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P ,  

I n t r o d u c t i o n  

The f i n a l  pe r iod  o f  t h i s  r e sea rch  p r o j e c t  involved p r i m a r i l y  an 

*; 
ex tens ion  of ou r  long-term p o s t - i r r a d i a t i o n  obse rva t ions  and an e v a l u a t i o n  

of concepts der ived from t h e  d a t a  c o l l e c t e d  du r ing  t h e  nine-year  per iod 

of t h i s  s tudy.  

Table  I summarizes t h e  f i n a l  s t a t u s  o f  t h e  232 v o l u n t e e r s  who were 

i n i t i a l l y  accepted f o r  t h e  program. Of t h e s e ,  64  men were i r r a d i a t e d  with 

a c u t e  doses of x-ray ranging from 7.5 t o  400r  (f f a c t o r  = 0.95).  Subsequent 

obse rva t ions  were then m a d e  f o r  pe r iods  of up t o  2225 days,  o r  6 . 1  yea r s .  

F i f t y - t h r e e  of t h e  64 men who were e i t h e r  i r r a d i a t e d ,  o r  who received 

a sham i r r a d i a t i o n  procedure,  had a b i l a t e r a l  vasectomy p r i o r  t o  t h e i r  

t e rmina t ion  of t h e  study. 

l e v e l  i s  g iven  i n  Table  I (A-1). 

A t a b u l a t i o n  of t h e  numbers used a t  each exposure 

All vo lun tee r s  signed agreements t o  be vasectomized a t  t h e  end of t h e  

s t u d y  i f  s o  requested.  

e l even  men are o u t l i n e d  i n  Table  I (A-2). 

The reasons f o r  not  performing a vasectomy on t h e  

Table  I1 summarizes t h e  f i n a l  s t a t u s  of t h e  remaining v o l u n t e e r s  a t  

t h e  t e rmina t ion  of t h e  p r o j e c t  i n M a r c h ,  1972. 

One of t h e  important  c o n s i d e r a t i o n s  i n  e i t h e r  whole-body i r r a d i a t i o n ,  

o r  x - r ays  d i r e c t e d  toward t h e  testes i s  t h e  e f f e c t  o n  spermatogenesis  and 

Leydig c e l l  f u n c t i o n ,  which i s  t h e  t e s t o s t e r o n e  producing component of t h e  

t e s t e s .  The re fo re ,  seminal f l u i d  a n a l y s e s ,  t e s t i c u l a r  h i s t o l o g y ,  u r i n a r y  

f o l l i c l e - s t i m u l a t i n g  hormone (FSH), l u t e i n i z i n g  hormone (LH) t i t e r s ,  and 

serum LH and t e s t o s t e r o n e  l e v e l s  were used t o  e v a l u a t e  such changes t h a t  

might be induced by graded doses of  a c u t e  x-ray exposure.  

As t h e  program developed w e  focused ou r  a t t e n t i o n  p r i m a r i l y  on changes 

i n  sperm produc t ion ,  t e s t i c u l a r  h i s t o l o g y ,  and FSH l e v e l s  i n  t h e  u r i n e .  
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r This  hormone, i n  a manner t h a t  i s  not  y e t  f u l l y  understood,  i s  inve r se ly  

c o r r e l a t e d  wi th  spermatogenesis.  

expressed only when spermatogenesis i s  damaged. 

t h e  e leva ted  FSH l e v e l s  are d i r e c t l y  r e l a t e d  t o  germ-cell  damage, o r  whether 

t he  c o r r e l a t i o n  is a s soc ia t ed  wi th  a l t e r a t i o n s  i n  t h e  physiology of t h e  

S e r t o l i  c e l l .  One func t ion  of  t h e  S e r t o l i  ce l l s  i s  t o  t r a n s p o r t  n u t r i e n t s  

t o  the  developing germ c e l l s  which are embedded w i t h i n  t h e  S e r t o l i  c e l l  

cytoplasm. 

209-214, 1972).  

This  r e l a t i o n s h i p  i s  no t  l i n e a r ,  but i s  

It i s  no t  c l e a r  whether 

See Enclosure I (Leonard, e t  al. J. Clin.  Endocr. 34 (1): 
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TABLE I. STATUS OF IhWATE VOLUhTEERS AS OF MARCH, 1972 

A. T o t a l  number of v o l u n t e e r s  who were e i t h e r  i r r a d i a t e d  o r  sham 
i r r a d i a t e d  wi th  a c u t e  x-ray doses t o  t h e  mid-organ range of  t h e  t e s t e s :  

1. Numbers of  men p e r  dose l e v e l :  

a 
25 

50r  8 
30 r  5 
1 5 r  8 

400r 
l O O r  

6 
4 

7.5r 
Sham i r r a d i a t i o n  only T o t a l  64 

2. Number of i r r a d i a t e d  v o l u n t e e r s  who d id  n o t  have a 
vasectomy p r i o r  t o  t e rmina t ion  of program: 

a. Declined and r e l e a s e d  from p r i s o n  
Declined and s t i l l  i n  p r i s o n  
Released e a r l i e r  t han  scheduled vasectomy 
Mutual agreement (myocardial i n f a r c t  and 

Not r equ i r ed  because of S e r t o l i - c e l l - o n l y  syndrome 

8 

2 
1 
1 

life sen tence )  1 
1 
1 
3 

1 reasons - 
11 

Vasectomy p r i o r  t o  p r i s o n  sen tence  
Not r equ i r ed  f o r  sham i r r a d i a t i o n  procedure 
Agreement wi th  p r i s o n  phys ic i an  f o r  p s y c h i a t r i c  

b. Number of i r r a d i a t e d  v o l u n t e e r s  who had a 
b i l a t e r a l  vasectomy p r i o r  t o  release from 
program : - 53 T o t a l  64 

B. D i s p o s i t i o n  o f  a l l  inmate v o l u n t e e r s  accepted f o r  t h e  
p r o j e c t  where a t  least  c o n t r o l  obse rva t ions  were 
ob ta ined  T o t a l  232 

a. Number of men i r r a d i a t e d  64 
b. Released from program f o r  p e r s o n a l ,  a d m i n i s t r a t i v e  

o r  medical  reasons 43 
c .  Control  groups,  i n c l u d i n g  s t u d i e s  such as e f f e c t  

of  biopsy o r  of wearing a suspensory on sperm 
prod-uction; a l s o  t h o s e  awa i t ing  i r r a d i a t i o n  
s t u d i e s  when t h e  program w a s  terminated - 125 T o t a l  232 

3 0 0 2 8 4 0  
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TABLE 11. SUMMARY OF FINAL IRRADIATION VOLUhTEERS' BIOPSY, 
VASECTOMY Ah?> FSH STATUS 

F i n a l  F i n a l  FSH F ina  1 Time , 

Biopsy & Levels as Seminal I n t e r v a l  
X-ray Vasectomy Compared t o  F lu id  A f t e r  
Dose Date Con t r o  1 Rang e X-ray 

X-ray 
RV No. Date 

26 

4 

32 

74 

14 9 

192 

78 

147 

144 

133 

31 

141 

6-24-64 

9-9-64 

5-3-64 

9-22-65 

9-11-68 

12-11-68 

11-30-67 

6-19-68 

6- 19-68 

6-19-68 

2-19-65 

6-19-68 

400 r 

l O O r  

1 O O r  

l O O r  

l O O r  

l O O r  

50r 

5 0 r  

501- 

50r  

15 r  

7 .5r  

6 -25 -70 Normal 

, 10-14-70 Normal 

5- 12-70 No m a  1 

10- 14-70 Normal. 
(no vasectomy*) 

12-9-70 Normal 

12-9-70 Normal 

5-12-70 Normal 

10- 14- 70 Normal 

10- 14- 70 Normal 

5-12-70 biopsy,  Normal 
no vasectomy 

Released 12-9-70 Normal 
No biopsy o r  vas .  

6-25-70 Normal 

Control 6 years  
l e v e l  

Control 6 years  
l e v e l  

Control 5 years  
1 eve 1 

AZOO- 5 years  
spermia 

Control 2 years  
l e v e l  

1/3 Control 2 years 
l e v e l  

Control 2% years  
l e v e l  

Control 25 years  
l e v e l  

Control  2% years  
l e v e l  

Control  2 years  
l e v e l  

Control  ' 6  years  
l e v e l  

Control 2 y e a r s  
l e v e l  

tk Vasectomized p r i o r  t o  s t a r t i n g  program 

3 0 0 2 8 4  i 
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Spermatogenesis 

Enclosure 2 (Thorslund & Paulsen ,  The Na t iona l  Symposium on Natura l  

and Manmade Rad ia t ion  i n  Space,  March 2 ,  1971, NASA Document No. 2440: 

229-232, 1 9 7 2 )  may be  summarized as fol lows:  

D i r e c t  c e l l  k i l l  and o r  i n h i b i t i o n  of  m i t o s i s  have been suggested as  

two p o s s i b l e  mechanisms t o  e x p l a i n  t h e  occurrence  of a b s o l u t e  s t e r i l i t y  

fo l lowing  i r r a d i a t i o n  of t h e  testes. In  o rde r  t o  o b t a i n  informat ion  on t h e  

e x i s t e n c e  and dose dependency of t h e  mechanisms f o r  man, a c o n t r o l l e d  s tudy  

was i n i t i a t e d  i n  1963. 

S t a t e  P e n t i t e n t i a r y  i n  Walla Walla p a r t i c i p a t e d  i n  t h e  8 experiment.  S ix ty -  

four of t h e  men  rece ived  a s i n g l e  mid-organ dose  t o  both  of  t h e i r  t e s t e s ,  

Normal a d u l t  inmate v o l u n t e e r s  a t  t h e  Washington 

ranging  from 7.5 t o  400r (fz0.95). The remainingmen served  as various c o n t r o l  

groups.  

seminal  f l u i d  examinat ions where t h e  response ,  o r  end-point ,  was taken  t o  

be azoospermia o r  complete temporary s t e r i l i t y .  

in format ion  on t e s t i c u l a r  morphological  changes p e r i o d i c  u n i l a t e r a l  

t e s t i c u l a r  b i o p s i e s  were a l s o  performed on a number of  i n d i v i d u a l s  i n  both  

t h e  exposed and non-exposed groups.  

T e s t i c u l a r  f u n c t i o n  w a s  eva lua ted  p r i m a r i l y  on t h e  basis of weekly 

In  o r d e r  t o  o b t a i n  d i r e c t  

It was deduced from the  r e s u l t i n g  l e n g t h  of  t h e  p r e - s t e r i l e  p e r i o d  and 

s t e r i l e  pe r iod  d a t a  t h a t  bo th  mechanisms, i . e . ,  ce l l  k i l l  and "mitosis 

h a l t i n g "  were i n  ope ra t ion .  

2 7 t  f o r  "mi tos i s  ha l t ing" .  The maximum observed s t e r i l e  pe r iod  was 529 days 

w i t h  even tua l  recbvery  observed i n  each i n d i v i d u a l  where t h e  follow-up t i m e  

i n t e r v a l  was adequate .  Thus man appears  t o  be highly r a d i o s e n s t i v e  w i t h  

r e s p e c t  t o  temporary s t e r i l i t y ,  but  q u i t e  r a d i o r e s i s t a n t  w i t h  r e s p e c t  t o  

permanent s t e r i l i t v .  

Estimates of  EDs0 were 75r  f o r  c e l l  k i l l  and 

-. 
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Table I11 summarizes t h e  seminal f l u i d  a n a l y s i s  d a t a  f o r  t h e  i n d i v i d u a l s  

i n  each x-ray dose group, compared wi th  t h e i r  mean c o n t r o l  sperm concen t r a t ions .  

Column 5 shows a p o s i t i v e  c o r r e l a t i o n  between t h e  dose and t h e  t ime r equ i r ed  

t o  reach azoospermia, bu t  t h i s  c o r r e l a t i o n  i s  n o t  pronounced except a t  t h e  

extreme lower and upper dose ranges.  

The d u r a t i o n  of azoospermia (column 7 )  appears  t o  e x h i b i t  t h e  b e s t  

c o r r e l a t i o n  wi th  t h e  dose adminis tered.  Furthermore t h e  magnitude of t h e  

dose i s  c l o s e l y  r e l a t e d  t o  t h e  t i m e  r equ i r ed  to r e - e n t e r  t h e  sperm count 

c o n t r o l  range (column 8). 

f o r  a s u f f i c i e n t  t i m e  even tua l ly  regained t h e i r  p r e r i r r a d i a t i o n  sperm 

product ion l e v e l  even a t  t h e  400r dose l e v e l .  

It i s  noteworthy t h a t  a l l  men who were followed 

Doses of 7.5 and 15r d id  n o t  produce e i t h e r  temporary azoo- o r  

ol igospermia al though a d e f i n i t e  r e d u c t i o n  i n  sperm p roduc t ion  was seen i n  

3 men a t  t h e  1 5 r  exposure l e v e l .  It should be noted t h a t  ou r  c r i t e r i o n  

f o r  ol igospermia i s  a c o n s i s t e n t  r e d u c t i o n  from <1.0 t o  5 m i l l i o n  sperm 

p e r  c c ;  a r educ t ion  i n d i c a t e s  a c o n s i s t e n t  and obvious dec rease  from t h e  

i n d i v i d u a l ' s  c o n t r o l  l e v e l s ,  and azoospermia is no d e t e c t a b l e  sperm, as 

determined by 

seminal f l u i d .  

mic roscop ica l ly  scanning a well-mixed drop of und i lu t ed  

The 30r exposure produced azoospermia i n  two of f o u r  men, and temporary 

ol igospermia occurred i n  t h e  remaining two. A t  50r temporary azoospermia 

occurred i n  5 of 8 i n d i v i d u a l s ,  and i n  t h r e e  ol igospermia was noted. All 

s u b j e c t s  a t  t h e  100 and 400r exposure l e v e l s ,  f o r  whom adequate  follow-up 

d a t a  were a v a i l a b l e ,  were reduced t o  azoospermia l a s t i n g  f o r  va ry ing  p e r i o d s  

of time. 

3 0 0 2 8 4 3  
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H i s t o l o g i c  s t u d i e s  

The h i s t o l o g i c  s t u d i e s ,  as o u t l i n e d  i n  ou r  A p r i l  1, 1969 progress  

r e p o r t ,  have now been completed. Table I V  summarizes t h e  normal g e m  c e l l  

popu la t ion  i n  a series of 27 c o n t r o l  t e s t i c u l a r  biopsy specimens. The 

r e s u l t s  a r e  expressed as average counts  p e r  t ubu le .  Considerable  v a r i a t i o n  

i s  seen  i n  numbers of c e l l  typesper  t ubu le .  This  i s  as expected s i n c e  the  

cel ls  are no t  randomly d i s t r i b u t e d  throughout t h e  t u b u l e s ,  b u t  a r e  arranged 

i n  small c o n s t e l l a t i o n s ,  o r  c e l l u l a r  a s s o c i a t i o n  groupings.  By count ing 

10 o r  more c r o s s - s e c t i o n a l  t u b u l e s ,  however, a r e l a t i v e l y  c o n s t a n t  mean 

va lue  can be e s t a b l i s h e d  f o r  any i n d i v i d u a l  (Enclosure 3 ,  Barr e t  a l ,  

J. Reprod. F e r t .  fi: 75-80, 1971). This  has  been demonstrated by having 

t h r e e  t r a i n e d  independent obse rve r s  count series of  40 randomly s e l e c t e d  

tubu le s  from s e v e r a l  d i f f e r e n t  specimens. These r e s u l t s  were then  compared 

, f o r  between-observer agreement. The randomly-selected tubu le s  f o r  each 

specimen were then d iv ided  i n t o  groupings of t e n  tubu le s  each. It was 

decided t h a t  f o r  t h e  c r i t i ca l  c e l l  types t o  be eva lua ted  f o r  t h i s  s tudy 

q u a n t i t a t i o n  of 10 tubu les  p e r  specimen p resen ted  a r e p r e s e n t a t i v e  sampling. 

I n  c o l l a b o r a t i o n  wi th  D r .  Oscar Vilar ,  w e  were a b l e  t o  make u l t r a -  

s t r u c t u r a l  obse rva t ions  on t h e  normal germinal  ep i the l ium,  u t i l i z i n g  material 

from some of o u r  c o n t r p l  vo lun tee r s .  These d a t a  were p resen ted  a t  t h e  

Workshop Conference on t h e  Human Test is ,  Pos i t ano ,  I t a l y ,  i n  A p r i l  1970. 

(See Enclosure 4 ,  Vi lar ,  e t  a l ,  from The Human Tes t i s ,  Eds. Rosemberg and 

Pau l sen ,  Plenum P r e s s ,  New 'fork-London, 1970,  p. 63-74.) 

Because o f  t h e  l a r g e  v a r i a t i o n  i n  c e l l  types between i n d i v i d u a l s ,  i t  

was d e s i r a b l e  when p o s s i b l e  t o  compare each man's p o s t - i r r a d i a t i o n  biopsy 

specimen w i t h  h i s  own c o n t r o l .  Table  V summarizes t h e s e  pre-  and pos t -  

i r r a d i a t i o n  comparisons. The l ep to t ene -zygo tene  (LZ) and pachytene (P) 
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primary spermatocytes being t h e  most numerous and, t h e r e f o r e ,  l e a s t  

v a r i a b l e  of t h e  c e l l  types  demonstrate  most c l e a r l y  t h e  r educ t ion  and 

recovery of spermatogenic a c t i v i t y .  

Res to ra t ion  of t h e  pachytene popula t ion  t o  approximate c o n t r o l  l e v e l s  

occur red ,  where observa t ions  were a v a i l a b l e ,  between the  600 t o  900th day  

a t  a l l  dose l e v e l s  from 7.5 t o  l O O r  (Tables V and VI). A t  t h e  400r  

exposure l e v e l  a r e t u r n  t o  t h e  primary spermatocyte  popula t ion  c o n t r o l  

l e v e l s  was noted between 1540 and 2191 days p o s t - i r r a d i a t i o n .  

From t h e  d a t a  presented i n  Tables  V and V I  t h e  fol lowing changes 

can be summarized i n  t h e  va r ious  germ-cel l  types  a t  t h e  t i m e - i n t e r v a l s  

and dosages se l ec t ed :  

1. 7.5r  showed a v a r i a b l e  r educ t ion  i n  A - p a l e  (Ap) spermatogonia 

and i n  pachytene (P) primary spermatocytes  a t  i n t e r v a l s  of  from 433-730 

days,  a l though sperm product ion  w a s  n o t  n o t i c e a b l y  reduced (Table 111). 

2 .  - 15r  produced probable  reduct ions  i n  A-dark (Ad) spermatogonia 

and d e f i n i t e  reduct ions  i n  t h e  A-pale popu la t ion  between 175 and 201 days,  

wh i l e  t h e  type  B spermatogonia popula t ion  remained decreased f o r  

approximately 300 days.  The lep to tene-zygotene  (LZ) and pachytene primary 

spermatocytes  remained decreased f o r  over  300 days.  This  was r e f l e c t e d  

i n  t h e  decreased sperm product ion  of 3 o u t  of  8 men (Table 111), a l though 

azoospermia was n o t  achieved. 

3 .  - 30r showed marked r educ t ions  i n  a l l  spermatogonia and primary 

spermatocytes  through 264 days. 

and t h e  primary spermatocytes  had s ta r ted  t o  show recovery.  

By 887 days t h e  A-dark spermatogonia 

4. =. A f t e r  t h e  609th p o s t - i r r a d i a t i o n  day t h e  numbers of 

spermatogonia and primary spermatocytes  had r e tu rned  t o  normal and 

3 0 0 2 8 4 1  



remained so  through day 1391, t h e  l a s t  day o f  our  obse rva t ions .  

5. 100r ,  f o r  which most of t h e  obse rva t ions  were made, was t h e  lowest  

exposure used t h a t  c o n s i s t e n t l y  produced azoospermia.  

spermatogonia,  followed by t h e i r  successo r s - - the  e a r l y  primary spermatocytes--  

were t h e  most qu ick ly  denuded. 

r a d i o s e n s i t i v e  and s u b j e c t  t o  t h e  c e l l - k i l l  mechanism discussed  by 

Thorslund (Enclosure 2 ) .  This  assumption i s  based on t h e  f a c t  t h a t  t h e i r  

The type  B 

Apparent ly  t h e  B spermatogonia were t h e  most 

3 f numbers decreased,  o r  d i sappeared  almost  immediately. The A-pale and 

A-dark appeared t o  be more s u b j e c t  t o  ' m i t o s i s  h a l t i n g ' ,  o r  a f a i l u r e  t o  

reproduce and proceed t o  t h e  m e i o t i c  prophase s t a g e  ok spermatogenesis .  

Th i s  concept exp la ins  t h e  long qu ie scen t  pe r iod  be fo re  r epopu la t ion  of 

t h e  A-dark then  t h e  A-pale and f i n a l l y  t h e  B spermatogonia began t o  re-occur.  

The f a c t  t h a t  t h e  A-dark spermatogonial  popu la t ion  never  a c t u a l l y  

d isappeared  suppor t s  t h e  concept t h a t  t h i s  c e l l  c l a s s i f i c a t i o n  inc ludes  the  

p r imord ia l  stem-cell l i n e ,  and t h a t  t h i s  stem c e l l  i s  t h e  most r ad io -  

r e s i s t a n t  of  a l l  spermatogonia.  

Between approximately 225 t o  466 days t h e  A-dark spermatogonia had 

r ep len i shed  t h e i r  numbers, and spermatogenesis  a g a i n  began t o  proceed-- 

t h e  A-pale and B spermatogonia began t o  reappear  i n  s i g n i f i c a n t  numbers, 

and by  737 days t h e  primary spermatocyte  popu la t ion  had been r e - e s t a b l i s h e d .  

6. - 400r  produced a more prompt and s e v e r e  p a t t e r n  of d e s t r u c t i o n  of 

spermatogonia and subsequent  d i sappearance  of primary spermatocytes  than 

seen  a t  t h e  l O O r  exposure level.  Recovery w a s  a l s o  delayed and t h e  

p r i m i t i v e  A-dark spermatogonia d i d  n o t  c o n s i s t e n t l y  r e p l e n i s h  t h e i r  numbers 

u n t i l  sometime between 1000 and 1540 days.  

I 
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It is noteworthy that at all dose levels where cellular damage to 
,- 

the A-dark spermatogonia was observed, the progression of spermatogenesis 

was essentially halted beyond this stage. It was not until the stem-cell 

line had re-populated its numbers that spermatogenesis proceeded to the 

A-pale and €3 spermatogonia. 

time-sequence required for the primary spermatocytes to repopulate and 

From this point it was a matter of the normal 

for sperm to reappear in the ejaculate. 

These observations are in agreement with the stem-cell renewal concepts 

of Clermontand Leblond (Am. J. Anat. =:475-501, 1953) and Huckins (Anat, 

Rec. -:553-558, 1971) for rodents. Huckins in paTticular, using whole 

mount and radioautographic technics, demonstrated intercellular bridges 

between spermatogonia of similar types. She showed progressive types to 
nth 

multiply in a logarithmic 2 fashion with clusters of 2-4-8 and 16 c e l l s .  

This fascinating study would be more difficult to demonstrate in man 

since, in contrast to rodent testes, a cross-section of any human 

seminiferous tubule contains from 2 to 5 small "constellations" or 

groupings of cell types. In rodents the so-called wave of spermatogenesis 

is much longer, and any given tubular cross-section contains only one such 

grouping, or stage of spermatogenesis. However, this basic process though 

--. 

more obscure, undoubtedly occurs in man. 
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TABLE IV. XORMAL GERM-CELL POPULATION, AVERAGE COUNTS PER TUBULE 

Primary Spermatocytes 

Sertoli A-dark A-Pale Zygotene Pachytene Sperm Count (Million/cc) 
Spermatogonia Leptotene- 

RV No. Cells (?)* (16)*  (7 ) *  (16>* Mean Rang e 

2 

4 

7 

1 3  

14 

16 

17  

1 8  

23 

26 

3 0  

3 1  

3 2  

3 8  

3 9  

41 

4 2  

43 

47 

4 8  

53 

59 

10.2 

1 5 . 4  

10.6 

14.4 

16.4  

9 .1  

15.0 

20.4  

14.2 

11.1 

11.4 

12.0  

13 .0  

18.1 

1 7 . 4  

23.3 

1 5 . 4  

1 7 . 2  

16 .2  

12 .5  

13.9 

13.5 

1 3 . 2  

21.2 

13 .2  

21.6 

17.8 

16.0 

24 .8  

16 .8  

1 9 . 1  

12.2 

17.2 

14.2 

7 . 8  

1 8 . 2  

9 . 8  

1 8 . 2  

12 .7  

19 .2  

20.3 

15.2 

11 .8  

1 5 . 8  

4 .9  

4.1 

3.7 

1.5 

3.5 

4 . 8  

14.1 

7.2 

3 . 9  

0 . 9  

2 . 1  

6 .5  

17.7 

6.2 

9.3 

9.5 

5 .8  

5.7 

4.6 

5.5 

5 . 9  

1.5 

9.2 

4.7 

11.2 

5.3 

9.2 

9 . 1  

10.5 

8.5 

7 . 9  

8.6 

6 . 8  

12.4 

14 .0  

19 .0  

7.2 

16.3 

1 3 . 8  

1 2 . 8  

11.9 

12.6 

10.3 

13.6 

21.2 

20 .8  

27.9 

21.5 

47.2 

35 .5  

35.0 

28 .1  

41.6 

23.. 8 

18.9 

28.9 

37.0 

3 7 . 3  

4 0 . 4  

4 2 . 1  

32.7 

3 2 . 1  

4 1 . 2  

19.6 

37.7 

2 5 . 1  

7 4  

67 

13 3 

2 9  

5 9  

56  

6 0  

163 

3 0 2  

' 6 9  

113 

220 

7 5  

1 2 2  

23 9 

3 2 4  

8 0  

97 

1 9 8  

70 

147 

73 

18-147 

161-229 

55- 198 

4- 87 

33-  7 9  

32-  8 4  '' 

12-186 

82-286 

195-410 

26-125 

62-185 

80-416 

39-128 

22-210 

136-427 

199-652 

24-194 

44-157 

86-369 

32-132 

82-206 

23 - 145 
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Continuation of Table IV 

Primary Spermatocytes 

Sertoli A-dark A-Pale Zygotene Pachytene Sperm Count (Million/cc) 
Spermatogonia Leptotene- 

RV No. Cells (?);k (16)* (713; U 6 ) *  Mean Rang e 

14.9 11.2 3.0 10.5 26.1 120 45-239 

6 8  17.2 15.7 6.8 11.7 41.9 1 9 4  37 -324  

11.7 1 3 . 4  3.3 17 .6  29.2 16 9 78 -274  72 

6 3  

Vasectomized 74 10.7 18.6 1.6 9.3 27.3 0 

272 175-617 10 1 15.3 17.2 2.8 8.3 31.6 

Means 14.4 , 16.8  5.0 11.0 31.4  

(*) Digits with parentheses r e f e r  to life span, in days, f o r  each c e l l  type 
as estimated by Clermont. 

3 0 0 2 8 5  I 



TABLE V. INDIVIDUAL CONTROL BIOPSY CELL COURTS COMPARED \JITH HIS 
POST-IRRADIATION VALUES ,,-- 

Leptotene-  Days A f t e r  
Rv I r r a d i a t i o n  S e r t o l i  A Dark A P a l e  Zygotene Pachvtene 

1 5 r  (14.4) * (16.8)* (5.0)* (11.0)* (31.4)* 

9.3 7.2 40.4 
21.0 

9.5 16.3 42.1 
16.9 

7.2 8.5 28.1 
18.0 

9.8 17.4 
201 days 16.3 

23.3 
25.6 

20.4 
18.9 

39 Control  10.3 1.8 4.5 

18.2 
11.9 5.3 8.1 

16.8 

41 Control  
305 days 

15.5 5.8 9.3 
1 8  Control  

306 days 

50 r  

10.5 35.0 
26.4 13.2 

24.8 14.1 
17.8 14.8 

15.0 

973 days 16.4 

17 Control  
609 days . 19.6 26.2 9.5 17.0 33.3 

l O O r  

7 Control  
49 days 

53 Contro l  
49 days 

2 Contro l  
49 days 
153 days 

47 Contro l  
33 days 
228 days 

42 Contro l  
15 days 
280 days 

43 Contrp l  
33 days 
466 days 

3 8  Contro l  
9 days 
1017 days 

10.6 
23.6 

13.9 
18.2 

10.2 
21.7 
18.4 

16.2 
22.2 
18.9 

15.4 
16.0 
16.9 

17.2 
21.8 
14.0 

18.1 
16.2 
16.7 

13.2 
7.5 

11.8 
5.8 

13.2 
4.0 
1.0 

20.3 
10.2 

1.5 

12.7 
8.6 
5.5 

19.2 
12.5 
14.3 

18.2 
11.3 
16.7 

3.7 
3.2 

5.9 
3.2 

4.9 
2.5 
0.4 

4.6 
3.5 
0.8 

5.8 
4.0 
1.9 

5.7 
6.5 
3.2 

6.2 
3.3 
1.8 

11.2 
0.5 

10.3 
2.2 

9.2 
0.7 

0 

11.9 
0.2 

0 

13.8 
3.3 
0.4 

12.8 
1.9 
9.0 

19.0 
9.5 

11.7 

27.9 
2.9 

37.7 
6.2 

21.2 
1.3 

0 

41.2 
3.9 

0 

32.7 
9.1 
3 .O 

32.1 
8.9 

15.1 

37.3 
18.6 
41.9 
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Cont inua t ion  of Table  V 

Days A f t e r  Leptotene-  
RV I r r a d i a t i o n  ' S e r t o l i  A Dark A P a l e  Zygotene Pachytene 

l O O r  

15.2  5.5 12 .6  19 .6  
16 .9  

21.1 1 . 9  14 .2  26.3 

4 8  Control  12.5 

11 .8  
17.3 8.2 3.5 1.1 15 days 

1104  days 

16.0  4 . 8  9.1 35.5 9 . 1  
22.5 
31.6 

16  Control  
15 days 
1219 days 

14.1 14.2 4.5 5.3 
14.3 22.3 3 .2  7 .5  

7 . 8  17.7 14 .0  37 .0  
10 .1  
47.4 

13.0 
19 .2  9.2 4.8: 5.1 
12.6 22.2 4.4 8.7 

3 2  Control  
33 days 
1835 days 

18.6 1.6 9.3 27.3 
4.7 

23.3 

10.7 

13 .3  20.5 3 . 4  6.3 

7 4  Control  
15.3 4.3 1.2 3 .3  3 1 1  days 

1846 days 

( 1 )  15 .4  21.2 4.1 4.7 2 0 m 8  (1) 
13.8  

4 Control  
14.4 22.3 3 .0  4.1 2225 d a w  

400r  

1 9 . 1  3.9 7 . 9  41.6 
1.3 

14 .2  23 Control  
22.4  0.5 0 .2  0.2 967 days 

1 7 . 8  3.5 9.2 47 .2  
0 

33.3 

16 .4  
0 

17 .8  15 .9  2.5 13 .5  

14 Control  
9 1  days 
1540 days 

25.9  0 .3  0 

12.2 0.9 8.6 23 .8  
6 .4  

2 4 . 1  

11.1 

13 .3  1 6 . 1  0.4 12.6 

26 Contro l  
lG.l 3.3  1.5 5 .5  503 days 

2191  days 

(f:) 

(1) 

D i g i t s  i n  p a r e n t h e s i s  r e f e r  t o  average counts  p e r  tubule .  

RV 4 i s  inc luded ,  a l though h i s  recovery w a s  complicated by an u n r e l a t e d  
c e r e b r a l  v a s c u l i t i s  and sep t i cemia ,  secondary t o  an i n f e c t e d  p i l o n i d a l  
c y s t .  Th i s  malces conclus ions  u n c e r t a i n .  

3 0 0 2 8 5 3  
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TABLE V I .  POST-IRRADIATION CELL COUhTS RELATED TO 
DOSE AND RECOVERY TIME INTERVALS 

Days After Spermatogonia P r ima r y  S p e rma t o  cy t es 
Dose RV No. I r r a d i a t i o n  S AD AP B PL LZ P 

of 27 Normal Controls  f S.D. 3.2 3.8 2.9 1.1 0.97 3 .4  7 .9  

X-ray 

Mean Counts p e r  Tubule 14.4 16.8 5.0 3.1 1.5 11.0 31.4 

7.5r 13 43 3 12.8 21.5 5.5 2.4 1.7 8.9 16.9 

99 622 15.3 28.5 2.6 2 . 7  1.8 22.6 43.2 

14 1 73 0 15.6 26.3 1 . 7  2.5 0.9 8.3 19.6 

15r  154 175 15.6 7.8 0.2 1.1 0.3 1 .2  5.0 

39 201 16.3 10.3 1.8 1.9 0.1 4.5 21.0 

41 305 25.6 11.9 5.3 *1.6 0.8 8 .1  16.9 

18 3 06 18.9 15.5 5.8 2.3 1.0 9.3 18.0 

30r  2 1  159 25.3 2.6 2.0 0.5 0 2.4 1.3 

30 222 17.9 3.5 1.5 0.4 0 2.7 4.6  

34 264 19.0 6 .7  2.9 1.1 0 3.1 7.2 

29 887 14.9 12.8 2.8 - -. 11.5 24.0 

50r  1 7  609 19.6 17.8 14.8 3.3 1 .7  13.2 26.4 

17 973 16.4 26.2 9.5 3 .0  0 17.0 33.3 

8 1391 13.1 24.6 2.7 3 .8  1.5 17.9 37.7 

l O O r  79 Immediately 17.0 11.8 2.9 - - 14.8 35.1 

38 9 16.2 1L.3 3.3 0.6 0 9.5 18.6 

5.8 23.5 54 14 23.1 13.3 5.2 1.5 L.5 

1.1 16.9 48 15  17.3 8.2 3.5 1.3 0.9 

42 15 16.0 8.6 4.0 1.0 0.4 3.3 9 . 1  

16 15 14 .1  14.2 4.5 0.9 0.3 5.3 22.5 

28 24 18.0 8.7 5.1 0 .7  0 4.5 11 .9  

27 27 13.7 7.7 5.3 1.1 0 1.0 5.2 



Continuation of Table VI 

Days After Spermatogonia Primary Spermatocytes 
P 

X-ray 
Dose RV No. 
lOOr 32 

Irradiation S AD AP B PL LZ 
33 19.2 9 . 2  4 . 8  0 . 8  1 .7  5 . 1  10.1 

43 33 21.8 12 .5  6 . 5  1.5 0.7 1 .9  8 .9  

47 33 22.2 10 .2  3 .5  1.0 0 0 .2  3 . 9  

5 3  4 9  18.2 5 .8  3.2 0.4 0 2.2 6 . 2  

7 4 9  23.6 7.5 3 .2  0.7 0 0.5 2.9 

2 49  21.7 4.0 2.5 0 .5  0 0.7 1.3 

2 153 18 .4  1.0 0.4 0 0 0 0 

182 18 .6  2.7 0 0  0 0 . 2  0 . 4 .  1 6 4  

47 228 1 8 . 9  1.5 0 . 8  0.1 0 0 0 

4 2  2 80 1 6 . 9  5 . 5  1.9 1.0 0.2 0.4 3 .O 

3 1 1  15 .3  4 .3  1.2 - - 3.3 4.7 7 4  

43 466 14 .0  14.3 3 .2  - - 9.0 1 5 . 1  

28 73 7 12 .4  9.5 5 . 8  - - 16 .9  40.0 

149 819 17.7 19 .4  1 . 8  2.2 1 . 8  13 .9  32 .3  

3 973 11.3 14 .9  4 . 8  16 .9  32.6 

3 8  1017 16.7 16.7 1.8 2 .8  0.6 11.7 41 .9  

- 15.7 29.6 6 1022 13 .2  1 6 . 4  5 .6  ' - 
4 8  1104 11.8  21 .1  1 .9  2.8 1.3 14.2 26.3 

16 1219  14.3 22.3 3 .2  4 .0  2 .9  7 .5  31 .6  

3 2  1835 12 .6  22 .2  4.4 5 . 1  1 .5  8.7 4 7 . 4  

7 4  - 1846 13.3 20.5 3 . 4  2 .9  2.3 6 .3  23.3 

(1) 4 2225 14.4 22.3 3 . 0  1 . 9  3 . 0  4.1 1 3 . 8  

(1) RV 4 is included, although his recovery was complicated by an unrelated 
cerebral vasculitis and septicemia, secondary to an infected pilonidal 
cyst. This makes conclusions uncertain. 
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Continuation of Table VI 

X-ray Days After Spermatogonia Primary Spermatocytes 
Dose RV No. Irradiation S AD AP B PL LZ P 

400r 23 Immediately 11.9 13.0 6.1 3.0 1.3 12.3 27.9 

63 Immediately 15.7 10.9 3.8 - - 6.8 12.6 

14 

22 

22 

5 

26 

23 

14 

26 

91 

188 

3 55 

450 

503 

96 7 

1540 

2191 

25.9 

23.3 

20.2 

15.0 

16.1 

22.4 

17.8 

13.3 

0.3 0 0  

1.1 1.1 0.3 

6.6 2.1 1.5 

2.7 1.2 0.1 

3.3 1.5 ' - 
0.5 0.2 0 

15.9 2.5 2.8 

16.1  0.4 2.8 

0 

0 

0.7 

0 

- 
0 

0.3 

1.5 

0 

0 . 6  

3 . 4  

2.4 

5 . 5  

0.2 

13.5 

12.6 

0 

0.8 

7.9 

7.9 

6.4 

1.3 

33.3 

24.1  

,-- . 
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Seminiferous Tubular Wall and Vascular Analysis  

We r e f e r r e d  i n  our  previous r eques t  f o r  renewal of AEC Contract  No. 

AT(45-1)-225, Task  Agreement No. 6 ,  page 2 ,  t o  a long-term study which had 

been made of s u r v i v o r s  of t h e  Hiroshima and Nagasaki explosions i n  1945 

(ABCC Technical  Report 15-66, and Archives of Pathology 82:542-54, 1966). 

I n  t h a t  s tudy ,  made yea r s  l a t e r  a t  autopsy,  t h e  testes of t hose  s u r v i v o r s  

who had been w i t h i n  1400 meters  from t h e  hypocenter and who had received 

an est imated exposure o f  300 o r  more rads were compared wi th  a similar 

age group who had been i n  d i s t a n t  Japanese c i t i e s  a t  t h e  t ime of t h e  

explosions.  

The i r  f i nd ings  i n d i c a t e d  t h a t  t h e r e  w a s  an  i n c r e a s e  i n  t h e  prevalence 

of seminiferous t u b u l a r  s c l e r o s i s  and v a s c u l a r  h y a l i n i z a t i o n  i n  t h e  testes 

of those men exposed t o  i r r a d i a t i o n  as compared w i t h  t h e  c o n t r o l  group. 

Since we knew p r e c i s e l y  t h e  rad-dose we d e l i v e r e d  t o  t h e  t e s t e s ,  w e  

re-evaluated a l l  biopsy specimens from each v o l u n t e e r  f o r  whom both c o n t r o l  

and p o s t - i r r a d i a t i o n  biopsy specimens were a v a i l a b l e ,  as i t  i s  important t o  

e s t a b l i s h  whether o r  n o t  a time- o r  dose-response r e l a t i o n s h i p  e x i s t s  f o r  

e i t h e r  t u b u l a r  w a l l  o r  v a s c u l a r  ( a r t e r i o l a r  o r  venous) w a l l  damage. 

The d a t a  f o r  t u b u l a r  w a l l  damage are  shown i n  Table  VI1 (see P l a t e  I 

f o r  h i s t o l o g i c  examples). The c r i t e r i a  f o r  s emin i f e rous  t u b u l a r  w a l l  

damage was based on a s c a l e  of '0 '  t o  ' 3 '  as fol lows:  

0 = 1 micron basement membrane diameter  w i th  normal germinal ep i the l ium 

1 = 2 micra  basement membrane diameter  w i t h  normal ge rmina l - ep i the l ium 

2 = 3-9 micra  basement membrane wi th  some germinal and S e r t o l i  c e l l s  

p r e s e n t  

3 = 5-13 micra  basement membrane d i ame te r  w i t h  v i r t u a l l y  no i n t r a -  

t u b u l a r  c e l l s  p r e s e n t  
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c 
r 

C l a s s i f i c a t i o n  '0 '  i s  always p r e s e n t  i n  t h e  t e s t e s  of normal men; 
c 

L c l a s s i f i c a t i o n  '1' i s  found i n  va ry ing  numbers i n  many normal t e s t i c u l a r  

specimens, and u n l e s s  a high percentage o f  these a r e  seen i t  i s  no t  

considered t o  be abnormal; c l a s s i f i c a t i o n  ' 2 '  r e p r e s e n t s  moderate t o  seve re  

damage, even though complete but  reduced spermatogenesis may be p r e s e n t ,  

while  c l a s s i f i c a t i o n  ' 3 '  i n d i c a t e s  complete o r  almost complete a t rophy of 

the tubule .  

The c l a s s i f i c a t i o n  of v a s c u l a r  w a l l  damage was more s u b j e c t i v e ,  b u t  

aga in  a s c a l e  of '0' t o  ' 3 '  w a s  used--normal, minimal, moderate and seve re  

damage. (See P l a t e  I1 f o r  examples). 

The v a s c u l a r  w a l l  e v a l u a t i o n  r evea led  no s i g n i f i c a n t  a l t e r a t i o n s .  

A f t e r  c a r e f u l  examination of a l l  c o n t r o l  and p o s t - i r r a d i a t i o n  biopsy 

specimens, we were a b l e  t o  f i n d  one o r  two v a s c u l a r  plaques i n  one 

i n d i v i d u a l  6 yea r s  a f t e r  exposure t o  400r x-ray. 

r epor t ed  see ing  t h i s  a t  a lower dose l e v e l  (100r). However, i t  should be 

noted t h a t  we do n o t  know the  s i g n i f i c a n c e  of t h e s e  f i n d i n g s  s i n c e  w e  

o c c a s i o n a l l y  observe i s o l a t e d  v a s c u l a r  changes i n  an  o the rwise  'normal' 

t e s t i s .  

We had p rev ious ly  

I n  c o n t r a s t ,  t h e  basement membrane of t h e  seminiferous t u b u l e s  g e n e r a l l y  

showed an inc reased  th i cken ing  du r ing  t h e  e a r l y  phase o f  germ-cel l  denudation 

(Table V I I ) .  S ince  much of t h i s  e a r l y  th i cken ing  r eg res sed  t o  C l a s s i f i c a t i o n  

'0 '  a s  spermatogenesis recovered i t  seems l i k e l y  t h a t  i n  p a r t  t h i s  r e p r e s e n t s  

a n a t u r a l  c o n t r a c t i o n ,  o r  i n v o l u t i o n  of t h e  membrane s t r u c t u r e  during t h e  

pe r iod  of  germ-cel l  loss .  Th i s  c o n t r a c t i o n ,  however, cannot completely 

e x p l a i n  t h e  inc reased  percentage i n  th i cken ing ,  as i n  some i n s t a n c e s  t h e  

percentages o f  'l', ' 2 '  and even ' 3 '  c l a s s i f i c a t i o n s  remained inc reased  long 

a f t e r  spermatogenesis  had been r e s t o r e d ,  as shown i n  Tables  V ,  V I 1  and V I I I .  
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1 

It i s  g e n e r a l l y  concluded by gonadal i n v e s t i g a t o r s  t h a t  t h e  average 

S e r t o l i  c e l l  popu la t ion  p e r  t u b u l e  i s  r e l a t i v e l y  c o n s t a n t  f o r  any given 

i n d i v i d u a l ,  and many have used t h e  S e r t o l i - c e l l / g e r m - c e l l  r a t i o  as a means 

of eva lua t ing  spermatogenesis.  

t h e r e  i s  probably a dec rease  i n  t h e  a b i l i t y  of n u t r i e n t s  t o  pass  t h e  basement 

membrane b a r r i e r  and t o  s u s t a i n  both t h e  S e r t o l i  c e l l s  as w e l l  as t h e  

germinal epi thel ium. 

c l a s s i f i c a t i o n s  and t h e  r e s p e c t i v e  numbers of S e r t o l i  cel ls  and pachytene 

primary spermatocytes found p e r  t ubu le  i n  t h e  d i f f e r e n t  c l a s s i f i c a t i o n s  and 

t i m e  i n t e r v a l s  following i r r a d i a t i o n .  Although the' number of t ubu le s  

observed f o r  t h e  ' i nc reased  th i cken ing '  c l a s s i f i c a t i o n s  i s  q u i t e  small, 

t h e  correspondingly p r o g r e s s i v e  dec rease  i n  both S e r t o l i  cel ls  and primary 

spermatocytes sugges t s  t h a t  some degree of t h i s  p e r s i s t e n t  basement membrane 

damage had occurred;  fur thermore,  a c o r r e l a t e d  dec rease  i n  both S e r t o l i  

I n  t h e  event  of t u b u l a r  wa l l  thickening 

Thus Table VI11 g i v e s  examples of  t u b u l a r  w a l l  

c e l l s  and primary spermatocytes was observed i n  s c a t t e r e d  areas of t h e  

p o s t - i r r a d i a t e d  tes t is .  

I n  summary, i t  must be noted t h a t  o u r  d a t a  are n o t  as exhaus t ive  as 

t h e  Japanese study--nor of s u f f i c i e n t  time durat ion--  t o  make conclusions 

wi th  r e s p e c t  t o  v a s c u l a r  damage. The basement membrane changes,  however,are 

i n t e r p r e t a b l e .  T h i s . s t r u c t u r e  seems t o  b e  somewhat r a d i o - s e n s i t i v e .  I n  

some i n s t a n c e s  t h e  th i cken ing  induced by i r r a d i a t i o n  d i sappea red ,  whereas 

i n  o t h e r  s i t u a t i o n s  t h e  th i cken ing  has  p e r s i s t e d .  The re fo re ,  t h e s e  d a t a  

with regard t o  seminiferous t u b u l a r  w a l l  changes fo l lowing  a c u t e  i r r a d i a t i o n  

t o  t h e  t e s t e s  l ends  support  t o  t h e  Hiroshima-Nagasaki s tudy.  
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TABLE V I I .  SUMMARY OF X-RAY INDUCED S E M I N I F E R O U S  TUBULAR WALL 
MEMBRANE DAMAGE 

Control  Percentage of Seminiferous 
Biopsy and Tubules Showing D a m a g e  w i th  

X-ray Days A f t e r  Respect t o  Time & 2 C l a s s i f i c a t i o n  3 

Dose RV No. I r r a d i a t i o n  
0 50r 8 0 37.5 46.9 15.6 

.6.8 13 90 70.5 15.9 6.8 

0 17 0 83.3 12.5 4.2 
0 609 65.6 21.9 12.5 

973 57.1 14.3 17.1 11.4 

0 1 

l O O r  2 0 
49 
153 

100 0 0 0 
75.5 24.5 0 0 
75.5 24.5 0 0 

100 0 0 0 
0 

3 0 
973 0 88.9 11.1 

6 0 
1022 

no control 
95.6 4.4 0 0 

15.4 
8.7 

0 
0 

53.8 30.8 
0 91.3 

7 0 
49 

0 
0 
0 

92.1 7.9 
0 83.3 
0 75.0 

0 
16.7 
25.0 

16 0 
15 

1219 

80.0 20.0 

88.0 12.0 
0 100 

0 
0 
0 

0 
0 
0 

27 0 
27 

1050 

0 
0 
0 

97.2 2.8 
78.3 21.7 
100 0 

0 
0 
0 

28 0 
24 
73 7 

32 0 
33 

1115 

82.1 10.7 
80.0 13.3 

0 100 

3.6 
4.0 
0 

0 
2.7 
0 

91.2 8.8 
71.2 25.0 
57.1 33.3 

0 
3.8 
9.5 

0 
0 
0 

38 - 0 
9 

1017 

11.5 
15.7 

0 
2.9 

61.5 26.9 
34.3 47.1 

42 0 
15 
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Cont inua t ion  of Table VI1 

Cont r o  1 
Biopsy and 

X-ray Days A f t e r  
Dose 

Tubular  Wall C l a s s i f i c a t i o n  

RV No. I r r a d i a t i o n  0 1 2 3 

1001- 43 0 r i g h t  s i d e  90.5 6.3 3 . 2  0 
0 left s i d e  72.5 20.0 5.0 2.5 

33 100 0 0 0 
466 90.0 10.0 0 0 

47 0 
33 

228 

4 8  0 
1 5  

53 0 
4 9  

5 4  0 
14 

7 4  0 
308  

1848 

72.7 18 .2  3 .9  5.2 
3 4 . 4  40.6 25.0 0 
40.0 40.0 12.7 7.3 

58.3 33.3 8.3 0 
40.7 48.2, 7 .4  3 .7  

76 .6  20.8 1.3 1.3 
71 .4  23.0 5.6 0 

84.8 10.9 4.3 0 
62 .5  31.3 6 .2  0 

7 6 . 8  10.1 4 . 4  8.7 
44 .9  50.0 5 . 1  0 
42.0 54 .8  3 .2  0 

7 9  0 right s i d e  68.7 1 8 . 1  13.2 0 
0 left s i d e  76 .4  1 6 . 4  7.3 0 
4 hours  80.4  1 6 . 1  1 . 8  1.8 

400 r 5 0 
450 

100 0 0 0 
0 100 0 0 

14 0 91.4 8.6 0 0 
91 7 .5  92.5 0 0 

‘ 1 5 3 9  , 82.4 14.7 2 .9  0 

22 0 100 0 0 0 
188  91.2 8.8 0 0 
355 r i g h t  s i d e  93.6 3 .7  0 0 
355 l e f t  s i d e  93.5 6 .5  0 0 

23 0 100 0 0 0 
4 hours  88.5 11.5 0 0 

96 7 62 .5  37 .5  0 0 

26 0 
5 0 4  

2192 

98.0 0 2.0 0 
80.7 1 4 . 9  4.4 0 
63 .6  33.3 1.0 0 



-25- 

Cont inua t ion  o f  Table VI1 

Contro 1 
Biopsy and 

X- r ay Days After Tubular  Wall C l a s s i f i c a t i o n  
Dose RV No. I r r a d i a t i o n  0 1 2 3 

400r 57 0 l e f t  s i d e  95.5 4.5 0 0 
0 r i g h t  s i d e  97.8 2.2 0 0 

63 0 l e f t  s i d e  100 
0 r i g h t  s i d e  90.5 
4 hours 93.1 

63 0 

83 0 (year  1966) 100 
0 (year 1967) 0 
4 hours 0 

322 0 

0 0 0 
9.5 0 0 
6 . 9  0 0 
100 0 0 

0 0 0 
100 0 0 

93.5 6 . 5  0 
83 .3  16.7 0 
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TABLE VIII. COMPARISON OF TUBULAR WALL THICKENING WITH SERTOLI 
CELL Ah?) PRIMARY SPERMATOCYTE POPULATIONS 

Pachytene 
Primary 

Serto1.i  Cells Spermatocvtes 
Number of Number Number of 
Tubules Cells Cells 

P e r  Per  X-ray Days A f t e r  Tubular  Wall Found 
Exposure Subjec t  I r r a d i a t i o n  C l a s s i f i c a t i o n  C l a s s i f i c a t i o n  Tubule Tubule 

50r  RV 17  
c o n t r o l  

0 
1 
2 

15 
1 
1 

13.8 33.0 
15.0 35.0 
11.0 8.0 

3 0 0 0 
0 11 13.4 3 9 . 3  

609 1 
2 

6 
2 

14.5 3 2 . 2  
5.5 11.5 

3 0 0 0 
0 7 14.3 40.9 

9 73 1 7 7.9 2 1 . 1  
2 3 7.0 0 
3 2 0 0 

L O O r  RV 3 2  0 67 13.3 41.8 
c o n t r o  1 1 2 10.0 15.5 

2 1 1.0 0 
3 2 0 0 
0 100 14.6 10.1 

33 1 2 1  14.9 2.4 
2 3 12.0 5.0 
3 3 0 0 
0 2 12.0 5 1  

1115 1 
2 

1 
5 

6.5 
0 

30 
0 

3 5 0 0 

400r RV 14 0 15 14.5 38.7 
c o n t r o l  1 2 12.0 33.0 

2 2 4.0 4.5 
3 1 0 0 
0 4 18.2 0 

91 1 18 17.8 0 
2 1 0 0 
3 1 0 0 
0 7 12.6 29.4 

153 9 1 4 21.0 7.2 
2 2 4.0 3.0 
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/- 

Pi t t sbu rghRad ia t ion  Accident 

I n  our  progress  r e p o r t  oE March 10, 1970, we r epor t ed  on t h e  oppor tun i ty  

t o  make a p r a c t k a l  a p p l i c a t i o n  of information gained from our  in-progress  

r a d i a t i o n  s t u d i e s .  This  involved a s tudy  o f  a n  a c c i d e n t  which occurred i n  

Pittsburgh, Pennsylvania,  on October 4 ,  1967. Three i n v i d i v u a l s  were exposed 

t o  x-rays which eminated from t h e  gold t a r g e t  of a l i n e a r  a c c e l e r a t o r  t h a t  

possessed a median energy of 300 KVP and a maximum energy of 3 MEV. 

badge readings were as fol lows:  P a t i e n t  No. 1, 550r; P a t i e n t  No. 2 ,  550r,  

and P a t i e n t  No. 3 ,  110r. 

The f i l m  

P a t i e n t  No. 2 sus t a ined  doses es t imated t o  beqat  l eas t  L O O O r  t o  s e v e r a l  

a r e a s  of h i s  body inc lud ing  h i s  hands and f e e t .  

testes, of course,  could only be est imated by r e c o n s t r u c t i o n ,  a f t e r  u s ing  

a f t e r - t h e - f a c t  mock-up t echn ics .  

s t u d i e s  were i n i t i a t e d .  P a t i e n t  No. 2 ,  who had t h e  most s eve re  t o t a l  body 

The a c u t e  exposures t o  t h e  

Immediate i n t e n s i v e  care and follow-up 

exposure,  f o r t u n a t e l y  had an i d e n t i c a l  twin and on October 12--8 days l a t e r  

t h e  twin was a b l e  t o  p rov ide  a s u c c e s s f u l  bone marrow t r a n s p l a n t .  Hematopoetic 

recovery began 1 2  days l a t e r  and from d a t a  compiled by D r .  E. Donna11 Thomas, 

e t  a1 (Exp. Hematology 21~16-18, 1971)  h i s  p l a t e l e t  and w h i t e  blood c e l l  

counts  repopulated a t  a much f a s t e r  r a t e  than  t h a t  observed i n  a comparable 

i n d i v i d u a l  from another  s tudy  who had received 400 r a d s ,  w i th  no marrow 

t r a n s p l a n t ,  

We have now followed gonadotrophin (FSH and LH) l e v e l s ,  and where 

p o s s i b l e ,  seminal f l u i d  ana lyses  i n  t h e s e  men f o r  s i x  y e a r s .  Table  I X  of 

t h i s  r e p o r t  b r ings  Table I11 of t h e  March 10, 1970, p r o g r e s s  r e p o r t  t o  i t s  

c u r r e n t  s t a t u s .  P a t i e n t  No. 2 was unable  t o  submit seminal f l u i d  specimens 

due t o  the  loss of both hands fo l lowing  t h e  exposure.  P a t i e n t  No. 3 ,  who 



received an e s t ima ted  l O O r ,  r e tu rned  t o  a c c e p t a b l e  sperm count l e v e l s  a t  

about 500 d a m .  P a t i e n t  No. 1, who received an  e s t ima ted  550r ,  r e tu rned  t o  

a s a t i s f a c t o r y  sperm count range a t  about 1000 days a f t e r  t h e  a c c i d e n t .  

Our p rev ious ly  mentioned v o l u n t e e r  d a t a  u s i n g  c a l i b r a t e d  dose levels 

have provided v a l u a b l e  information as t o  t h e  probable  rad exposure range 

s u s t a i n e d  by t he  testes of t h e s e  t h r e e  men. From our d a t a  w e  conclude 

t h a t  probable  gonadal exposures were w i t h i n  t h e  c a l c u l a t e d  dose ranges;  

however, t he  f a c t  t h a t  t h e  serum FSH l e v e l s  for P a t i e n t  No. 2 remained 

e l eva ted  f o r  a much more extended pe r iod  of t ime i n d i c a t e  t h a t  he s u s t a i n e d  

cons ide rab ly  h ighe r  exposure t o  h i s  testes than d i d , P a t i e n t  No. 1. It a l s o  

should be noted t h a t  both the  FSH and LH l e v e l s  a r e  w i t h i n  t h e  normal 

range f o r  a l l  t h r e e  men as of t h e  las t  r e p o r t .  
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TABLE I X .  EVALUATION OF 1'I'l"~Sl!UI~C:H~ R A D I A T I O N  ACCIDEN'I' 

l 'or icnt  No. 1 (550r)  l J a t i e n t  No. 2(550r)  I ' a t i c n t  N o .  3 (110r )  

1968 
F C b  
Ma r 
Ap r 
May 
J u n e  
July 
Aug 
Sept  
O c t  
Nov. 
Dec 

1969 
J a n  
Fcb  
Ma r 
AP = 
Slay 
June  
J u l y  
AUS 
scp t 
O c t  
Nov 
De c 
1970 
Jan 
Peb 
Mar 
AP r 
May 
June  
J u l y  
Aug 
S c p t  
oc t 
Nov 
Dec 

1971 
J a n  
Feb  
Mar 
AP r 
Flay 

124 
148 
182  
2 10 
245 
2 73 
3 15 
336 
364 
399 
4 2 7 

46 2 
490 
5 18 
546 
581 
G O 9  
644 
6 72 
700 
728 
763 
791 

826 
854 
682 
913 
94 8 
976 

1004 
103 9 
106 7 
1102 
1130 

1193 
1221 
1243 
1278 
1306 

3 0 0 2 2 b b  

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 .5  
- 

0.8 
1.0 
2.8 
3 . 9  
5.8 
6.5 
3 . 3  
9 .1  

20.0 
33.0 
40 .0  
46.0 

59.0 
66 .0  
16 
3 Li 

4 3  
7.3 

11.1 

4 1 . 0 7': 

18.0 
11.7 
1 8 . 7  
18.8 
28.4 - 
11.8 

19 .2  
15.6 

24.0 
16 .8  
20.0 
3 4 0 :':* 
270 
2 70 
3 70 
375 
355 

- 

3 70 

2 80 
3 15 
340 
4 2 0  
415 
402 
335 
45 7 
440 

13 . 0 ;':9: 
12.5 

7.9 
5 . 4  
9 .5  
5 .6  

- 

8.4 

7.6  
9 .0  
7 .5  
2 . 5  
9 .5  
5.8 
8.6 
4.3  
7 . 1  

340 6 .9  
3 13 4.6 
325 5 . 3  
2 95 6 . 8  
270 4 . 5 

<l. 0 
0 
0 
1.0 55.0" 
1.0 66 .7  
2.5 61.0 
7 .7  3 7 . 4  

14.3 1 2 . 4  47.13 
12.9 10.7 4.3. u 
16 .0  - - 
17.2  25.0 43.8 

22.9 
16.2 
6 .6  

14.3 - 

- 
A80** 
720 
760 
780 

33 .0  
28.0 
58.0 
48.0 
30.0 
118.0 
50.0 
54.0 
35.0 
43.0 

24.0** 32.0  
20.0 73 .O 

49.6 
23 . O  
2 7 . 0  
45 .0  
14 .0  
15.0 7 , 6 9 : *  
17.6 
375;':" 5 . 1  
3 l90 3 . 8  
5G0 9 . 4 
540 3.6 
450  4 . 1  

860 . 34.0 
6 00 14.0 
5 90 18.5 
700 25.0 
640 14 .0  

778 19.2 

56 5 23.0 
1090 18 .5  

850 16.0 

38 .0  370 8.2 
51.0 [ I 3  5 9 . / I  

4 9  4GO 5 . 5  
17 4 80 6 . 5  
38  

4 80 8 .0  
3 4  320 6.4 

4 LO 13 .2  
700 7.8 
570 10 .5  

51 [I 5 5 [J . 5 

PRIVACY ACT MATERIAL REMOVED 

502 17.4 408 6.6  
525 17 .8  4 50 9 .5  
f l l O  2 7 . 1  4 [I n 3.1 
500 17 .6  328 3 . 9  
775  30.7 5 10 8 . 4  
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Continuation of Table IX 

Days Patient No. L(550r) I ’ n t i c n t  No. Z(550r) 1 ’ U K F C n t  No. 3 ( 1  ]Or) 
Date After 

1971 
June 
July 

X-ray S E+ FS H LH SF FS H LH SF FSII Ll1 

Aue; 
Sep t 1425 253 
O c t  1460 250 
Nov 1488 223 
Dec 15 16 23 2 

3 . 6  

1972 
4- 5 1642 
5-31 1638 
9-6 1796 

159 5.6 
192 6 . 1  
129 6.1 

7 90 25.0 570 
73 5 43 0 
73 5 43 7 
5 90 /b30 

9 . 3  

410 19.0 24 7 13.6 

4 10 19.8  216 16.3 
3 

+SF - Seminal fluid sperm count in miflion/cc 
:t Urinary FSH, normal range <1.8 - 25.0 IU 
+::t Serum FSH, normal range 230-600 mpg Ler 9 0 7 / c c ,  by radioimmunoassay. 

e::. Serum LH, normals range 4-19 mIU/ml, by radioimmunoassay 

PRIVACY ACT MATERIAL REMOVED 
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1 FINAL SUMMARY 
1 

The s t u d i e s  and conclusions de r ived  from t h i s  s tudy may be b r i e f l y  

summarized as fol lows : 

1. We were able  t o  develop a r ap id  and e f - f i c i e n t  method f o r  automatic  

counting of l a r g e  numbers o f  seminal f l u i d  samples ,  which compared p r e c i s e l y  

w i t h  the  v i s u a l  hemacytometer method (r = . 99 ) .  The success  of t h i s  Cou l t e r  

counter  method depended on developing a d i l u e n t  t h a t  would no t  only l y s e  

w h i t e  ce l l s ,  but  would a l s o  d i s s o l v e  t h e  c r y s t a l s  and p r o s t a t i c  i n c l u s i o n  

g ranu les  normally found i n  seminal f l u i d .  

Gordon, e t  a l .  RLO-1781-5) 

(Gordon, e t  a l .  RLO-1781-1, and 

2 .  Fundamental datahave been gathered on t h e  i n h e r e n t  i n d i v i d u a l  

v a r i a t i o n  i n  normal c o n t r o l  sperm counts ,  as w e l l  as a f u l l e r  a p p r e c i a t i o n  

of t h e  s e n s i t i v i t y  of t h e  tes t is  t o  s t r e s s e s  such as tes t icu lar  biopsy 

(Gordon, e t  a l .  RLO-1781-2). It w a s  f u r t h e r  found through many a t t empt s  

and d i f f e r e n t  approaches by numerous s t a t i s t i c i a n s  t h a t  convent ional  

s t a t i s t i c a l  methods cannot be app l i ed  t o  sperm-count ana lyses  (Thorslund 

6 Paulsen,  Enclosure 2 ) .  

3 .  Sperm product ion w a s  una f fec t ed  by a c u t e  x-ray exposure of 7.5r 

t o  t h e  t e s t e s .  A s i g n i f i c a n t  r e d u c t i o n  w a s  noted i n  3 of 8 men fol lowing 

a dose of 15r .  Exposure t o  30 r  produced temporary ol igospermia i n  2 of 4 

men, and 50r  r e s u l t e d  i n  temporary ol igospermia i n  5 of 8 men. As noted i n  

t h e  t e x t ,  our  c r i t e r i a  f o r  ol igospermia i s  a temporary though c o n s i s t e n t  

r e d u c t i o n  i n  spc& count t o  less than  5m/cc. Doses of l O O r  and 400r 

produced temporary azoospermia i n  a l l  men f o r  whom adequate  follow-up 

s t u d i e s  were a v a i l a b l e .  I n  g e n e r a l  t h e  magnitude of t h e  dose c o r r e l a t e d  

w i t h  t h e  r a p i d i t y  of drop i n  sperm count  and t h e  d u r a t i o n  of azoospermia, 

,-- bu t  t h e r e  were w i d e  ove r l aps .  A l l  men who were followed f o r  adequate  



-32- 

per iods  of t i m e  (Table 111) exh ib i t ed  a r e t u r n  t o  f u l l  spermatogenesis.  

4 .  A .  Germ C e l l s .  H i s t o l o g i c a l l y ,  t h e  type B spermatogonia seemed 

t o  be t h e  most s e n s i t i v e  t o  immediate c e l l - k i l l ,  w i t h  t h e  A-pale spermatogonia 

being t h e  next  most s e n s i t i v e .  

presumably contains  t h e  p r imord ia l  s t em-ce l l  l i n e  (see Huckins, r e f e r r e d  

t o  i n  the  t e x t )  were the  most r a d i o r e s i s t a n t - - a l t h o u g h  most appeared 

t o  d i e  l a te r  o r  a t  least became m i t o t i c a l l y  i n a c t i v e  and f a i l e d  t o  repopulate  

t h e i r  numbers o r  t o  proceed through m i t o t i c  d i v i s i o n s  t o  produce t h e  A-pale 

and B type spermatogonia. 

per iod when re-populat ion of t h e  germinal ep i the l iym d i d  occur t h e  A-dark 

c e l l s  r e - e s t a b l i s h e d  t h e i r  normal c e l l  numbers be fo re  proceeding t o  

r e p l e n i s h  t h e  A-pale and B spermatogonia. 

popu la t ion  approached normal l e v e l s  m e i o t i c  prophase of primary spermatocytes 

r e i n i t i a t e d  and proceeded according t o  t h e  time schedule  e s t a b l i s h e d  by 

Clermont, u n t i l  mature sperm were aga in  seen i n  t h e  e j a c u l a t e .  Both t h e  

primary Spermatocytes and spermatids  were r e s i s t a n t  

t h e  x-ray dosages used. 

The A-dark type  spermatogonia, which 

It was of  i n t e r e s t  t h a t  a f t e r  t h i s  qu ie scen t  

When t h e  type  B spermatogonial  

t o  d i r e c t  damage by 

B. Membranes and Vasculature .  Ana lys i s  of c o n t r o l  and recovery 

biopsy specimens i n d i c a t e  a tendency toward s c a t t e r e d  r e s i d u a l  t h i cken ing  

of t h e  basement membrane of t h e  seminiferous tubu le .  This  f i n d i n g  suppor t s  

s t u d i e s  from s u r v i v o r s  of t h e  Hiroshima-Nagasaki atomic explosions.  No 

conclusions could be drawn rega rd ing  r e s i d u a l  v a s c u l a r  wall damage. No 

changes i n  numbirs o r  appearance of t h e  i n t e r s t i t i a l  c e l l s  of Leydig were 

noted a t  any dose l e v e l .  

5. The hormone responses  t o  a c u t e  x-ray exposures may be summarized 

as  follows: 

) a. Serum t e s t o s t e r o n e  l e v e l s  d id  n o t  change following any 
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dosage used .  

b. Some i n s t a n c e s  of t r a n s i e n t  e l e v a t i o n s  i h  LH were seen ,  

bu t  t h e s e  f e l l  w i th in  t h e  ranges o f  normal day-to-day v a r i a t i o n .  

c. 15 r  was t h e  lowest dose t o  cause a temporary i n c r e a s e  i n  

u r i n a r y  FSH l e v e l s .  The appa ren t  dichotomy between t h i s  and ' the f a i l u r e  

of t h i s  dose t o  produce azoospermia suppor t s  D r .  Leonard's hypothesis  of 

an ' independent s t a t i o n '  (Enclosure I). 

d. Temporary e l eva ted  u r i n a r y  FSH l e v e l s  were a l s o  noted a t  

t h e  3 0 r  and 50r dose l e v e l ,  even though azoospermia w a s  n o t  produced. 

This  aga in  suppor t s  t h e  ' independent s t a t i o n '  conrept .  

e. A t  t h e  l O O r  and 400r exposure l e v e l s  t h e  e l e v a t i o n s  i n  

u r i n a r y  FSH t i ters  were c o n s i s t e n t  w i th  t h e  observed azoospermia. As 

was mentioned i n  d i s c u s s i n g  sperm p roduc t ion ,  a l l  men who were followed 

f o r  a s u f f i c i e n t  per iod of time t o  make conc lus ions ,  r e tu rned  t o  t h e i r  

c o n t r o l  FSIZ l e v e l s  as spermatogenic a c t i v i t y  r e tu rned  t o  p r e - i r r a d i a t i o n  

l e v e l s .  

f .  The s tudy o r i g i n a l l y  u t i l i z e d  t h e  g e n e r a l  u r i n a r y  gonadotrophin 

b ioassay  (GGA) which measures both FSH and LH. We soon adopted t h e  Steelman- 

Pohley bioassay methods, which is  s p e c i f i c  f o r  u r i n a r y  FSH t i t e r s .  

Appropriate  s t a n d a r d s  w e r e  used f o r  both a s s a y  systems and t h e  k i n e t i c s  

( c o r r e c t i o n  f a c t o r s ,  e t c . )  of t h e  two methods were c a r e f u l l y  evaluated 

be fo re  drawing conclusions r ega rd ing  changes i n  FSH e x c r e t i o n  l e v e l s .  

3 0 0 2 8 1 0  
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PLATE I1 LEGEhD 

C l a s s i f i c a t i o n  '0' shows a small t e s t i c u l a r  a r t e r i o l e .  The f i n e ,  blue- 
s t a i n i n g  tun ica  int ima i s  considered normal. 

C l a s s i f i c a t i o n  '1' shows a smaller a r t e r i o l e ,  but the i nc reased  th i ckness  
of t h e  tun ica  in t ima ,  and perhaps some i n c r e a s e  i n  h y a l i n e  o r  co l l agen  
m a t e r i a l  i n  t h e  surrounding l a y e r s  ( b l u e  s t a i n i n g )  suggests minor damage. 

C l a s s i f i c a t i o n  ' 2 '  shows an a r t e r i o l e  c u t  o b l i q u e l y ;  however t h e r e  i s  d e f i n i t e  
evidence of p l aque - l ike  formations i n  t h e  i n t i m a l  l a y e r ,  a s  w e l l  as 
increased co l l agen  m a t e r i a l  i n  t h e  surrounding s t r u c t u r e s .  

C l a s s i f i c a t i o n  ' 3 '  shows a l a r g e ,  o c c l u s i v e  col lagenous plaque w i t h i n  the 
v e s s e l  as w e l l  as evidence of increased h y a l i n i z a t i o n ,  o r  collagenous 
material  i n  t h e  surrounding l a y e r s .  

. 
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