n e r t  components. should t h i s  t r a n s p o r t  mech- 

anism p l a y  a  r o l e  i n  any b i o l o g i c a l  func t ion ,  then i n  "weight lessness"  t h e  func- 

t i o n  would be  a l t e r e d  o r  removed. 
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The object  of the present invest igat ion i s  t o  examine the probable ef- 

. f e c t s  of ~ e i ~ h t l e s ' s n e s s  and of low g rav i t a t i ona l  f i e l d s  upon l iv ing  c e l l s  and 

upon la rger  l iv ing  e n t i t i e s .  The nature of the problem i s  i l l u s t r a t e d  i n  Fig. 

1. In t h i s  f igure  the c i r c l e  represents a c e l l ,  o r  a cavi ty f i l l e d  with l iquid.  

.In one p a r t  of the system heat  i s  produced a t  the r a t e  dQ/dt, The loca l  gener- 

Ation of hea t  tends t o  r a i s e  the temperature, thereby producing an increasing 

difference i n  the temperatures and dens i t ies  of the system. However, steady 

s t a t e  i s  maintained through the operation of the following fluxes: JTD , the 

flow of hea t  by thermal diffusion;  J~ , the c i rcu la t ion  of the l iqu id  by convec- 

t i o n ,  caused by the inequal i t ies  of the dens i t ies  within th,e system; JOw , the 

osmotic flow of water across the boundary of the system, caused by the increased 

a c t i v i t y  of water i n  the warmer par tcof  the system. 

Alternat ively,  the flows of d i f f e r en t  so lu tes  across the boundary of the 

system may not  be the same a t  d i f f e r en t  areas of the boundary. This may tend 

t o  c r ea t e  a l oca l  change i n  density.  Under t e r r e s t r i a - l  conditions,  convectional 

flow within the  c e l l  contr ibutes  toward the maintenance of a steady s t a t e .  In 

low g rav i t a t i ona l  f i e l d s ,  or  i n  weightlessness, the e f f e c t  of convection is  re- 

duced o r  completely eliminated. The question a r i s e s ,  then, a s  t o  the possible  
. . 

e f f e c t s  of prolonged reduction or  complete elimination of g rav i t a t i ona l  convec- 

t i on  upon the behavior of the c e l l  or  of -a la rger  system. 

The flow of hea t  by thermal conductivity,  the flow of substances by d i f -  

fusion within a'homogeneous system and the flow of substances across boundaries 

can i n  pr inc ip le  a l l  be t rea ted  by mathematical analysis .  On the other hand, 

not.'enough i s  known about the complexities, of convectional flow. An experimen- 

t a l  approach is  ca l led  fo r .  

EXPERIMENTAL PROCEDURES 

INVESTIGATION OF MACROSCOPIC SYSTEMS. As a f i r s t  s t ep ,  it was decided 

t o  inves t iga te  convection, and e f f e c t s  of reduced gravi ty ,  i n  ea s i ly  handled 

r e l a t i ve ly  large systems, e.g. a p ipe t t e  f i l l e d  with two solut ions of d i f f e r en t  

,dens i t ies .  The answers t o  the following types of questions were sought: 

1. Given a cylinder containing a heavy solut ion i n  i t s  lower half  and a 

83 
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Figure  1. MU-31616 

1 J o w  

l i g h t  s o l u t i o n  i n  i t s  upper h a l f ,  what i s  t h e  na tu re  of t h e  motion of t h e  l i q u i d  

when the  cy l inder  i s  r o t a t e d  through an angle  of 90° about an a x i s  perpendicular  

t o  i t s  own axis?  How is  t h e  motion a f f e c t e d  by a  decrease  i n  the  g r a v i t a t i o n a l  

fo rce?  

2,  Given two r e s e r v o i r s  con ta in ing  s o l u t i o n s  of d e n s i t i e s  P l  and P 2 t 

with  F > P , and wi th  t h e  denser s o l u t i o n  s i t u a t e d  above the  l i g h t e r  solu-  

t i o n ,  what i s  t h e  mechanism of exchange of s o l u t i o n s  between t h e  two r e s e r v o i r s  

i f ,  they a r e  connected by a  tube  of l eng th  H and r a d i u s  R? How a r e  t h e  q u a l i t a -  

t i v e  and t h e  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  of t h e  counterflow exchange a f f e c t e d  

by t h e  va lues  of H I  R ,  and by t h e  v i s c o s i t y ,  7 , of t h e  f l u i d ?  What a r e  t h e  

q u a l i t a t i v e  and q u a n t i t a t i v e  e f f e c t s  on t h e  volume exchange when t h e  g r a v i t a -  

t i o n a l  a c c e l e r a t i o n  g  (he re  considered a s  a  v a r i a b l e )  i s  p rogress ive ly  decreased 

t o  a  very smal l  f r a c t i o n  of t h e  value  of g  a t  t h e  su r face  of t h e  ea r th?  

SIMULATION OF LOW VALUES OF GRAVITY. Since  convect ional  motion is  power- 

ed  by t h e  j o i n t  e f f e c t s  of t h e  d i f f e r e n c e  i n  d e n s i t y ,  A p = P 1 -  p2 and of t h e  value  

of g ,  lower va lues  of g  can be simulated i n  a  t e r r e s t r i a l  l abora to ry  by an ap- 

p r o p r i a t e  decrease  i n  t h e  v a l u e  of A p  . 

USE OF INDICATORS. Convectional motion may be  observed because of t h e  

d i f f e r e n c e s  i n  t h e  r e f r a c t i v e  i n d i c e s  of t h e  two s o l u t i o n s .  This method of 

obse rva t ion  i s  n o t  s a t i s f a c t o r y ,  p a r t i c u l a r l y  when t h e  two s o l u t i o n s  a r e  of 

n e a r l y  t h e  same d e n s i t y ,  e.g. i n  an experiment i n  which a  very low value  of g 

i s  simulated.  
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I Incorporat ion of a  dye i n  one of t h e  s o l u t i o n s  f a c i l i t a t e s  g r e a t l y  t h e  

observat ions  of f i n e r  d e t a i l s  of motion. However, a s  soon a s  some mixing t akes  

p lace ,  t h e  dye i s  a l s o  p r e s e n t  i n  t h e  o r i g i n a l l y  c o l o r l e s s  s o l u t i o n .  Dis t inc -  

t i o n  between t h e  two s o l u t i o n s  becomes, inc reas ing ly  d i f f i c u l t ,  s i n c e  t h e  v i s u a l  

d i f f e r e n c e  between t h e  two s o l u t i o n s  i s  q u a n t i t a t i v e ,  r a t h e r  than q u a l i t a t i v e ,  

and t h e  d i f f i c u l t y  of d i s t i n g u i s h i n g  between t h e  two s o l u t i o n s  i s  aggravated by 

t h e  d i s t o r t i o n  caused by t h e  c y l i n d r i c a l  vesse l s .ho ld ing  t h e  so lu t ions .  

For t h e s e  reasons ,  an acid-base i n d i c a t o r  i s  incorporated i n  equal  con- 

c e n t r a t i o n s  i n  each of t h e  two s o l u t i o n s .  A smal l  amount of a c i d  i s  added t o  

one of t h e  s o l u t i o n s ,  and a  smal l  amount of base  i s  added t o  t h e  o t h e r .  With 

a  judic ious  choice  of i n d i c a t o r ,  each s o l u t i o n  mainta ins  i t s  o r i g i n a l  c o l o r ,  

even a f t e r  a  considerable  amount of mixing has  taken p lace .  The l a r g e  qtial i-  

t a t i v e  c o n t r a s t  i n  c o l o r  makes it p o s s i b l e  t o  observe t h e  motion i n  va r ious  

p a r t s  of t h e  system i n  i t s  f i n e s t  d e t a i l s .  

A r e l a t i v e l y  l a r g e  number of acid-base i n d i c a t o r s  i s  a v a i l a b l e  f o r  use.  

There a r e  two choices  i n  t h e  a l l o c a t i o n  of t h e  a c i d  and of the  base ,  respec- 

t i v e l y ,  t o  t h e  two s o l u t i o n s .  There i s  some l a t i t u d e  i n  s e l e c t i n g  t h e  concen- 

t r a t i o n s  of a c i d ,  of base ,  and of i n d i c a t o r .  A l l  t h e s e  degrees of freedom add 

. t o  t h e  e f f e c t i v e n e s s  and v e r s a t i l i t y  of t h i s  method of marking t h e  two solu- 

t i o n s .  The choices  t o  be made depend upon t h e  o b j e c t i v e  sought i n  each experi-  

ment. Examples of t h e  cons ide ra t ions  governing t h e  var ious  choices  f o r  a  par-  

t i c u l a r  experiment w i l l  be g iven i n  l a t e r  p a r t s  of t h i s  r e p o r t .  

APPARATUS. The apparatus used f o r  t h e  s tudy of convect ional  exchange 

through a  c y l i n d r i c a l  tube  is  shown i n  Fig .  2. The upper,  denser s o l u t i o n  i s  

k e p t  i n  a  modified 100-cc p i p e t t e .  The lower, l i g h t e r  s o l u t i o n  is  k e p t  i n  a  

whi te  evaporating d i sh .  The upper s o l u t i o n  con ta ins  bromothymol b lue  (BTB), 

0.01 M_ sodium hydroxide and a  known concen t ra t ion  of sodium ch lo r ide .  This 

s o l u t i o n  i s  b lue .  The lower s o l u t i o n  con ta ins  100 c c  of d i s t i l l e d  water marked 

wi th  BTB. To begin wi th ,  a  known smal l  volume o f ' a  known concen t ra t ion  of hy- 

d roch lo r ic  a c i d  i s  added t o  t h e  water.  This a c i d i f i e d  s o l u t i o n  i s  yellow. 

A t  t he  beginning of t h e  experiment, t h e  yellow s o l u t i o n  i s  qu ick ly  poured i n t o  

t h e  evaporating d i s h  a t  ze ro  time. Convectional exchange begins a s  soon a s  

c o n t a c t  i s  made. The s t i r r e r  maintains a  f a i r l y  uniform composi t ion~through-  

o u t  t h e  lower s o l u t i o n .  When t h e  b lue  end p o i n t  i s  reached,  t h e  time i s  noted,  

and another ,  smal l  volume of hydrochlor ic  a c i d  i s  added from a  b u r e t t e .  So f a r ,  

t h e  fo l lowing concentra t ions  of hydrochlor ic  a c i d  were used,  depending upon the  

speed of t h e  up and down t r a n s p o r t  of t h e  two s o l u t i o n s :  0.01kJ, 0.025kJ, and 

0.10g. When t h e  d e n s i t y  d i f f e r e n c e  is smal l ,  and 0.01PJ HC1  i s  used,  it is  a  

simple mat ter  t o  o b t a i n  20 o r  more p o i n t s  on t h e  curve r e l a t i n g  t h e  volume of 

sodium hydroxide t r anspor ted  downward and time. A t  t he  h i g h e s t  speeds,  when 

0.10g HC1 i s  used,  it i s  p o s s i b l e  t o  ob ta in  e i g h t  t o  10 p o i n t s .  
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' The upper "essel i s  made from a commercial 100-cc p ipe t t e  as  follows: 

The upper stem i s  shortened and i s  provided with a shor t  length of rubber tubing 

and with a screw cock. The lower stem is  shortened and is  l e f t  open. The diam- 

e t e r  of the  lower end i s  measured by at taching it t o  a 10-cc bure t te  and measur- 

ing the volume of a column of water of known length. 

Since it i s  desired t o  study the e f f ec t s  of the length, H ,  and of the 

radius,  R ,  of the exchange tube, several  p ipe t t e s  have been modified by remov- 

ing the  lower stem completely and replacing it by a tube of desired length and 

diameter. Preliminary indicat ions a r e  t h a t  the r a t e  of convectional exchange 

through a tube is  very sens i t i ve  t o  the diameter of the tube. Commercial pi-  

pe t t e s  a r e  not  provided with stems of a precisely constant diameter. Different 

s t i c k s  of g lass  tubing with the  same nominal outside diameter may have s igni f -  

i can t ly  d i f f e r en t  values of R. I f  the r a t e  of exchange i s  proportional t o  the 

four th  power of the diameter, as  i s  the case with laminar flow through a tube, 

then a 10% difference i n  diameters may cause a 46% difference in  r a t e s .  To in- 

sure equal values of R ,  f o r  the  study of the e f f e c t  of H ( R  constant) and f o r  

the concurrent observation of the r a t e s  determined by other var iables ,  H and R 

' constant ,  several  p ipe t t e s  were supplied with sect ions taken from the same 

s t i c k  of g l a s s  tubing. Even with these precautions, the diameters of sect ions 

taken from d i f f e ren t  p a r t s  of the g l a s s  s t i c k  may d i f f e r  by as  much as  2%. A 

record i s  kept of the p ipe t t e  used i n  each experiment, and a su i tab le  correc- 

t i on  w i l l  be made a f t e r  the  e f f e c t  of the diameter upon the r a t e  of exchange 

i s  d e f i h i t e l y  known. 

The p ipe t te  i s  mounted on a long and narrow carr iage ( a  s t r i p  of ply- 

wood) by means of one or  two spring c l i p s .  In turn ,  the carr iage i s  mounted 

on a v e r t i c a l  pegboard by means of a s ing le  bo l t .  This arranqement permits easy 

and f a s t  ro ta t ion  of the p ipe t t e  i n  a v e r t i c a l  plane. The lower end of the pi- 

p e t t e  i s  adjusted t o  be a t  the same leve l  as  the axis  of ro ta t ion ,  so t h a t  ro- 

t a t i o n  of the tube w i l l  cause a minimum of disturbance a t  the point  of contact 

with the lower solut ion.  

The angle between the axis  of the tube and the v e r t i c a l  i s  measured by 

means of a pro t rac tor  permanently attached t o  the wooden carr iage.  The pro- 

t r a c t o r  i s  provided with a plumb l i n e  consisting of a small brass  weight a t-  

tached by a th in  thread t o  the  center  of the pro t rac tor .  

When it  i s  desired t o  make a quick change from 8 = 0 t o  some other value 

of 0 ,  or i n  the opposite d i rec t ion ,  two b o l t s  a re  used as s tops.  They a re  i n - .  

se r ted  i n  appropriate holes of the pegboard. 

The pegboard i s  backed by a plywood frame, 4 i n .  wide and perpendicular 

t o  the plane of the  pegboard. The whole assembly i s  held firmly in  posi t ion by 
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means of lead weights res t ing  on the frame. The horizontal  o r ien ta t ion  of the 

t ab l e  t o p . i s  checked with a precis ion carpenter ' s  l eve l .  

MODIFICATIONS OF THE ASSEMBLY. When it i s  desired t o  observe the be- 

havior of an establ ished surface of separation between the two solut ions,  

folibwing a change in  the or ien ta t ion  of the p ipe t t e ,  the carr iage is  attached 

t o  the pegboard by a s ing le  b o l t  located a t  the midpoint l eve l  of the main body 

of the p ipe t t e .  Both ends of the p ipe t te  a re  provided with rubber tubing and 

screw cocks. The p ipe t t e  i s  f i r s t  f i l l e d  with the l i gh te r  solut ion,  from below, 

by suction; the overflow i s  allowed t o  escape i n t o  another p ipe t t e .  The heavier 

solut ion i s  then introduced, again from below, u n t i l  the surface of separation 

i s  approximately a t  the middle of the p ipe t te .  The two 'ex i t s  a re  closed, the 

f i l l i n g  tubes a re  disconnected, and the assembly i s  ready f o r  ro ta t ion  about 

the midpoint of the p ipe t te .  . 

When it i s  desired t o  observe concurrently the behavior of several  pa i r s  

of so lu t ions ,  several  p ipe t tes  a r e  mounted on a la rger  pegboard and are  supplied 

with the desired solut ions.  The whole pegboard i s  then ro ta ted  about one of i t s  

lower corners.  

I t  may be worth while t o  c a l l  a t ten t ion  t o  the v e r s a t i l i t y  of the assembly 

consis t ing of the pegboard, having numerous holes arranged in  a geometrically 

precise  g r i d ,  and the carr iage.  The v e r s a t i l i t y  of the apparatus i s  enhanced 

by t w d  long s l o t s  i n  the carr iage and several  holes ,  a l l  located along the long 

ax is  of the carr iage.  A cabinet  maker working i n  a wel l  equipped carpenter 

shop can bui ld  pegboard, frame, and several  carr iages i n  l e s s  than an hour. 

CHOICE OF METHOD OF MARKING THE TWO SOLUTIONS. As mentioned e a r l i e r ,  

one solut ion i s  marked by the combination (acid + indicator)  and the second 

solut ion i s  marked by the combination (base + i nd i ca to r ) .  For quant i ta t ive  

work it i s  desirable  t o  s e l ec t  an indicator  t h a t  changes color over a shor t  

range of pH , centering about pH 7. In addi t ion,  it i s  desirable  t o  s e l e c t  an 

ind ica tor  t h a t  shows a marked cont ras t  i n  colors .  Bromothymol blue meets both 

of these spec i f ica t ions  because it changes from yellow t o  blue over the pH 

range 6.0 t o  7.6. The stock solut ion of t h i s  indicator  i s  prepared by dissolv- 

ing 0.40 g i n  60 cc of 0.014 sodium hydroxide. This solut ion i s  d i lu ted  t o  one 

l i t e r .  Thus, t h i s  stock solut ion contains 6 x 10-~4 sodium hydroxide. When . 

used i n  the r a t i o  of 1 cc of stock solut ion per 100 cc of the experimental so- 

l u t ion ,  the concentration of sodium hydroxide. i s  fur ther  d i lu ted  t o  6 x 10-~4. 
Thus, the presence of sodium hydroxide in  the stock solut ion of indicator  may 

be neglected. 

The loading of the upper, denser solut ion i s  accomplished by addition 

of sodium chloride. For t h i s  reason there i s  a choice fo r  the a l loca t ion  of 
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t h e  ac id  and t h e  base ,  r espec t ive ly ;  t h e  base  may be added e i t h e r  t o  t h e  upper 

o r  t h e  lower s o l u t i o n ,  provided t h e  con t r ibu t ions  of t h e  two reagents  t o  t h e  

s p e c i f i c  g r a v i t i e s  of t h e  respec t ive  s o l u t i o n s  a r e  allowed f o r  i n  t h e  calcula-  

t i o n  of t h e  i n i t i a l  d i f f e r e n c e  i n  d e n s i t i e s .  I n  t h e  method descr ibed i n  an 

e a r l i e r  s e c t i o n  t h e  lower s o l u t i o n  i s  exposed t o  a i r ,  wi th  cons tan t  s t i r r i n g .  

For t h i s  reason it i s  p r e f e r a b l e  t o  ass ign t h e  sodium hydroxide t o  t h e  upper 

s o l u t i o n ,  i n  order  t o  minimize t h e  absorption of carbon dioxide  from t h e  a i r .  

When it i s  d e s i r e d  t o  watch t h e  upward progress  of t h e  lower s o l u t i o n ,  

a f t e r  it e n t e r s  t h e  main body of t h e  p i p e t t e ,  it i s  e a s i e r  t o  watch t h e  prog- 

r e s s  of a t h i n  b lue  s t r e a k  through a yellow s o l u t i o n  than it i s  t o  watch t h e  

behavior of a t h i n  yellow s t r e a k  i n  a b lue  s o l u t i o n .  For t h i s  type of experi-  

ment it i s  p r e f e r a b l e  t o  a l l o c a t e  t h e  base  t o  t h e  lower so lu t ion  and the  ac id  

t o  t h e  upper so lu t ion .  

With t h e  upper s o l u t i o n  conta ining i n i t i a l l y  some concentra t ion,  C14 

NaOH, and t h e  lower s o l u t i o n  conta ining a concentra t ion of hydrochlor ic  a c i d  

which v a r i e s  between end p o i n t s  and t akes  a sudden upward jump upon add i t ion  

of t h e  nex t  a l i q u o t ,  a f t e r  every end p o i n t ,  t h e  d i f f e r e n c e  i n  d e n s i t i e s  be- 

tween t h e  two s o l u t i o n s  would be most e r r a t i c  i n  t h e  course  of a s i n g l e  run,  

un less  t h e  concentra t ions  of base above and a c i d  below a r e  kep t  smal l ,  a s  

compared wi th  the  concentra t ion of sodium ch lor ide .  On t h e  o ther  hand, t o o  

low concentra t ions  of a c i d  and base y i e l d  vague time readings f o r  t h e  end po in t s .  

Some compromise i s  needed, and it was found t h a t  a concentra t ion of 0.014 sodi- 

um hydroxide i n  t h e  upper s o l u t i o n  y i e l d s  s a t i s f a c t o r y  r e s u l t s .  

I n  a s e r i e s  of experiments wi th  a v a r i a b l e  d e n s i t y  d i f f e r e n c e ,  t h e  upper 

s o l u t i o n  may conta in ,  i n  separa te  experiments, 0.01g sodium hydroxide on X g 
sodium c h l o r i d e ,  wi th  X changed from one experiment t o  another.  I n  t h i s  s e r i e s  

of experiments of decreas ing dens i ty  d i f f e r e n c e s ,  t h e r e  i s  a lower l i m i t  t o  t h e  

d e n s i t y  d i f fe rence ,  namely when X = 0. Actual ly ,  t h e  s e r i e s  was stopped a t  X = 

0.01g. I n  o ther  words, i n  t h e ' l a s t  experiment of t h i s  s e r i e s  t h e  concentra t ions  

i n  t h e  upper so lu t ion  were 0.01g NaOH + 0.015 NaC1, 

The s e r i e s  was extended downward by using t h e  following s e r i e s  of con- 

c e n t r a t i o n s :  Y x (0.01g NaOH + 0.01g NaC1) . In  both s e r i e s  the  concentra t ion 

of i n d i c a t o r  i n  t h e  two s o l u t i o n s  was kep t  cons tan t ,  namely by d i l u t i o n  of t h e  

s tock  i n d i c a t o r  s o l u t i o n  i n  t h e  r a t i o  1:100. 

From t h e  d e s c r i p t i o n  of t h e  q u a n t i t a t i v e  method it i s  c l e a r  t h a t  t h e  

s o l u t i o n  moving upward through t h e  exchange tube con ta ins  a concentra t ion of 

a c i d  which i s  much smal ler  than t h e  concentra t ion of base i n  t h e  so lu t ion  mov- 

ing downward through t h e  same tube.  , When t h e  movement of t h e  two so lu t ions  i s  

t u r b u l e n t ,  t h e  a c i d  i s  quickly  overwhelmed by t h e  base ,  and t h e  co lo r  i s  b lue  
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over t h e  e n t i r e  tube ,  except  f o r  a very  s h o r t  s e c t i o n  near  t h e  bottom. Even i n  

t h e s e  circumstances it is  p o s s i b l e  t o  observe t h e  v iolence  of t h e  motion, due 

t o  t h e  d i f f e r e n c e  i n  r e f r a c t i v e  ind ices .  However, it was d i f f i c u l t  t o  s e e  t h e  

movement i n  g r e a t  d e t a i l .  The d i f f i c u l t y  of making v i s u a l  observat ions  in-  

creased toward 'the end of t h e  run,  because of t h e  decrease  i n  t h e  d i f f e r e n c e  

between t h e  two r e f r a c t i v e  ind ices .  To obv ia te  t h i s  d i f f i c u l t y ,  some of t h e  

q u a n t i t a t i v e  experiments were preceded o r  followed by a q u a l i t a t i v e  experiment, 

i n  which t h e  i n i t i a l  a c i d  concentra t ion i n  t h e  lower s o l u t i o n  was made equa l  t o  

t h e  i n i t i a l  base  concentra t ion i n  t h e  upper s o l u t i o n .  I f  t h i s  change i n  concen- 

t r a t i o n ,  from q u a n t i t a t i v e  t o  q u a l i t a t i v e  experiment,  i s  no t  t o  change m a t e r i a l l y  

t h e  n a t u i e  of the  movement, it i s  necessary  t h a t  t h e  added sodium c h l o r i d e  

ohould o a r r y  t h e  majnr  hnrden of loading t h e  upper s o l u t i o n .  This i s  another 

reason f o r  keeping t h e  a c i d  and base concen t ra t ions  smal l .  

I n  those  qua l i t a t ive  experiments i n  which a p i p e t t e  con ta in ing  t h e  two 

s o l u t i o n s  was r o t a t e d  i n  a v e r t i c a l  p lane ,  t h e  use of bromothymol b l u e  y ie lded  

only two c o l o r s ,  t h e  b lue  of t h e  b a s i c  s o l u t i o n  and t h e  yellow of t h e  a c i d  solu- 

t i o n .  For t h i s  i n d i c a t o r  t h e  c o l o r  change t akes  p lace  over t h e  s h o r t  pH range . . 
6.0 t o  7.6. The in termedia te  green c o l o r  was n o t  seen a t  t h e  boundary between 

t h e  two s o l u t i o n s .  In  order  t o  produce v i s u a l  evidence of t h e  behavior of . the 

system a t  t h e  boundary, it i s  necessary  t o  use  an i n d i c a t o r  t h a t  changes c o l o r s  

over a milch larger range of pH va lues .  For t h i s  purpose u n i v e r s a l  acid-base in-  

d i c a t o r  was used. 4' L, ; 

. J 

Universal  i n d i c a t o r  changes c o l o r s  from red ,  below pH 2 ,  through orange,  ?. . 

yellow, green,  t o  dark b lue  a t  pH 10 o r  more. When t h i s  i n d i c a t o r  was used, it 

was easy t o  observe a zone of orange t o  green between t h e  red  of t h e  a c i d  solu- 

t i o n  and t h e  b lue  of t h e  b a s i c  s o l u t i o n .  The width of t h e  zone depended on t h e  

na tu re  of t h e  experiment and thus  y ie lded  f u r t h e r  information about t h e  behavior 

of t h e  system. Up t o  t h e  time of w r i t i n g  t h e  p r e s e n t  r e p o r t  no e f f o r t  was made 

t o  design t h e  experiments i n  such a way a s  t o  use  t h i s  information.  However, it 

was thought worth while t o  mention t h e  a v a i l a b i l i t y  of t h i s  type  of information.  

The v e r s a t i l i t y  of t h i s  method of marking t h e  two s o l u t i o n s  w i l l  be il- 

l u s t r a t e d  by another example. I n  one q u a l i t a t i v e  experiment t h e  upper s o l u t i o n  

was l abe led  wi th  0.01fi NaOH; t h e  lower s o l u t i o n  was l abe led  wi th  0.0001g HC1. 

Bromothymol b lue  was used a s  t h e  i n d i c a t o r .  I n  t h i s  experiment t h e  d e n s i t y  

d i f f e r e n c e  was smal l ,  and t h e  movement was non-turbulent .  A t h i n  yellow s t r e a k  

was observed t o  i s s u e  from t h e  t o p  of t h e  9.5-cm-long exchange tube.  The s t r e a k  

meandered through t h e  b lue  s o l u t i o n  i n  t h e  main body of t h e  p i p e t t e  and pe te red  

o u t  about two-thirds of t h e  way. The base  was 100 t imes more concentra ted  than 

t h e  ac id .  The mixing of a g iven volume of t h e  a c i d  s o l u t i o n  wi th  1% by volume 

of t h e  b a s i c  s o l u t i o n  would have changed i t s  c o l o r  from yellow t o  b lue .  This 

experiment showed t h a t  it was p o s s i b l e  f o r  t h e  yellow s o l u t i o n  t o  t r a v e l  more 
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than 15 cm i n  in t ima te  c o n t a c t  wi th  t h e  b lue  s o l u t i o n ,  wi thout  incorpora t ing  

a s  l i t t l e  a s  1% of t h e  l a t t e r .  

The disappearance of t h e  yellow s t r e a k  i n  t h e  main body of t h e  p i p e t t e  

i s  probably a s s o c i a t e d  wi th  t h e  much l a r g e r  diameter of the  main body. Other 

experiments had i n d i c a t e d  d e f i n i t e l y  t h a t  t h e  speed of exchange 1s very  sen- 

s i t i v e  t o  t h e  diameter of t h e  tube and t h a t  h igher  speeds tend t o  produce t u r -  

bulence and mixing. 

EFFECTS OF TEMPERATURE. A change i n  temperature i n  t h e  course  of an ex- 

periment may a f f e c t  t h e  course  of t h e  experiment i n  s e v e r a l  ways. S i m i l a r l y ,  a 

d i f f e r e n c e  i n  temperature between two otherwise i d e n t i c a l  experiments may a f f e c t  

t h e  comparabi l i ty  of t h e  experiments. 

An inc rease  i n  temperature decreases  both  the densit.y and the visccoity 

of a s o l u t i o n .  Table 1 shows t h e  d e n s i t y  and ?.he v i s c ~ s i t y  of water a t  20° and 

a t  30°, r e spec t ive ly :  

Table 1. 

Mean temperature 
Temperature: 20° 30° c o e f f i c i e n t  

Absolute d e n s i t y  0 -998203 . 0.996646 -1.56 x D.~./deg 
(Densi ty  u n i t s ;  
1 D.U. = 1 g/cc) 

Viscos i ty  1.0050 0 -8007 '-0.02 cent ipoises /deg 
( c e n t i p o i s e )  

A l l  phys ica l  d a t a  given i n  t h i s  r e p o r t  a r e  quoted from Handbook of 

Chemistry and Physics,  Chemical Rubber Publ ishing Co., 38th Ed., 1956-57. 

For a proper sense  of pe r spec t ive  it i s  d e s i r a b l e  t o  cons ide r  t h e  ef -  

f e c t s  upon t h e  s p e c i f i c  g r a v i t y  of adding s o l u t e s  such a s  sodium c h l o r i d e ,  

sodium hydroxide,  and hydrochlor ic  a c i d .  The e f f e c t  i s  not  q u i t e  p ropor t iona l  

t o  t h e  molar concentra t ion.  I n  a c a l c u l a t i o n  of t h e  d r iv ing  f o r c e  f o r  a given 

p a i r  of s o l u t i o n s  a c t u a l  handbook values  a r e  used. However, f o r  d i l u t e  solu- 

t i o n s  t h e  change i n  s p e c i f i c  g r a v i t y  i s  approximately p ropor t iona l  t o  t h e  molar 

concen t ra t ions .  The fol lowing a r e  t h e  c o e f f i c i e n t s  of p r o p o r t i o n a l i t y  f o r  

d i l u t e  s o l u t i o n s :  

NaC1: 413 x D..u. p e r  mole per  l i t e r  

NaOH: 447 ,I ,I " d 

HC1: 182 I ,  I ,  

By comparing t h e  two c o e f f i c i e n t s ,  it i s  seen t h a t  t h e  e f f e c t  upon t h e  
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0 densi ty  of a solut ion of 1 r i s e  i n  temperature is  the same a s  the e f f ec t  of 

subtract ing approximately 1.56/413 = 0.0038 moles of sodium chloride per l i t e r .  

In  the present,  exploratory s tage of the invest igat ion no attempt is  

made t o  keep the temperature of the solut ions constant.  Before s t a r t i n g  an 

experiment, the two solut ions t o  be used a re  kept on the same tab le .  Room 

temperature readings a re  taken a t  the s t a r t  and during the course of the ex- 

periment. In  those experiments i n  which one of the  solut ions i s  e a s i l y  reached 

by a mercury thermometer, several  readings of the temperature of t h a t  solut ion 

a re  a l so  taken. 

In the e a r l i e r  experiments, when the laboratory was kept warm by heat- 
0 ing, the temperature was f a i r l y  constant,  a t  around 25 C.  With the advent of 

summer the temperature was more variable ,  from morning t o  evening o r  from one 

day t o  another. The range was approximately 20 t o  2 7 O ~ .  The difference be- 

tween the temperature of the accessible solut ion and room temperature may be, 

a t  times, a s  high as  0 . ~ O C .  

To allow f o r  the change of v i scos i ty  with temperature, the observed 

r a t e s  were normalized t o  the temperature a t  which the v iscos i ty  of water is  

1 cent ipoise.  Thus, i f  the observed r a t e  is  q cc/min, and the v iscos i ty  is  q 
cent ipoises ,  the normalized r a t e  i s  q . q  . This adjustment is  only t en t a t ive ,  

pending an invest igat ion of the e f f e c t  of v i scos i ty  upon the r a t e  of convec- 

t i o n a l  exchange. It may $urn out t h a t  the e f f e c t  of v i scos i ty  upon turbulent  

exchange i s  d i f f e r en t  from the e f f e c t  upon non-turbulent exchange. 

Let us consider other e f f e c t s  of temperature and estimate t h e i r  proba- 

b l e  magnitudes. The difference i n  dens i t ies  of the two exchanging solut ions is  

estimated from handbook values of spec i f ic  g r a v i t i e s  of solut ions.  These a r e  

given f o r  one temperature, 20°c. In pr inc ip le ,  the  temperature coef f ic ien ts  of 

densi ty  of d i f f e r en t  solut ions d i f f e r  from one another and from t h a t  of water. 

When the upper solut ion i s  d i l u t e ,  and the lower solut ion i s  almost the same as 

d i s t i l l e d  water, the discrepancy between the two temperature coef f ic ien ts  must 

be a small f rac t ion  of the coef f ic ien t  of water, which, i n  turn,  i s  small. 

Therefore, t h i s  e f f e c t  may be neglected. I f  the upper solut ion contains concen- 

t r a t ed ,  say 5 molar, e l ec t ro ly t e ,  the discrepancy between the two temperature 

coef f ic ien ts  may be of the same order as the temperature coef f ic ien t  of water. 

I t  was shown in  a previous p a r t  of t h i s  sect ion t h a t  a r i s e  i n  the temperature 

of water of 1°c produces the same e f f e c t  as  the removal of 0.0038 moles of 

sodium chloride per l i t e r .  Obviously, the e f f e c t  i s  small, when compared with 

the t o t a l  driving force,  and may be neglected. We conclude, then, t h a t  hand- 

book values of spec i f ic  g r a v i t i e s  f o r  one temperature may be used t o  ca lcu la te  

the driving force a t  another not too d i f f e r en t  temperature, provided the two 

solut ions a re  a t  the same temperature. 



CONVECTION I N  LOW GRAVITATIONAL FIELDS 

Let  us  examine t h e  case  when, i n  t h e  absence of r i g i d  temperature c o n t r o l ,  

t h e  temperatures of t h e  two exchanging s o l u t i o n s  a r e  d i f f e r e n t .  For t h e  sake of 

concre teness ,  we w i l l  assume t h a t  t h e  upper s o l u t i o n  is  warmer by 0 .3O~.  The 

e f f e c t  upon t h e  d i f f e r e n c e  between t h e  two d e n s i t i e s  i s  t h e  same a s  t h a t  of re- 

moving from t h e  upper s o l u t i o n  0.3 x 0.0038 = 0.00114 mole of sodium c h l o r i d e  

p e r  l i t e r .  

I n  t h e  s e r i e s  of experiments mentioned e a r l i e r ,  i n  which t h e  d r i v i n g  

f o r c e  may be descr ibed a s  a sum of concentra t ions:  0.01& NaOH + NaC1, t h e  

lowest  member of t h e  s e t  had an i n i t i a l  d r i v i n g  f o r c e ' o f  0.014 NaOH + 0.01g NaC1, 

which i s  a l i t t l e  l a r g e r  than t h a t  of 0.020E NaC1. A temperature d i f f e r e n c e  of 

0.3" changes t h e  d r i v i n g  f o r c e  by 0.00114fi NaC1, o r  by approximately f i v e  per-  

c e n t .  I f  t h e  two temperatures a r e  known, a c o r r e c t i o n  may be  app l i ed ,  t o  c a l -  

c u l a t e  t h e  i n i t i a l  d r i v i n g  f o r c e .  A s  t h e  experiment p rogresses ,  and t h e  d r iv -  

ing  f o r c e  approaches ze ro ,  t h e  e f f e c t  of a d i f f e r e n c e  between t h e  temperatures 

of t h e  two s o l u t i o n s  becomes p rogress ive ly  more important .  

The main conclus ions  t o  be  drawn from t h e  a n a l y s i s  c a r r i e d  o u t  i n  t h i s  

s e c t i o n  a r e  these:  I f  temperature i s  t h e  same i n  t h e  two s o l u t i o n s ,  it a f f e c t s  

t h e  course  of  convect ional  exchange c h i e f l y  by a f f e c t i n g  t h e  v i s c o s i t i e s  of t h e  

s o l u t i o n s .  The d r i v i n g  f o r c e  between a g iven p a i r  of s o l u t i o n s  is  approximately 

independent of t h e  temperature wi th in  t h e  r e l a t i v e l y  smal l  range of opera t ing  

temperatures .  A d i f f e r e n c e  i n  temperatures between t h e  two s o l u t i o n s  a f f e c t s  

t h e  d r i v i n g  fo rce  by approximately 0.00044 NaCl (us ing concentra t ion a s  a d r iv -  

i n g  f o r c e )  f o r  a d i f f e r e n c e  of 0 .lOc between the  two s o l u t i o n s .  Lack of c o n t r o l  

of t h e  temperatures of t h e  two s o l u t i o n s  in t roduces  a vague lower l i m i t  t o  t h e  

magnitude of the  d r i v i n g  f o r c e  which may be used wi th  confidence.  An uncer ta in-  

t y  of 0. 1°c i n  t h e  temperature d i f f e r e n c e  between t h e  two s o l u t i o n s  in t roduces  

an u n c e r t a i n t y  of 0.00044 NaCl i n  t h e  d r iv ing  f o r c e .  

EFFECTS OF HEAT OF NEUTRALIZATION. The value  of t h e  h e a t  of n e u t r a l i z a -  

t i o n  i s  given by t h e  following equation:  

H+ + OH- = H20 + 13,700 c a l  

Let  u s  examine t h e  e f f e c t ,  upon the  temperature of t h e  lower s o l u t i o n ,  

of fo l lowing t h e  r a t e  of exchange by t i t r a t i n g  t h e  t r anspor ted  sodium hydroxide 

wi th  hydrochlor ic  ac id .  I n  one of t h e  f a s t e s t  exchanges measured s o  f a r  20 cc 

of t h e  upper s o l u t i o n  exchanged wi th  20 c c  of t h e  lower s o l u t i o n  (water)  i n  

t h e  f i r s t  minute. The upper s o l u t i o n  was. marked wi th  0.01E sodium hydroxide. 

No. of moles of base  t r anspor ted  

i n  one minute: 0.020 x 0.01 = 2 x moles 

Heat bvolved upon 

n e u t r a l i z a t i o n :  . ( 2  x x 13,700 = 2.74 c a l  
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The i n i t i a l  volume of the lower solution was 100 cc. The base was neu- 

t r a l i zed  with O . e  hydrochloric acid. Therefore, the volume, a f t e r  neutraliza- 

t ion,  was 102 cc, and the heat  capacity of the lower solution was approximately 

100 cal/deg. 

Rise i n  temperature: 

The conclusion i s  reached t h a t  the temperature e f fec t  caused by the 

heat  of neutralization may be neglected. However, it should be emphasized 

t h a t  acid o r  base should be used as  marker only, i n  small concentrations, and 
not as  loading substances. The load i n  t h i s  par t icular  experiment was 5g 

sodium chloride. Let us estimate the r i s e  i n  temperature per minute if sodium 

hydroxide were used both as marker and load. To achieve the same ra te  of ex- 

change, approximately 5g sodium hydroxide would have t o  be used. The volume 
exchanged per minute would s t i l l  have been approximately the same, but  the  

amount of base transported would have been 500 times larger ,  and the r i s e  i n  

temperature upon neutralization would have been of the order of 13 . ~ O C .  

METHOD OF LOADING THE UPPER SOLUTION. In general, a re la t ive ly  large 

number of solutes may be used. However, in  ant icipat ion of supplementing i n  
the future the quanti tat ive method of acid-base t i t r a t i o n  with the method of 

using e l e c t r i c a l  conductivity a s  a means of following the course of convea- 

t iona l  exchange, it was decided t o  use an e lec t ro ly te  a s  a load. Because of 

the  decision t o  use sodium hydroxide as  one of the markers, the  use of many 

s a l t s  was eliminated, t o  avoid complicating chemical reactions with the hy- 

droxyl ion. Sodium chloride was therefore l e f t  as  an obvious choice. 

The range of driving forces available through the use of sodium 
chloride i s  limited, a t  i t s  upper end, by the solubi l i ty  of sodium chloride 

i n  water. The maximum driving force thus available is approximately 0.20 grams 
per cc. In order t o  extend t h i s  range, potassium iodide was used i n  recent 
experiments. This measure extends the  range of driving force t o  approximately 

0.6 g/cc. 

QUANTITATIVE ASPECTS OF CONVECTION THROUGH A CYLINDRICAL TUBE 
The investigation is s t i l l  i n  progress, and the following notes are  

in  the nature of a progress report.  

QUANTITATIVE DESCRIPTION OF THE EXPERIMENTAL PROCEDURE, The p ipet te  
shown i n  Fig. 2 held 97 cc of an aqueous solution, containing 0 . 0 e  sodium 

hydroxide as  a marker, XM_ sodium chloride a s  load and bromothymol blue as in- 

dicator .  The length of the laver tube was 9.5 cm, and its inside radius was 

0.266 cm. The lower solution consisted of d i s t i l l e d  water, and bromothymol 

blue as indicator.  The transport of the upper solution downward (and the  equal 



CONVECTION IN LOW GRAVITATIONAL FIELDS 

Figure 

transport  of the lower solut ion upward) was measured by adding al iquot  portions 
of an appropriate concentration of hydrochloric acid and by noting the  t i m e  of 
appearance of each successive -8 point,  

GRAPHICAL MeTHOD OF PRESEMTIMO THE COURSE OF TIIE EXCHANGE. It is con- 

venient t o  present, a s  a function of t he ,  the number of cc of 0 . 0 u  sodium 
hydroxide transported i n t o  the lower solution. In t h i s  se r i e s  of experiments 
the  maximum value i s  97 cc. The volume of base transported is not a d i rec t  
measure of the actual  volume of the two-way t r a f f i c  i n  the same t i m e .  The 
sodium hydroxide is converted i n t o  sodium chloride by t i t r a t i o n .  On the  other 

hand, a pa r t i c l e  of water makes the down and up t r i p  pn i n f i n i t e  number of times 
before equilibrium is  reached. 

The method of calculating the actual  volume of t ransport  a t  a given time 
w i l l  not be taken up in this report. Suffice i t . t o  say t h a t  f o r  re la t ive ly  
shor t  i n i t i a l  in tervals  i n  which the  transport of sodium hydroxide is not more 
than 10% of the or ig inal  contents of the  upper solution, the  volume of 0.01M_ 
sodium transported i s  equal t o  the volume of water traneported, t o  within ap- 
proximately 1%. 
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Figure 3. MU-31615 

Minutes 

I t  i s  convenient t o  p l o t  t h e  volume of sodium hydroxide t ranspor ted ,  

aga ins t  t ime, on a log-log f i e l d .  This method of p l o t t i n g  spreads t h e  curves ,  

permits t h e  represen ta t ion  of very f a s t  and very slow r a t e s  with t h e  same r e l a -  

t i v e  accuracy, and avoids t h e  crowding of p o i n t s  near  t h e  o r i g i n .  Furthermore, 

i f  t h e  volume t ranspor ted  i s  i n i t i a l l y  approximately p ropor t iona l  t o  t ime, then 

t h e  p o i n t s  f a l l  approximately upon a l i n e  of s lope 1.0. 

Fig .  3 shows t h e  r e s u l t s  obtained i n  two s e r i e s ,  i n  which t h e  lower 

s e t  shows t h e  volume of t r a n s p o r t  when t h e  exchange tube was v e r t i c a l  (8 = 0 ) ;  

t h e  upper s e t  shows only t h e  higher  members of t h e  same s e r i e s  of concentra- 

t i o n s ,  with t h e  tube i n c l i n e d  45O t o  t h e  v e r t i c a l .  I n  t h i s  f i g u r e  each p o i n t  

i s  an observed experimental po in t .  

Turning t o  t h e  lower s e t  (8 = 01, and following t h e  arrow, we observe 

t h a t  t h e  r a t e s  inc rease  wi th  t h e  load,  from 0.005M t o  1fi sodium ch lor ide .  The 

r a t e s  a r e  approximately equal  when t h e  load i s  2 ,  4 ,  55 sodium c h l o r i d e ,  and 

they a r e  smal ler  than with a load of 1; sodium chloride. '  

0 
Turning t o  t h e  upper s e t  of curves (8 = 45 ) and comparing t h i s  s e t  

wi th  t h e  lower s e t  of curves we- f i n d  t h a t ,  wi th  t h e  high loads shown, f o r  equal  

loads ,  t h e  r a t e  i s  h igher  when t h e  tube i s  i n  an i n c l i n e d  p o s i t i o n .  The lower 

members of t h i s  p a r t i c u l a r  s e t  of curves a r e  no t  shown i n  t h i s  f i g u r e .  However, 
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Figure 4. MU-31614 
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as  w i l l  be seen i n  the next figure,, the rate i n u ~ e s l s e s  with thc  load, from 

0.0024 NaCl t o  2 4  NaC1. For loads of 44 and 54 sodium chloride,  each car r ied  

out i n  dupl icate ,  the r a t e s  seem t o  be the same, within the accuracy of dupli- 

ca t ing  an experiment. 

Fig. 4 shows the complete s e t  of smoothed curves f o r  both s e r i e s ,  

from the  time when the volume of sodium hydroxide transported was 1.0 cc or  

more. The so l id  curves represent the  se r i e s  with 8 = 0; the dashed curves 
0 

represent  the  se r i e s  with 8 = 45 . In t h i s  f igure ,  the l i b e r t y  was taken of 

representing the highest  three loads by a s ing le  curve, i n  the s e t  of s o l i d  

curves,  and of representing the highest  two loads by a s ing le  curve i n  the s e t  

of dashed curves. 

INITIAL RATES AS A FUNCTION OF THE LOAD AND THE ANGLE OF I N C L I N A T I O N .  

AS was' mentioned e a r l i e r ,  the i n i t i a l  rciLe of tranoport of so? i l . ?m hydroxide 

represents  f a i r l y  accurately the i n i t i a l  r a t e  of exchange. Unfortunately, the 

f i r s t  experimental reading cannot be used, f o r  the following reason: A t  time 

zero, the exchange tube contains the upper solut ion only. It takes a l i t t l e  

time before steady s t a t e  i s  achieved, and both solut ions a re  present i n  the 

exchange tube. For t h i s  reason, two measures of the i n i t i a l  r a t e  were obtained, 

whenever possible ,  i n  the following manner: The f i r s t  measure was calculated 

from the difference between the  time of t ransport  of 1 cc and the time of trans- 

p o r t  of 5 cc. The difference i n  time, divided i n t o  the difference i n  volumes, 

y ie lds  the r a t e ,  i n  cc/min. The second measure was obtained from the difference 

of time of t ransport  of 2 cc and of 10 cc. A s  a t en t a t ive  e f f o r t  t o  allow f o r  

differences i n  temperature, the calculated r a t e s  were normalized by multiplying 

the r a t e  by the v iscos i ty  a t  the temperature of the experiment, expressed in  

cent ipoises .  
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Figure 5. 

r ~ '  I  l  l l l l l l l  I  1 1 1 1 1 1 1 1  I  1 1 1 1 1 1 1 1  1 1 11111d 
1 o - ~  10-3 10-2 10-1 1 

Driving force, Ap, g / rn l  

The r e s u l t s  a re  shown i n  Fig. 5, i n  which the r a t e s  f o r  the s e r i e s  with 

8 = 0 are  connected by l i n e  segments. Each of these r a t e s  i s  t i e d  by an arrow 

t o  the corresponding r a t e  a t  8 = 45O. The r a t e s  a r e  p lo t ted  against  the dr iving 
' 

force i n  the respective experiments. The driving force i n  each case was calcu- 

la ted  from the handbook values of spec i f ic  g r a v i t i e s  of sodium chloride solu- 

t ions ,  with allowance f o r  the presence i n  the same solut ion of 0.0% sodium hy- 

droxide. .The 4s0 points  a re  sh i f ted  t o  the l e f t ,  by ' a f ac to r  equal t o  cos 8 = 

, 0.707. 

  urn in^ our a t ten t ion  t o  the  s e r i e s  a t  8 = 0, we.find t h a t  a t  small loads 

the i n i t i a l  r a t e  is  approximately proportional t o  the i n i t i a l  load, as  may,be 

seen from the f a c t  t h a t  the points  f a l l  approximately upon a 45O l ine .  Beyond 

a load of approximately 0.05g sodium chloride,  or  2.5 x g/cc, the r a t e  in- 

creases  slower than the load, reaches a maximum, then approaches a value t h a t  

i s  independent of the load, up t o  the upper l i m i t  of the range of loads studied. 

0 
. Comparing each of these r a t e s  with the corresponding r a t e  a t  8 = 45 , we 

f ind  t h a t ,  a t  low loads, the e f f e c t  of changing the or ien ta t ion  of the exchange , 

tube is  small and e r r a t i c .  A t  the  higher loads, there is  a more systematic 

change. The la rger  the load, the la rger  i s  the difference between the  r a t e s  a t  

the two or ien ta t ions  of the exchange tube. A t  the highest  loads studied, the 

r a t e  i n  the irfclined tube was 9.7 times la rger  than the r a t e . i n  the v e r t i c a l  tube. 

More ins ight  i n t o  the nature of the convectional exchange was obtained 

from a few p a r a l l e l ,  qua l i t a t i ve  experiments. 

QUALITATIVE OBSERVATIONS. As described i n  f u l l e r  d e t a i l  i n  an e a r l i e r  
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p a r t  of t h i s  repor t ,  a qua l i t a t i ve  p a r a l l e l  experiment is  performed by marking 

the lower solut ion with 0.01fi hydrochloric acid,  i n  addition t o  the indicator .  

When the load i s  large,  there i s  v io len t ,  turbulent  motion within the . . 

exchange tube. The yellow color  of the lower, l i g h t e r  solut ion does not sur- . 

vive i t s  passage i n t o  the  main body of the p ipe t t e ,  because of i t s  turbulent  

mixing with an overwhelming basic  solut ion.  When the apparatus i s  incl ined 

i n  the midst of a run, the turbulence disappears,  the two opposing. streams 

organize themselves i n t o  two layers ,  with the heavier,  blue layer a t  the 

bottom. The yellow stream passes i n t o  the body of the p ipe t t e ,  and on t o  the : 
top,  forming a layer  of yellow above the o r ig ina l  blue solut ion.  The blue 

so lu t ion  issues downward, from the bottom of the p ipe t te .  I f  the lower solu- ; 
t i on  is  kept i n  a beaker,.and i n  the absence of s t i r r i n g ,  the  blue solut ion 

c o l l e c t s  a t  the bottom of the beaker. I f ,  now, the  apparatus i s  brough't back i 
t o  the v e r t i c a l  pos i t ion ,  the motion becomes turbulent  again. However, toward ' 

the end of the  run, when the driving force approaches zero, and the r a t e  of .; 

exchange i s  very much slower, the two colored streams begin t o  arrange them- ', 

selves i n t o  p a r a l l e l  v e r t i c a l  layers .  

Whdn the i n i t i a l  driving force i s  small, the  two streams arrange them- :i 

selves i n t o  two p a r a l l e l  v e r t i c a l  l ayers ,  even i n  a ver t ica1 , tube .  Each stream 

survives passage i n t o  the main body of the other solut ion and co l l ec t s  as  a : 

separate  layer .  Inc l ina t ion  of the apparatus i n  the course of a run produces ' 

no s t r i k ing  changes i n  the nature of the convectional exchange. 

Undoubtedly, the increase in  r a t e  of exchange when the tube is  incl ined 

i s  associated with the f a c t  t h a t  the two streams organize themselves i n  such 

a way t h a t  ne i ther  i n t e r f e re s  with the progress of the other .  Further invest i -  

gat ion of t h i s  phenomenon i s  intended. 
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The s ign i f i can t  differences i n  l ipoprotein concentrations between healthy 

male and female populations have been well  documented by many invest igators  (1, 

2,3,4). These differences i n  concentrations appear i n  both segments of the 

t o t a l  l ipoprotein spectrum. Thus, i n  the low-density spectrum, males exhib i t  

s ign i f i can t ly  g rea t e r  mean concentrations of S: 0-400 l ipoproteins  than females 

i n  the age range of 20-50 years. This d i f f e r e n t i a l  accounts i n  g rea t  p a r t  f o r  

the observed serum t r ig lycer ide  and cholesterol  concentration differences be- 

tween the sexes. Furthermore, t h i s  d i f f e r e n t i a l  between the sexes i n  low-density- 

l ipoprotein concentrations i s  maintained in  s p i t e  of s ign i f i can t  increases i n  

t h e i r  concentrations with age i n  both sexes up t o  the ages of 50-65 years. 

In the high-density-lipoprotein (HDL) spectrum, the d i f f e r e n t i a l  i n  l ipo- 

protein concentrations i s  due i n  g rea t  p a r t  t o  the  s igni f icant ly  higher mean 

HDL2 concentrations encountered i n  females r e l a t i v e  t o  males a t  a l l  ages (5)'. 

The magnitude of . th i s  d i f f e r e n t i a l  appears t o  be l e a s t  i n  the ear ly  years (ap- 

proximately 18-23 years)  and then increases t o  a r e l a t i ve ly  constant value soon 

thereaf te r  ( 6 ) .  After these ea r ly  years ,  the absolute values of the mean HDL 

concentrations do not appreciably increase or decrease. 

In  abnormal subgroups of the population a t  large,  spec i f i ca l ly  those 

comprised of individuals with diseases  such a s  b i l i a r y  obstruct ion,  nephrosis, 

Tangier disease,  xanthoma tendinosum, xanthoma tuberosum, and e s sen t i a l  hyper- 

lipemia, s ign i f icant ly  lower HDL2-lipoprotein concentrations a re  encountered 

r e l a t i v e  t o  matched controls  ( 7 , 8 ) .  In these subgroups, spec i f ic  low-density- 

l ipoprotein f rac t ions  a re  general ly  markedly elevated ( 9 ) .  

The inverse nature of the above d i s t r i bu t ions  of. low-density- and high- 

density-lipoprotein concentrations has given r i s e  t o  considerations of possible 

metabolic associat ions between these l ipoprotein species.  S t a t i s t i c a l  t e s t s  of 

cor re la t ion  between these species i n  healthy populations have yielded s ign i f i -  

cant  but  low-order negative cor re la t ion  coef f ic ien ts  ( 4 ) .  It was concluded 

from such low-order cor re la t ions  t h a t  the metabolic f ac to r s  regulating low- 

density- and high-density-lipoprotein concentrations a re  largely independent 

of each other.  I f ,  however, the population sampling did not adequately cover 

the  complete range of possible lipoprotein-concentration values,  then it i s  

9 9 
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possible that the actual correlations between the species may in fact be ap- 

preciably different than those determined above. Moreover,'if the frequency dis- 

tributions of the lipoproteins are appreciably skewed, then the criteria for 

computation of the Pearson coefficient of correlation may not be fully satisfied 

and the results may be misleading. It will be shown in this report that the dis- 

tributions of certain lipoprotein species do exhibit appreciable skewness. 

It is most interesting to note, however, that metabolic processes ap- 

parently do exist that, upon specific stimulation, produce reciprocal-type 

changes in serum-lipoprotein concentrations. Evidence for the existence of 

such processes has been gained through work on the influence of gonadal hormones 

on serum-lipoprotein concentrations (10,11,12,13). Thus, the administration of 

estrogens is generally associated with increasing HDL serum concentrations, while 

androgens have been associated with decreases in HDL concentrations. Concomitant 

reciprocal changes in low-density-lipoprotein nonn~ntrati.ons fraquently occur 

along with these HDL alterations, hut. they do not occur univcrocllly in all sub- 

jects receiving such hormones. This variability may be a question of dose and 

individual response in these subjects. 

Since certain abnormal lipoprotein distributions associated with unfavor- 

able risks from cardiovascular disease may be corrected by agents stimulating 

this reciprocal-type process (i.e., stimulating reductions in low-density lipo- 

proteins and concurrently increasing high-density lipoproteins), clarification 

of this metabolic mechanism seems worthwhile. The suggestion could be made that 

some imbalance in the control of such processes may be responsible, in part, for 

the abnormalities occurring in human-lipoprotein distributions. 

What these specific processes are is not yet clear. Recent observations 

indicate that glyceride metabolism may be implicated ( 1 4 1 5  These observations 

describe, (a) an increase in glyceride transport by high-density lipoproteins 

in association with increased concentrations of low-density lipoproteins during 

fat ingestion; and (b) an increased glyceride content of the high-density species 

as a function of the steady-state serum glyceride, or very low-density-lipoprotein 

concentrations. In the light of these observations and the considerations indi- 

cated above, we decided to investigate further, in greater detail than previously 

reported, the properties of the low- and high-density lipoprotein distributions 

in male and female population groups. 

METHODS 
The population group under investigation consisted of employees of the 

University of California Lawrence Radiation Laboratory at Livermore, California 
1 

(4). Venous blood samples were collected from nonfasting subjects during routine 

periodic physical examinations. Excluded from the study were individuals with 

the following medical diagnoses: (a) acute infection; (b) poliomyelitis; 
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( c )  surgery involving p a r t i a l  or  complete organ removal; (d) medication in- 

volving s t e ro ids ,  thyroid ex t r ac t ,  e t c , ;  ( e )  cardiovascular disease; (£) can- 

ce r ;  (g)  multiple s c l e ros i s ;  (h) pregnancy; and a l so  ( i ) ,  persons with spec ia l  

d ie ta ry  requirements. Ages of subjects  ranged from 1 7  t o  65 years.  The group 

was comprised of 1,961 males and 326 females. 

Lipoprotein heterminations and analyses were performed according t o  

methods previously dbscribed i n  d e t a i l  elsewhere (5 ,16) .  Specif ical ly ,  the 

l ipoprotein groups measured were the low-density species Sf 100-400, S? 20- 

100, SF 12-20, S? 0-12, and the high-density species HDL1, HDL2, and HDL3. 

The accumulated l ipoprotein data  were f i r s t  segregated by sex i n t o  the follow- 

ing ogc groupon males, 17-29, 30-39, An-49, 50-65; and females, 16-29, w d  

30-49 years.  Means and standard e r ro r s  of the means were obtained fo r  a l l  

l ipoprotein species analyzed. From the means and the standard deviations of 

the d i s t r i bu t ions ,  we calculated f o r  each l ipoprotein group i t s  values corres- 

ponding t o  2 one standard deviation, f two standard deviations,  e t c .  After 

select ing one l ipoprotein group a s  reference, each ind iv idua l ' s  l ipoprotein.  

data  were sorted according t o  h i s  posi t ion on the standard deviation sca le  

f o r  the spec i f ic  reference l ipoprotein group i n  question. Following t h i s  

sor t ing  procedure, the means and standard e r ro r s  of the means were calculated 

f o r  each ind iv idua l ' s  l ipoprotein data  f a l l i n g  within the standard deviation 

sca le  described above. Thus, it w a s  possible  t o  determine the mean serum- 

concentration values of a l l  species f o r  individuals  having values of the ref-  

erence l ipoprotein group a cer ta in  number of standard deviations below o r  

above i t s  mean f o r  the population group. In t h i s  way, the l ipoprotein dis-  

t r i bu t ions  of spec i f i c  subgroups i n  the population become apparent, and d i f - .  

ferences between them become calculable .  

RESULTS AND DISCUSSION 
The.primary l ipoprotein data  f o r  the population under invest igat ion a re  

presented in  Table 1. Tables 2-15 show the r e su l t an t  mean l ipoprotein values 

obtained upon ordering the data  by the standard deviation in t e rva l s  of a par- 

t i c u l a r  l ipoprotein species.  Standard e r ro r s  'of the means and the numbers of 

individuals  f a l l i n g  within each population subgroup by the above se lec t ion  

process a r e  a l so  reported, along with the mean lipoprotein-concentration values. 

The following observations can be made on the data  presented i n  the 

tables:  

TABLE 1. These data  define the population under invest igat ion and show 

the influence of age and sex on l ipoprotein leve ls  a s  previously described i n  

the  l i t e r a t u r e .  In addition, these data  form the bas i s  f o r  calculat ion of the 

standard deviation in t e rva l s  used in  a l l  subsequent tab les .  Reference w i l l  be 

made t o  t h i s  t ab l e  i n  subsequent discussions. 
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Table 1. Mean l i p o p r o t e i n  concentra t ions  i n  U C L R L ~  population 

( i n  mg/100 m l )  

Age i n  Number of SF 100-400 SF 20-100 SF 12-20 SF 0-12 HDLl ' HDL2 
years  s u b j e c t s  HDL3 - 

MALES 

FEMALES , 

a Univers i ty  of C a l i f o r n i a  Lawrence Radiation Laboratory, Livermore, Ca l i fo rn ia .  

b ~ t a r l d a r d  e r r o r  of t h e  mean values  a r e  given i n  parentheses.  

TABLE 2. I n  t h i s  t a b l e ,  t h e  d a t a  a r e  ordered on S: 100-400 and s e v e r a l  

i n t e r e s t i n g  p o i n t s  appear. Ind iv idua l s  wi th  S: 100-400 values  below t h e  mean 

f o r  t h e  age group have, on t h e  average,  s i g n i f i c a n t l y  higher  HDL2 values  than 

those  wi th  S: 100-400 values  above t h e  mean. There is  approximately a two- 

f o l d  d i f f e r e n c e  i n  magnitude between t h e  mean HDL2 values  assoc ia ted  with t h e  

oppos i t e  extremes of t h e  SF 100-400 d i s t r i b u t i o n .  This d i f f e r e n c e  i s  s i g n i f i -  

c a n t  a t  t h e  one-percent l e v e l  of confidence f o r  a l l  ages. Another po in t  of 

i n t e r e s t  is  t h e  marked and s i g n i f i c a n t  depression of t h e  mean S: 0-12 l ipo-  
0 p r o t e i n  l e v e l  a t  t h e  uppermost extreme of t h e  Sf 100-400 d i s t r i b u t i o n  when it 

i s  compared wi th  t h e  mean SF 0-12 value  i n  t h e  S: 100-400 i n t e r v a l  ( " + 1 C  t o  

+ 2 C U )  adjacent  t o  it i n  s u b j e c t s  17-49 years  of age. A t  t h i s  extreme posi-  

t i o n ,  we a l s o  observe,  i n  a l l  age i n t e r v a l s  above 30 years ,  an almost twofold . 

e l e v a t i o n  i n  HDLl levels'. This p a t t e r n  of very high S: 100-400, depressed 

SF 0-12, and e leva ted  HDLl va lues ,has  been previously  repor ted a s  i n d i c a t i v e  

of e s s e n t i a l  o r  id iopa th ic  hyperlipemia ( 9 ) .  I t  i s  i n t e r e s t i n g  t o  note  t h a t  
0 t h e  Sf 0-12 depress ion i s  apparent p r i o r  t o  t h e  HDLl e l e v a t i o n ,  while t h e  HDLl 

e l e v a t i o n  appears a f t e r  much higher  SF 100-400 l e v e l s  a r e  a t t a i n e d  than a r e  

p r e s e n t  a t  17-29 years  of age. For t h e  appreciable  and s i g n i f i c a n t  inc rease  

i n  HDLl concentra t ion associa ted with t h e  t r a n s i t i o n  from t h e  17-29- t o  t h e  30- 

39-year range,  it would appear t h a t  a SF 100-400 e leva t ion  of t h e  magnitude of 

100 mg/100 m l  i s  required.  The assoc ia ted  inc reases  of SF 20-100 wi th  S: 100- 

400 inc reases  observed i n  t h i s  t a b l e  a r e  expected from t h e  repor ted c o r r e l a t i o n  

between these  two spec ies .  From these  d a t a  and those  f o r  HDLl d i s t r i b u t i o n s ,  

we es t imate  t h a t  t h e  incidence of t h e  complete l ipopro te in  abnormality asso- 

c i a t e d  with t h e  diagnosis  " e s s e n t i a l  hyperlipemia" i s  of t h e  order  of magnitude _,-. 

of two t o  t h r e e  percent  i n  males above 30 years .  i 
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 able 2. Mean l i p o p r o t e i n  l e v e l s  i n  males a ssoc ia ted  wi th  s p e c i f i c  rangesa of 

l e v e l s  of S: 100-400 l i p o p r o t e i n s  

( i n  mg/100 m l )  

Lipoprotein 
groups 

Ranges of S: 100-400 

- 20- -20- -10- 
and t o  t o  
l e s s  -10- me an 

Ages 17-29 

+20- 
and 

g r e a t e r  

Ases 30-39 

20-100 
12-20 

.HDL1 
HDL, 

Ages 40-43 

0 
a ~ a n g e  of Sf l e v e l s  i s  expressed i n  s tandard dev ia t ion  u n i t s  r e l a t i v e  t o  

mean l e v e l  f o r  SZ 100-400 group. This  des ignat ion of range i s  followed i n  a l l  
subsequent t a b l e s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range of SZ 100-400 va lues  a l l  below t h e  
mean. This broad range i s  used due t o  t h e  f a c t  t h a t  magnitude of s tandard 
dev ia t ion  i s  g r e a t e r  than t h e  value  of t h e  mean SF 100-400 value.  

C ~ t a n d a r d  e r r o r  values  a r e  g iven i n ,  parentheses  i n  t h i s  and subsequent 
t a b l e s .  

%slues i n  t h i s  column a r e  i n  range of SF 100-400 values  + 1 ~  and g r e a t e r .  - 
1 

e N = number of s u b j e c t s  i n  each range i n t e r v a l ;  t h i s  symbol w i l l  be used 
i n  a l l  subsequent t a b l e s .  
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The skewed c h a r a c t e r  of t h i s  d i s t r i b u t i o n ,  a s  evidenced by t h e  unsym- 

m e t r i c a l  d i s t r i b u t i o n  of t h e  popula t ion wi th in  t h e  s tandard dev ia t ion  i n t e r -  

v a l s ,  should be noted.  

TABLE 3. Here t h e  d a t a  a r e  ordered on S: 20-100, and again we s e e  t h e  

marked s i g n i f i c a n t  d i f f e r e n c e s  between t h e  mean HDL2 values  assoc ia ted  wi th  

t h e  extremes of t h e  S: 20-100 d i s t r i b u t i o n s .  The mean HDL2 values  a t  t h e  ex- 
- 

tremes vary by f a c t o r s  ranging from 2 t o  2.5. I n  going from t h e  low end of 

t h e  S: 20-100 d i s t r i b u t i o n  t o  t h e  uppermost extreme, we f i n d  t h e  HDL values  
2o dropping t o  a r e l a t i v e l y  cons tan t  value  upon reaching t h e  values  of Sf 20-100 

0 i n  t h e  i n t e r v a l  def ined by "Mean t o  +lC." Fur the r  inc reases  of Sf 20-100 o r  

of SF 100-400 a r e  no t  a s s o c i a t e d  wi th  f u r t h e r  decreases  of any appreciable  

magnitude i n  mean HDL2 concen t ra t ions .  The d i s t r i b u t i o n  of SF 12-20 i s  a l s o  

found t o  be skewed f o r  t h i s  popula t ion.  

TABLE 4. When ordered on S: 12-20, t h e  d a t a  show appreciable  chanqes 

i n  mean HDL2 values .  S i g n i f i c a n t  l i p o p r o t e i n  t r ends  a r e  those  expected i n  
0 

t h e  S: 0-12 and t h e  Sf 20-100 a r i s i n g  from t h e i r  s t a t i s t i c a l  i n t e r r e l a t i o n  

wi th  t h e  S: 12-20 c l a s s .  I n  a d d i t i o n ,  it should be  noted t h a t  a t  t h e  upper- 
0 

most extremes of t h e  Sf 12-20 d i s t r i b u t i o n s  we f i n d  no evidence f o r  any in-  
0 ve r s ions  i n  t h e  t r e n d s  of Sf 0-12 values  a s  were noted f o r  t h e  d i s t r i b u t i o n s  

ordered on S: 20-100 and S; 100-400. The d i s t r i b u t i o n  of S: 12-20 i n  t h i s  

popula t ion group i s  unsymmetrical and skewed. 

TABLE 5. I n  t h i s  t a b l e ,  t h e  d a t a  a r e  ordered on SF 0-12 and t h e  most 

s t r i k i n g  l i p o p r o t e i n  i n t e r r e l a t i o n s h i p s  a r e  those  a s s o c i a t e d  wi th  the  lowest 

S: 0-12 values .  . A t  age i n t e r v a l s  30-39 and 40-49 yea rs ,  we f i n d  very e leva ted  
0 0 

mean Sf 20-100 and Sf 100-400 values  assoc ia ted  wi th  the  vesy low means for  
SF 0-12. Although t h e s e  popula t ion groups a r e  no t  l a r g e ,  these  r e l a t i o n s h i p s  

a r e  i n  complete agreement wi th  those  observed f o r  t h e  population groups having 

very  high l e v e l s  of S: 20-100 and SF 100-400. Excluding these  two lowermost 

extremes of S: 0-12 va lues  a t  ages 30-39 and 40-49 y e a r s ,  we f i n d  t h e  mean 

HDL values  decrease  by approxi,mately a f a c t o r  of two i n  pass ing t o  t h e  upper 2 
end of t h e  S? 0-12 d i s t r i b u t i o n s .  The d i s t r i b u t i o n  of S: 0-12 i n  t h i s  group 

i s  approximately normal. 

TABLE 6. Data ordered on HDLl values  a r e  of g r e a t e s t  i n t e r e s t  i n  t h e  

uppermost i n t e r v a l s  of t h e  d i s t r i b u t i o n s .  A t  ages 30-39 and 40-49 y e a r s ,  
0 

very  marked and s i g n i f i c a n t  e l e v a t i o n s  i n  Sf 20-100 and S: 100-400 values  a r e  
0 

observed assoc ia ted  wi th  high HDLl va lues .  The mean Sf 0-12 value  i n  t h e  age 
0 

i n t e r v a l  40-49 yea rs  i s  s i g n i f i c a n t l y  lower than t h e  mean Sf 0-12 yalue  i n  

t h e  HDLl i n t e r v a l  "+lo- t o  +26 '  adjacent  t o  it. The d i s t r i b u t i o n  of HDLl i n  

t h e  popula t ion appears n e a r l y  normal i n  males 17 t o  29 yea rs  o l d  b u t  skewed i n  

t h e  o l d e r  age brackets .  
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~ a b i e  3 .  Mean l i p o p r o t e i n  l e v e l s  i n  males  a s s o c i a t e d  w i t h  s p e c i f i c  r a n g e s  o f  

l e v e l s  o f  ST 20-100 l i p o p r o t e i n s  

( i n  mg/100 ml) 

L i p o p r o t e i n  
g r o u p s  

Ranges o f  SF 20-100 

- 20- - 2 0- -10- m e  an  +10- +20- 
and t o  t o  t o  t o  and 
less -10- mean . +1CT +20- q r e a t e r  

Ages 17-29 

Ages 30-39 

:I 20-100 26(1.1)  65(0.7)  113(1 .0 )  1 6 8 ( 2 0  263(9.7) 
12-20 31(1.7)  44(0.9)  Sg(1.2)  72(3.5)  8 0 ( 4 . 7 )  

S 0-12 317 (8 .2)  351(3.8)  373(5.0)  375(14.0) 327(20.7) 
HDLl 23 ( 0  - 8 )  24(0.4) 22(0.4)  21(0.9)  46(10 ,0)  
HDL2 5 6 ( 4 . 2 )  38(1 .3 )  28(1.4)  28(3.3)  27(4.4)  
HDL, 238 ( 5  -1) 221(1.9) 211(2.6) 221(6.7) 207(7.2) 

Ages 40-49 

Ages 50-65 

%slues i n  t h i s  column a r e  i n  r a n g e  of SF 20-100 v a l u e s  -1C and less. 

b ~ a l u e s  i n  t h i s  column a r e  i n  r a n g e  o f  S: 20-100 v a l u e s  + 1 C  and g r e a t e r .  
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Tab le  4.  Mean l i p o p r o t e i n  l e v e l s  i n  males a s s o c i a t e d  w i t h  s p e c i f i c  ranges  of 

l e v e l s  of SF 12-20 l i p o p r o t e i n s  

( i n  mg/100 m l )  

L ipopro te in  
groups  

Ranges of  ST 12-20 

- 2 6  - 2 (T -10- me an +lo-  +2rT 
a i d  t o  t o  t o  t o  and 
l e s s  -1C me an +lrT +2(T g r e a t e r  

Ages 17-29 

- - 

Ages 30-39 
26(2.9)" 42(3.3) .64(4.3) 73(8.5)  85(11.8) 

20-100 53(2.5)  76(2.1) 107(3.0) 133(7.4)  161(15.4) 
21(0.5) 40(0.4)  61(0.4) 83(0.6)  114(3.3)  

280(5.6)  3 - m )  388(4.0) 404(10.3) 476(22.1) 
HDLl 23(0.6) 24(0.6) 23(0.9) 24(2.5) 27 ( 5  -8)  
HDL 44(2.5)  38(1.6) 30(1.5)  33(2.8) 29 (4.8) 
HDL3 218(3.7) 218(2.4) 218(2.7) 227(4.1) 221(5.6) 

N 13.1 3 26 257 8 9 3 1 

Ages 40-49 

so 100-400 27 (4 .1 )a  63(8.9)  80(7.1) 92(12.2)  gg(25.0) 
20-100 61(3.5) 96(4.2)  122(5.5) 144(7.7)  221(37.5) 
12-20 - -  27 ( 0  -8 )  47(0.5) 68(0.6)  gO(1.2) 120(2.7) 

S sf 0-12 333(9.0) 3 5 m I  4 m j  441(13.2) 446(30.4) 
HDLl 24(1.0) 26(1.7) 24(0.7) 24(1.1) 21.(7.0) 
HDL 49(3.6)  40(2.3) 30(2.4)  25(2.6) 31(6.9)  
HDL3 235 (7.2)  222(3.5) 225(4.7) 225(7.6) 236(14.8) 

N 6 7 1 fin 1.1 5 4 2 15 

Ages 50-65 

0 'values i n  t h i s  column a r e  i n  range  of Sf 12-20 v a l u e s  -1(Tand l e s s .  

b ~ a l u e s  i n  t h i s  colukn a r e  i n  range  of SF 12-20 v a l u e s  +lo and g r e a t e r .  
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T a b l e  5. Mean l i p o p r o t e i n  l e v e l s  i n  males  a s s o c i a t e d  w i t h  s p e c i f i c  r a n g e s  o f  

l e v e l s  o f  S: 0-12 l i p o p r o t e i n s  

( i n  mg/100 ml)  

L i p o p r o t e i n  
g r o u p s  

Ranges o f  S: 0-12 

' -20- -20- ' -10- m e  an +10- +20- 
and t o  t o  t o  t o  and 
less -10- m e  an  +lo- +20- g r e a t e r  

Ages 17-29 

20-100 
12-20 

HDL2 
HDL3 

N - - 

Ages 30-39 

Ages 4.0-4.9 Ei 100-400 219(111.2)  69(13 .5)  71(7 .5 )  52(4 .2 )  64(6.21b 
20-100 153(38 .0)  lOg(14.1)  108(6 .1 )  98(3 .7 )  118(6 .0 )  

S 12-20 45(5 .8 )  4 4 ( 3 . 5 )  51(1 .6 )  57(1 .7 )  81(2 .8 )  
sf 0-12 1 7 8 ( 8 . 7 )  262(3.3)  341(2 .2 )  420(2.0)  503(5.7)  

H D ~  47(15.8)  23(4.0) 22(0.8) 26(0.6) ,260 
HDL2 42(9 .6 )  5 1 ( 4 . 4 )  40(2 .4 )  34('2.4) 23(2.2)  
HDL3 246(19 -9 )  238(8.2)  222(4.0) 226(4.1)  219(6.2)  

N 1 0  5 1  1 3  1 147 60 

Ages 50-65 

a ~ a l u e s  i n  t h i s  column a r e  i n  r a n g e  of  S: 0-12 v a l u e s  - l o a n d  less. 

b ~ a l u e s  i n  t h i s  column a r e  i n  r a n g e  o f  SF 0-12 v a l u e s  + l C a n d  g r e a t e r .  
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Table  6 .  Mean l i p o p r o t e i n  l e v e l s  i n  males a s s o c i a t e d  w i t h  s p e c i f i c  ranges  of  

l e v e l s  of HDLl l i p o p r o t e i n s  . 

( i n  mg/100 m l )  

L ipopro te in  
groups  

Ranges of HDLl 

-20- -20- -10- me an + l o  +2 0- 
and t o t o to  t o  and 
less -1 D 111ean +1U +2  0- g r e a t e r  

Ages 17-29 

SO 0-12 216(25.8) 296(8.7) 319(5.6) 338(5.9) 353(12.2) 318(22.4) 
HDL -1 8(0 .5 )  14(0 .1)  20(0.1) 26(0.2) 34(0.2) 46(2 .7)  
HDLZ 5- 42(3.2)  40(2.0) 34(1.9) 28(2.7) ,260. 
HDL3 213(13.8) 217(3.8) 219(2.6) 216(3.0) 216(6.6) 212(8.7) 

N 1 2  94  220 199 44 16 

Ages 30-39 

100-400 61(10.9) a 51(2.4) 45(3.8) 142 (40.9) 
20-100 131(15.9) 92(2.2) 84(3 .0)  149(26.8) 

S. :! 12-20 61(7.8) S l (1 .0)  49(1.5) S l (5 .4 )  
Sf 0-12 252(21.3) 351(3.5) 373(5.4) 347(18.1) 
HDLl 8(0 .4)  l g (0 .2 )  30(0.2)  87(14.2)  
HDL 4 m -  37(1.2) 30(1.2) 37(10.4) 
HDL3 221(9.0) 219(1.8) 219(2.6) 227 (13.9) 

N 18 554 243 19 

Ages 40-49 

S: 100-400 66(4 .5 lc  50(4.1) 229 (83.8)  
110 (4.4)  96(3.7)  154(31.2) 

S 12-20 57(1.5)  57(1.9)  46(5.1) 
S 0-12 20-100 368(5.4) 411(5.9) 329(27.9) 
HDLl l g ( 0 . 2 )  31(0.3)  73(14.4) - 
HnL2 m j  . m j  '42(11.5j 
HDL3 224(3.1) .  227(4.1) 245(21.6) 

N 256 129 14 

Ages 50-65 

S: 100-400 5 4 ( ~ . 3 ) ~  69(16.4)  
Sp 20-100 10415.4) lOO(10.5) 
S 12-20 58(2.4)  52(3 .6)  
S g  0-12 375(7.3) 405(12.1) 
HDLl - 21(0.4) 42(6.2)  
HDL2 44(3.3) 35(4 .1)  
HDL3 222(5.1) ' 232(7.9)  

N 104 39 

a 
Values i n  t h i s  column a r e  i n  range  of HDLl v a l u e s  -1Uand l e s s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range  of HDL, v a l u e s  +1(7and g r e a t e r .  
L 

C ~ a l u e s  i n  t h i s  column a r e  i n  range  of HDLl v a l u e s  l e s s  t han  t h e  mean 
HDL. va lue .  

I 
G a l u e s  i n  t h i s  column a r e  i n  range  of HDLl v a l u e s  g r e a t e r  t han  t h e  

mean HDLl va lue .  
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TABLE 7. The l i p o p r o t e i n  d a t a ,  when ordered according t o  HDL2 va lues ,  

show very  l a r g e  (two- t o  f i v e f o l d )  and s i g n i f i c a n t  d i f f e r e n c e s  i n  SF 20-100 

. and SF 100-400 values  between t h e  extremes of t h e  mean HDL2 d i s t r i b u t i o n s  a t  

a l l  ages. I n  l i k e  manner, SF 0-12 values  a r e  markedly d i f f e r e n t  a t  t h e  ex- 

tremes.  The HDL va lues  by v i r t u e  of t h e i r  i n t e r c o r r e l a t i o n  wi th  HDL2 l e v e l s  3 
inc rease  r e g u l a r l y  wi th  t h e  HDL2 values  throughout t h e  HDL2 d i s t r i b u t i o n s .  

The d i s t r i b u t i o n  of HDL2 values  i n  t h i s  male popula t ion appears q u i t e  skewed. 

TABLE 8. When d a t a  a r e  ordered on HDL3 va lues ,  inverse  t r ends  i n  l ipo-  

p r o t e i n  concen t ra t ions  of any magnitude appear only i n  t h e  S: 20-100 and S: 

100-400 values  i n  t h e  40-49 age b racke t .  I n t e r e s t i n g l y  enough, i n  a l l  o t h e r  

age ranges,  t h e  low-density l e v e l s  a r e  very  comparable from one end of the  

I.IDL3 d i s t r i b u t i o n  t o  t h e  o the r .  A t  tlie lowest  end of the HuL3 d i s t r i b u t i o n  

f o r  t h e  30-39 age b racke t ,  t h e  S; 20-100 and S; 100-400 va lues  a r e  apparent ly  

e leva ted  b u t  these  e l e v a t i o n s  cannot be  shown t o  b e  s i g n i f i c a n t  r e l a t i v e  t o  

values  i n  t h e  ad jacen t  HDL3 d i s t r i b u t i o n  i n t e r v a l .  The d i s t r i b u t i o n  of HDL3 

va lues  i n  t h e  males i s  approximately normal. 

The d a t a  on females s u f f e r  from t h e  low numbers of s u b j e c t s  a v a i l a b l e  

i n  t h e  popula t ion under study.  Never theless ,  s e v e r a l  f e a t u r e s  of t h e  female 

d a t a  warrant  t h e i r  inc lus ion  i n  t h i s  r e p o r t .  Because of t h e  low numbers in-  

volved, no f u r t h e r  comment w i l l  be  made regarding t h e  shapes of t h e  d i s t r i b u -  

t i o n  except  t h a t  they do tend t o  resemble t h e  male d i s t r i b u t i o n s  f o r  t h e  same 

l i p o p r o t e i n  spec ies .  

TABLE 9 .  When ordered on SF 100-400 va lues ,  the  d a t a  show very  appre- 

c i a b l e  and s i g n i f i c a n t  d i f f e r e n c e s  i n  HDL2 va lues  between t h e  extremes of t h e  

d i s t r i b u t i o n s  a t  a l l  age i n t e r v a l s  s tud ied .  However, the  smal l  abso lu te  mag- 

n i tude  of t h e  s? 100-400 values  encountered i n  t h e  female d i s t r i b u t i o n s  should 

be noted.  No mean l ipoprote in-value  p r o f i l e s  even approximating t h e  e s s e n t i a l  

hyperl ipemic p a t t e r n  appear i n  t h e  female sample s t u d i e d .  

TABLE 10. With S: 20-100 values  a s  c o n t r o l ,  l a r g e  and s i g n i f i c a n t  

d i f f e r e n c e s  i n  HDL2 values  a r e  found between t h e  extremes of t h e  d i s t r i b u t i o n s  

s tud ied .  I n  t h e  16-29 year  range,  an appreciable  and s i g n i f i c a n t  d i f f e r e n c e  

i n  S: 0-12 e x i s t s  between t h e  extremes of t h e  SF 20-100 d i s t r i b u t i o n .  This i s  

a l s o  observed i n  the  young males (17-29 yea rs )  i f  t h e  abnormal p a t t e r n  a t  t h e  

uppermost end of t h e  SZ 20-100 d i s t r i b u t i o n  (where t h e  mean S: 0-12 value  i s  

depressed) i s  excluded. 

TABLE 11. When order ing d a t a  on S: 12-20 d i s t r i b u t i o n s  i n  t h e  female 

sample, no marked t r ends  appear i n  t h e  d i s p e r s i o n  of h igh-densi ty- l ipoprote in  

values .  
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Tab le  7. Mean l i p o p r o t e i n  l e v e l s  i n  males a s s o c i a t e d  w i t h  s p e c i f i c  ranges  of  

l e v e l s  of HDL2 l i p o p r o t e i n s  

( i n  mg/100 m l )  

L ipopro te in  
groups  

Ranges of HDL2 

-2 0- -20- - 1CT me an +10- +2 0- 
and t o  t o  t o  t o  and 
l e s s  - 1 0- m e  an -1-10- +20- g r e a t e r  

- 

Ages 17-29 

SF 100-400 55(8.5) a 43(2.5) 29(3.3) 23(4.0) lS(3 .7)  
103 (8.2)  81(2.3)  65(2.9)  57(4.3)  49(6.0) 

S Sg 12-20 20-100 49(3.6)  43(1.1) 36(-1.6) 33(2.6) 30(3.7)  
Sf 0-12 363(16.1) 336(4.6) 304(6.7) 283(11.4) 280(17.9) 

*Ll 
25(1.5) 24(0.4) 21(0.6) 21(0.8) 21(1.0) 

H Z 2  5 ( 0  -4)  22(0.4) 49(0.6) 78(1.0) 132(5.8) 
H D L ~  i s g ( s . 1 )  2-1 2 2 4 ( 3 . 0 )  234(6.2) 236(8.7) 

N 3 1 322 158 5 4 20 

Ages 30-39 

S? 100-400 1.03(13.4) a 56(2.8) 36(3.4) 39(12.7) 21('5.1) 
128(7.9) 98(2.5)  79(3.3) 6 5 ( 5 . 5 )  69(7.Y) 

S s! 12-20 20-100 58(3.L) 53(1.0) 47(1.7) 44(2.5) 45(3.8)  
S? 0-12 383(14.2) 365(3.8) 337(5.8) 336(11.1) 314(9.4) 
HDLl 28 (3.8) 24(0.7) 22(0 .5)  23(1.7) 20(1.3) 
HDL2 5(0.3)  22(0.4) 49(0.6) 76(1.0)  120(4.5)  - 
HDL3 191(6.2) 212(1.7) 229(2.9)  248(6 .5 )  254(7.5) 

N 45 500 . 19 6 5 2 4 1  

Ages 40-49 

S? 100-400 
20-100 
12-20 

HDL, 

Ages 50-65 

S? 100-400 

;[ 20-100 
12-20 

s 0-12 
HDL, 

a 
Values i n  t h i s  column a r e  i n  range of HDL2 v a l u e s  -10-and l e s s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range of  HDL2 v a l u e s  + l o a n d  g r e a t e r .  
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Table 8.  Mean l i p o p r o t e i n  l e v e l s  i n  males a s s o c i a t e d  wi th  s p e c i f i c  ranges  of  

l e v e l s  of HDL3 l i p o p r o t e i n s  

( i n  mg/100 m l )  

L ipoprote in  
groups 

Ranqes of HDL2 

and t o  t o  t o  t o and 
less -10- mean. . +10- +2 0- g r e a t e r  

Ages 17-29 11 iKiO 4 3 ( 6 . 0 ) ~  80(4.6) 78(2.9) 7 1 
39(2.9) 34 

38(2.0) 41(1 .5)  40 
S 0-12 323(9.3) 319(5.5) 322 

*Ll ?3(0,7) 22(0.5) 23 
HDL, 28(2.4) 32(1.6) 4 1 

Ages 30-39 

Ages 40-49 

S: 100-400 89(12.1) a 71(7.7) 66(8.9) 38(4.8) 26(5.4) 
20-100 131(9.0) 106(4.2) l lO(8 .0)  89(7.1) 62(7.7)  
12-20 58(3.1) 57(1.6) 57(2.2) Sg(4.3) 47(6.2) 

S 0-12 :! 375(10.5) 393(6.3) 371(7.8) 375(14.0) 343(25;6) 
HDLl 25(2.3) 25(1.5) 24(0.8) 23(1.2) 25(2.5) 
HDL2 23(3.0) 31(1.7) 42(3.0) Sl(4.1)  71(10.0) 
HDL3 - lSg(2.6) 203(1.1) 247(1.4) 296(2.2) 363(7.6) 

N 5 3 174 113 44 15 

Ages 50-65 

SF 100-400 49 (11 -4) a 68(11.0) 60(10.9) 38(8.41b 
92(10.5) l l g ( 7 . 4 )  102(10.3) 77 (9  -4)  

S 12-20 20-100 49(5.5) Sg(2.8) 56(4.1) 56(5.2) 
SF 0-12 372(14.5) 393(9.8) 378(12.3) 378(16.1) 

HDLl 23(1.6) 29(4.4) 26(1.3) 26(2.1) 
HDL2 26(2.9) 32(4.4)  SO(4.8) 63(5.5) 
HDL3 - 152(4.3) 200(2.0) 245(2.4) 305 (5.3) 

N 20 5 7 4 1 2 5 

' ~ a l u e s  i n  t h i s  column a r e  i n  range of HDL3 v a l u e s  -1Cand  l e s s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range  of HDL3 v a l u e s  +l0-and g r e a t e r .  
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Table  9 .  Mean l i p o p r o t e i n  l e v e l s  i n  females  a s s o c i a t e d  wi th  s p e c i f i c  ranges  

<a 
of l e v e l s  of SF 100-400 l i p o p r o t e i n s  

( i n  mg/100 m l )  . 
- 

Lipopro te in  
groups  

Ranges of SF 100-400 

- 2 D  -2 0- -1 D mean + l o  +2 Cr 
and t o  t o  t o  t o  and 
l e s s  -1 0- me an + 1 C  +2 U g r e a t e r  

Ages 16-29 

so 100-400 3 ( 3 . 0 ) ~  15t0.6) 39(5 .5)b  
20-100 30(1.6) 6-1 mi 

S 12-20 26(1.3) 36(2.6) 42(3.9) 
S 0-12 I 279(5.6) 291(11.3) ' 293(19.2) 
HDT, 21(0.6) 21(1.1) 22(1.8) 
H D L ~  Es(3.5) 79(6 .7)  s l ( 7 . 7 )  
HDL3 224(3.2) 237(6.8) 231(8.5) 

N 126 4 5 19 

Ages 30-49 

%slues i n  t h i s  column a r e  i n  range  of S: 100-400 va lues  a l l  below t h e  
mean. 

b ~ a l u e s  i n  t h i s  column a r c  i n  range  of SF 100-400 va lues  + l C a n d  g r e a t e r .  

Table  10 .  Mean l i p o p r o t e i n  l e v e l s  i n  females  a s s o c i a t e d  wi th  s p e c i f i c  ranges  

of l e v e l s  of S? 20-100 l i p o p r o t e i n s  

(in mg/100 mi) 
- 

Lipoprote in  
groups  

Ranges of SF 20-100 

- 2  0- -20- -1C mean + l D  +2D 
and . t o  t o  t o  t o  and 
l e s s  -1 C mean + l D  +20- g r e a t e r  -- - P 

AIJPS 16-19 

O l O )  a a (0 .4 )  13(1 .2)  2 7 ( 4 . ~ ) ~  
7 ( 0  -9) 31(0.9) 56(1.1) 94(4 .0)  

21(2.4) 26(1.3) 31(1.9) 51(3 .1)  
269 ( 12.9) 280(6.6) 280(8.4) 312(17.5) 

HDL 20(1.2) 21(0.8) 20(0.8) 23(1.5) 
95 (7 .5 )  85(4 .3)  75(6.5) 62(6.3) 

HDL3 229 (8 .6)  225(4.0) 231(4.9) 231(7.9) 
N 28 03 49 3 0 

Ages 30-49 

100-400 ' :i 20-100 

HDL 

HDL3 
N 

'values 

h ~ a l u e s  

i n  t h i s  

i n  t h i s  

column a r e  i n  range of S: 20-100 va lues  - l C a n d  l e s s .  

column a r e  i n  range of SF 20-100 va lues  + l o a n d  g r e a t e r .  
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Table 11. Mean l ipopro te in  l e v e l s  i n  females assoc ia ted  with s p e c i f i c  ranges 

of l e v e l s  of S: 12-20 l i p o p r o t e i n s  

( i n  mg/100 m l )  

Lipoprotein 
groups 

Ranges of S: 12-20 

-2 o- 
and 
l e s s  

mean 
t o  

+lo- 

Ages 16-29 

20-100 

HDL 
HDL' 
HDL; 

N 

+lo-  + 2 0 -  
t o  and 
+2(r g r e a t e r  

Ages 30-49 

20- 100 

HDLl 
HDL 

N 

a ~ a l u e s  i n  thi .s  column a r e  i n  range of SF 12-20 values  - 1 0 - i d  l e s s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range of S? 12-20 values  + l D a n d  g r e a t e r .  

Table 12. Mean l ipopro te in  l e v e l s  i n  females assoc ia ted  with  s p e c i f i c  ranges 

df l e v e l s  of SF 0-12 l i p o p r o t e i n s  

( i n  mg/100 m l )  

Lipoprotein 
groups 

Ranges of S? 0-12 

- 2 D  - 2 C  - 1C me an +lo-  +20- 
and t o  t o  t o t o  and 
l e s s  -10 mean +lo-  +2CT s r e a t e r  

Ages 16-29 

f 100-400 
20-100 

s 12-20 

Ages 30-49 

S? 100-400 5(1.9Ia l l ( 2 . 1 )  lg(3 .5)  20(4.9) 
29(5.2) 47(4.7) 64(6.6) 84(11.7) 

S 12-20 21(2.1) 35(2.2) 48(3.2) 64(4.9) 
S 0-12 - -  3 20-100 216(5.7) 295(3.1) 368(3.5) 474(13.1) 
HDLl 18(1.1) 22(1.0) 24(1.1) 26'( 3.1) 

HDL2 
lOO(11.2) 86(7.5) 72(5.3) 83(12.2) 

HDL3 244(8.7) 229(5.4) 239(5.6) 241(11.6) 
N 24 46 49 17 

'values i n  t h i s .  column a r e  i n  range of SF 0-12 value? -1Dand l e s s .  

b ~ a l u e s  i n  t h i s  column a r e  i n  range of SF 0-12 values  +10-and g r e a t e r ,  
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0 
TABLE 12. Using Sf 0-12 a s  t h e  c o n t r o l l i n g  v a r i a b l e ,  s i g n i f i c a n t  in-  

v e r s e  d i f f e r e n c e s  i n  mean HDL2 values  appear between females (16-49 yea rs )  

wi th  SF 0-12 values  above t h e  mean SF 0-12 and those  wi th  values  below t h e  

mean. 

TABLE 13. Ordering t h e  d a t a  on HDLl does no t  r e v e a l  any s i g n i f i c a n t  
0 

d i f f e r e n c e s  i n  low-density values  except  f o r  t h e  mean Sf 0-12 values  a t  t h e  

extremes of the  d i s t r i b u t i o n  of HDLl f o r  16-29-year-old females. 

TABLE 14. Using HDL2 a s  c o n t r o l ,  we f i n d  considerable  and s i g n i f i c a n t  
0 0 

d i f f e r e n c e s  i n  t h e  means of t h e  Sf 20-100 and Sf 100-400 values  a t  the  ex- 

tremes of t h e  d i s t r i b u t i o n s  a t  a l l  ages s tud ied .  

TABLE 15. No s i g n i f i c a n t  r e l a t i o n s h i p s  in low-density l i p o p r o t e i n s  

appear when the  d a t a  a r e  ordered on HDL3 values  f o r  t h i s  f ema le  pnpula t ion.  

Two aspec t s  of t h e  d i s t r i b u t i o n  d a t a  warrant  f u r t h e r  d i scuss ion .  

Inasmuch a s  the  average female l i p o p r o t e i n  d i s t r i b u t i o n  i s  g e n e r a l l y  consid- 

e r e d  a favorable  one wi th  r e s p e c t  t o  cardiovascular  d i s e a s e  r i s k ,  it would be 

most i n t e r e s t i n g  t o  determine t h e  occurrence of t h i s  d i s t r i b u t i o n  p a t t e r n  i n  

t h e  male popula t ion.  One of t h e  outs tanding l i p o p r o t e i n  d i f f e r e n c e s  between 

males and females i s  t h e  d i f f e r e n t i a l  i n  mean HDL2 l e v e l s .  Therefore,  we 

might expect  t h a t  i f  we found a group of males wi th  a mean HDL2 value  compa- 

r a b l e  t o  t h e  mean female value  f o r  t h e  same ages,  then t h e  r e s t  of t h e  l ipo-  
p r o t e i n  va lues  might a l s o  be s i m i l a r .  When t h i s  comparison is  made wi th  t h e  

p r e s e n t  d a t a ,  a  c l o s e  s i m i l a r i t y  i s  found i n  a l l  l i p o p r o t e i n  groupg o r c e p t  the 

SF 20-100 and SF 100-400. These two a r e  appreciably  and s i g n i f i c a n t l y  h igher  

i n  males than i n  females a t  ages 17-49 y e a r s .  The absolute  va lues ,  however, 

of t h e  SF 20-100 and Sf 100-400 f o r  t h i s  subgroup of males a r e  s i g n i f i c a n t l y  

lower ' than  t h e  average values  f o r  male population of t h e  same age. Hence, 

t h e s e  males have a more favorab le  r i s k  outlook r e l a t i v e  t o  t h e i r  male cohor t s ;  

y e t  r e l a t i v e  t o  t h e  average female, t h e i r  r i s k  i s  somewhat e l eva ted .  

I t  would appear then t h a t  o t h e r  f a c t o r s  come i n t o  p lay than those  s t r i c t l y  
0 

respons ib le  f o r  t h e  c o n t r o l  of HDL and Sf 0-20 l e v e l s  i n  female serum, main- 

t a i n i n g  a c e r t a i n  e l e v a t i o n  i n  male g lycer ide-conta ining l i p o p r o t e i n s .  From 

t h e  p r e s e n t  HDL2 d i s t r i b u t i o n  d a t a ,  we f i n d  t h a t  roughly 12% of t h e  males i n  

t h e  age b racke t s  17-29, 30-39, and 40-49 y e a r s ,  approximate t h e  average female 

l i p p p r o t e i n  values  f o r  those  ages.  Comparable es t ima tes  may be made f o r  t h e  

female popula t ion regarding t h e  occurrence of male-type p a t t e r n s  b u t ,  unfor- 

t u n a t e l y ,  t h e  number of female s u b j e c t s  s tud ied  l i m i t s  thorough eva lua t ion .  

The second p o i n t  of i n t e r e s t  i s  a cons ide ra t ion  of t h e  in f luence  of 

aging on l i p o p r o t e i n  l e v e l s  i n  i n d i v i d u a l s  a t  var ious  p o s i t i o n s  on t h e  d i s t r i -  

bu t ion  s c a l e s .  When t h e  d a t a  f o r  males a r e  d i s t r i b u t e d  on mean HDL va lues ,  
2 
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Table 13 .  Mean l i p o p r o t e i n  l e v e l s  i n  females  a s s o c i a t e d  wi th  s p e c i f i c  ranges  

of l e v e l s  of HDLl l i p o p r o t e i n s  

( i n  rng/100 m l )  

L ipoprote in  
groups  

Ranges of HDLl 

-2 0- - 2 0- -10- me an + l o  + 2 u  
and t o t o  t o  t o  and 
less -10- me an +10- +2(T g r e a t e r  

Ages 16-29 

SF 100-400 6(1 .7)  a g (1 .5 )  lO(2.0) 12 (3 .3 jb  
S? 20-100 33 ( 4  ;6) 46(3.1) 44(4.2) 46(5.7) 
S 12-20 27(2.9) 30(1.8) 31(2.1) 33(3.8) 
S g  0-12 235(14.0) 275(6.4) 301(0.6) 324( 15 -0)  
HDL - l l ( 0 . 3 )  18(0.3) 25(0.2) 34(0 ,9)  
HDL' , 94(10.6) 85(4.4) 73(5.0) 64(6.6) - 

H D L ~  222(7.6) 226(4.1j 2 ~ ( s . s j  z ~ ( t ~ i . ~ . u j  
N 24 9 1  5 1  2 3 

Ages 30-49 

SF 100-400 6(2 .4)  a 12(2.4) 16(2 .6)  26(7.01b 
20-100 45(13.2) 50(5.8) 60(5.0) 67(7.4) 
12- 20 40(7.5) 38(2.6) 45(3.6) 45(4.1) 

S :! 0-12 312( 28 -0) 313(9.3) 345(11.2) 382(25.0) . 

HDL -1 l l ( 0 . 4 )  lO(0.3) 26(0.3) 40(2 .1)  
HDL2 97(14.1) 84(5.7) eO(7.4) 71(12.0) 
HDL3 235(8.0) 234(5.1) 242(6.4) 235 (10 -0 )  

. N 14 6 5 44 13 

%slues i n  t h i s  column a r e  i n  range  of HDLl va lues  -1Dand l e s s .  

' b ~ a l u e s  i n  t h i s  column a r e  i n  range of HDLl va lues  + l e a n d  g r e a t e r .  

Table  14. Mean l i p o p r o t e i n  l e v e l s  i n  females a s s o c i a t e d  wi th  s p e c i f i c  ranges  

of l e v e l s  of HDL2 l i p o p r o t e j n s  

( i n  mg/100 m l )  

L ipopro te in  
groups  

Ranges of HDL2 

-20- -20- -1U me an + I D .  +20- 
and t o  t o  t o  t o and 
l e s s  -10- mean +10- +2D g r e a t e r  

Ages 16-29 

- - -- 
Ages 30-49 

100-400 

HDL, 
HDL; - 
HDL, 

%slues i n  t h i s  column a r e  i n  range of HDL2 va lues  -10-and l e s s .  
D Values i n  t h i s  column a r e  i n  range of HDL2 va lues  +2Dand g r e a t e r .  
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Table 15. Mean lipoprotein levels in females associated with specific ranges 

of levels of HDL3 lipoproteins 

(in mg/100 ml) 

Lipoprotein 
groups 

Ranges of HDL3 

- 2 CT -20-  - 1. CJ me an +lo- +2 CT 
and t o to t o t o and 
less -10- me an +lCT +2 0- greater 

Ages 16-29 

Ei 100-400 6(1.5Ia lO(1.7) 9 (1.8) 13(2.91b 
20-100 39(5.4) 45(3.3) 44(3.9) 44(5.2) 

S 12-20 . 28(3.2) 29(1.6) 31(2.2) 35(3.7) 
sf 0-12 276(11,9) 279(7.2) 278(9.1) 316(14.7) 
HDLl lg(1.0) 21(O -8) 21(0.9) 24(1.5) . 
HDL2 79(8.6) 67(4.2) 93(4.8) 93(9.3) 

Ej 172(3.2) 211(1.2) 244(1.5) 293 (5 . G )  
N 25 79 60 , 2 6  

Ages 30-49 

%slues in this column are in range of HDL3 values - 1 C  and less. 
b~alues in this calm are in range of HDL3 values +1(T and greater. 

we find that increases in all low-density levels are associated with aging. 

The important point, however, is that the significant di'fferences in low- 

density lipoproteins between the extremes of the HDL2 distribution are, main- 

tained or even increased throughout the apparent life span. Thus, the group 

at the uppermost end of the HDL2 values (i.e. highest HDL2 values) maintains 

low-density-lipoprotein values significantly lower than the group on the op- 

.posite end of the distribution. This, of course, assumes that the individuals 

in a group maintain their position in the distribution as aging progresses. 

This appears reasonable as far as the HDL2 fraction is concerned since its 

means and distributions do not appear to change much with age. Population 

data to prove or disprove this assumption are, unfortunately, not available 

at present. However, the consequence of these observations with this assump- 

tion would be that males with HDL2 values significantly above the mean of their 

cohorts would, on the average, be exposed to a lower lipoprotein-associated 

risk from cardiovascular disease during their life span. In addition, the im- 

plication exists in these considerations that the presence of a highly elevated 
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HDL2 l e v e l  i n  a  young male (17-29 yea rs )  i s  i n d i c a t i v e ,  on t h e  average,  of a  

f avorab le  prognosis wi th  r e s p e c t  t o  h i s  f u t u r e  serum l i p o p r o t e i n  s t a t u s ' a n d  

i t s  a t t e n d a n t  r i s k .  

SUMMARY 
High- and low-density u l t r a c e n t r i f u g a l  l i p o p r o t e i n  d a t a  f o r  a  h e a l t h y  

human popula t ion a r e  evaluated i n  terms of t h e i r  d i s t r i b u t i o n  p r o p e r t i e s .  Ap- 

p r e c i a b l e  and s i g n i f i c a n t  d i f f e r e n c e s  i n  the  r e l a t i v e  c o n s t e l l a t i o n s  of mean 

serum-lipoprotein concen t ra t ions  appear a t  t h e  extremes of t h e  d i s t r i b u t i o n s  

determined f o r  s p e c i f i c  l i p o p r o t e i n  spec ies .  The impl ica t ions  of these  d i s t r i -  

bu t ion  d a t a  f o r  h e a l t h  and d i s e a s e  a r e  d iscussed.  
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A Cytophotometr ic  Method for Study 
of the  Erythroid Development Sequence in Mammals 

--- -/-*- ----- T ~ L *  s Z-Z:*~*~=% %2-.L--k--- , - .A%* 

Lawrence R.  Adorns a n d  Charles A. Sondhaus 

A photographic  cy topho tome t r i c  system f o r  measurements of  hemoglobin and 

n u c l e i c  a c i d  i n  s i n g l e  ce l l ' s  o f  t h e  e r y t h r o c y t e  p r e c u r s o r  s e r i e s  has keen de- 

v i s e d  and eva lua t ed .  The measurements a r e  in tended  t o  a l l ow  t h e  e r y t h r o i d  se-  

quence t o  b e  d e s c r i b e d  wi th  l i t t l e  r ecou r se  t o  morphologica l  c r i t e r i a ,  De- 
' 

s c r i p t i o n s  of  t h e  development p a t t e r n s  t h a t  have been worked o u t  e l sewhere  by 

means of  spec t rophotometry  (1) and i s o t o p i c  t r a c e r s  ( 2 )  may t h u s  b e  confirmed 

and ex tended .  

Cytophotometr ic  hemoglobin measurements of  e a r l y  c e l l s  i n  t h e  e r y t h r o i d  

sequence a r e  q u i t e  r a r e  (31,  main ly  because  of problems i n  e s t i m a t i n g  t o t a l  con- 

t e n t  of hemoglobin i r r e g u l a r l y  d i s t r i b u t e d  through t h e  c e l l ,  b u t  a l s o  because  of 

t h e  complexi ty  of  equipment having  s u f f i c i e n t  s e n s i t i v i t y  and s t a b i l i t y  t o  meas- 

u r e  hemoglobin a t , t h e  low c o n c e n t r a t i o n s  i n  which it must appea r  i n  t h e  e a r l y  

c e l l s  o f  t h e  e r y t h r o i d  development sequence.  

The system h e r e  d e s c r i b e d  s o l v e s  t h e  problem of determini.ng t h e  t o t a l  

c e l l u l a r  q u a n t i t i e s  .of abso rb ing  m a t e r i a l s  i n  c e l l s  where such m a t e r i a l s  a r e  ir- 

r e g u l a r l y  d i s t r i b u t e d .  F u r t h e r ,  t h e  system i s  s u f f i c i e n t l y  s e n s i t i v e  t o  measure 

w i th  r ea sonab le  accu racy  a t o t a l  c e l l u l a r  hemogZobin amounting t o  l e s s  t han  10% 

of t h e  amount i n  a mature e r y t h r o c y t e .  Because a number (n )  o f  m i t o s e s  a r e  i n -  

volved i n  t h e  developmental  sequence,  c e l l s  t h a t  have completed t h e  l a s t  d i v i -  

s i o n  w i l l  outnumber t h e  s tem c e l l s  by  a f a c t o r  2", and t h e  j t h  s t a g e  by  t h e  f a c -  

t o r  2'" - I). Thus a , l a r g e  number o f  c e l l s  must b e  eva lua t ed  t o  f i n d  a s t a t i s -  

t i c a l l y  s i g n i f i c a n t  number i n  t h e  e a r l y  s t a g e s .  The photographic  method h e r e  

d e s c r i b e d  can  e a s i l y  r eco rd  100 u s a b l e  c e l l  images on an e igh t - inch  s t r i p  of 35- 

mm f i l m .  

The f i l m  is exposed and developed i n ' s u c h  a manner t h a t  t h e  l i g h t  t r a n s -  

m i s s i o n  through t h e  photographic  c e l l  image , i s  a l i n e a r  f u n c t i o n  of  t h e  amount 

of abso rb ing  m a t e r i a l  i n  each sub  a r e a  of  t h e  c e l l  be ing  ana lyzed .  For  t h i s  

r ea son  photometr ic  i n t e g r a t i o n  t o  o b t a i n  t h e  t o t a l  absorb ing  mass i s  s t r a i g h t -  . 

forward and may b e  accomplished on a l a r g e  number of c e l l s  i n  a s h o r t  t ime.  

Because t o t a l  c e l l  hemoglobin i n  t h e  stem c e l l  must b e  z e r o  and must i n -  

c r e a s e  d i s c o n t i n u o u s l y  due t o  h a l v i n g  a t  each c e l l  d i v i s i o n  up t o  t h e  f u l l  

118 
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amount in the mature. cell, the hemoglobin its'elf may be used in the manner of a 

tracer to fix the relative maturation stage of the precursor cell. .An ambiguity 

is generated because a younger cell of stage j + 1 must have a total cellular 
,hemoglobin of the order of that of an older cell of stage j. This ambiguity 

should be removed by determining the total DNA in each cell with Feulgen stain- 

ing and use of the cytophotometric system described here. DNA doubles during a 

discrete interval in interphase and thus provides a method for specifying wheth- 

.er a cell of a given stage is older or younger, these terms being used as above. 

The relative number of cells in each stage should provide an indication of the 

duration of each stage--for instance, if there are rn(2l) cells in stage j, then 

it may be concluded that the duration of stage j is,m times that of stage one. . 

PHOTOMICROGRAPHIC APPARATUS 
P he photomicrographic arrangement for this study consists of a recently 

rebuilt Bausch and Lomb 250-mm monochromator with an achromatic quartz-fluorite 

condenser and Bausch and Lomb microscope components as follows: a research mi- 

croscope stand fitted with a 61 X, N. A, 1.4 apochromatic objective, an N. A. 

1.4 achromatic condenser, and a 10 X compensating ocular. The 35-mm film is 

iarried in an Exakta camera mounted directly to the microscope barrel by means 

6f an Ihagee microscope adaptor. Focusing is accomplished by means of an Ihagee 

Magnear viewfinder with bisected clear glass and a 10 X magnifier. Light is 

Provided by either a tungsten bend lamp or a 100-watt AH-4 mercury lamp. Be- 

cause of severe nonuniformity of the light distribution in the grating image 

upon which the cell images are superimposed for photomicrography, sensitometric 

calibrati,on is done by means of a separately mounted sector wheel sensitometer 

that accepts an image of the'monochromator exit slit and forms a shadow image 

of the sector wheel upon the 35-mm film. The camera may be used interchangeably 

on the microscope or the sensitometer, hence each roll of film used in photomi- 

crography may be separately calibrated. All rolls of film in a given experiment 

are obtained from the same.one-hundred-foot roll. 

Vibration of the photomicrographic apparatus is minimized as follows: 

The camera is mounted rigidly to the barrel of the microscope. The microscope 

is fixed to a shock-mounted and critically damped fifty-pound steel slab. Expo- 

sure is controlled by a solenoid-operated leaf shutter that is mounted near the 

exit aperture of the monochromator. The camera shutter is also operated by a 

solenoid control; it is opened several seconds before the exposure controlling 

shutter to allow vibrations in the microscope to settle down before exposure is 

made. 

EVALUATION OF PHOTOMICROGRAPHIC PROCEDURE 
Tests have shown lenticular flare in the micr.oscope optics to be near 

minimum when the condenser is stopped down to a numerical aperture of 0.65. Ac- 

cording to reasoning classical in the microspectrophotometric field (4), the 
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combinat ion of h i g h  c o l l e c t i n g  a p e r t u r e  (1.4 i n  t h i s  c a s e )  and r ea sonab ly  low 

condenser  a p e r t u r e  should  minimize e r r o r  due t o  l i g h t  be ing  s c a t t e r e d  o u t  of  t h e  

c o l l e c t i n g  a p e r t u r e  by  d i f f r a c t i n g  p a r t i c l e s  and r e f r a c t i v e  index  d i s c o n t i n u i -  

t i e s  i n  t h e  specimen. However, because  t h e  i l l u m i n a t i o n  a p e r t u r e  is  apprec ia-  

b l e ,  though sma l l  r e l a t i v e  t o  t h e  c o l l e c t i n g  a p e r t u r e ,  good r e s o l u t i o n  i s  a- 

ch i eved ,  and t h e  s e n s i t i v i t y  and accu racy  of measurement i s  h igh .  

A r e c e n t  r e p o r t  (5)  h a s  s t i p u l a t e d  t h a t  ' so -ca l l ed  "phase c o n t r a s t  e f -  

f e c t s "  make appa ren t  specimen absorbance  a f u n c t i o n  of focus  e r r o r ,  implying 

t h a t  such e f f e c t s  may b e  s o  s e r i o u s  a s  t o  make microphotometr ic  q u a n t i t a t i v e  a s -  

s a y  imposs ib le .  Focus e r r o r  e f f e c t  h a s  been eva luakrd  i n  t h e  system h e r e  de- 

s c r i b e d  ( s e e  F ig .  1). The e r r o r  is  found t o  b e  n e g l i g i b l e ,  amounting t o  abou t  

f i v e  p e r c e n t  i n  measured amount of hemoglobin ove r  a focus  range  of  2 k,  where 

f o c u s  can  a c t u a l l y  be  reproduced t o  w i t h i n  a q u a r t e r  uf a micron. 'I'he a u t h o r s  

r e f e r e n c e d  above may have  used f a u l t y  o p t i c s ,  o r  t o o  low a numerical  ape r t i i r e .  

The e f f e c t  of r e f r a c t i v e  index  mismatch h a s  been e v a l u a t e d ,  and condi -  

t i o n s  f o r  optimum matching a s c e r t a i n e d .  When cel ls  a r e  n o t  p r o p e r l y  matched, 

s c a t t e r i n g  of l i g h t  occu r s  a t  t h e  a b r u p t  changes of  r e f r a c t i v e  index  where pa r -  

t i c l e s  of  pro toplasm a r e  c o n t a c t e d  by  t h e  immersing f l u i d  (6), T h i s  l e a d s  t o  

two e f f e c t s :  1. A l l  c e l l s  i n  t h e  microscope f i e l d  show an appa ren t  absorbance-- 

t h i s  e f f e c t  produces  background " n o i s e , "  and makes t h e  e v a l u a t i o n  of  t r u l y  ab- 

s o r b i n g  c e l l s  d i f f i c u l t ;  2 .  A s p u r i o u s  absorbance  i s  added t o  t h e  t r u e  absorb-  

ance  of  t h e  c e l l s  of i n t e r e s t ,  s o  t h a t  t h e  measured q u a n t i t i e s  w i l l  b e  t o o  h igh .  

A s e r i e s  of  immersants of s e q u e n t i a l l y  d i f f e r i n g  r e f r a c t i v e  index  was prepared  

and phase  photomicrographs made of t h e  same f i e l d  of a methanol-f ixed marrow 

smear, t h e  immersant r e f r a c t i v e  index  be ing  changed -005 u n i t s  between photo- 

g raphs .  Non-hemoglobinized c e l l s  were matched b e s t ,  t h a t  is ,  showed s m a l l e s t  

phase  c o n t r a s t ,  a t  r. i. 1.545, wh i l e  hemoglobinized c e l l s  were matched opt imal -  

l y ,  though n o t  comple te ly ,  a t  a s l i g h t l y  h i g h e r  r e f r a c t i v e  index .  Because r e l a -  

t i v e  r a t h e r  t han  a b s o l u t e  q u a n t i t i e s  of hemoglobin a r e  cons ide red  adequate  f o r  

t h i s  s t u d y ,  it is planned t o  immerse i n  r .  i. 1.545 and a c c e p t  a s m a l l  b u t  con- 

s t a n t  f r a c t i o n  of s p u r i o u s  absorbance due t o  t h e  s l i g h t  mismatch of  hemoglobin. 

I f  t h e  hemoglobin were.matched,  one would measure a s p u r i o u s  absorbance  i n  

s l i g h t l y  hemoglobinized c e l l s  due t o  t h e  nonhemoglobin p r o t e i n  which 'might  b e  of 

t h e  o r d e r  of t h e  t r u e  hemoglobin absorbance.  The c l e a n i n g  up of t h e  background 

due t o  non-ery thro id  c e l l s  when smears  a r e  immersed i n  t h i s  medium i s  v e r y  nota-  

b l e .  S t u d i e s  have shown t h a t  t h e  e f f e c t  of 0,01 u n i t  of r e f r a c t i v e  index  m i s -  

match i s  abou t  a f i v e - p e r c e n t  d i s c r e p a n c y  i n  t h e  measured absorbance a t  405 mk 

( s e e  F ig .  2) . 
: . 

. . . . 

A f u r t h e r  r e s u l t  o f  s t u d i e s  w i th  r e f r a c t i v e  .index f . 1 u i d s . i ~  t h a t  e r y t h -  

r o i d  c e l l s  may b e  p icked  o u t  of a p o p u l a t i o n s a t  a g l a n c e  by r e f e r e n c e  t o  phase  

photomicrographs made from marrow-cel l  smears  immersed i n  a f l u i d  of  p rope r  
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r e f r a c t i v e  index. For t h e  o p t i c s  used (Tiyoda 20 X phase) t h e  use of C a r g i l l e  

o i l ,  Type A, r. i. 1.515, rendered t h e  white blood c e l l s  and t h e i r  p recursors  

v i s i b l e ,  showing t h e  n u c l e i  l i g h t  i n  a cytoplasm s l i g h t l y  darker  than back- 

ground, and showed e ry th ro id  c e l l s  and one c l a s s  of granulocyte  d e f i n i t e l y  very 

50 I I I I I I Figure 1. Var ia t ion  of measured 

dark .  Comparison with q u a n t i t a t i v e  measurements on photographs of t h e  same 

f i e l d s ,  made a t  l i g h t  wavelengths where hemoglobin absorbs s t rong ly ,  shows t h a t  

t h e s e  phase micrographs r e l i a b l y  demonstrate hemoglobinized c e l l s  con ta in ing  

l e s s  than 10% of t h e  mature amount of hemoglobin. 

Ln - .- 
C 
3 

-EVALUATION OF LIGHT SOURCE 
Monochromatic l i g h t  i s  d e s i r a b l e  where measurements a r e  made on t h e  ba- 

q u a n t i t y  with focus e r r o r :  Pho- 
tomicrographs were taken a t  

sis of t h e  law of exponent ia l  absorpt ion ( t h e  Beer-Lambert Law). Because mono- 

chromators n e c e s s a r i l y  admit a band of wavelengths, some e r r o r  must be accepted 

when continuous spectrum l i g h t  sources a r e  used. .Mercury lamps were t r i e d ,  and, 

though they  produce i l lumina t ion  of d i s c r e t e  wavelength, they  were i n  genera l  

e l iminated a s  a p o s s i b i l i t y  f o r  t h e  following reasons:  1. The mercury l i n e  (405 

mp), although wi thin  t h e  Sore t  hemoglobin band, i s  s u f f i c i e n t l y  f a r  from t h e  ab- 

so rp t ion  maximum f o r  oxyhemoglobin (412 mp) s o  t h a t  optimal absorbance is n o t  

obtained: 2. There is  an adjacent  l i n e  a t  about 408 mp t h a t  i s  t o o  c l o s e  t o  be 

e l iminated with t h e  monochromator; 3. I t  was found impossible t o  c o n t r o l  t h e  

t ime v a r i a t i o n  of mercury-lamp i n t e n s i t y  and thus  t o  make accura te  s e q u e n t i a l  

2 40- - wavelength 405 mp. Each of t h e  
2 T curves presented r e p r e s e n t s  a 

I .L s e r i e s  of photomicrographs a t  
f varying degree of out-of-focus 

of a s i n g l e  r e t i c u l o c y t e .  Each 
p o i n t  r ep resen t s  t h r e e  readings  
on t h e  same c e l l  image. Photo- 
micrographs were evaluated by 
t h e  second method descr ibed .in 
t h e  t e x t .  Because of t r a n s i e n t  

2 d i f f i c u l t y  i n  reproducibly  s e t -  
R t i n g  t h e  photometer s c a l e ,  the  

t h r e e  curves  f o r  each c e l l  were 
-4 -3 -2 -1 0 1 2 3 

- F o c u s e d  b e l o w  cel l  Focused a b o v e  c e l l  - the errnr l i m i  tn 
FOCUS error, microns c a l c u l a t e d .  

photographic exposures;  4. Movement of t h e  a r c  between t h e  e l e c t r o d e s  caused a 

t ime v a r i a t i o n  i n  t h e  p a t t e r n  of i l luminati ,on both on t h e  g r a t i n g ,  the  image of 

which appears i n  t h e  specimen plane ,  and a t  t h e  e x i t  s l i t ,  t h e  image of which i s  

used f o r  sens i tomet r i c  exposures,  Use of t h e  tungsten band lamp, on t h e  o t h e r  

hand, al lows a f a i r l y  uniform i l lumina t ion  p a t t e r n  t o  be  obtained i n  t h e  e x i t  

s l i t  and a nonf luc tua t ing  p a t t e r n  ac ross  t h e  g r a t i n g ;  furthermore,  t h e r e  i s  lit- 

t l e  time v a r i a t i o n  i n  i n t e n s i t y  when t h e  lamp is  run from a vol tage-regula t ing 

transformer.  
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F i g u r e  2. V a r i a t i o n  of  measured 
q u a n t i t y  w i th  r e f r a c t i v e  index 
of immersant: Two r e t i c u l o c y t e s  
of d i f f e r i n g  hemoglobin c o n t e n t  
a r e  r e p r e s e n t e d .  Each p o i n t  
r e p r e s e n t s  t h e  average  of meas- 
u r c ~ ~ ~ c n t s  on s i x  s i m i l a r  photo- 
g r a p h i c  images. R e f r a c t i v e  i n -  
dex of t h e  immersant was changed 
by increments  of 0.005 a s  r ep re -  
s en t ed  on t h e  a b s c i s s a ;  Photo- 
g r a p h i c  images were eva lua t ed  by  
t h e  f i r s t  method a s  d e s c r i b e d  i n  
t h e  t e x t .  Photographs were t aken  
a t  405 mu. 

I n  o r d e r  t o  i l l u m i n a t e  t h e  condenser  a p e r t u r e  of  -65 N, A. with  s u f f i -  

c i e n t  i n t e n s i t y  f o r  focus ing  a t  412 mw, it is  neces sa ry  t o  o p e r a t e  t h e  t u n g s t e n  

band lamp a t  about  tw ice  r a t e d  power and use  a  s l i t  width cor responding  t o  a  

bandpass  of  13  mp. The b roadness  of t h i s  bandpass makes it imposs ib l e  t o  use an 

a b s o r p t i o n  c o e f f i c i e n t  t aken  from t h e  l i t e r a t u r e  o r  ob t a ined  a t  t h e  s m a l l  s l i t  

wid ths  a v a i l a b l e  w i th  chemica l  spec t rophotometry .  An e v a l u a t i o n  of t h e  problem 

shows t h a t ,  even ove r  t h e  wide range  of wavelengths which should  b e  cons ide red  

f o r  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e  d a t a  ob t a ined  wi th  t h e  wide s l i t ,  an em- 

p i r i c a l l y  determined " e f f e c t i v e . a b s o r p t i o n  c o e f f i c i e n t "  can d e s c r i b e  a t t e n u a -  

t i o n :  t h i s  fo l l ows  an e x p o n e n t i a l  law ove r  t h e  range  of absorbance  (0-0.5) en- 

coun te red  i n  e r y t h r o i d  c e l l s .  

Because g r e e n  l i g h t  a t  t h e  Feulgen a b s o r p t i o n  peak is abundant ly  pro-  

duced by  t h e  t u n g s t e n  band lamp, t h e r e  i s  l i t t l e  e r r o r  from monochromator s t r a y  

l i g h t  a t  t h i s  wavelength. Such e r r o r  a s  e x i s t s  may b e  t o l e r a t e d  because  on ly  

t h e  mode, p r e -  o r  p o s t r e p l i c a t i v e ,  o f  DNA s y n t h e s i s  need b e  known. For  hemo- 

g l o b i n  measurements, on t h e  o t h e r  hand,  t h e r e  is  much t r o u b l e  from s t r a y  l i g h t .  

The wavelengths n e a r  t h e  b l u e  end of  t h e  spectrum a r e  produced a t  low e f f i c i e n c y  

by  t h e  lamp, and t h e  i n s i d e  of  t h e  monochromator i s  f looded  wi th  l i g h t  of  l onge r  

wavelength.  I n e v i t a b l y  a  p o r t i o n  of  t h i s  emerges w i th  b l u e  l i g h t  f o r  which t h e  

monochromator is  s e t .  Even i f  t h e  e x t e n t  of s t r a y  l i g h t  is  known, it i s  very  

d i f f i c u l t  t o  c o r r e c t  t h e  d a t a  f o r  it, s o  it is h e l d  w i t h i n  t o l e r a b l e  l i m i t s  by 

t h e  u se  o f  f i l t e r s .  

THE PHOTOGRAPHIC CHARACTERISTIC 
A number of f i l m s  and deve lope r s  have been eva lua t ed  wi th  r e s p e c t  t o  

r e s o l u t i o n ,  g r a i n i n e s s ,  and t h e  p r o p e r t y  of showing a  r e g i o n  of  l i n e a r i t y  
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between t r ansmi t t ance  and log exposure. A s  has  been s t a t e d  i n  a previous  r e p o r t  

(7 ) ,  t h e  aim of t h e  p r e s e n t  method is t o  ob ta in  and i n t e g r a t e  a q u a n t i t y ,  namely 

f i l m  t ransmi t t ance ,  which i s  l i n e a r  with t h e  specimen absorbance, such absorb- 

ance by t h e  Beer-Lambert law being p ropor t iona l  t o  t h e  a rea  concentra t ion (mass 

p e r  u n i t  a r e a )  i n  a l l  incremental  a r e a s  of t h e  specimen. Log exposure and ab- 

sorbance he re  measure t h e  same q u a n t i t y ,  and a r e  r e l a t e d  t o  one another  by a 

cons tan t  and a m u l t i p l i c a t i v e  f a c t o r  of minus one. Thus log exposure measures 

specimen absorbance o r  a rea  concen t ra t ion  l i n e a r l y  and a s u b s t a n t i a l  region of 

l i n e a r i t y  between log exposure and t h e  t r ansmi t t ance  of t h e  developed f i l m  i s  

required.  Experience i n d i c a t e s  t h a t  h igh-contras t  copy f i l m  can be made t o  show 

a l i n e a r  region almost 0.5 absorbance u n i t s  long when underdeveloped. Eastman's 

35-mm High Contras t  Copy f i l m  provides  such a region when developed i n  Agfa 's  

Rodinal a t  1:100 f o r  10 min a t  20°c. Development is  c a r r i e d  o u t  i n  a water bath  

according t o  a r igorous  a g i t a t i o n  schedule t o  achieve uniform development. The 

Eastman product,  a s  a r e  most copy f i l m s  today,  i s  panchromatic, hence may be 

used with green l i g h t  f o r  Feulgen s t u d i e s  a s  wel l  a s  with f a r  b l u e  l i g h t  f o r  

hemoglobin, 

FEULGEN STAINING . . . "  .. 
Though t h e  range of t h e  photographic c h a r a c t e r i s t i c  used i s  g e n e r a l l y  i' 

l e s s  than 0.5 u n i t s  of absorbance, t h e  absorbance of convent ional ly  Feulgen- 

s t a ined  mammalian n u c l e i  runs  t o  we l l  over 1.0 u n i t  measured a t  t h e  absorpt ion 

peak of t h e  Feulgen-DNA complex. Measurements on methanol-fixed rat-marrow . * .  .4  

c e l l s  s t a i n e d  according t o  a modified (a t t enua ted)  Feulgen procedure showed t h e  . . - .  . ,,, 

absorpt ion peak t o  be  q u i t e  broad with a maximum between 550 and 560 m v  ( see  _ _  . .... ,.-. 

Fig. 3 ) .  The maximum absorbance of f u l l y  s t a ined  n u c l e i  might be reduced s o  a s  ., ' ".Liq 

t o  f a l l  i n  t h e  range 0-0,5 by using wavelengths off  of t h e  peak. However, with 

t h e  broad bandpass described above, it seems more accura te  t o  read the  peak, 

hence it i s  necessary  t o  a t t e n u a t e  t h e  i n t e n s i t y  of t h e  s t a i n .  This can be  done 

by hydrolyzing a t  reduced temperature,  and t h e  procedure is p r e s e n t l y  under in-  

v e s t i g a t i o n .  

EVALUATING THE PHOTOMICROGRAPHS 
Q u a n t i t a t i v e  eva lua t ion  of t h e  photomicrographs is  made by e i t h e r  of two 

methods. The f i r s t  uses a l a r g e  p o r t i o n  of t h e  s l i t  h e i g h t  of t h e  Jarre l l -Ash 

microdensitometer and t h e  second a photometer assembled from a Photovolt  514M 

photometer u n i t  and a Beseler  2 1/4-inch by 3 1/4-inch photographic en la rge r .  

In t h e  f i r s t  method, t h e  s l i t  of t h e  microdensitometer is  s e t  t o  accept 

t h e  e n t i r e  ( v e r t i c a l )  he igh t  of t h e  c e l l ,  and t h e  d r i v e  ac tuated s o  t h a t  t h e  

c e l l  is scanned. The recorder;which reads  t h e  output  of t h e  densitometer ampli- 

f i e r , t r a c e s  t h e  l i g h t  i n t e n s i t y  r e g i s t e r e d  by t h e  densitometer a s  t h e  c e l l  image 

moves ac ross  t h e  s l i t ,  La te r  a b a s e l i n e  i s  i n s e r t e d  on t h e  c h a r t  ' t r ac ing ,  t h i s  

b a s e l i n e  corresponding t o  the  background of f i l m  t ransmi t t ance  which would hold 
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i f  t h e  c e l l  were abscn t .  The a r e a  under t he  krace s o  de f ined  i s  measured wi th  a  

p l an ime te r ,  This  a r e a  should  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount of absorb-  

i n g  m a t e r i a l  i n  t h e  c e l l .  It may b e  conver ted  i n t o  a  q u a n t i t y  wi th  dimensions 

(absorbance x  a r e a )  by a  convers ion  f a c t o r  t h a t  t a k e s  i n t o  account  t h e  s l i t  

wid th ,  t h e  s l o p e  of t h e  photographic  c h a r a c t e r i s t i c ,  and t h e  magn i f i ca t ion  and 

o t h e r  dimensions of  t h e  system. When t h e  abso rp t ion  c o e f f i c i e n t  can be  evalu-  

a t e d ,  i t s  i n v e r s e  i s  app l i ed  t o  t h e  q u a n t i t y  (absorbance x  a r e a )  t o  s p e c i f y  t h e  

absorbing  mass. 

E 0.40- 
3 - 

I n  t h e  second method, t h e  f i l m  is  p o s i t i o n e d  i n  a  photographic  e n l a r g e r  

s o  t h a t  t h e  p r o j e c t e d  image f a l l s  j u s t  i n s i d e  an a p e r t u r e  i n  t h e  measuring u n i t .  

The measuring u n i t  i s  loca t ed  on t h e  e n l a r g e r  base .  J u s t  behind t h e  a p e r t u r e  is  

a  convex l e n s  t h a t  focuses  a l l  t h e  l i g h t  pas s ing  through t h e  a p e r t u r e  on to  

a  sma l l  s p o t  o n ' a n  o p a l  g l a s s  s c reen .  Th i s  s p o t  i s  read  by  t h e  g a s - f i l l e d  pho- 

t o d i o d e  of  t h e  Pho tovo l t  514M photometer. -The s i g n a l  from t h i s  photo tube  i s  

r ead  b y  t h e  galvanometer  of t h e  photometer u n i t .  A f t e r  n o t i n g  t h e  galvanometer  

r e a d i n g ,  it  i s  necessa ry  t o  read  an a d j a c e n t  a r e a  of background. The d i f f e r e n c e  

between t h e s e  r ead ings  i s  then  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  amount of absorbing  

m a t e r i a l  i n  t h e  c e l l  photographed. A s  i n  t h e  above method, a  c o n s t a n t  dependent 

on t h e  dimensions of  t h e  system and t h e  s l o p e  of t h e  photographic  c h a r a c t e r i s t i c  

c o n v e r t s  t h i s  d i f f e r e n c e  i n t o  a  q u a n t i t y  having  t h e  dimensions of  absorbance 

t imes  a r e a ,  which can be  i n t e r p r e t e d  a s  mass when t h e  abso rp t ion  c o e f f i c i e n t  i s  

known. 

E Y .- 
x = s t a i n e d  n u c l e i  ( h y d r o l y s i s  t ime 

was f o u r  minutes a t  50°c). Max- 
i n ~ u i t  t r a n s m i t t a n c e  was d e t e r -  
mined by microdens i tometer  and 
conver ted  t o  absorbance by means 
of t h e  photographic  c a l i b r a t i o n  
curve ,  and t h e  maximum absorb-  
ance average  f o r  t h e  f o u r  c e l l s  
was p l o t t e d .  .Fo r  photomicro- 
graphy t h e  monochromator band- 

) .pass was s e t  t o  15  w. 
0 I I I I I I 
480 500 520 540 560 580 600 620 
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THE M E T H O D  I N  PRACTICE 
I n  p r a c t i c e ,  t h e  method i s - a s  fo l lows:  A marrow smear is  prepared  and 

f i x e d  i n  methanol. "Map" photographs a r e  made wi th  20 X phase wi th  t h e  c e l l s  

immersed i n  a  f l u i d  .of r. i. 1.515. Sub-areas of  t h e  phase f i e l d s  a r e  systemat-  

i c a l l y  photographed us ing  a  band of l i g h t  of  wavelength around 412 mF and an 

F igu re  3 .  Feulgen a b s o r p t i o n  
vs.  wavelength: from a  s e r i e s  of 
photomicrographs of f o u r  Feulgen- 
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immersant of r. i. 1.545. The s l i d e  is  then  Feulgen-s ta ined  accord ing  t o  t h e  

modif ied ( a t t e n u a t e d )  method. The same s u b - f i e l d s  of  t h e  o r i g i n a l  maps a r e  pho- 

tographed wi th  t h e  monochromator s e t  t o  555 my. Q u a n t i t i e s  of t h e  r e s p e c t i v e  

absorb ing  m a t e r i a l s  a r e  r ead  i n  a s  many c e l l s  a s  c o n t a i n  hemoglobin. Hemoglobin 

c o n t e n t  w i l l  be  p l o t t e d  a g a i n s t  DNA c o n t e n t  t o  y i e l d  groups  of p o i n t s  l y i n g  i n  

d i agona l  a r r a y s .  The number of a r r a y s  i n d i c a t e s  t h e  number of mi to ses  t h a t  i n -  

t e r v e n e  between t h e  o n s e t  of hemoglobin iza t ion  and t h e  ma tu ra t i on  of t h e  c e l l .  

The number of p o i n t s  i n  each a r r a y  should show t h e  r e l a t i v e  t ime s p e n t  i n  each  

i n t e r m i t o t i c  s t a g e .  I r r e g u l a r i t i e s ,  such a s  e a r l y  ma tu ra t i on  of  a  r e t i c u l o c y t e  

from an e a r l y  polychromat ic  e r y t h r o b l a s t ,  should l e a d  t o  a  d i s t i n c t  i r r e g u l a r i t y  

i n  t h e  cor responding  a r r a y ;  f u r t h e r ,  t h e  mechanism of  n u c l e a r  l o s s ,  e x t r u s i o n  o r  

n e c r o s i s ,  should be  i n d i c a t e d .  

APPLICABILITY 
The b a s i c  s t u d y  i s  des igned  t o  demonst ra te  t h e  a p p l i c a b i l i t y  of  t h e  de- 

s c r i b e d  photographic-photometr ic  system i n  a  c o n t r o v e r s i a l  problem, namely t h e  

sequence of e r y t h r o i d  development. . A  p robab le  e x t e n s i o n  i s  t e s t i n g  t h e  so-  

c a l l e d  " shun t "  h y p o t h e s i s ,  s p e c i f i c a l l y  t h a t  t h e  en l a rged  r e t i c u l o c y t e s  which 

appear  i n  hema topo ie t i c  s t r e s s  (8 ,  9 )  r e s ' u l t  from t h e  sk ipp ing  of a  m i t o s i s ,  

p robab ly  t h e  l a s t  one ( 1 0 ) .  Other  p o s s i b l e  e l a b o r a t i o n s  i n c l u d e  s t u d i e s  of ex- 

p e r i m e n t a l l y  produced polycythemias  and s t u d i e s  of  t h e  e f f e c t s  of r a d i a t i o n s  of 

v a r i o u s  . q u a l i t i e s  on t h e  e r y t h r o i d  development sequence.  
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for Detecting Simulated Brain TumGs 

I 

Alexander Gottschalk and  Ha l  0. Anger 

More t h a n  60 p a t i e n t s  suspec ted  of having  b r a i n  l e s i o n s  have now been 

examined wi th  t h e  p o s i t r o n  s c i n t i l l a t i o n  camera. G ~ ~ ~ - E D T A  (e thylenediamine-  

t e t r a a c e t i c  a c i d ) ,  a  p o s i t r o n  e m i t t e r  w i th  a  h a l f - l i f e  of 68 min, was used a s  

t h e  l o c a l i z i n g  agen t  (1, 2 ,  3 ) .  'I 'his paper  d e s c r i b e s  t h e  r e s u l t s  of a  phantom 

s t u d y  wi th  t h e  p o s i t r o n  s c i n t i l l a t i o n  camera and compares t h e  f i n d i n g s  wi th  a  

s i m i l a r  s t u d y  by  Jacobson e t  a l .  ( 4 )  on t h e  conven t iona l  p o s i t r o n  scanne r  u s ing  
7 4  A s  . 

64 Sweet e t  al. (5)  have shown t h a t  b r a i n  tumors accurnulatc  AS'^ and Cu - 
EDTA i n  approximate ly  t h e  same c o n c e n t r a t i o n s .  With EDTA c h e l a t e s ,  t h e  o rgan ic  

\ 

p a r t  o f  t h e  molecule seems r e s p o n s i b l e  f o r  t h e  pharmacologic behav io r  w i t h i n  t h e  

b r a i n  whereas t h e  i s o t o p e  mere ly  s e r v e s  a s  a  t a g .  Consequent ly ,  i t  i s  reason-  

a b l e  t o  expec t  G ~ ~ ~ - E D T A  t o  accumulate  i n  b r a i n  tumors i n  a  f a s h i o n  s i m i l a r  t o  

t h a t  of C U ~ ~ - E D T A .  Although de t e rmina t ion  of G ~ ~ ~ - E D T A  c o n c e n t r a t i o n  i n  human 

b r a i n  tumors i s  a s  y e t  l a c k i n g ,  t h e  uptake of t h e  i s o t o p e  i n  tumors, a s  judged 

from t h e  b r a i n  s c i n t i p h o t o  i t s e l f ,  i s  i n  agreement w i th  t h e  c l a s s i f i c a t i o n  t o  b e  

d e s c r i b e d .  

Sweet and co-workers found t h a t  br .a in  tumors accumulate  t h e  above a g e n t s  

i n  t h r e e  broad c a t e g o r i e s .  Meningiomas show t h e  g r e a t e s t  accumula t ion  wi th  t u -  

mor t o  b r a i n  r a t i o s  f r e q u e n t l y  15  t o  1 o r  h i g h e r .  Gl ioblas tomas  and m e t a s t a s e s  

a r e  examples of t h e  middle group,  w i th  tumor t o  b r a i n  r a t i o s  about  7 t o  1. The 

lowes t  r a t i o s  a r e  found i n  t h e  w e l l  d i f f e r e n t i a t e d  gl iomas which show an accumu- 

l a t i o n  of  approximate ly  3 t o  1 o r  l e s s .  

MATERIALS AND METHODS 

I n  o r d e r  t o  s i m u l a t e  t h e  human head ,  a  phantom was c o n s t r u c t e d  by plat- 

i n g  1 ,500  c c  of water  i n  a  po lye thy lene  j a r  e l even  and a h a l f  cm i n  i n n e r  di,am- 

e t e r  and 1 5  cm h i g h .  Three PC of G ~ ~ ~ - E D T A  were added t o  t h e  j a r  t o  s i m u l a t e  

t h e  low-level  a c t i v i t y  normal ly  s een  from a  human head.  T h i s  a c t i v i t y  i s  l a r g e -  

l y  due t o  i s o t o p e  p r e s e n t  i n  t h e  s k i n  and blood o v e r l y i n g  t h e  b r a i n .  The simu- 

l a t e d  tumors were made by f i l l i n g  t h i n  wal led  c o n t a i n e r s  ( t o y  rubber  b a l l o o n s )  

w i th  t h e  d e s i r e d  q u a n t i t y  and c o n c e n t r a t i o n  of i s o t o p e s  r e l a t i v e  t o  t h e  r e s t  of 

t h e  phantom. The expe r imen ta l  s e t u p  is  i l l u s t r a t e d  i n  F ig .  1. 
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The phantom was counted u n t i l  3,500 dots  were recorded on t h e  p ic ture .  

m2a gave. a v isua l  appearance ccn~~parable t o  t h a t  seen i n  t he  c e n t r a l  area of a 

normal head during a G ~ ~ * - E D T A  b ra in  examination with t h e  usual exposure time of 

10 min. The dens i ty  of do ts  pe r  square centimeter was t h e  same i n  p i c tu re s  of 

t h e  phantom a s  i n  human scintiphotos.  By keeping t h e  t o t a l  count per  p i c tu re  

constant and by varying the  exposure time, consideration of t he  physical  decay 

of t h e  sho r t  l ived ~a~~ was avoided. Correction f o r  background was unnecegsary 

a s  the  background count r a t e  of t h e  posi t ron s c i n t i l l a t i o n  camera is l e s s  than 

one count per  minute; maximum exposure time was 20 min. 

The plane of best focus of t he  s c i n t i l l a t i o n  camera was placed through 

t h e  simulated lesion. Additionai s t ud i e s  showed t h a t  t h e  depth of f i e l d  of the  

posi t ron camera is qu i t e  broad. Using a 6-cc 15/1 phantom tumor, it was possi-  

ble t o  move the  plane of best focus two and a half  inches below the  " les ion" 

(toward the  foca l  detector)  and th ree  and a ha l f  inches above the  " les ion" 

(toward the  image de tec tor )  before the image of t he  phantom tumor was no longer 

c l e a r l y  v i s ib l e .  

Phantom tumors i n  each group described by Sweet were examined t o  deter-  

- mine the  smallest  s i z e  tumor detectable .  A t  l e a s t  four exposures were made with 

each "tumor" i n  order t o  e l iminate  s t a t i s t i c a l  var ia t ions .  A sample'was consid- 

ered borderl ine i f  it could be i den t i f i ed  th ree  ou t  of four  times. 



DETECTING SIMULATED BRAIN TUMORS WITH POSITRON CAMERA 

I Fiqure 2. A representative s c i n t i -  
pfiato showing a b-cc phancom rumor 
with a 15/1 tumor t o  head concentra- 
Liull. I L  l a  easi ly see11 alL11uuyl1 
s l a c l l l u ~  Llldll Llle ~ I I ~ I ~ ~ ~ I I U I I I  vulul~l t!  ilc- 
tected i.y l ~ r  r.nnv~nti onit1 p o ~ i  trnn 
scanner. The dashed ci rcular  ouLer 

I 
l i ne  represents the f i e l d  of view of 
the sc in t i l l a t ion  camera. 

RESULTS 
Table 1 compares the r e su l t s  of t h i s  study with those found by Jacobson 

and co-workers using the  conventional positron scanning technique. It is appar- 
ent  t h a t  the  positron camera, with G~~'-EDTA, w i l l  ident i fy  lesions with approx- 
imately 30% of the  volume and 65% of the  diameter necessary f o r  detection by the  
conventional positron scanner. 

DISCUSSION 
Any comparison of r e su l t s  suffers  from the obvious flaw tha t  the  atudies 

were-conducted by separate observers i n  separate laboratories  using d i f ferent  
phantoms. However, the  basic design of the experiments is the  eame. Although 
they do not exactly duplicate the  c l i n i c a l  conditions of bra in  scanning with the  
par t icular  agent and apparatus used, they give same idea of the sens i t iv i ty  of 
the  two methods. 

It is  important t o  rea l ize  t h a t  the concentration r a t i o s  obtained by 
Sweet and co-workers only compare tumor t i s sue  t o  brain t issue.  Since the  pic- 
tures  of human pat ients  include the isotope i n  skin, muscle and blood, a s  weil 
a s  brain, a s t r i c t  comparison of the phantom t o  actual  pa t ients  is not valid. . ' -, 
It is  not known a t . the  present time how much of the  isotope goes t o  skin and 
other s tructures overlying the brain. Until the uptake i n  tumors r e l a t ive  t o  
the  uptake i n  a cross section of the head is known, a determination of the 
smallest tumor detectable i n  'an actual  subject cannot be made. 

CONCLUSIONS 
Phantom studies indicate tha t  the  positron s c i n t i l l a t i o n  camera is  a 

more sens i t ive  instrument fo r  the  detection of brain lesions than the conven- 
t iona l  positron scanner. It detects  lesions one-third t o  one-fifth a s  large 
i n  volume f o r  each r a t i o  of tumor t o  brain concentration studied. 
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Table 1. 

Detector 

-- - 

Approxiina te 
Ratio Minimum volume diameter of 
turnor/ of smallest tumor smallest tumor 

Isotope brain detected detected 

Conventional positron As 
74 15/1 

scanner (4) 

Positron scintillation Ga 
6 8 15/1 

camera 

74 
Conventional positron As 8.7/1 12 cc 
scanner 

(5 0 
Positron scintillation , Ga . 
camera 

Conventional positron As 
74 3.2/1 40-70 cc 

scanner 

Positron scintillation Ga 
6 8 3.25/1 12 cc 

camera 

not listed 
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Use of a Whole-Body Counter in Turnover Studies with Ca 

Thornton Sargent ,  John A .  Linfoot, Henry Stauffer a n d  John H. Lawrence  

A number of i n v e s t i g a t i o n s  of ca lc ium metabolism have been r epo r t ed  by  

workers  u s ing  ~ a ~ ~ ,  ~ a ~ ~ ,  ~ r * ~ ,  and s t a b l e  s t r o n t i u m  ( 1 , 2 , 3 , 4 ) .  Models have 

been proposed and mathemat ica l  t r e a t m e n t s  developed by Bauer e t  a l .  (51,  

Heancy and Whedon (6) and o t h e r s  t o  d e s c r i b e  t h e  dynamics of  ca lc ium.  Aubert 

and Milhaud (7)  have  ma in t a ined  t h a t  t h e  s i m p l i f i e d  models of t h e s e  workers  were 

incomple te  c h i e f l y  because  t h e y  f a i l e d  t o  t a k e  i n t o  account  t h e  component of  

serum-calcium d i sappea rance ,  which does  n o t  appear  u n t i l  t h e  seventh  t o  t h e  

e i g h t e e n t h  day a f t e r  i n j e c t i o n .  They demonstrated t h a t  t h i s  s i m p l i f i c a t i o n  can 

l ead  t o  e r r o r s  of 35 t o  76% i n  measurement of  t h e  s i z e  of t h e  ca lc ium p o o l ,  and 

1 8  t o  38% i n  t h e  r a t e  of d i s appea rance  from t h e  pool .  

I n  any system d e s c r i b e d  by a  sum of e x p o n e n t i a l  f u n c t i o n s ,  i f  one can- 

n o t  measure t h e  s lowes t  r a t e  c o n s t a n t  of t h e  sys tem,  an e r r o r  w i l l  b e  i n t r o -  

duced i n t o  t h e  d e t e r m i n a t i o n  of  a l l  t h e  o t h e r s .  The magnitude of t h e  e r r o r  w i l l  

depend on t h e  c o e f f i c i e n t  and on t h e  r a t e  c o n s t a n t  of t h e  unknown component. 

One canno t  b e  c e r t a i n  t h a t  t h e r e  is  n o t  s t i l l  ano the r  component wi th  a  l onge r  

t u r n o v e r  t ime .  I n  f a c t ,  Cohn e t  a l .  ( 8 )  have measured t h e  t u rnove r  of ~r~~ i n  

a  s e r i e s  of  normal s u b j e c t s  f o r  more t h a n  a  y e a r  wi th  a whole-body c o u n t e r  and 

found ve ry  long- l ived  components; t h e  r e t e n t i o n  cu rve  was b e s t  f i t t e d  by a  pow- 

e r  f u n c t i o n .  Cons ider ing  t h e  complex n a t u r e  of r e c y c l i n g  of bone m i n e r a l ,  d i s -  

cussed  by Heaney and Whedon (61, it seems p o s s i b l e  t h a t  a  power f u n c t i o n  may 

b e s t  d e s c r i b e  t h e  behav io r  of ca lc ium i n  compartments w i th  such complex r e -  

c y c l i n g ;  however, a  power f u n c t i o n  y i e l d s  l i t t l e  i n fo rma t ion  a b o u t . r a t e s  and 

compartment s i z e s .  Exponen t i a l s  may b e  more u s e f u l  i n  d e s c r i b i n g  tu rnove r  i n  

t h e  mi sc ib l e - ca l c ium p o o l  and t h e  i n i t i a l  i n c o r p o r a t i o n  i n t o  bone. Although a  

comple te  and s a t i s f a c t o r y  mathemat ica l  d e s c r i p t i o n  h a s  n o t  y e t  been evolved ,  

s t u d i e s  w i th  ca lc ium i s o t o p e s  w i l l  con t inue  t o  b e  va luab le  bo th  i n  developing  

c l i n i c a l l y  u s e f u l  measurements and i n  evo lv ing  a  b e t t e r  model of ca lc ium me- 

. tabol ism. 

A whole-body c o u n t e r  can  b e  used t o  advantage  because  it can measure 

t h e  ca l c ium depos i t ed  i n  bone wi thou t  r e l y i n g  on c a l c u l a t i o n  from serum meas- 

urements .  The r e s u l t s  of such measurements on a  sma l l  g roup of p a t i e n t s  w i l l  

b e  p r e s e n t e d  h e r e ,  and t h e  advantages  of t h e  method d i s c u s s e d .  
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MATERIALS ANP METHODS 

" A l l  o f  t h e  p a t i e n t s  were  a m b u l a t o r y  and g e n e r a l l y  were  s t u d i e d  on a n  

o u t p a t i e n t  b a s i s .  P a t i e n t s  f o r  whom b l o o d ,  u r i n e  and s t o o l  c o l l e c t i o n s  were  

made.were  a d m i t t e d  t o  t h e  Donner P a v i l i o n  f o r  p e r i o d s  up t o  t h e  f i r s t  s e v e n  

d a y s  . o f  t h e  s t u d y .  M e t a b o l i c  b a l a n c e  t e c h n i q u e  was n o t  employed,  b u t  d i e t s  were  

c o n t r o l l e d  s o  t h a t  c a l c i u m  i n t a k e  was a p p r o x i m a t e l y  900 mg p e r  d a y  d u r i n g  t h e  

f i r s t  week o f  s t u d y .  

~ a ~ ~  from Oak Ridge ,  w i t h  ~ a ~ ~ / ~ a ~ ~  a p p r o x i m a t e l y  10/1,  w a s  g i v e n  i n t r a -  

v e n o u s l y ,  b u f f e r e d  t o  pH 4  t o  5 ,  a t  d o s e s  be tween  2  and 25  PC. I n  some p a t i e n t s  

s e r i a l  b l o o d  s a m p l e s  were  d rawn,  and i n  some, c o m p l e t e  u r i n e  and s t o o l  c o l l e c -  

t i o n s  were  made f o r  p e r i o d s  up  t o  two weeks.  

The whole-body c o u n t e r  is o f  t h e  Argonne t y p e  w i t h  6 - inch  s t ee l  w a l l s ,  a  

s i n g l e  ~ a I ( T 1 1  c r y s t a l ,  9  3/8 b y  4  i n c h e s ,  and a  100-channe l  p u l s e - h e i g h t  ana-  

l y z e r .  P a t i e n t s  were  c o u n t e d  b o t h  i n  t h e  one-mete r -a rc  p o s i t i o n  and t h e  tilt- 

i n g - , c h a i r  p o s i t i o n .  I n  t h e  one-meter  a r c ,  t h e  p a t i e n t  l i e s  o n ' a  couch w i t h  a  

radi 'us  o f  c u r v a t u r e  of  one m e t e r  w i t h  t h e  c r y s t a l  a t  t h e  c e n t e r  o f  c u r v a t u r e .  

T h i s  g e o m e t r y  i s  u s u a l l y  c o n s i d e r e d  t o  y i e l d  a  . c o u n t  w i t h  minimum dependence  

upon' l o c a l i z a t i o n  o f  t h e  i s o t o p e .  I n  t h e  t i l t i n g  c h a i r  t h e  s e n s i t i v i t y  is  f i v e  

time:b t h a t  o f  t h e  one-meter  a r c ,  b u t  w i t h  ~ a ~ ~  c h a n g e s  i n  t h e  l o c a t i o n  o f  t h e  . 

i s o t o p e  i n  t h e  body y i e l d  a  r e t e n t i o n  c u r v e  d i f f e r e n t  f rom t h a t  o f  t h e  one- 

m e t e r  a r c  u n t i l  12 t o  18 d a y s  a f t e r  i n j e c t i o n .  A f t e r  1 8  d a y s  t h e  r e t e n t i o n  

c u r v e s  a r e  p a r a l l e l ,  so t h a t  t h c  g r e e t e r  s e r i s i t i v i t y  o f  t h e  c h a i r  p o s i t i o n  makes 

it p o s s i b l e  t o  e x t e n d  t h e  r e t e n t i o n  c u r v e  beyond t h e  t i m e  a t  which t h e  4 .7  d a y  

~ a ~ ~  h a s  decayed  be low d e t e c t a b l e  l i m i t s  u s i n g  t h e  one-meter  a r c .  

A f t e r  t h e  i n i t i a l  whole-body c o u n t ,  which i s  per fo rmed  w i t h i n  f i v e  min- 

u t e s  a f t e r  i n j e c t i o n  i n  o r d e r  t o  e s t a b l i s h  a  100% p o i n t ,  t h e  p a t i e n t  i s  

c o u n t e d  a g a i n  l a t e r  d u r i n g  t h e  f i r s t  d a y ,  t h e n  d a i l y  f o r  s e v e r a l  d a y s  and f i n a l -  

l y  a t  i n t e r v a l s  o f  s e v e n  d a y s .  A p a t i e n t  w i t h  h i g h  c a l c i u m  r e t e n t i o n  and a n  

i n i t i a l  d o s e  o f  2 5  yC c a n  b e  c o u n t e d  w i t h  s u f f i c i e n t  a c c u r a c y  42 d a y s  a f t e r  i n -  

j e c t i o n .  Good gamma-ray r e s o l u t i o n  and a  p u l s e - h e i g h t  a n a l y z e r  a r e  e s s e n t i a l  

f o r  a c c u r a t e  measurements  l a t e  i n  t h e  s tud.y ,  b e c a u s e  a l l  ~ a ~ ~  s o  f a r  used h a s  

c o n t a i n e d  a  v a r i a b l e  s m a l l  amount of  ~ n ~ ~ ,  which o f t e n  c o n t r i b u t e s  c o u n t s  i n  

t h e  r a n g e  o f  t h e  ~ a ~ ~  pho topeak  t o  a b o u t  t h e  same d e g r e e  a s  t h e  p a t i e n t ' s  K ~ O .  

A f t e r  a l l  o f  t h e  ~ a ~ ~  h a s  d e c a y e d ,  a  f i n a l  c o u n t  must  b e  made t o  o b t a i n  a  back-  

g round  i n c l u d i n g  t h e  ~ n ~ ~  which i s  s u b t r a c t e d  f rom p r e v i o u s  c o u n t s .  

Blood samples  were  c o u n t e d  i n  a  s t a n d a r d  w e l l  c o u n t e r  w i t h  p u l s e - h e i g h t  

d i s c r i m i n a t i o n  a g a i n s t  t h e  ~c~~ d a u g h t e r  of  ~ a ~ ~ ,  and a g a i n s t  t h e  which 

some p a t i e n t s  had r e c e i v e d  f rom i o d i n e - u p t a k e  t e s t s .  O n e - l i t e r  samples  of  

u r i n e  f rom e a c h  24-hour c o l l e c t i o n ,  and t h e  e n t i r e  s t o o l ,  were  e a c h  c o u n t e d  on 

t o p  o f  a  2- inch c r y s t a l ,  w i t h  a  s t a n d a r d  s u i t a b l y  d i l u t e d  t o  c o r r e c t  f o r  
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s e l f - a b s o r p t i o n .  Ur ine  d a t a  were p l o t t e d  a s  s p e c i f i c  a c t i v i t y  ( coun t s  p e r  min- 

u t e  of  ca47/mg C a ) .  S t o o l  specimens were no t  assayed f o r  ca lc ium,  s o  t h e  d a t a  

a r e  p l o t t e d  a s  coun t s  p e r  minute of ~ a ~ ~ / ~  s t o o l ;  s i n c e  t h e  d i e t s  were reason-  

a b l y  c o n s t a n t  i n  ca l c ium,  t h i s  is  e q u i v a l e n t  t o  s p e c i f i c  a c t i v i t y  s o  f a r  a s  t h e  

s l o p e  of t h e  cu rves  is  concerned.  

RESULTS AND DISCUSSION 
I n  view of t h e  c u r r e n t  u n c e r t a i n t y  a s  t o  t h e  s u i t a b i l i t y  of t h e  va r ious  

mathemat ica l  models which have been proposed f o r  ca lc ium m e t a b o l i s ~ ~ i ,  no complcx 

mathemat ica l  t r ea tmen t  is  a t tempted  h e r e .  A s imp le  g r a p h i c a l  a n a l y s i s  i s  used,  

based  on t h e  assumption t h a t  r e t e n t i o n  can  b e  expressed  by a  sum of exponen- 

t i a l ~ .  I n t e r p r e t a t i o n s  a r e  g i v e n  h e r e  w i th  t h e  r e s e r v a t i o n  t h a t  b e t t e r  models 

w i l l  undoubtedly b e  d e r i v e d  i n  t h e  Luture .  

A l l  of t h e  ~ a ~ ~ - r e t e n t i o n  cu rves  a r e  p l o t t e d  on semi-log c o o r d i n a t e s ,  on 

which s t r a i g h t  l i n e s  r e p r e s e n t  e x p o n e n t i a l  f u n c t i o n s .  By e x t r a p o l a t i o n  of a  

s t r a i g h t  l i n e  f i t t e d  t o  t h e  l a s t  segment of t h e  e u r v e s .  d " I i n a l "  olopo can be 

s u b t r a c t e d  from t h e  r e t e n t i o n  cu rve  and t h e  e x p o n e n t i a l  components rt!solved con- 

s e c u t i v e l y  i n  t h e  u s u a l  way. When p l o t t e d  on log- log  c o o r d i n a t e s  t h e  cu rves  a r e  

convex upward demons t r a t i ng  t h a t  t h e  d a t a  a r e  b e s t  f i t t e d  by e x p o n e n t i a l  func-  

t i o n s  r a t h e r  t han  by a  power f u n c t i o n .  T h i s  i s  i n  agreement wi th  t h e  r e s u l t s  of 

t h e  f i r s t  30 days  of ~r~~ d a t a  of Cohn e t  a l .  (81, who found t h a t  a f t e r  30 days  

t h e  d a t a  were b e s t  f i t t e d  by a  power f u n c t i o n  t o  which an e q u i v a l e n t  e x p o n e n t i a l  

cou ld  b e  f i t t e d  f o r  purposes  of r e s o l v i n g  t h e  e x p o n e n t i a l s  of  t h e  e a r l i e r  p a r t  

of t h e  cu rve .  

NORMAL BONE METABOLISM. The f i r s t  g roup o f  p a t i e n t s ,  whose ~ a ~ ~ - r e -  

t e n t i o n  c u r v e s  a r e  shown i n  F i g .  1 ,  were chosen because  t h e i r  ca lc ium ~ ~ ~ e t a b o l i s m  

was believed t o  b e  normal. Only one of t h e s e  s u b j e c t s ,  t h e  33-year-old male, 

was a c t u a l l y  w i thou t  any known d i s e a s e .  A s  can be  s e e n ,  t h e  t h r e e  a d u l r  

p a t i e n t s  who had ,  r e s p e c t i v e l y ,  d i a b e t e s ,  b r e a s t  cance r  (w i thou t  demonstrable 

bone invo lvemen t ) ,  t r e a t e d  s p r u e ,  and t h e  normal male do 11uL e x h i b i t  r c t c n t i o n  

c u r v e s  markedly d i f f e r e n t  from each o t h e r  and probably  r e p r e s e n t  t h e  normal range 

of  v a r i a t i o n  wi th  i n i t i a l  h a l f - t i m e s  of 28 t o  30 days .  T h e r e i s  c l e a r l y  ano the r  

component appea r ing  between t h e  24 th  and t h e  30 th  day;  it h a s  n o t  y e t  been 

p o s s i b l e  t o  measure i t s  ha l f - t ime  a c c u r a t e l y  i n  normals .  

MAMMARY CARCINOMA WITH OSSEOUS METASTASES. Calcium r e t e n t i o n  c u r v e s  

from f o u r  female p a t i e n t s  w i t h  m e t a s t a t i c  mammary carcinoma a r e  shown i n  F i g .  2 .  

A l l  of t h e  p a t i e n t s  were premenopausal a t  t h e  t ime t h e i r  b r e a s t  l e s i o n s  were 

d e t e c t e d  and had been oophorectomized p r i o r  t o  r e c e i v i n g  p i t u i t a r y  a b l a t i o n  

w i t h  900-MeV a lpha  p a r t i c l e s  from t h e  184-inch c y c l o t r o n  ( 9 ) .  

p a t i e n t  I .  S. was a  47-year-old housewife who had e x t e n s i v e  cu taneous  
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F i g u r e  1. R e t e n t i o n  o f  
whole-body r a d i o c a l c i u m  i n  
p a t i e n t s  w i t h  n o  demon- 
s t r a b l e  b o n e  d i s e a s e ,  and 
i n  o n e  c o m p l e t e l y  h e a l t h y  
s u b j e c t .  
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F i g u r e  2 .  R a d i o c a l c i u m  
r e t e n t i o n  i n  f o u r  women 
w i t h  m e t a s t a t i c  mammary 
c a r c i n o m a .  T h r e e  p a t i e n t s  
h a d  o s s e o u s  m e t a s t a s e s  o f  
v a r y i n g  d e g r e e s .  P a t i e n t  
J .  R. was s t u d i e d  b e f o r e  
t r e a t m e n t  ( A )  and a f t e r  
t r e a t m e n t  ( B )  . No o s s e o u s  
m e t a s t a s e s  w e r e  demon- 
s t r a b l e  i n  p a t i e n t  I .  S .  

and  p l e u r a l  m e t a s t a s e s .  T h e r e  w e r e  n o  o b v i o u s  o s s e o u s  m e t a s t a s e s .  The  a l k a l i n e  

p h o s p h a t a s e ,  s e r u m  c a l c i u m ,  and 24-hour  u r i n a r y - c a l c i u m  e x c r e t i o n  w e r e  n o r m a l .  

H e r  c a l c i u m - r e t e n t i o n  c u r v e  was c o n s i d e r e d  t o  be n o r m a l  and  i s  shown i n  b o t h  

F i g .  1 and  2 .  
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P a t i e n t  P. L.  was a  48-year-old t e l ephone  o p e r a t o r  who had e x t e n s i v e  os-  

s eous  and h e p a t i c  m e t a s t a s e s .  She had marked h y p e r c a l c i u r i a  and developed s e -  * 

v e r e  hyperca lcemia  (16.0 mg p e r c e n t )  wh i l e  undergoing p i t u i t a r y  i r r a d i a t i o n ,  and 

d i e d  s h o r t l y  a f t e r  t r e a t m e n t .  Our s t u d y  was t e rmina t ed  by  h e r  d e a t h .  Her c a l -  

cium cu rve  showed an ex t remely  r a p i d  t u r n o v e r .  

P a t i e n t  G .  S. was a  49-year-old housewife  w i th  carcinoma en  c u r a s s e ,  who 

a l s o  had m e t a s t a t i c  involvement  of t h e  d o r s a l  and lumbar s p i n e .  She had a  nor-  

mal a l k a l i n e  phosphatase ,  mi ld  hypercalcemia (13.0 mg p e r c e n t )  , and hype rca l -  

c i u r i a .  Her ca lc ium cu rve  was s l i g h t l y  l e s s  s t e e p  than  t h e  former p a t i e n t ,  b u t  

d i s t i n c t l y  d i f f e r e n t  from p a t i e n t  I .  S .  

Two r e t e n t i o n  cu rves  a r e  p re sen ted  on p a t i e n t  J .  R.  who was a  56-year- 

o l d  housewife  i n  whom o n l y  osseous  m e t a s t a s e s  were c l i n i c a l l y  d e t e c t a b l e .  The 

serum ca l c ium and a l k a l i n e  phosphatase  were normal. The f i ' r s t  curve  ( A )  was ob- 

t a i n e d  pri .or  t o  t r e a t m e n t  and resembles  t h a t  of t h e  p reced ing  p a t i e n t s .  The 

second c u r v e  (B) was ob ta ined  a f t e r  s h e  was i n  c l i n i c a l  r emis s ion  fo l lowing  com- 

b ined  u s e  of p i t u i t a r y  i r r a d i a t i o n  and chemotherapy. There is  a  s t r i k i r i y , d i f -  

f e r e n c e  between t h e  two cu rves .  The shapes  of t h e  cu rves  a r e  s i m i l a r ,  b u t  be-  

f o r e  t r e a t m e n t  t h e  t u r n o v e r  r a t e  of ca lc ium was much g r e a t e r .  The curve  a f t e r  

t r e a t m e n t  p robab ly  r e p r e s e n t s  d e p o s i t i o n  of ca lc ium i n t o  a r e a s  of t h e  s k e l e t o n  

which were p r e v i o u s l y  be ing  des t royed  by o s t e o l y t i c  l e s i o n s .  

ACROMEGALY. The profound e f f e c t s  o f  growth hormone on c a r t i l a g e  and 

endochondr i a l  bone fo rma t ion  a r e  r e s p o n s i b l e  f o r  t h e  s k e l e t a l  changes which a r e  

c h a r a c t e r i s t i c  of  p i t u i t a r y  g igan t i sm and acromegaly.  Marked d i s t u r b a n c e  i n  

ca l c ium metabolism i s  n o t  a  c l i n i c a l l y  impor t an t  f e a t u r e  of t h e s e  d i s o r d e r s  

e x c e p t  i n  t h o s e  r e l a t i v e l y  r a r e  c a s e s  w i th  m u l t i p l e  endoc r ine  tumors and c o e x i s t -  . .  

i n g  p a r a t h y r o i d  adenomata ( 1 0 ) .  However, h y p e r c a l c i u r i a  and hyperphosphatemia 

a r e  f r e q u e n t l y  seen  i n  a c t i v e  acromegaly. Bauer and Aub , ( 1 1 ) ,  u s ing  t h e  calcium- 

b a l a n c e  t e c h n i q u e ,  found h y p e r c a l c i u r i a  and n e g a t i v e  ca lc ium ba l ance  i n  f o u r  

ac romega l i c s  and concluded t h a t  t h e  deg ree  of  n e g a t i v e  ca lc ium b a l a n c e  c o r r e l a t e d  

w i t h  t h e  c l i n i c a l  deg ree  o f  s e v e r i t y ,  and improved wi th  p i t u i t a r y  i r r a d i a t i o n .  

More r e c e n t  s t u d i e s  (12) employing s i m i l a r  t e chn iques  showed t h a t  t h e  

h y p e r c a l c i u r i a  was a s s o c i a t e d  wi th  i n c r e a s e d  i n t e s t i n a l  a b s o r p t i o n  of ca lc ium,  

and ca lc ium b a l a n c e  remained p o s i t i v e .  Fur thermore ,  t h e  a d m i n i s t r a t i o n  o f  

p r i m a t e  growth hormone t o  human s u b j e c t s  produces h y p e r c a l c i u r i a ,  b u t  does  n o t  

induce  n e g a t i v e  ca l c ium ba l ance  ( 1 3 , 1 4 ) .  A s tudy  of to ta l -body-ca lc ium tu rnove r  

s h o u l d . p r o v i d e  a  c l e a r e r  p i c t u r e  of ca l c ium dynamics i n  acromegaly and a l s o  make 

i t  p o s s i b l e  t o  de t e rmine  whether  a b n o r m a l i t i e s  i n  ca lc ium dynamics c o r r e l a t e  

w i th  c l i n i c a l  f i n d i n g s .  

T race r  s t u d i e s  of  bone metabolism i n  acromegaly a r e  n o t  numerous. 
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mega ly ,  which a r e  summarized i n  T a b l e  1. 
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Days 

S t a b l e  s t r o n t i u m  h a s  been  used t o  d e m o n s t r a t e  a n  i n c r e a s e  i n  t h e  e x c h a n g e a b l e  

c a l c i u m  p o o l s  i n  a c r o m e g a l i c s  (151 ,  b u t  s t r o n t i u m  i s  h a n d l e d  d i f f e r e n t l y  f rom 

c a l c i u m  i n  t h e  body and o n l y  s h o r t  t e r m  s t u d i e s  c a n  b e  c a r r i e d  o u t  w i t h  non- 

r a d i o a c t i v e  t r a c e r s .  I n  t h e s e  s t u d i e s  t h e  whole-body c o u n t e r  was used i n  con- 

j u n c t i o n  w i t h  measurements  o f  ca4' i n  b l o o d ,  u r i n e ,  and s t o o l s  on a  g r o u p  of  s i x  

a c r o m e g a l i c s  who were c o n s i d e r e d  t o  have  v a r y i n g  c l i n i c a l  d e g r e e s  o f  a c t i v i t y .  

T y p i c a l  d a t a  a r e  shown i n  F i g .  3 ,  i n  t h i s  c a s e  o f  p a t i e n t  J .  H .  I n  n o t  

a l l  c a s e s  d i d  t h e  s p e c i f i c  a c t i v i t y  c u r v e s  of t h e  b l o o d  and u r i n e  c o i n c i d e  a s  

h e r e ,  b u t  i n  a l l  c a s e s  t h e y  were p a r a l l e l ,  a s  was t h e  f e c a l  a c t i v i t y  when c a l -  

c u l a t e d  p e r  gram of  s t o o l .  The serum c u r v e s  were r e s o l v e d  g r a p h i c a l l y  i n t o  a  

sum of  e x p o n e n t i a l s ,  and t h e  h a l f - t i m e s  of each  component a r e  shown i n  T a b l e  1. 

The h a l f - t i m e s  Tsl, Ts2, Ts3 a r e  c a l c u l a t e d  from serum d a t a  and c o r r e s p o n d  t o  

t h e  r a t e  c o n s t a n t s  k l ,  k 2 ,  and k3 of Bauer  e t  a l .  ( 5 )  where k = 0 . 6 9 3 / ~ .  Ana- 

l y s e s  such  a s  t h e s e  a r e  b a s e d  on t h e  assumpt ion  t h a t  t h e  l o n g e s t  h a l f - t i m e ,  Ts3, 
i s  t h e  f i n a l  one  which i s  n o t  v a l i d  s i n c e  serum a c t i v i t y  c a n n o t  b e  measured f o r  

s u f f i c i e n t l y  l o n g  p e r i o d s  o f  t i m e  when t r a c e r  amounts o f  i s o t o p e  a r e  employed. 

A s i m i l a r  a n a l y s i s  o f  whole -body- re ten t ion  d a t a  r e v e a l e d  a  h a l f - t i m e  T3, 

which had a p p r o x i m a t e l y  t h e  same v a l u e  a s  Ts3 i n  e a c h  p a t i e n t ,  b u t  i n  a d d i t i o n  

showed a  l o n g e r  h a l f - t i m e ,  T4. The h a l f - t i m e  Tsl and Ts2 r e p r e s e n t  mix ing  w i t h  
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t h e  v a r i o u s  ca lc ium poo l s  i n  t h e  body and no t  n e t  l o s s ,  and hence do  n o t  appear  

i n  t h e  whole-body-retent ion cu rve .  

Tab le  1 a l s o  shows t h e  p a t i e n t s '  symptoms and t h e  p h y s i c i a n ' s  t o t a l  i m -  

p r e s s i o n  of t h e  c l i n i c a l  deg ree  of a c t i v i t y .  The c a s e s  a r e  a r ranged .  i n  o r d e r  of 

t h e i r  d e c r e a s i n g  s e v e r i t y .  While t h e  h a l f - t i m e s  Ts3 (serum) and T3 (whole body) 

a r e  i n  r ea sonab le  agreement i n  each p a t i e n t ,  t h e r e  is  no appa ren t  c o r r e l a t i o n  

w i t h  t h e  c l i n i c a l  s e v e r i t y  of t h e  d i s e a s e .  F ig .  4 shows t h e  r e t e n t i o n  cu rve  f o r  

each  of  t h e s e  p a t i e n t s .  A l l  t h e  cu rves  have very  s i m i l a r  shapes  arid a r e  s t r i k -  

i n g l y  d i f f e r e n t  from t h e  normals  i n  F i g .  1. S i n c e  t h e  s m a l l e s t  s l o p e  ( l o n g e s t  

h a l f - t i m e  T4) r i p r e s e n t s  t u rnove r  oi- t h e  t r a c e r  t h a t  has been deposited in bone, 

it can  b e  s een  by q u a l i t a t i v e  examinat ion of t h e  cu rves  t h a t  t h e  p a t i e n t s  wi th  

acromegaly d e p o s i t  f a r  more ca lc ium i n t o  t h i s  compartment t h a n  normals .  A l -  

though,  a s  mentioned p r e v i o u s l y ,  T4 does  n o t  r e p r e s e n t  t h e  f i n a l  s l o p e  of t h e  

c u r v e ,  e x t r a p o l a t i o n  of i t s  s l o p e  t o  i n j e c t i o n  t ime y i e l d s  an i n t e r c e p t  which i s  

a  f a i r  r e p r e s e n t a t i o n  of t h e  amount of  t r a c e r  t h a t  e n t e r e d  t h i s  compartment. 

The normals  could n o t  b e  fol lowed long enough t o  s e e  t h i s  l onge r  h a l f - t i m e ,  b u t  

it is  obvious  from t h e  cu rves  t h a t  i t s  i n t e r c e p t  would b e  much lower t han  i n  

acromegaly.  I n  c o n t r a s t  t o  t h e  s h o r t e r  h a l f - t i m e s  shown i n  Tab le  1 ,  t h e  T4 

i n t e r c e p t  appears  t o  c o r r e l a t e  wi th  t h e  s e v e r i t y  of t h e  d i s e a s e , , t h e  h i g h e r  

i n t e r c e p t s  o c c u r r i n g  i n  t h e  more s e v e r e  c a s e s .  I 

Whole body 

T4 T  4 

Days I n t e r c e p t  

102 82% 

265 7  3% 

77 7 5% 

7  0  7  0% 

85 67% 

57 4  9% 

S i n c e  t h e  deg ree  of a c t i v i t y  i n  acromegaly i s  d i f f i c u l t  t o  a s s e s s  

c l i n i c a l l y ,  t h e s e  p r e l i m i n a r y  s t u d i e s  i n d i c a t e  t h a t  t h e  whole-body coun te r  n o t  

o n l y  p r o v i d e s  a  h i g h l y  s a t i s f a c t o r y  method of s tudy ing  abnormal ca lc ium metabo- 

l i s m  i n  acromegaly, b u t  may a l s o  be  of va lue  i n  de t e rmin ing  t h e  deg ree  of  ac- 

Serum 

Tsl  Ts2 Ts3 T3 

Min. Hours Days Days 

102 8 . 5  2.7 1 .7  

45  7 5.5 5  

24 7  3.5 3 . 1  

16 2.8 3.4 3 .0  

28 3.8 3.2 4  

~ ~. 

P a t i e n t  

( a g e ,  s e x )  

J .M. d' 24 

J . V .  d 17 

H.B. 
3  3  

C.L. d' 2 8 

J .H. 
66 9 
M.D. 9 48 

Tab le  1. 

C l i n i c a l  f i n d i n g s  

Enlarge-  Serum Degree 
ment of  phos- of 

s e l l a  phorus  a c t i v i t y  

Large 5.8 v e r y a c t i v e  

5,2 Act ive  

Moderate 4.2 Moderately 
a c t i v e  

5.4 Moderately 
a c t i v e  

S l i g h t  5.2 Moderate ( a l s o  
. a r t h r i t i s ,  

os te \oporos is )  

S l i g h t  3 . 5  I n a c t i v e  
(bys te rec tomv,  
a r t h r i t i s )  
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F igu re  4.  Radiocalcium r e -  
t e n t i o n  i n  s i x  p a t i e n t s  w i th  
acromegly of vary ing  d e g r e e s  
of s e v e r i t y .  

MU-2997 5  

Days 

t i v i t y  and t h e  e f f e c t i v e n e s s  of t he rapy .  Follow-up s t u d i e s  of  p a t i e n t s  who have 

r ece ived  t r e a t m e n t  f o r  t h e i r  acromegaly should make such s t u d i e s  more complete .  

It is  h i g h l y  d e s i r a b l e  t o  ex tend  t h e  r e t e n t i o n  cu rves  beyond t h e  r e l a -  

t i v e l y  s h o r t  t ime  p o s s i b l e  wi th  ca4', SO t h a t  t h e  cu rves  may b e  ana lyzed  accu-  

r a t e l y  and comple te ly  f o r  h a l f - t i m e s  and compartment s i z e s .  The o n l y  f e a s i b l e  

way t o  ex tend  t h e  r e t e n t i o n  cu rve  is  t o  a d m i n i s t e r  sr8' and ~ a ~ ~  s imu l t aneous ly  

t o  t h e  same p a t i e n t s .  It is  known t h a t  s t r o n t i u m  i s  n o t  a  p e r f e c t  t r a c e r  f o r  

ca lc ium and t h a t  t h e  body d i s c r i m i n a t e s  a g a i n s t  s t r o n t i u m  i n  f a v o r  of ca lc ium 

( 2 ) .  By us ing  bo th  i s o t o p e s  s imu l t aneous ly ,  however, it should be  p o s s i b l e  t o  

normal ize  and f i t  t h e  d a t a  of sr8' t o  o b t a i n  an e q u i v a l e n t  long-term r e t e n t i o n  

cu rve  f o r  calcium. Th i s  is  planned f o r  f u t u r e  s t u d i e s .  

SUMMARY 
A whole-body coun te r  h a s  been used t o  s t u d y  ~ a ~ ~  t u r n o v e r  i n  normal sub- 

j e c t s ,  i n  p a t i e n t s  w i th  m e t a s t a t i c  b r e a s t  c a n c e r ,  and i n  p a t i e n t s  w i th  ac ro -  

megaly. P a t i e n t s  wi th  osseous  m e t a s t a s e s  of b r e a s t  cance r  have g r e a t l y  i n -  

c r ea sed  tu rnove r  r a t e s .  P a t i e n t s  w i th  acromegaly have inc reased  r e t e n t i o n  of  

ca lc ium,  presumably i n  bone,  and t h e  e x t e n t  of i nc reased  r e t e n t i o n  seems t o  

c o r r e l a t e  wi th  t h e  s e v e r i t y  of  t h e  d i s e a s e .  
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The b i o l o g i c  e f f e c t s  of t h e  i o n i z a t i o n  produced i n  mammalian t i s s u e s  by 

heavy p a r t i c l e s ,  such a s  p e n e t r a t i n g  n e u t r o n s ,  a r e  of s p e c i a l  i n t e r e s t  because  

of s e v e r a l  characteristics.ha\rinr~ p o s s i b l c  t hc rapauLic  advdritage. F i r s t ,  a s  

shown i n  ou r  e a r l y  s t u d i e s  ( 1 , 2 ) ,  heavy p a r t i c l e s  have a  g r e a t e r  b i o l o g i c  e f f e c t  

p e r  u n i t  dose  t han  e l ec t romagne t i c  r a d i a t i o n s  ( such  a s  200-kV X r a y s  o r  gamma 

r a y s )  p e r  u n i t  of i o n i z a t i o n  produced i n  normal t i s s u e ,  and a l s o  i n  neoplasms i n  

an imals  ( 3 , 4 , 5 )  . Secondly ,  b i o l o g i c  e f f e c t s  of heavy p a r t i c l e s  a r e  l e s s  depend- 

e n t  on t h e  oxygen environment t h a n  i n  t h e  c a s e  of e l ec t romagne t i c  r a d i a t i o n  ( 6 ,  
7 ) .  A t h i r d  c h a r a c t e r i s t i c  o f  h e a ~ ~ - ~ a r t i c l i  t i s s u e  i o n i z a t i o n  i s  l e s s  t i s s u e  

recovery  t h a n  o c c u r s  a f t e r . s u b - l e t h a l  doses  of e l e c t r o m a g n e t i c  r a d i a t i o n  ( 8 ) .  A 

f o u r t h  c h a r a c t e r i s t i c  i s  t h e  s o - c a l l e d  Bragg cu rve  ( 9 , l O )  which makes it p o s s i -  

b l e  w i th  high-energy,  charged p a r t i c l e s  t o  r e v e r s e  t h e  u s u a l  sur face- to-depth  

dose  r e l a t i o n s h i p  -- t h a t  i s ,  a  much g r e a t e r  r e l a t i v e  t o t a l - t i s s u e  i o n i z a t i o n  i s  

produced i n  t h e  dep ths  a s  compared t o  t h a t  produced by X r a y s  o r  gamma r a y s ,  en- 

a b l i n g  us t o  produce l o c a l i z e d  d e s t r u c t i v e  l e s i o n s  (10 ,11 ,12 ,13 ,14 ,15 ,16 )  . 

The f i r s t  c h a r a c t e r i s t i c  c i t e d  above prompted u s ,  i n  1935, t o  c o n s i d e r  

u s i n g  t i s s u e  i o n i z a t i o n  produced by r e l a t i v e l y  low-energy heavy p a r t i c l e s  i n  t h e  

t r e a t m e n t  of advanced cance r  p a t i e n t s  (17 ) .  The r e s u l t s  of  t h e s e  e a r l y  a t -  
t empts  were n o t  f a v o r a b l e  due ,  we b e l i e v e ,  t o  t h e  g r e a t  s c a t t e r  and l a c k  of 

p e n e t r a t i o n  of  t h e s e  proton-producing neu t rons  (18)  . L a t e r ,  t h e  a v a i l a b i l i t y  of 

, h e a v i e r ,  charged p a r t i c l e s  of h i g h . e n e r g y  (19 ,20 ,21 )  l e d  us t o  r e c o n s i d e r  t h e i r  

p o s s i b l e  use  i n  t h e r a p e u t i c  i n v e s t i g a t i o n ,  because  t h e  e n e r g i e s  now were such 

t h a t  t h e  peak of t h e  Bragg cu rve  could  be  p l aced  a t  g r e a t  dep ths  i n  t i s s u e  ( l o ) ,  

and fu r the rmore ,  t h e  incoming beam t r a v e r s i n g  t i s s u e s  had l i t t l e  s c a t t e r .  These 

f a v o r a b l e  c h a r a c t e r i s t i c s  of high-energy-proton o r  a l p h a - p a r t i c l e  beams l ed  t o  

t h e i r  use  i n  t h e  i n v e s t i g a t i o n a l  t he rapy  of  c e r t a i n  n e o p l a s t i c ,  me tabo l i c  and 

n e u r o l o g i c a l  d i s e a s e s  i n  an imals  and man ( 2 2 , 2 3 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 ) ,  u s ing  t h e  Bragg 

peak a s  e a r l y  a s  1948 (10)  wi th  c o n s i d e r a b l e  succes s .  I n  more r e c e n t  y e a r s ,  two 

o t h e r  g roups ,  i n  Boston and Uppsala,  r e p o r t e d  s t u d i e s  u s ing  t h e s e  heavy p a r t i -  

c l e s  i n  animal  and human t h e r a p e u t i c  i n v e s t i g a t i o n s  ( 2 9 , 3 0 , 3 1 , 3 2 )  . 

The c h a r a c t e r i s t i c s  of t h e  i o n i z a t i o n  produced i n  t i s s u e  by v a r i o u s  h igh-  

energy ,  heavy p a r t i c l e s  have  prompted t h e  p r e s e n t  s tudy .  Using two neoplasms i n  

139 
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mice,  t h e  r e l a t i v e  b i o l o g i c  e f f e c t  of s e v e r a l  heavy p a r t i c l e s  wi th  va r ious  ene r -  

q i e s ,  n u c l e a r  mass and cha rge  was s t u d i e d  i n  an a t t e m p t  t o  a i d  i n  f u r t h e r  under- 

s t a n d i n g  t h e  mechanism of  a c t i o n  of d e n s e l y  i o n i z i n g  r a d i a t i o n .  We had i n  mind 

a l s o  t h e  q u e s t i o n s :  1) I n  t h e  c a s e  of  mammalian tumor c e l l s ,  a t  what LET ( l i n e -  

a r  ene rgy  t r a n s f e r )  does  t h e  oxygen e f f e c t  d i s a p p e a r ?  and 2 )  A t  what LET i s  t h e  

RBE ( r e l a t i v e  b i o l o g i c  e f f e c t )  t h e  g r e a t e s t ?  We hoped t h e  r e s u l t s  would a l s o  

a i d  i n  t h e  s e l e c t i o n  of t h e  most a p p r o p r i a t e  p a r t i c l e  and energy  f o r  t h e  t r e a t -  

ment of  n e o p l a s t i c  and o t h e r  d i s e a s e s .  

I n  t h e  absence  of t h e  b a s i c  knowledge r e q u i r e d  f o r  t h e  unde r s t and ing ,  

p r e v e n t i o n ,  and/or  t r e a t m e n t  of c e r t a i n  n e o p l a s t i c ,  me tabo l i c  and n e u r o l o g i c a l  

d i s e a s e s  -- and,  knowing t h a t  t h e  t r e a t m e n t  of ~ i e v p l a s t i c  d i s e a s e  s t i l l  r e s t s  

main ly  upon s u r g e r y  and r a d i a t i o n  t h e r a p y  -- i t  seems ex t r eme ly  impor tan t  t o  a s -  

s e s s  t h e  r e l a t i v e  importance of t h e  unique q u a l i t i e s  of h e a v y - p a r t i c l e  beams wi th  

r e f e r e n c e  t o  t h e  op t ima l  combined c o n d i t i o n s  o.C l i t t l e  s c a t t e r ,  opt imal  depth-  

d o s e ,  and l i n e a r  energy  t r a n s f e r  (LET). These f a c t o r s  can  then  b e  r e l a t e d  t o  

o p t i m a l  RBE and c o r r e l a t e d  w i t h  t h e  relative absence  o f  t h e  oxygen e f f e c t ,  a  

f a c t o r  which may b e  e s p e c i a l l y  impor t an t  i n  t h e  t r ea t l uen t  of  neoplasms which on 

t h e  whole a r e  r e l a t i v e l y  anox ic .  

MATERIALS A N D  METHODS 
I n  t h e  s t u d y  and d e t e r m i n a t i o n  of  t h e  g rowth - inh ib i t i ng  o r  l e t h a l  e f f e c t s  

of  v a r i o u s  t ypes  of r a d i a t i o n s  on n e o p l a s t i c  c e l l s ,  t h e  i d e a l  s i t u a t i o n  wbuld 

secm t o  be t h e  i r r a d i a t i o n  of t h e  tumor c e l l s  &I viva i n  an animal  which had no 

r e s i s t a n c e  t o  t h e  growth of t h e  c e l l s  i r r a d i a t e d ,  o r  even b e t t e r ,  no a b i l i t y  t o  

deve lop  r e s i s t a n c e  t o  t h e  i n n o c u l a t i o n  of  such c e l l  o r  c e l l s  w i t h i n  i t s  body (33). 

Such a  s i t u a t i o n  i s  p o s s i b l e  when a  spontaneous tumor a r i s e s  i n  a  g e n e t i c a l l y  

uniform s t r a i n  of  mice which f o r  some g e n e r a t i o n s  h a s  been propagated  by b r o t h e r  

t o  s i s t e r  mating.  The i d e a l  s i t u a t i o n  o c c u r s  when t h e  tumor a r i s e s  i n ,  and is 

t r a n s p l a n t e d  t o ,  f i r s t  c o u s i n s  o n l y ;  however, i n  a  s t u d y  r e q u i r i n g  hundreds 

of  an imals  t h i s  i s  n o t  p r a c t i c a l .  We have t h e r e f o r e  used a l l  t h e  descendents  of 
J 

b r o t h e r  t o  s i s t e r  mating.  I n  a d d i t i o n ,  we have found it neces sa ry  t o  use  various,  

b u t  g e n e t i c a l l y  c l o s e l y  r e l a t e d ,  s t r a i n s  of mice such a s  ~ / ~ e s t o n ,  LAF1, A/JAX, 

and CAF1, and t h e  i n n o c u l a t i o n  of two d i f f e r e n t  tumors i n t o  them -- a  lymphoma 

( d i p l o i d ) *  (34) and a  mammary carcinoma ( aneup lo id )  t ( 3 5 ) ,  bo th  of which , " t akeu  

i n  t h e  s e v e r a l  l i n e s  of mice used a f t e r  t h e  a d m i n i s t r a t i o n  of  from 2 t o  500 c e l l s  

i n t r a p e r i t o n e a l l y  o r  subcutaneous ly .  Both o f  t h e s e  t r a n s p l a n t a b l e  tumors have 

c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  t r a n s p l a n t a b l e  lymphoma (36,371 and mammary c a r -  

cinoma ( 3 )  we used i n  o u r  f i r s t  s t u d i e s  w i th  heavy p a r t i c l e s  i n  1935 ( 4 , 3 8 ) .  

However, u n l i k e  t h e  s t u d i e s  of  Hewit t  and Wilson ( 3 9 ) ,  i n  which t i t r a t i o n  of  

c e l l s  i n  r e c i p i e n t  an imals  i s  c a r r i e d  o u t  a f t e r  i r r a d i a t i o n  o f  t h e  donor animal  

w i th  v a r i o u s  doses  of  r a d i a t i o n ,  we were fo rced  t o  i r r a d i a t e  t h e  c e l l s  i n  v i t r o  

* Kindly s e n t  t o  us  by D r .  D.  B .  Amos of  Buf fa lo .  

t Kindly g iven  t o  us by D r .  G .  A .  LePage. 
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i n  t h i n  chambers  o r  on  m i l l i p o r e  f i l t e r s  b e c a u s e  o f  t h e  l i m i t i n g  e n e r g i e s  o f  

s e v e r a l  o f  t h e  beam p a r t i c l e s  s t u d i e d .  

I n  t h e  p r e s e n t  s t u d i e s  lymphoma ce l l s  and mammary ca rc inoma c e l l s  were  

used i n  t h e  p r e v i o u s l y  ment ioned  s t r a i n s  o f  mice  ( 3 4 , 4 0 )  s u p p l i e d  b y  t h e  Bar  

Harbor  L a b o r a t o r i e s .  The tumors  were  p a s s e d  e v e r y  s i x  o r  s e v e n  d a y s  i n  a s c i t e s  

form b y  i n t r a p e r i t o n e a l  o r  s u b c u t a n e o u s  i n n o c u l a t i o n  f o r  lymphoma, and e v e r y  1 0  

t o  12 d a y s  f o r  t h e  s lower -growing  mammary ca rc inoma (TA3 t u m o r ) .  About one  week 

a f t e r  i n n o c u l a t i o n  t h e  lymphoma mice  c a n  b e  used a s  d o n o r  a n i m a l s .  Mammary c a r -  

cinoma mice  c a n  b e  used  a f t e r  12 d a y s .  

The c e l l s ,  c o n t a i n e d  i n  a s c i t i c  f l u i d , w e r e  p l a c e d  i n  t h i n  chambers  ( s e e  

F i g .  1) and exposed t o  v a r y i n g  d o s e s  o f  i r r a d i a t i o n  u s i n g  910-MeV a l p h a  p a r t i c l e s  

f r o m  t l ~ e  184-i11c11 s y n c h r o c y c l o t r o n  a t  a  d o s e  r a t e  o f  300 r a d s  p e r  m i n u t e .  The 

LET o f  t h e s e  p a r t i c l e s  i n  t i s s u e  i s  1 . 6  k e ~ / ~ ; .  I n  o r d e r  t o  i r r a d i a t e  t h e  c e l l s  

w i t h  a  h i g h e r  LET we p l a c e d  a  2 .176- inch c o p p e r  a b s o r b e r  i n  f r o n t  o f  t h e  i r r a -  

d i a t i o n  chamber and were  t h u s  a b l e  t o  i r r a d i a t e  w i t h  t h e  Bragg peak  o f  t h e  a l p h a -  

p a r t i c l e  beam ( s e e  F i g .  2 )  . I n  t h i s  s i t u a t i o n  t h e  h i g h e s t  LET t o  which t h e  c e l l s  

a r e  exposed c o u l d  b e  i n  e x c e s s  o f  250 k e ~ / + ;  however ,  d u e  t o  t h e  i n i t i a l  energy-  

s p r e a d  o f  t h e  beam and t h e  r a n g e - s t r a g g l i n g  o f  t h e  p a r t i c l e s  a s  t h e y  p a s s  t h r o u g h  

a n  a b s o r b i n g  medium, t h e ' c e l l s  a r e  a l s o  exposed  t o  p a r t i c l e s  o f  lower  LET v a l u e s  

( t h e  l o w e s t  may b e  i n  t h e  o r d e r  o f  1 0  k e v / p ) .  

I n  o r d e r  t o  i r r a d i a k e  t h e  c e l l s  wit11 a more p r e c i s e l y  d e f i n e d  LET, f u r -  

t h e r  e x p e r i m e n t s  were  c a r r i e d  o u t  w i t h  t h e  Heavy-Ion L i n e a r  A c c e l e r . a t o r  (HILAC) 

( 4 1 ) .  When t h e  c e l l s  a r e  s p r e a d  o u t  i n  a  v e r y  t h i n  l a y e r ,  it i s  p o s s i b l e  t o  i r -  

r a d i a t e  them w i t h  t h e  s h a n k ,  o r  p l a t e a u ,  o f  t h e  t o t a l  p a t h - l e n g t h  o f  t h e  h e a v y  

i o n s ,  and t h u s  a v o i d  t h e  Bragg peak  and t h e  c o r r e s p o n d i n g  s p r e a d  i n  LET v a l u e s .  

I n  o r d e r  t o  i n s u r e  a  u n i f o r m  i r r a d i a t i o n  o f  t h e  c e l l s ,  it i s  n e c e s s a r y  t o  o b t a i n  

a  c o n d i t i o n  a s  c l o s e  t o  a  monolayer  a s  p o s s i b l e ,  and t h e r e f o r e ,  we c o u l d  n o t  u s e  

t h e  chambers  employed i n  t h e  c y c l o t r o n  e x p e r i m e n t s .  For  t h e  HILAC e x p e r i m e n t s  

w e  used a  c e l l  s u s p e n s i o n  made b y  washing t h e  a s c i t e s  c e l l s  t h r e e  t i m e s  i n  t i s -  

s u e  c u l t u r e  medium TC-199 ( 4 2 ) .  ( T h i s  was n e c e s s a r y  b e c a u s e  i f  t h e  c e l l s  a r e  

l e f t  i n  a s c i t e s  t h e  whole  s u s p e n s i o n  w i l l  d r y  on t o p  o f  t h e  m i l l i p o r e  f i l t e r ,  

w h e r e a s ,  i f  t h e  c e l l s  a r e  washed t o  remove t h e  a s c i t e s  and r e s u s p e n d e d  i n  TC-199, 

t h e  f l u i d  i s  a b s o r b e d  t h r o u g h  t h e  f i l t e r  o n t o  t h e  pad and t h e  c e l l s  r emain  on  

t o p  o f  t h e  f i l t e r ) .  W e  p l a c e d  a n  a l i q u o t  o f  t h i s  c e l l  s u s p e n s i o n  on a  m i l l i p o r e  

f i l t e r  t h a t  was g l u e d  t o  a  pad  k e p t  wet w i t h  a n  o s m o t i c a l l y  normal  s o l u t i o n ,  t h u s  

p r e v e n t i n g  t h e  c e l l s  f rom d r y i n g  o u t .  The m i l l i p o r e  f i l t e r s  were  k e p t  i n  e i t h e r  

a n  oxygen o r  n i t r o g e n  a t m o s p h e r e  d u r i n g  e x p o s u r e s .  The c e l l s  were bombarded w i t h  

p a r t i c l e s  l i s t e d  i n  T a b l e  1 ,  t h e  d o s e  r a t e  b e i n g  f rom 300 t o  600 r a d s  p e r  minute:  

F o l l o w i n g  e x p o s u r e s ,  e i t h e r  t h e  c e l l s  were  washed o f f  o f  t h e  f i l t e r s  w i t h  

i c e - c o l d  t i s s u e - c u l t u r e  medium (TC-199) i n  t h e  c a s e  o f  t h e  HILAC e x p e r i m e n t s ,  o r  
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F i g u r e  1. . Diagram showing t h e  t h i n  chamber 
i n t o  which c e l l s ,  c o n t a i n e d  i n  a s c i t i c  f l u i d ,  
a r e  p l a c e d  f o r  c y c l o t r o n  i r r a d i a t i o n  ex- 
p e r i m e n t s .  MU-31718 

F i g u r e  2 .  Bragg c u r v c  o f  910-MeV 
a l p h a  particles showing p lacement  
o f  c e l l s  f o r  i r r a d i a t i o n  w i t h  t h e  
Bragg-peak p o r t i o n  o f  c u r v e .  I n -  
s e r t  i n  upper  l e f t  c o r n e r  is 
e n l a r g e m e n t  o f  Bragg-peak p o r t i o n .  

MU-31719 

Irradiation of Cells with 910 MeV-Alpha Porticle Bragg Peak 
* I  I '  I 

0 I I I I I 
0 0 . 5  1 .O 1.5. 2.0 2.176 

Inches of copper 

t h e  c e l l  s u s p e n s i o n s  f rom t h e  " c y c l o t r o n  chambers"  were  d i l u t e d  1 : 3  i n  t h e  

c y c l o t r o n  e x p e r i m e n t s .  D i l u t i o n s ,  made w i t h  i c e - c o l d  T y r o d e s  o r  TC-199 s o l u t i o n  

f rom t h e s e  c e l l  s u s p e n s i o n s ,  were  t h e n  i n j e c t e d  i n t r a p e r i t o n e a l l y  o r  s u b c u t a n e -  

o u s l y  i n t o  t h e  m i c e ,  u s u a l l y  u s i n g  f i v e  mice  f o r  e a c h  d o s e  and t i t r a t i o n  l e v e l .  

The mice  were  t h e n  f o l l o w e d  f o r  l e t h a l i t y ,  t h e  fu l low-up  p e r i o d  l a s t i n g  a b o u t  

e i g h t  weeks f o r  t h e  lymphoma and 12  weeks f o r  t h e  mammary ca rc inoma.  

On t h e  w h o l e ,  e a c h  e x p e r i m e n t  was comple ted  w i t h i n  a  p e r i o d  o f  3  t o  4 h r ,  

and e x a m i n a t i o n  o f  t h e  c e l l s  b y  e o s i n  d y e  r e v e a l e d  t h a t  o n l y  a  few o f  t h e  c e l l s  

( l e s s  t h a n  5%) were  n o n v i a b l e  b y  t h i s  s t a n d a r d  p r i o r  t o  i n j e c t i o n  i n  t h o s e  ' 
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Table 1. 

HILAC 

HEAVY I O N  LET i n  t i s s u e  

H~ (deuterons) 4.5 

~e~ (a lphas)  

L i  7 

experiments where m i l l i p o r e  f i l t e r s  were not  used. I n  t h e  experiments us ing 

m i l l i p o r e  f i l t e r s ,  20 t o  30% of t h e  c e l l s  were nonviable p r i o r  t o  i n j e c t i o n ,  

and c o r r e c t i o n s  were made accordingly .  A s  i n  our  previous  s t u d i e s ,  we used 200- 

kV X rays  a s  t h e  b a s e l i n e  f o r  t h e  comparison of var ious  LET'S a s  r e l a t e d  t o  RBE. 

Thus, t h e  LD50 s u r v i v a l  a f t e r  X r ays  administered a t  t h e  r a t e  of 100 r p e r  min- 

u t e  was compared t o  t h e  LDS0 of each of t h e  var ious  heavy-par t ic le  i r r a d i a t i o n s ,  

and t h e  RBE was determined by t h e  r a t i o  of t h e  X-ray dose t o  t h e  heavy-par t ic le  

dose.  

I n  some X-ray experiments t h e  a s c i t i c  f l u i d  was i r r a d i a t e d ,  und i lu ted ,  

i n  t e s t  tubes .  I n  o t h e r  experiments,  m i l l i p o r e  f i l t e r s  were used i n  order  t o  

s tudy  t h e  oxygen e f f e c t ,  and t o  use a technique a s  s i m i l a r  a s  p o s s i b l e  t q  t h a t  

used i n  t h e  heavy-par t ic le  exper i sen t s .  A s p e c i a l  chamber was made f o r  t h i s  

purpose ( s e e  Fig. 3 ) .  It consi-sted of a box divided i n t o  t h r e e  compartments, 

one f o r  oxygen and one f o r  n i t rogen ,  and one i n  between t h e  two f o r  t h e  Victor-  

een i o n i z a t i o n  chamber. 

RESULTS 
W e  w i l l  f i r s t  summarize our r e s u l t s  obtained wi th  t h e  910-MeV alpha- 

p a r t i c l e  beam from t h e  184-inch synchrocyclotron.  Lymphoma and TA3 tumor c e l l s  

were i r r a d i a t e d  with both  t h e  peak and p l a t e a u  p o r t i o n s  of t h e  Bragg curve ,  a s  
w e l l  a s  wi th  200-kV X r a y s ,  i n  o rde r  t o  s tudy t h e  RBE of t h e  Bragg peak. 

The t h r e e  graphs i n  Fig.  4 summarize t h e  r e s u l t s  of 11 experiments, s i x  

us ing X rays  and f i v e  using t h e  p l a t e a u  and t h e  peak of t h e  Bragg curve ,  which 
were c a r r i e d  o u t  with t h e  TA3 tumor c e l l s  i n j e c t e d  i n t r a p e r i t o n e a l l y  i n t o  t h r e e  

s t r a i n s  of mice. The su rv iv ing  f r a c t i o n s  of c e l l s  a r e  p l o t t e d  a s  a func t ion  of 

i r r a d i a t i o n  dose. Surviving f r a c t i o n s  were ca lcu la ted  by comparing t h e  of 

t h e  c o n t r o l s  with t h a t  of the  i r r a d i a t e d  samples, using t h e  method of Hewitt 
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r i g u r e  4. The surviving f r ac t i on  of i r r ad i a t ed  TA3 tumor c e l l s  injected in t ra -  
pe r i t onea l ly  i n t o  th ree  s t r a i n s  of mice. Irradiation was given with 200-kV X 
rays,  o r  with the plateau o r  Bragg peak port ion of a 910-PIeV alpha-part ic le  
cyclotron beam. MUB-2174 

and Wilson (39,431. A c l e a r  d i f fe rence  is noted between the  peak and the  plateau 

f o r  each s t r a i n  of mice, and t h e  plateau values a r e  s imi la r  t o  those of X rays. 

Figure 5 shows the  r e s u l t s  of seven X-ray and two alpha-part ic le  experi- 

ments using lymphoma implanted in t raper i tonea l ly  i n  two s t r a i n s  of mice, and Fig. 

6 t h e  r e s u l t s  of seven X-ray and three  alpha-part ic le  experiments using lymphoma 

implanted subcutaneously i n  two s t r a i n s  of mice. Again, note t he  grea te r  e f f e c t  

of the Bragg peak i n  a l l  cases.  
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F i g u r e  6. The s u r v i v i n g  
f r a c t i o n  o f  i r r a d i a t e d  lym- 
phoma c e l l s  i n j e c t e d  sub-  
c u t a n e o u s l y  i n t o  two s t r a i n s  
o f  mice.  I r r a d i a t i o n  was 
g i v e n  w i t h  200-kV X r a y s ,  
o r  w i t h  t h e  p l a t e a u  o r  
Bragg peak  p o r t i o n  o f  a 
910-MeV a l p h a - p a r t i c l e  cy-  
c l o t r o n  beam. MU-32174 

F i g u r e  5. The s u r v i v i n g  
f r a c t i o n  o f  i r r a d i a t e d  lym- 
phoma c e l l s  i n j e c t e d  i n t r a -  
p e r i t o n e a l l y  i n t o  two 
s t r a i n s  o f  mice.  I r r a d i a -  
t i o n  was g i v e n  w i t h  200-kV 
X r a y s ,  o r  w i t h  t h e  p l a t e a u  
o r  Bragg peak  p o r t i o n  of a  
910-MeV a l p h a - p a r t i c l e  cy-  
c l o t r o n  beam. MU-32175 

LAF, I I A/Jax 

Dose, rads 

The s u r v i v i n g  f r a c t i o n s  a r e  b a s e d  on t h e  a v e r a g e  LD50 f o r  t h e  c o n t r o l s  o f  

e a c h  e x p e r i m e n t  done  w i t h  t h e  p a r t i ~ u ~ a r  tumor i n  e a c h  s t r a i n  of  mice .  The LD50's 

v a r y  f rom s t r a i n  t o  s t r a i n  ( s e e  T a b l e  2 ) ,  b u t  b y  c a l c u l a t i n g  t h e  s u r v i v i n g  f r a c -  

t i o n s  t h i s  i s  t a k e n  i n t o  a c c o u n t ,  and one  c a n  t h e n  combine t h e  r e s u l t s  of  t h e  

d i f f e r e n t  s t r a i n s  f o r  e a c h  tumor.  Thus ,  i n  F i g .  7  t h e  d a t a  f o r  F i g s .  4 ,  5 and 6 

h a v e  b e e n  combined s o  t h a t  F i g u r e  7  ( a )  shows t h e  a v e r a g e  o f  a l l  s t r a i n s  f o r  t h e  

i n t r a p e r i t o n e a l l y  i n j e c t e d  TA3 tumor ,  F i g u r e  7 ( b )  t h o s e  f o r  t h e  i n t r a p e r i t o n e a l l y  

i n j e c t e d  lymphoma, and F i g u r e  7 ( c )  t h o s e  f o r  t h e  s u b c u t a n e o u s l y  i n j e c t e d  lymph- 
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Tab le  2. Average number of c e l l s  f o r  LD50 i n , c o n t r o l  exper iments  

Tumor 

S t r a i n  I n t r a p e r i t o n e a l  I n t r a p e r i t o n e a l  Subcutaneous 
TA3 1 ymphoma lymphoma 

* Not used  because  subcutaneous ly  implanted  tumors r e g r e s s  i n  
t h e s e  s t r a i n s .  

Tab le  3 .  RBE f o r  Bragg peak of  910-MeV a l p h a - p a r t i c l e  beam 

compared w i t h  200-kV X r a y s  
-- 

RBE 

TA3 ( i n t r a p e r i t o n e a l )  1 .9  

Lymphoma ( i n t r a p e r i t o n e a l )  1.4 

oma. W e  can  now c a l c u l a t e  t h e  RBE of  t h e  Bragg peak f o r  each  tumor, and t h e s e  

v a l u e s  a r e  found t o  l i e  between 1 . 4  and 2.0 ( s e e  Table  3)  when compared t o  X 

r a y s .  The RBE's a r e  t h e  same when compared t o  t h e  p l a t e a u ,  excep t  i n  F i g u r e  7 ( c ) ,  

i n  which c a s e  t h e  p l a t e a u  cu rve  l i e s  between t h a t  of  t h e  Bragg peak and X r a y s ,  

t h e  RBE, comparing t h e  peak t o  t h e  p l a t e a u ,  be ing  1 .4 .  

Thus,  wi th  t h e  lymphoma and t h e  TA3 tumor,  t h e  Bragg peak was demon- 

s t r a t e d  t o  have a  g r , ea t e r  b i o l o g i c  e f f e c t  t h a n  t h a t  of b o t h  X r a y s  and t h e  p l a -  

t e a u  p o r t i o n  of t h e  a l p h a - p a r t i c l e  beam. S t u d i e s  w i th  t h e s e  tumors i n  oxygen 

and n i t r o g e n  environments  a r e  now under way comparing X r a y s ,  p l a t e a u  and Bragg 

peak .  

7  F u r t h e r  r e s u l t s  a r e  a v a i l a b l e  on lymphoma c e l l s  i r r a d i a t e d  wi th  L i  , 
B", o r  ~ e ~ ~  p a r t i c l e s  a c c e l e r a t e d  i n  t h e  HILAC ( s e e  Table  1 ) .  The i r r a d i a t e d  

c e l l s  were t hen  i n j e c t e d  i n t r a p e r i t o n e a l l y  i n t o  LAFl mice. I n  t h e s e  exper iments  

we p lanned  t o  s t u d y  b o t h  t h e  RBE and t h e  oxygen e f f e c t ,  r e l a t e d  t o  t h e  LET of  

t h e  d i f f e r e n t  p a r t i c l e s .  However, we a r e  s t i l l  i n  t h e  e a r l y  s t a g e s  of  t h i s  work 

and t h e  X-ray d a t a  and some of  t h e  o t h e r  d a t a  a r e  n o t  y e t  a v a i l a b l e .  The re fo re  

t h i s  d i s c u s s i o n  w i l l  b e  l i m i t e d  t o  a  p r e l i m i n a r y  r e p o r t  concern ing  whether o r  

n o t  an oxygen e f f e c t  was observed f o r  t h e  t h r e e  p a r t i c l e s  s t u d i e d .  

I n  a l l  exper iments ,  t h e  i r r a d i a t i o n  i n  a  n i t r o g e n  atmosphere was pe r -  

formed b e f o r e  t h a t  i n  t h e  oxygen atmosphere.  Th i s  means t h a t  t h e  c e l l s  i r r a d i a -  

t e d  i n  t h e  oxygen atmosphere were s t o r e d  from 30 t o  60 min longe r  under r a t h e r  

unphys io log ica l  c o n d i t i o n s ,  which would tend  t o  make t h e  LD50 i n  c o n t r o l s  



KAREN SILLESEN, ET AL. 147 

Lymphoma, subcutaneous 

0 500 1000 1500 2000 

Dose, rads 

F i g u r e  7 .  The d a t a  . in  F i g u r e s  4 ,  5  and 6 h a v e  been  combined s o  t h a t  t h e  
a v e r a g e  c u r v e s  f o r  a l l  s t r a i n s  o f  mice u s e d  w i t h  e a c h  tumor a r e  shown. 
The RBE's f o r  ( a ) ,  ( b )  and ( c )  a r e  1 . 9 ,  1 . 4  a n d  1 . 8 ,  r e s p e c t i v e l . ~ ,  f o r  
Bragg peak  compared t o  X r a y s .  

h i g h e r  f o r  t h e  oxygen env i ronment  t h a n  f o r  t h e  n i t r o g e n  e n v i r o n m e n t .  However, 

i n  two a f  t h e  t h r e e  e x p e r i m e n t s  we found t h a t  t h e  LD50's f o r  t h e , o x y g e n  

c o n t r o l s  were  much h i g h e r  t h a n  e x p e c t e d  from t h e  l o n g e r  s t o r i n g .  Because  o f  

t h i s  c o m p l i c a t i o n ,  t h e  s u r v i v i n g  f r a c t i o n s  a r e  b a s e d  on t h e  " r e g u l a r "  c o n t r o l .  

T h e r e f o r e ,  t h e  HILAC d a t a  c a n n o t ,  a t  t h i s  t i m e ,  b e  c o n s i d e r e d  q u a n t i t a t i v e ,  

b e c a u s e  t h e  r e g u l a r  c o n t r o l s  were  made from a s c i t i c  f l u i d  i n .  t h e  t e s t  t u b e  

and n o t  on t h e  m i l l i p o r e  f i l t e r s .  Howe'ver, t h e  s l o p e  of  t h e  n u m e r i c a l  c u r v e s ,  

a f t e r  t h e  c e l l s  were  exposed t o  r a d i a t i o n  o f  v a r i o u s  LET's  i n  n i t r o g e n  o r  

oxygen ,  c a n  b e  compared. F i g .  8 shows t h e  s u r v i v i n g  f r a c t i o n s  i n  oxygen and 

n i t r o g e n  a t m o s p h e r e s  f o r  t h e  t h r e e  p a r t i c l e s  s t u d i e d .  I n  t h e  c a s e  o f  i r r a -  

d i a t i o n  w i t h  ~ i '  p a r t i c l e s ,  which h a v e  a  r e l a t i v e l y  low LET, we o b s e r v e d  

t h a t  s u r v i v i n g  f r a c t i o n s  o f  c e l l s  i r r a d i a t e d  i n  an oxygen a t m o s p h e r e  were  

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

w o r d s ,  some oxygen e f f e c t  was p r e s e n t .  However, i n  t h e  c a s e s  o f  b o t h  B~~ and  

~ e * '  part icles we o b s e r v e d  n o  c l e a r  d i f f e r e n c e s  between t h e  s u r v i v i n g  f r a c t i o n s  

o f  ce l l s  i n  oxygen and n i t r o g e n  a t m o s p h e r e s .  A d d i t i o n a l  e x p e r i m e n t s  have  b e e n  

per fo rmed  and a r e  b e i n g  o b s e r v e d  f o r  end r e s u l t s ,  and o t h e r s  a r e , c u r r e n t l y  

. u n d e r  way, u s i n g  a l l  t h e  p a r t i c l e s  l i s t e d  i n  T a b l e  1 ,  w i t h  LET's  r a n g i n g  f r o m '  

4 . 5  k e v / ~  u p  t o  1717 k e ~ / ~ .  I t  i s  hoped t h a t ' f u r t h e r  v a l u a b l e  d a t a  on t h e  

r e l a t i o n s h i p  of  LET t o  RBE, and a l s o  t o  t h e  oxygen e f f e c t ,  w i l l  r e s u l t .  

DISCUSSION 

These  r e s u l t s ,  a l t h o u g h  i n c o m p l e t e ,  n e v e r t h e l e s s  a r e  o f  i n t e r e s t  i n  re- 

l a t i o n  t o  t h e  q u e s t i o n  o f  RBE a s  r e l a t e d  t o  LET and  t h e  oxygen e f f e c t  ( 4 4 , 4 5 ) .  
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Dose, rods 

F i g u r e  8 .  Su rv iv ing  f r a c t i o n s  of  lymphoma c e l l s  i r r a d i a t e d  wi th  i o n s  from t h e  
HILAC, . u s i n g  bo th  n i t r o g e n  and oxygen a tmospheres ,  and then  i n j e c t e d  i n t r a -  
p e r i t o n e a l l y  i n t o  LAFl mice.  I n  t h e  c a s e s  of neon and boron i o n s  t h e r e  a r e  no 
d i f f e r e n c e s  between t h e  s u r v i v i n g  f r a c t i o n s  i n  oxygen and n i t r o g e n ;  wi th  t h e  
r e l a t i v e l y  low LET l i t h i u m  i o n s ,  however, an oxygen e f f e c t  i s  noted .  These 
p r e l i m i n a r y  d a t a  a r e  of i n t e r e s t  b u t  smal l  d i f f e r e n c e s  i n  s u r v i v a l  between 
oxygen and n i t r o g e n  atmospheres would n o t  be  e v i d e n t  w i th  t h e  t echn ique  used.  

,MUB-2172 

Many s t u d i e s  on t h e  r e l a t i o n s h i p  of  LET t o  RBE us ing  v a r i o u s  t e s t  o b j e c t s  have 

been c a r r i e d  o u t  i n  r e c e n t  y e a r s ,  e s p e c i a l l y  by Tobias  and a s s o c i a t e s  i n  Berke ley  

and by t h e  Yale group.  I n  g e n e r a l ,  depending on how RBE i s  c a l c u l a t e d  and what 

t e s t  o b j e c t  i s  used ,  RBE i n c r e a s e s  w i t h  LET up t u  a  p o i n t  and thcn  d c c r e a s e s  

(46 ,47 ,48 ,49 ,50 ,51 ) .  However, work w i t h  mammalian c e l l s  i s  r e l a t i v e l y  l i m i t e d .  

For  example, Hornsey and S i l i l i i  a t  1.Iammersmith (52)  showed t h a t  fast neu t rons  

had l e s s  of  an oxygen e f f e c t  t han  X r a y s ,  b u t  t h e  oxygen e f f e c t  was o n l y  p a r t l y  

a b o l i s h e d .  Berry and Andrews (53) showed some d e c r e a s e  i n  t h e  oxygen e f f e c t  

w i t h  910-MeV Bragg-peak a lpha  p a r t i c l e s .  

Our p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  oxygen e f f e c t  may n o t  d i s a p p e a r  - 

comple t e ly  u n t i l  a  v e r y  h igh  LET i s  a t t a i n e d  -- c o n s i d e r a b l y  h i g h e r  t han  t h e  

20 k s v / ~ ~  f o r  f a s t  neu t rons  i n d i c a t e d  by Fowler and a s s o c i a t e s  ( 5 4 ) .  I f  ou r  

p r e s e n t  exper iments  h o l d ,  t h e  s e c o n d a r i e s  from p i  mesons a l s o  ,would have.some 

oxygen e f f e c t  ( 5 5 ) ,  and w e  hope t o  have d a t a  on t h e  e f f e c t s  of p i  mesons on 

t h e s e  neoplasms i n  t h e  f u t u r e .  

S t u d i e s  now under  way w i t h  t h e s e  two tumors ,  and o t h e r  mammalian t i s s u e s  

i n  v i v o ,  w i l l  be  d i r e c t e d  toward answering some of  t h e  i n t e r e s t i n g  q u e s t i o n s  re -  
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l a t i n g  t o  LET, RBE, t h e  oxygen e f f e c t ,  recovery  f a c t o r s ,  e t c . ,  keeping  i n  mind 

t h e  b e t t e r  unders tanding  of t h e  b i o l o g i c  e f f e c t ' o f  v a r i o u s  t ypes  of p a r t i c u l a t e  

r a d i a t i o n s ,  and a l s o  of t h e i r  i m p l i c a t i o n s  i n  r a d i a t i o n  the rapy  ( 5 6 ) .  

F i n a l l y ,  t h e  a u t h o r s  a r e  aware of some of  t h e  i r r e g u l a r i t i e s  i n  t h e s e  

d a t a .  These a r e  l a r g e l y  due ,  we b e l i e v e ,  t o  t h e  n e c e s s a r i l y  long  and va ry ing  

p e r i o d  of t ime t h e  c e l l s  must be  k e p t  o u t s i d e  of  t h e  animal  body d u r i n g  prepa-  

r a t i o n  f o r  and exposure  t o  r a d i a t i o n .  The re fo re ,  t h e s e  d a t a  a r e  n o t  neces-  , 

s a r i l y  q u a n t i t a t i v e ,  and smal l  e f f e c t s  might b e  missed .  I n  o t h e r  words,  f u r t h e r  

work i s  neces sa ry  t o  d e f i n e  t h e  deg ree  of  r e s i d u a l  oxygen e f f e c t  p r e s e n t ,  i f  

any,  w i t h  t h e  LET'S of boron o r  neon. However, t h e s e  c e l l s  a r e  grown w i t h i n  

t h e  l i v i n g  an imal ,  u n l i k e  s t u d i e s  of c e l l s  i n  t i s s u e  c u l t u r e ,  and f o r  t h i s  and 

o t h e r  r ea sons  a r e  of r a d i o b i o l o g i c  and t h e r a p e u t i c  i n t e r e s t .  

CONCLUSIONS 
The fo l lowing  conc lus ions  can  be  drawn from t h e  p r e s e n t  s t u d i e s :  1. 

t h e  Bragg-peak i o n i z a t i o n  produced by 910-MeV a lpha  p a r t i c l e s  h a s  a  g r e a t e r  RBE 

than  t h e  p l a t e a u  r eg ion  of i o n i z a t i o n  a s  measured by t h e  p r o l i f e r a t i v e  c a p a c i t y  

of  n e o p l a s t i c  c e l l s  grown i n  t h e  l i v i n g  animal  a f t e r  i r r a d i a t i o n .  T h i s  i s  of  

advantage i n  t h e  use  of  t h e s e  p a r t i c l e s  i n  therapy '  ( 5 6 ) .  2. P r e l i m i n a r y  

r e s u l t s  i n  t h e  same system us ing  v a r i o u s  heavy p a r t i c l e s  producing  v a r i o u s  LET'S 

i n d i c a t e  t h a t  d i s appea rance  of t h e  oxygen e f f e c t  r e q u i r e s  a  ve ry  h i g h  LET. 

3. F u r t h e r  and 'more q u a n t i t a t i v e  s t u d i e s  a r e  neces sa ry  t o  d e f i n e  t h e  Z number 

and energy' u E  t h e  p a r t i c l e  w i t h  op t ima l  c h a r a c t e r i s t i c s  based on wid th  of  t h e  

Bragg peak,  absence  of oxygen e f f e c t ,  and RBE. 
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